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Preface

This book collects the notes of the undergraduate course I thought at the University
of Florence almost uninterruptly for over 25 years. During this time, the program
of the course changed. Initially, the topics covered where basically those of atomic
spectroscopy. Later, when the course was more specifically addressed to the students
of the curriculum in Astrophysics, the program changed with the suppression of
some parts and the introduction of new topics, especially those concerning radiative
processes and the applications of relativistic quantum electrodynamics.

After a lengthy revision process, the notes, initially handwritten, were collected
in 2008 in the Italian edition of this book Spettroscopia Atomica e Processi Radia-
tivi, edited by Springer Italia. Thanks to the painful work of translation of a former
student of mine, Dr. Giulio Del Zanna, to whom I am deeply indebted, the book can
now appear in the present English edition.

The book covers several different topics and it contains enough material for at
least two annual courses (at the third- of fourth-year level or at the post-graduate
level). By appropriately selecting the topics within this volume, it is possible to fol-
low a number of different didactic paths. For example, if one is interested in teaching
a course like “Complements of Electromagnetism and Thermodynamics”, the con-
tents of Chaps. 1, 2, 3 and 10 would be appropriate. For a course on “Elementary
Atomic Spectroscopy” Chaps. 1, 2, and 6 would suffice, while for a more in-depth
course on “Atomic Spectroscopy” Chaps. 4, 5, 7, and 9 could be added. This vol-
ume also contains relevant material for other courses such as “Radiative Processes”,
“Astronomical Spectroscopy”, or “Applications of Quantum Electrodynamics”.

The diagram below (see Fig. 1) shows the logic connections between the various
chapters, as a guideline to choose a learning path. For example, the topics presented
in Chap. 15 (second order processes) can only be properly understood if the contents
of other chapters are known, in particular Chap. 3 (where the simpler processes
are discussed within classical electrodynamics), Chap. 5 (where the Dirac equation
is introduced), and Chap. 11 (which discusses the interaction between matter and
radiation).

The “introductory” Chaps. 1, 5, 6, and 10 require a basic knowledge of electro-
magnetism, quantum mechanics, special relativity and statistical thermodynamics,

vii



viii Preface

Fig. 1 This diagram shows
the logic relations between
the various book chapters

all of which are normally thought within the first three years of the physics de-
gree.

To those readers that do not have solid foundations in the above topics, this vol-
ume offers the possibility to learn and understand them better, following the various
examples where direct physical applications are provided. This was done on pur-
pose, to avoid a purely theoretical approach, as often found in other works.

The appendices are a significant part of this book. Some of them are dedicated
to further develop some of the important results which follow on as natural com-
plements of the topics covered in the text. Others are dedicated to introduce the
formalism used throughout the text.

Finally, I would like to thank the lecturers of the Corso di Laurea in Fisica of the
University of Florence which I attended in the early and mid 1960s. They showed
me how understanding physics requires an in-depth quantitative interpretation of the
empirical phenomena, without excessive indulgence in the formalism. In particular,
my thanks go to Profs. Manlio Mando, Simone Franchetti and Giuliano Toraldo di
Francia, sadly no longer with us, and to Prof. Marco Ademollo. A heartfelt thanks
also goes to the generations of students that have followed over the past several
years, and whose contribution, in terms of illuminating questioning, has been fun-
damental to the writing of this book.

Arcetri, Florence, Italy Egidio Landi Degl’Innocenti
November 20, 2013
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Chapter 1
General Laws of the Electromagnetic Field

Maxwell’s equations enclose the main experimental results on electricity and mag-
netism obtained in the late eighteenth and first half of the nineteenth century by
many scientists, in particular Coulomb, Volta, @rsted, Ampere, Faraday, and Gauss.

The aim of this chapter is to return to these equations and to derive a series of
consequences that are particularly relevant for the understanding of electromagnetic
phenomena. Specifically, we will see how Maxwell’s equations imply the possibility
to define two fundamental physical quantities for the electromagnetic field such as
the energy density and the momentum density.

We will also see how the solution of Maxwell’s equations can be greatly sim-
plified by the introduction of two potentials: the scalar potential and the vector po-
tential, of which we will study the main properties. The last part of the chapter
is dedicated to the study of plane electromagnetic waves, a particular solution of
Maxwell’s equations in vacuum.

1.1 Maxwell’s Equations

Maxwell’s equations summarise the various empirical laws related to electromag-
netic phenomena. In the system of CGS units of Gauss, consistently used throughout
this volume, these equations are written in the form!

divE =4mp, (1.1)

divB =0, (1.2)
19E 4

rotB — - — = 5 (1.3)
c ot c

I'The reader who is not familiar with the system of units used here can find in Sect. 16.1 the
relations between this system and the Systéme International (SI), more appropriate for practical
applications rather than theoretical ones.
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2 1 General Laws of the Electromagnetic Field

1 0B
rotE+ —— =0, (1.4)
c ot
where E is the electric field, B is the vector of magnetic induction, p is the elec-
tric charge density, and j is the corresponding current density. The first equation is
just Coulomb’s law for electrical charges in its differential form. The second equa-
tion, sometimes called Gilbert’s law, is the analogous expression for the so-called
magnetic charges, which takes into account that magnetic monopoles do not exist.
The third is Ampere’s law in its differential form, as modified by Maxwell in or-
der to take into account the displacement current. The fourth is Faraday’s induction
equation in its differential form.

Written in this form, the equations are very general in the sense that they apply
not only to the vacuum but are also valid in the presence of a medium, provided that
polarization charges are included in p, and magnetic and polarization currents are
included in the current density j. More precisely, the electric displacement D and
magnetic H field vectors are introduced, alongside E and B, when describing ma-
terial systems. E is the electric field vector as measured within a needle-like cavity
aligned along the direction of the field itself (to avoid the formation of polarization
charges). B is the magnetic field vector as measured within a cavity of infinitesimal
thickness aligned perpendicularly to the lines of force (to avoid the formation of
currents).

Maxwell’s equations already include the equation of continuity for the electric
charge. In fact, taking the divergence of Eq. (1.3) and substituting Eq. (1.1), we

obtain
4w dp 4w . .
—— — = —div},
c ot c

that is,
dp
% L givi—o,
ar TV

which is the continuity equation, expressing the conservation of the electric charge.

1.2 Energy Transported by the Electric Field

Consider a system of charges and currents subject only to electromagnetic interac-
tions. Denoting by W the mechanical energy per unit volume, we have, recalling
that the work of magnetic forces on isolated charges is zero (because the Lorentz
force is always perpendicular to the particle velocity),

aw
—=j-E.
or I
Getting j from Eq. (1.3) we obtain
ow 1 oE
°  “E.rotB— —E. 2,
ot 47 4 ot
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and subtracting Eq. (1.4) from the right-hand side after taking the scalar product
with the vector cB/(47r), we obtain

oW c 1 oE 1 oB
—=—E. rotB——B rotE— —E.-— — —B.- —.
ot Vi 4 4 ot 4 ot

Recalling the vector identity (see Sect. 16.2, Eq. (16.7))
div(E x B) =B - rotE — E - rotB,
we can write
%(W +u)+divS =0,
where
u:i(E2+B2), S=-"ExB.

8 4

This equation, known as Poynting’s theorem, represents an energy balance: the
electromagnetic field has an energy per unit of volume given by # and it transports
energy along the direction of the vector S. The magnitude of this vector is the energy
flux density, i.e. the energy flowing per unit of time across the unit area normal to
the direction of the vector itself. S is called Poynting vector.

1.3 Momentum Transported by the Electromagnetic Field

We now define with Q the momentum per unit volume associated with the same
system of charges and currents considered in the previous section. This momentum
varies with time following the equation

0Q
_,E+) «B,
o T PETCX

where the first term in the right-hand side is due to the electric force, while the
second term is due to the Lorentz force. Eliminating p and j using Eq. (1.1) and
(1.3), we obtain

aQ 1 1 JoE

o EdivE+ —(rotB) x B— — 2 ¥ B,
ot arn ty (ro )X B e *

i.e., recalling the definition of the Poynting vector

Q0 1 1 198 1 9B
o L EdivE+ —(otB)xB— — 2> 4+~ Ex 2.
o1 g DAVE A ot X B = e e X

Substituting the dB/d¢ term using Eq. (1.4) and recalling that divB = 0 (Eq. (1.2)),
we obtain the symmetric formula

ad S 1
—<Q+ —2> = —(EdivE+BdivB — E x rotE — B x rotB).
t c 4



4 1 General Laws of the Electromagnetic Field
Considering the vector identity
div(aa) — % grad(az) =adiva —a x rota,
which can be obtained using Eqs. (16.11) and (16.12) in Sect. 16.2, we obtain
% (Q + Cs—z) = % div(EE + BB) — % grad(E* + B?).
We now introduce the tensor T, named after Maxwell, defined by the expression
T= i(EE +BB) — L(E2 + B%)U,
4 8
where U is the unit tensor (U;; = §;;). In components, we have
Tij=Tj = L(E,-Ej + B;iBj) — L(E2 + B?)5;;.
4 8
Recalling the tensorial identity (see Eq. (16.13))
div(fT)=(grad f)- T+ fdivT,
(where f is an arbitrary scalar and T is an arbitrary tensor), and given that
v-U=U-v=y,

(where v is an arbitrary vector), we finally obtain

0 S .

This equation represents a momentum balance and is interpreted as follows. The
electromagnetic field possesses a momentum per unit of volume which is given
by S/c2. The electromagnetic field behaves as an elastic material subject to defor-
mations, where the internal forces can be described by a stress tensor. The varia-
tion per unit time of the momentum contained within an arbitrary volume is equal
to the flux of the tensor —T across the area that encloses the same volume. If
one considers an infinitesimal area dS and its normal unit vector n, the quantity
dF = —n - TdS represents the momentum flux across dS (defined as positive if di-
rected along n).



1.4 Electromagnetic Potentials 5
1.4 Electromagnetic Potentials

Recalling Eq. (1.2) and the fact that the divergence of the curl of any vector is zero,
the magnetic field> can be written as a function of a suitable vector potential A

B =rotA.

Substituting this expression into Eq. (1.4), we obtain

10A
rotfE+ -—— ] =0,
c ot

and recalling that the curl of the gradient of any vector is always zero, we can intro-
duce the scalar potential ¢ by writing

1 0A
E=—-grad¢ — ——
grad¢ o
We now substitute these expressions for B and E into the non-homogeneous

Maxwell equations. From Eq. (1.3) we have

10 10A j
rot(rotA) + —— | grad¢p + —— ) =4nx 1
c dt c ot c
that is, using the vector identity (16.14)
1 9%A d j
VZA————grad d1vA+——¢ :—4711.
c? 312 ot c

From Eq. (1.1) we also have
190
V2¢ + ——divA = —4mp,
c ot
an equation that can also be written in the form
v? 132¢+ divA + 29 4
- =— —— | =—4np.
22 cor c dt P

The system of these last two equations in principle allows one to obtain the po-
tentials A and ¢ (and therefore the fields E and B), once p, j, and the boundary
conditions are known. We will see however that the equations involving A and ¢
can be simplified using a supplementary condition.

2The vector B should be called more appropriately “magnetic induction” instead of “magnetic
field”, this last name referring to the vector H. However it has now become customary to call B the
magnetic field vector, when no ambiguities are present.



6 1 General Laws of the Electromagnetic Field

1.5 Gauge Invariance

The potentials A e ¢ uniquely determine the electric and magnetic fields. However,
there exist different A and ¢ functions that can provide the same E and B. Indeed,
if we substitute

A—A'=A—grady, (1.5)
10y
¢_)¢/:¢+E¥’ (1.6)

where y is an arbitrary function of space and time, we obtain, for the new field B/,
B’ =rot(A — grad x) =rotA =B,
and, similarly for the new field E/,

, 19y 10
E = grad<¢ + ~ar ) ey (A —gradx)=E.
This property is called gauge invariance and can be conveniently used with an ap-
propriate choice of the function .

Let us suppose that Ay and ¢q are the vector and scalar potentials producing the
E and B fields that we want to determine, given a set of boundary conditions and a
distribution of charges and currents. If we consider the gauge transformation

A=Ap—grady,
10x
¢—¢O+Z¥,

and we choose the function y so as to satisfy the equation

1 9%y 1 d¢o
2 .
— ——2 =divAg + - —,
2 g VAt T
we have

19

(MA+~£=0 1.7)
c ot

When the potentials are chosen so as to satisfy this equation, it is said that the
Lorenz gauge is adopted® and the equations for A and ¢ become

1 92A j
— _4-]

VA =20 _4nd
2 912 ¢

(1.8)

3The Danish physicist L.V. Lorenz (1829-1891) should not be confused with the more famous
Dutch physicist H.A. Lorentz (1853-1928), best known for the transformations and the force that
bear his name. Both physicists, almost contemporary, are remembered together for the Lorentz—
Lorenz equation which relates the index of refraction of a material with the polarizability coeffi-
cient of its molecules.
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— —=— = —4np. (1.9)
c

These equations can be further simplified with another gauge transformation if
there are no free charges. Let us assume that Ag and ¢ are two potentials that satisfy
the Lorenz gauge. If we apply another transformation within the Lorenz gauge, the
function x needs to satisfy the equation

) 1 9%y

_ Xy,
X 2%

On the other hand, in the absence of free electric charges, the potential ¢ satisfies
the equation

which is the same equation satisfied by x and therefore also by dx /dtz. If the func-
tion x is chosen so that

it is possible to obtain for the scalar potential
¢ =0, (1.10)

so that the Lorenz condition simply becomes
divA =0. (1.11)

Another particularly interesting gauge is the Coulomb gauge, obtained when the
function x is chosen in order to satisfy

V2y =divAy,

where Ay is, as before, the vector potential that we want to calculate. With this
gauge transformation we obtain

divA =0,

and the resulting equations for A and ¢ are

1 3%A j o1 By

V2A — ——— = —4x= + — grad —,

c? 312 e + ¢ By,
V2 = —dnp.

This gauge has the advantage that the scalar potential coincides with the (in-
stantaneous) one of electrostatics, even in the case of non-stationary phenomena
involving the presence of charges and currents varying with time.



8 1 General Laws of the Electromagnetic Field
1.6 Solving Maxwell’s Equations in Vacuum

Let us consider a region of space free of charges and currents. As we saw in the pre-
vious section, within the Lorenz gauge we can set ¢ = 0 so that the electromagnetic
field is described only by the vector potential, which satisfies the equation

1 3°A
VA - =— =0,
c? 912
with the supplementary condition of the Lorenz gauge (in vacuum)
divA =0.

Let us assume that the electromagnetic field is a function of one coordinate, i.e.
only depends on the coordinate z of an orthogonal Cartesian reference system. The
first equation can then be written

A 1 0°A 0
8z2 292
This equation, commonly known as the wave equation, has the general solution

Az, 1) =Ap(z —ct) + Ar(z + ct),

where A}, and A; are arbitrary vectors, functions of their arguments. The two terms
represent plane waves that are propagating along the positive and negative direction
of the z axis with the velocity c. If we consider for example only the first type

A(z, 1) =Ap(z — ct),

we see that, for a fixed time ¢, the vector potential is constant in any plane z =
constant. Furthermore, the value of the vector potential at time #g and plane z = zg
changes, within a time d¢, by a quantity dz such that

z0 — cto = (z0 +dz) — c(tp + dt),
i.e.
dz =cdt.

This justifies calling the propagation of the vector potential Ay(z — ct) a plane pro-
gressive wave. Similarly, we can show that the vector potential A;(z + ct) describes
a regressive wave.

We now generalise the above results by assuming that propagation occurs along
the unit vector n. We then have

A(r, 1) =a(f),
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where the phase of the wave f is given by
f=n-r—ct,

r being the position vector measured from the origin of the coordinate system. a is
an arbitrary (vectorial) function of f. Applying Lorenz condition (Eq. (1.11)), we
have

div[a(f)] =a'(f) -n=0, (1.12)

where we have taken into account that
of 0
-~ _ 7 nixi | =n;.
= (D) =

and where a’(f) indicates the derivative of the vector a( f) with respect to its argu-
ment, i.e.

da(f)
df -
By integrating Eq (1.12) with respect to f we obtain

a'(f)=

a(f)-m+ap-n=0,

where ag is a constant vector, i.e. independent of r and ¢, that we can equate to zero
by means of an appropriate gauge transformation (applying Eq. (1.5) and choosing
for x the function ag - r). We then have

a(f) - n=0,

which means that the vector potential which describes the plane wave is perpendic-
ular to the direction of propagation.

We now consider the vectors E and B associated with the wave. With simple
algebra we obtain

B =rot[a(f)] =nxa'(f),

_lda)
E=—C= =2

We see that the vectors E and B are both perpendicular to the direction of propaga-
tion and that

B=nxE,

which means that the two vectors are perpendicular to each other and such that
their directions form with n a right-handed coordinate system* (following the order
n, E, B), as shown in Fig. 1.1.

4The fact that the triad of vectors (n, E, B) is right-handed and not left-handed is related with the
conventions that have historically been established to identify the signs of the electric charges and
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Fig. 1.1 The vectors n, E E
and B form, in this order,
aright-handed triad

The electric and magnetic energy carried by the wave are equal to each other
(because E? = B?). The total density of the electromagnetic energy is given by

12 2 Lo
u=—(E“+B°)=—E",
8w ( ) 4r
and Poynting vector is

c

S=“ExB=-2EN.

4 4

We recall that the magnitude of the Poynting vector is the energy flowing per unit
of time across a unit area perpendicular to the unit vector n. By comparing the two
above equations, it is clear that the energy propagates with speed c.

The momentum density can therefore be written as

S E? u
BT 2T an" T ™

i.e. the momentum density is directed along the direction of propagation of the wave,
and is equal to the energy density divided by c. This is an important classical result
that in quantum mechanics becomes E = cp, where E is the energy and p the mo-
mentum of a photon.

The momentum flux across a unit area perpendicular to the direction of propaga-
tion can be calculated with Maxwell’s tensor

Fmn)=-n-T.

By substituting the expression for T and considering that E-n = B-n = 0, we obtain

F(n) ! E?
n)—=-— n.
47

the magnetic masses. We recall that the positive (negative) electric charge is that which is deposited
by rubbing a glass (ebonite) rod, while the magnetic mass is positive (negative) if it is attracted by
the North (South) terrestrial pole.



1.7 Radiation Pressure

Fig. 1.2 A plane
electromagnetic wave falls on
the elementary surface dS.
The momentum absorbed by
the surface is directed along
the unit vector n

plane wave

More generally, we can calculate the momentum flux across a unit area perpendicu-

lar to the direction identified by the unit vector n’. We have
F(n')=-n"-T,
and substituting

E2+BZ /i|
—n |.

2

F(n') = —ﬁ [(n/ ‘E)E+ (n"-B)B —

Recalling that n, E, and B form an orthogonal triad of vectors, we can write

. (@ -E)E N (n’-B)B

n = (n’ . n)n 7 7

’

from which, given that E 2 — B2, we obtain

F(n) = ;- E2(n n)n

i.e. the flux is always directed along the direction of propagation, but contains a

projection factor (n’ - m) = cos @, where 6 is the angle defined in Fig. 1.2.

1.7 Radiation Pressure

We now consider a plane wave travelling along the direction n incident on a surface
of area dS of a perfectly-absorbing body, oriented as shown in Fig. 1.2. The surface

dS absorbs, within the time df, a momentum dq given by

2
dq=F(n')dSdt = —(n’-n)ndSdr.

4
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The projection along the perpendicular to the surface is

E? E?
dq-n'=—(n'-n)’dSdr = —cos’Hds dr.
T T

This momentum transfer is effectively a pressure’ (radiation pressure) that is

2

dq-n’ E
:ﬂ:—cof@:ucoszé’, (1.13)
dSdr 47

Prad

where u is the energy density.

This result applies only to a perfectly absorbing surface. In the case of a perfectly
reflecting surface one must take into account that the amount of momentum transfer
is twice, so that the right-hand side of the above equation must be multiplied by a
factor of 2.

The pressure exerted by light on a surface was revealed experimentally by Lebe-
dev in 1901 with a delicate experiment which confirmed, within experimental errors,
the theoretical value expected from Maxwell’s equations. In astrophysics, we now
know that radiation pressure has a fundamental importance in the interiors of hot
stars and as a mechanism for acceleration of stellar winds. In terms of Astronautics
there are some projects whereby a spacecraft would be propelled out of the solar
system using the pressure of the solar radiation (cosmic sails).

1.8 Sinusoidal Plane Waves

A particularly important type of plane wave is the sinusoidal plane wave, which is
described by a vector potential of the form

A(r, 1) =Aocos|:9(n-r— ct) +<p],
C

where Ag and ¢ are two constants known as the amplitude and phase of the wave,
w is the angular frequency, and n is the unit vector along the direction of propa-
gation. The above expression can also be written in various equivalent forms, in-
troducing e.g. the cyclic frequency (or frequency fout court) v, the period T, the
wavelength XA or the wavenumber k. These quantities are related among themselves
and the speed of light by the following relations

w
V= — = —, K= —n=kn,
2 T c

5 Actually, for the case shown in figure, we also have a component of the force that is not perpen-
dicular to the surface. These types of components vanish when the radiation incident on the surface
is isotropic. In this case the factor cos? 6 in Eq. (1.13) is replaced by 1/3, its average over the solid
angle.
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2
A= —, lAv=c, w=ck.
k
For example, one can write
27n-r
A(r,t):Aocos< id —2nvt+<p>,

or
A(r,t) =Agcos(k-r — wt + ¢).

If for example the last expression is adopted, we obtain for E and B
B(r,t) =Bysin(k - r — wt + ¢), E(r,t) =Epsin(k - r — ot + @),

where

B():-kXA(), Eo:—ng.
c
Obviously we still have, at each time ¢ and at each point of space,
B(r,t) =n x E(r, 1),

as we have shown, in more general terms, in the previous section.

The energy and the momentum of a sinusoidal plane wave are functions of space
and time of the type sin’(k - r — wr + ¢). By taking the temporal averages of these
quantities, one obtains the corresponding expressions of the previous section, with
the terms EZ and B? now substituted with E% /2 and 302 /2, respectively (the average
of the square of the sine function over a period is equal to 1/2).

Sometimes it is convenient to represent a sinusoidal plane wave with a complex
exponential, instead of using a real expression, as for example

A(r, 1) =Agel®T=@H9)  or  A(r, 1) = Agel &)
where Ay is a complex vector given by
Ay =Age?.

By convention, the physical observable (e.g. the electric field) represents the real
part of the complex expression. The use of complex exponentials is convenient when
performing linear operations, as the real part of the result is equal to the result that
is obtained by performing the same linear operations on the real part. However,
when non-linear operations are performed (e.g. for the calculation of the energy),
one must first take the real part of the complex exponential and then perform the
desired operation.

In this regard, we note that if A(¢) and B(¢) are two complex quantities with the
same sinusoidal dependence on time

A(t) = Ae™', B(t) = Be ',
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with A and B constants, we can write for the time average over a period of the
product of their real parts

[Re A1) Re B(1) = 3 Re(AB") = 5 Re(A"B).
In fact:
Re A(r) = %[Ae*i‘“’ + A e, Re B(t) = %[Befw +B* e,
and therefore

1 . )
<RCA(I) Re B(t)) = Z(ABe_zm’t +AB* + A*B+ A*B* eZla)t)'
Since (eﬁi“” ) =0, we have

(Re A(r)Re B(1)) = %(AB* + A*B) = % Re(AB*) = % Re(A*B).



Chapter 2
Spectrum and Polarisation

Apart from the direction of propagation, the electromagnetic radiation is charac-
terised by two other fundamental properties, typical of waves: the spectrum and
the polarisation. These properties are of crucial importance to obtain the physical
characteristics of the body that is emitting the radiation that we observe, be it an
atom or a star. These properties are encoded in the variation of the electric and
magnetic field vectors as a function of time. This chapter deals with the mathemat-
ical concepts underlying the definition of the spectrum and the polarisation of the
electromagnetic radiation. We will also discuss the physical measurements of these
properties as performed with appropriate instruments, such as grating spectrometers
and polarimeters, of which we will illustrate the principles of operation.

2.1 Spectrum of the Radiation

The monochromatic plane wave introduced in the previous chapter as the solution
of Maxwell’s equations is a mathematical abstraction and, as such, can only pro-
vide the description of the radiation emitted during a real physical process only as
a limiting case. More generally, the electric and magnetic fields associated with the
radiation that flows across an infinitesimal area, say fixed in space, are described by
appropriate functions of time which govern the spectral and polarimetric character-
istics of the radiation itself. However, as we saw in the previous chapter, in the case
of a plane wave (not necessarily monochromatic) propagating in vacuum, the mag-
nitudes of the magnetic and electric field vectors (B, E) are the same, and the vectors
are perpendicular (both also being perpendicular to the direction of propagation). If
one of the two vectors is known, the other is also known. To comprehensively char-
acterise the radiation we can therefore limit ourselves in considering only one of the
two, e.g. the electric field, which is described, at the point of observation, by the
vector function E(¢).

In order to simplify the notation, we will consider initially a scalar function of
time—instead of a vector—of the form E(¢). By doing so, we will therefore neglect

E. Landi Degl’Innocenti, Atomic Spectroscopy and Radiative Processes, 15
UNITEXT for Physics, DOI 10.1007/978-88-470-2808-1_2, © Springer-Verlag Italia 2014
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all the phenomena that are associated with the direction of the electric field in the
plane perpendicular to the direction of propagation. These so-called polarisation
phenomena are discussed in later sections within this chapter (Sects. 2.5 and 2.6).

The spectrum of the radiation depends on the temporal variation of the function
E (1), and therefore it is not possible to define a spectrum in a precise instant in time.
The spectrum of the radiation is in fact defined within a sufficiently long time inter-
val which will be specified later on. If we assume that the function E(¢) vanishes
for + — £00, we can define its Fourier transform in the angular frequency space,
E(w), as the complex function given by the integral

. 1 © :

E(w) = —/ E(t)e'™ dt. 2.1
27 J oo

Since E(t) is real, the complex conjugate of the Fourier transform E(w)* is such

that

o
B = [ Ee di= E(-w).
27 J_so
so that it is always possible to relate the Fourier transform at negative frequencies
with the one at positive frequencies. In other words, the Fourier transform at nega-
tive frequencies does not contain more information compared to the part at positive
frequencies and can, in some sense, be neglected.
The electric field is obtained from the Fourier transform with an anti-transform
operation

E(t) = / E(w)e ' dw.

—iwt’

To prove this equation, we first multiply both sides of Eq. (2.1) by e and then
integrate in dw. We have
oo ., 1 [e’s) [e’s) . ,
/ E(w)e " dw = — / drE(7) / eT0=0 qg.
—oo 27 J_so o0
On the other hand, the last integral can be written taking the limit
00 2 :
o - 2sin($2 At
/ e =D dp = lim e =D qpy = lim w, (2.2)
—o0 R-00 J_o 2—00 At

where we have defined Ar =1’ — r. The graph of the function 2sin($2At)/At is
displayed in Fig. 2.1, and shows that the function behaves, for £2 — oo, as a Dirac
delta function.! More precisely
2sin(2 At
fim 2S0UZAD s A,
At

22— 00

'In principle, the Dirac delta is not a function but rather a distribution, i.e. a functional that asso-
ciates to any real function f(x) areal number F[f(x)]. The main properties of the Dirac delta are
collected in Sect. 16.3.
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2.1 Spectrum of the Radiation

Fig. 2.1 Plot of LI L \
2sin(§2 At)/ At as a function 2Q
of At. The function has a

maximum at the origin and

the first zero occurs for

At = /§2. At the limit for

§2 — o0, the central peak

increases and becomes Q
narrower around At =0

2 sin(Q At)/At
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Substituting we obtain

o0 R . 1 o0
/ E(we " do=— / E@)2rs(t' —1)dr = E(1'),
27 J_o

—00
which is the expression that we wanted to prove.

Let us now consider the energy flux density (energy per unit area and per unit
time)> transported by the electromagnetic radiation. Recalling the definition of the
Poynting vector, the flux density F can be written as

c
47
and the total energy JF crossing the unit area between ¢t = —oo and t = 400 is

o0 c o0
;r=/ thz_/ E%(t)dt.
o0 4 J_o

Introducing the Fourier transform, we can write

o) o) 0 ) o .
/ E2(t)dt =/ dt/ E(w)e " da)/ E(a)/) e’ dw'.
—00 —0o0 —0o0 —00

If we evaluate the integral in d¢ with a procedure similar to the one adopted in
Eq. (2.2) we obtain

F=—E1),

o
/ @4t = 278(0' — w),
—0o0

2The flux density of a given physical quantity (e.g. energy, charge, mass, etc.) is generally defined
as the amount of such quantity that flows across the unit area in unit time. However, this definition
is not universally accepted and sometimes flux is defined as the quantity which crosses an area (not
necessarily an unit area) per unit time. In mathematical physics, the flux of a vector across a closed
surface is defined in a different way (recall Gauss theorem), without any reference to the unit of
time.
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so we obtain the so-called Parseval theorem
o0 o0
/ E2(t)dt =271/ |E()] do. (2.3)
—00 —00

Substituting into the expression for F and recalling that E (w) = E (—w)*, we then
have

a2
F=c |E(a))| dw.
0

Apart from the proportionality factor c, this equation indicates that |E(w)|? (the
square of the magnitude of the Fourier transform of E(¢)) is equal to the total energy
crossing the unit area (formally between ¢t = —oo and ¢ = 4-00) in the spectral range
dw. This quantity, |I§" (w)|?, is called the spectrum of the electromagnetic radiation.’
It is evident from the above derivation that this spectrum does not depend on the
instantaneous behaviour of the function E(¢), but on its variation over a very long
time (in principle infinite).

It is obvious that, in practice, any measurement of the spectrum of the radiation
can never last for an infinite time, but it is necessarily limited to a time interval 7T,
called the sampling time. This fact obviously prevents one to be able to obtain infor-
mation on the variability of the function E (¢) over periods of the order of or greater
than 7. This implies that the spectrum of the radiation at frequencies lower than a
threshold frequency w¢ (with w¢ >~ 1/7) remains undefined. This limitation, how-
ever, does not have any practical relevance for the electromagnetic radiation since
even if 7 is very short, for example one second, the value of wy is equal to 1 Hz, and
the condition @ < w; affects a region of the spectrum that is completely irrelevant.

In practice, we often deal with stationary phenomena. Consider for example the
radiation emitted by a discharge lamp, or the radiation from a star. It is obvious
that in these cases the integral defining the Fourier transform (Eq. (2.1)) is divergent
and a particular treatment is then required, involving taking the limit of the integral,
in which the sampling time is essential. Let us then consider a sampling time 7
sufficiently long to contain all the spectral characteristics of the phenomenon under
study. We set artificially to zero the electric field for times ¢ that are outside the sam-
pling time. The Fourier transform, that we now denote by E (w, T) (to remember
the “artificial” dependence on 7 that we have introduced), is given by

R 1 772 )
EwT)=— / E(t)e'” dt. (2.4)
27 JoT 2

‘We now consider the total amount of energy, F7, crossing the unit area in the time
interval between —7 /2 and T /2. We have

e (TP
Fr=— E*(t)dt.
A Jo1)2

3In practice, spectral measurements are usually given in terms of relative units, the function
|E(w)]? being measured apart from a constant of proportionality. More precisely, we should there-
fore say that the spectrum of the electromagnetic radiation is proportional to | E (w)|?.
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Starting from this expression, and taking into account that the sampling time can
formally be considered as going to co, we can follow the above steps leading to
the Parseval theorem to obtain a modified expression that is valid for stationary
phenomena, that is
c T/2 5 o )
Fr=— E (t)dt:c/ |E(@, T)| do. (2.5)
ar J 72 0
As we shall see below, when we discuss some specific stationary phenomena, the
quantity |E (w, T)|? is proportional to 7. This enables us to provide a coherent def-
inition of the monochromatic flux, the amount of energy contained in the frequency
interval dw that flows across a unit area per unit time. Introducing the symbol F,,
for this quantity, we can write

o0 _ﬁ_i OOA )
/0 Fwda)_T_T/O |E(w, T)| do,

from which we obtain

F, = %!E(w,’f}f. (2.6)

2.2 Spectra of Some Particular Pulse Shapes

Let us consider some particular cases of the function E () and obtain from them the
corresponding spectra. If we assume that E (¢) is a Gaussian function (case a)
E(t) = Ege~ 217,
the Fourier transform is given by (recall Eq. (2.1))
E(w) = 20 /OO emz/7) ot gy
21 J_ oo

Introducing the reduced variable x = ¢/t and by adding and subtracting the quantity
72 /2 to the exponent we obtain

oo
E() = _iofe_%a;ﬂ/ em2(—ion)? gy
T —o0

which can be written in terms of the complex variable z = (x — iwt)/+/2 as
. Eot
E(w) = 0F o—s0ic? f e dz,
V2w c

where L is a path in the complex plane of the variable z that is parallel to the real
axis. The integral is equal to /7 so we obtain

Eg‘tz 2.2

|E)|” = e




20 2 Spectrum and Polarisation

Fig. 2.2 Graph of the E(t) 7 - FrTm AT E(w)f
function E(¢) and the r 1 C 3]
corresponding square = E = E
magnitude of its Fourier E 4 F =
transform | E (w))? for the F = B
three cases (a), (b), and (c) F 1 E ]
discussed in the text. Note the F E F B
correspondence between the [ L J E B
characteristic length of time 0 t o
of the signal't and the E(t) T T = T E(w)?
frequency width of the F E r E
spectrum 1/t s T i c =
77\ L - ‘ L1 L % 7\ - ‘ N - ‘ L1 \7
0 t Wo w
E(t) :\ T ‘ L ‘ UL ‘ T \: 7\7\ T ‘ T 1T ‘ T \\77 ‘E(w)‘z
g 1 E e
:\ 1 - ‘ L1l 1 \: ; | ‘ I - ‘ I ‘;
0 t W, w

We therefore conclude that the spectrum of a Gaussian is also a Gaussian function.
Similar calculations can be carried out for other functional forms of E (). For ex-
ample, (case b)

Eosin(wgt) for |t] <
E@t) =

ST ST

0 for |t] >

If 7 is a time interval containing a large number of wave periods (7 > 1/wyp), we
obtain for the spectrum at positive frequencies

% sin [(a) w0)T/2]
~ 4x? (@ — wp)?
with a symmetric contribution, at negative frequencies, centred at the frequency
—wy. Finally, if (case ¢)

3

|E@)]*~

E(t) = Eosin(wot)e™!/T  fort >0
0 fort <O,

and if 7 is again a time interval containing a large number of wave periods (t >
1/wp), we obtain for the spectrum at positive frequencies

3 1

16712 (0 — )%+ (1/7)%’

E@)[ =~
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Fig. 2.3 Temporal variation
of the electric field due to the E(®
statistical superposition of
three elementary signals
having the same form

with a symmetric contribution, at negative frequencies, centred at the frequency
—wy.

The above functional forms for E(¢) and their corresponding spectra are dis-
played in Fig. 2.2. Considering these cases, it is clear that Aw, the width in fre-
quency of the spectrum of a typical signal, is related to the length of time t of the
signal by

Awt >~ 1.

In other words, the shorter the signal, the wider is the frequency band where the
Fourier transform is significantly different from zero, i.e. the wider the spectrum. At
the limit, considering a signal having an infinitesimal length of time, such as a Dirac
delta, the spectrum becomes constant, i.e. independent of frequency.

2.3 Spectra of Stochastic and Periodic Signals

We now consider a physical situation in which the electric field E(¢) is stationary
and denote by 7 the sampling time. A particular case is that of a stochastic signal,
i.e. one in which the field is due to the superposition of a very large number N of
elementary signals, all equal to each other in shape, and appearing at random times
with frequency N'= N/T. These signals may possibly overlap with each other, as
schematically illustrated in Fig. 2.3, and are such that their characteristic time scales
are much smaller than the sampling time. Denoting by ¢, f2, ..., ty the instants of
the individual elementary signals, and with f(¢) the function of time describing
each signal, the electric field is given by the expression

N
E(1) =Zf(t —1)).

j=1

The Fourier transform of such electric field is

R 1 N T/2 .
Ew,T)=— / ft—1t;)e“ dr.
2 ; -T/2 /
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Fig. 2.4 The sum S of 100 5——

complex numbers each I Im(S) 1
having unit modulus and L J
random phase. As numbers
are added, the partial sum
moves around the complex
plane, starting from the initial
point O, following a typical
random walk until the last r
point P is reached 3
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If we make the substitution t — #; = 7 in the j-th integral and define the Fourier
transform of the elementary signal with the usual expression*

A 1 00 .
flo)= = / f()e,
27 J—so
with simple algebra we obtain

E(w,T) = f)sS,

where the complex number S is given by

N
S — Zeia)l]‘
j=1

The Fourier transform of the electric field is therefore given by the product of the
Fourier transform of the elementary signal by the sum of N phase factors (N com-
plex numbers each having unit modulus). Given that the times #; are casually dis-
tributed, the phase factors tend to cancel out when considering their sum. The net
result is that the modulus of the complex number S becomes much smaller than N,
as shown in Fig. 2.4. This is a situation similar to the one of the Brownian mo-
tion, where a particle follows a random walk, moving very slowly from its original
location in space.
If we consider the square of the modulus of the transform, we have

N N
|E (o, T)|2 = ’f(w)‘2|5|2 = ‘f(w)|zzzeiw(f./—tk)'

j=lk=1

4Since we have assumed that the function f(r) varies over timescales much shorter than 7, the
integral in d¢ can be extended between —oo and oo instead of extending it from —7 /2 to 7/2.
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The double sum can be subdivided into two parts. First the N terms with j =k
are summed, then the other N(N — 1) ones having j # k. The first sum results in
N, while the second totals to a small contribution, whose ratio with the first tends
to zero as N tends to infinity. This is due to the fact that the times #; and # are
distributed in a casual way. We therefore obtain, recalling that N = N'T

|E(, D =NT|f @) 2.7

As we anticipated in Sect. 2.1, the Fourier transform is proportional to the sam-
pling time 7. Recalling Eq. (2.6), the monochromatic flux is then

F, =c./\/’|f(a))’2.

This expression can be generalised to the case when the electric field can be
considered as the incoherent combination of two stochastic signals. Let us assume,
for example, that the electric field is the superposition of many elementary signals
with the functional forms f(¢) and g(¢), casually distributed in time with frequen-
cies Ny and N, respectively. If we repeat the above arguments, we obtain for the
monochromatic flux

Fo=c(N¢|f@)]" + Ne[g@)]).

If we assume as before that the temporal distribution is stochastic and the dif-
ferent signals are incoherent, we can generalise the above equation, in the case of a
continuous distribution of elementary signals (depending, for example, on a param-
eter ¢), by writing

Foo = cNiotl| F (@), (2.8)

where N is the total frequency of the elementary signals and (| f (w)]?) is the
average of | f (w)|? with respect to the parameter .

We now consider a different case, one where the stationary function E(¢) is peri-
odic in time (with period 7). According to Fourier’s theorem, which is valid for any
arbitrary function, the electric field can be expressed by the equation

9]

E(t) — Z (c/’(l’l)e*il’la)ol7

n=—00
where wy is the fundamental angular frequency defined as

27
wy=—,
=T

and where the £ values (with £ = £™*) are complex quantities, called
Fourier components, given by the equation

N B ka dint/T 1ot inwot
eV = T E()e dr = T E()e"“0" dr,
1

0 fo

where #( is an arbitrary instant of time.
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We now determine the relation between the Fourier transform and the Fourier
components £, We start by considering a sampling time 7 containing a large
number of periods. We have

N 1 772 .
E(w,T)= —/ E(t)e'" dt,
2 )72
that is, substituting the expression for E(¢) in terms of the Fourier components

T/2

N 1 & /2
E,T)= o Z gm / gl @=nwolt gy
T n=—00 =T/2

Expanding the integral, we have

o0 .
E(a), = L Z £ 2 sin[(w — na)o)T/2]7
2 £ ® — nwo
n=—oo
and considering that, for 7 — oo,
. 2sin[(w — nwo) T /2]
lim

=218 (w — nwyp),
T—o00 w — nwo

we obtain

o0
Ew,T)= Z EM§(w — nwp).
n=—oo

This expression, although correct, is not appropriate, however, to calculate the
square modulus of the Fourier transform as it would produce the square of a Dirac
delta function. It would be impossible to give a correct meaning to this function
without using mathematical concepts typical of the theory of distributions. To calcu-
late |E (w, T)|* we can in any case consider the expression of E (w, T) as a function
of T, evaluate its square modulus, and take its limit for 7 — oo. By doing so we
obtain a double sum of the type

. 1 o o
|E(a),7-)‘2=m Z Z Em glm)x

n=—oom=—0o0

2 sin[(@ — nwo)T /2] 2 sin[(w — mwy) T /2]
x ® — nwg ® — mwy '
For n # m, in the limit 7 — oo the two functions of 7 in the right-hand side are
mutually exclusive, in the sense that where one is non-zero the other is null, and
vice versa. The double sum therefore reduces to a single sum by imposing m = n.
Noting that

4sin’[(w — nwo)T /2]

li =277 §(w — , 29
T1—r>noo (w — nwo)? 7 T8(w = newo) 29)
we obtain
|E(a) 7')|2 = T i |€(”)|28(w—na)o).
’ 2

n=—0oo
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We have therefore obtained again the result that the Fourier transform is proportional
to the sampling time 7. Recalling Eq. (2.6) and excluding the zero harmonic (which
is equivalent to assume that the temporal average of E(¢) is zero), the monochro-
matic flux of a periodic signal is given by

o0
C 2
Fo=5- ;:1 1E@ 78w — nwp). (2.10)

The spectrum of a periodic signal is therefore composed of a series of Dirac
delta functions centred at the fundamental frequency and at the various harmonics.
The weight of each harmonic is proportional to the square of the magnitude of its
respective Fourier component.

2.4 Diffraction Grating Spectroscope

The diffraction grating spectroscope can be rightly considered the prototype instru-
ment to measure the spectrum of the radiation, at least for the visible region of the
electromagnetic spectrum and the neighboring infrared and ultraviolet regions. In
this section we present a simplified treatment of such an instrument, in order to il-
lustrate the connection between the mathematical definition of a spectrum and its
practical measurement.

Referring to Fig. 2.5, the radiation coming from a laboratory source (or from
e.g. a telescope) is converted into a plane wave by means of a system of lenses and
is incident perpendicularly on a plane transmission grating,’ characterised by the
presence of N rules with a (constant) separation between them equal to d, referred
to as the grating constant. In the grating plane, the electric field associated with the
radiation is described by the function E(t).

The rules on the grating give rise to the phenomenon of diffraction and the ex-
pression for the diffracted wave can be computed using the principle of Huygens-
Fresnel. For the case of an ideal transmission grating, the principle can be formu-
lated by saying that each section of the grating is the axis of a cylindrical wave
whose amplitude, on the emerging side of the grating, is simply given by E(¢) in
those areas where the wave is transmitted and zero otherwise.

We now consider the wave diffracted by the j-th section of the grating in the di-
rection that forms an angle 6 with the direction of the incident wave. The amplitude
of such a wave at the distance L from the grating and at the time ¢ is given by an
expression of the type

L dsind
E?(z,@):kE(z———j o )
Cc C

5The plane transmission grating is the most simple type of diffraction grating. In practice, many
other types of gratings can be used (reflection, echelle, saw-tooth, phase-transparency, circular,
concave, etc.).
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Fig. 2.5 Schematic diagram
of a diffraction grating

Diffracted wave

Incident Diffraction
plane wave  grating

where k is a constant, in general complex,6 and where the index j numbers the rules,
starting with the first (see Fig. 2.5). Adding the contribution of the diffracted waves
from all the rules of the grating and expressing the electric field of the incident wave
by means of its Fourier integral,” we obtain, with simple algebra

N oo
Ed(t,G)ZZ/ kE((,(),T)e_lw(t_L/C)erdsulG/cdCl).
j=177%

The sum over j can be easily evaluated recalling that for a truncated geometrical
series we have

N
N—1=1—f1

l+g+q¢*+--+¢q .
l—g¢
Thus we get

00
Ed(t, 0) = / kE (o, T)eﬂw[tf(Lersm@)/c]f(w’ 0)dw,
—00
where

1— eina’sin@/c

flw,0) =~

_ clwdsing/c

The equation we have obtained for E4(z, §) defines directly the Fourier transform
of the electric field diffracted in the direction 6. With obvious symbols we have

E4w.0,T) =kE(w, T)e L+ £ (0 9).

SFor an ideal transmission grating it can be shown that k is given by a cos 6/, where a is the size
of the transmission area of each rule and A is the wavelength (see, e.g., Toraldo di Francia 1958).
In practice, the constant k depends on how the grating is actually built.

7We refer here to the case where the radiation has a stationary behaviour, so we need to refer to the
Fourier transform relative to a sampling time 7.
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In other words, apart from a proportionality factor, the Fourier transform of the elec-
tric field diffracted in the direction 6 is obtained by multiplying the Fourier trans-
form of the incident field by a phase factor and by the complex function f(w,9),
known as the grating transfer function.

In a common spectroscope, the radiation diffracted by the grating is focused by
means of a system of lenses on the detector,® which responds with a signal propor-
tional to the square of the incident electric field. At the point on the detector where
the radiation coming from the direction 6 falls, we have a signal S(@) that is given
by the expression

T/2
SO)=K / EY(t,0)%dt,
=T/2
where K is a constant that depends on the efficiency of the detector (as well as the
units in which S is measured), and where 7 is the time over which the measurement
is done (sampling time). Recalling the Parseval theorem in the form of Eq. (2.5) and
putting K’ = 4m K, we obtain

3(9)=K’f°o|éd(w,9,7")y2dw=K’/Ookzm(w,T)|2|f(w,9)|2dw. (2.11)
0 0

We now study the behaviour of the | f (w, 6)|> function with respect to 6, for @

fixed. From the definition we obtain

: 2 Nwdsinf
sin (T)

s 2 wdsinfy T

sin (T)
This function has very high maxima for those values of siné such that the denomi-
nator vanishes, i.e. for

|f(.0)] =

. 2rc
sinf, =m——, (2.12)

wd
where m is any integer (positive, negative or zero) that characterises the so-called or-
der of the spectrum.” In correspondence with such 6 values we have, by considering

the limit
2 2
| f(@,0m)|" =N
Such points are called principal maxima and it can be shown that between any two
of them there are (N — 1) points where the function vanishes, corresponding to

values of 6 such that the numerator is zero but the denominator is not. The first zero
adjacent to 6,, is at a distance A6 such that

wd sin(6,, + AB) ( 1 >
— —(m+—=n,

2c N

8Nowadays, the detector is generally a CCD camera or a series of photo-multipliers. Previously,
photographic plates were commonly used.

9Note that by substituting the angular frequency with the wavelength (w = 2¢c/1), Eq. (2.12) can
be written in the form d sin6,, = mA, which is the equation resulting from the elementary theory
of the diffraction grating.
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Fig. 2.6 Graph of the square
of the magnitude of the
grating transfer function. The
graph is obtained for N = 8.
The grating commonly used
in the laboratory and in
astronomy have much higher
values of N. A typical grating
for solar observations has
N~10°
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or, by means of a series expansion
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1
Af = —tanfy,.
N ano,,

(2.13)

Between the (N — 1) zeroes we have, recalling Rolle’s theorem, (N — 2) so-called
secondary maxima where the function takes on a value of the order of unity. The

graph of the function for N = 8 is shown in Fig. 2.6.

As shown in the figure, as N increases the function behaves as a series of delta
of Dirac. In first approximation we have, taking into account the height of the peaks

and their width

2 N tan6,,
|f(0,0)| = Z Ta(e —6,).

Alternatively, we can also study the behaviour of the same function with w for 6
fixed. Again we find that the function has very high maxima with value N? at the

frequencies w,, given by

WOm

=m

2me
dsinf’

The first zero next to wy, is at a distance (in frequency) Aw such that

(wm + Aw)d sinf <
=(m

or

2c

Aw

2mc
Ndsin6’

)=
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Again, we have obtained in first approximation a behaviour as a series of Dirac delta
(a Dirac comb), given by the equation
2
|f@.0)] =N
m

2mc
dsin6

S(w — wp).

Substituting this result in Eq. (2.11) we obtain the following expression for the
signal measured by the spectroscope detector in the direction 6

i, 27C 2
S©) =K'k*N = > |E@m. T

m

If we set aside the problems related to the superposition of the spectra of different
orders, this formula shows that, if we only consider intervals of 6 sufficiently small
(so we can neglect the slight dependence on 6 contained in the factor k?/ sin6), the
signal at the detector effectively provides a measure of the square modulus of the
Fourier transform of the electric field of the incident radiation, i.e. of its spectrum.
In other words, the spectroscope works as an analog device able to perform the
Fourier transform of the incident electric field. Note also that the signal S(6) is
proportional to the time of the measurement 7. This dependence is contained in the
square modulus of the Fourier transform (remember the results of Sect. 2.3 and in
particular Eq. (2.7)).

The theory of the grating spectroscope presented above also allows us to deter-
mine the resolving power of the instrument. Suppose we have an incident radiation
composed of two purely monochromatic waves that differ in frequency by a small
amount dw. They will be diffracted, at the order m, in two directions forming an
angle 66. Differentiating Eq. (2.12) we get

Sw
80 =tan6,, —.
w

On the other hand, for the corresponding signals on the detector to be distinct, it
is necessary that the angle §6 is greater than the intrinsic width of each signal A6
given by Eq. (2.13). So we obtain the condition

dw 1

PR —
o — mN
This places a lower limit on the frequency difference (§®)min that we must have for
the signals to be distinct. Obviously we have

(6@)min N L

o  mN’
The resolving power P of an instrument is the ratio between the frequency w and
such minimum difference (§@)min. The resolving power of a grating spectroscope
is therefore given by

P=mN.

As a practical example, consider a diffraction grating characterised by a number
of rules N = 103 and by a grating constant d = 1.5 um. If the incident radiation
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covers the entire visible range between 3800 and 7000 A, the first order spectrum is
located between the angles of deflection

(ODmin =14°7,  (0)max =27°.8,
the second order spectrum between the angles
(02)min = 30°.4, (02)max = 69°.0,
while the third order spectrum starts from the angle of deflection
(03)min =49°.5,

and extends until = 90°, the angle corresponding to the wavelength of 5000 A. The
spectra of higher orders are not observable. Finally, the resolving power is equal
to 10° for the first order spectrum, 2 X 10° for the second order spectrum, and
3 x 103 for the third order one. For example, around 5000 A two spectral lines can
be resolved in second order only if they are separated by more than 25 mA.

2.5 Polarisation of a Monochromatic Wave

The polarisation phenomena of the electromagnetic radiation are related to the fact
that the electric field vector (or the associated magnetic field vector) of a beam
of radiation propagating in vacuum can be directed along any direction within the
plane perpendicular to the direction of propagation. To describe these phenomena,
we begin by considering a plane monochromatic wave of angular frequency w that
propagates along the z direction of a Cartesian reference system that is orthogonal
and right-handed (x, y, z). The electric field vector of the wave can be decomposed
into two components along the axes x and y. At a given point in space, these com-
ponents are described by expressions of the type

Ex(t) = E; cos(wt — ¢1), Ey(t) = E; cos(wt — ¢2),

where E1, E, ¢ and ¢, are four real quantities. Alternatively, we can use complex
quantities and write

E((t) =Re[E1e7], Ey(t) = Re[&e 7],
where
& = Elei¢l , &= Egei(’)z.

The tip of the electric field vector rotates in the x-y plane along an ellipse which
is called the polarisation ellipse. In order to show this fact, let us consider the general
equation of an ellipse in terms of its principal axes x’ and y’. The equation of the
ellipse in parametric form is

E, = Egcosy cos(wt), Ey = —Egsiny sin(wt),

where Ej is areal and positive quantity and where y (with |y| < m/4) is a parameter
related to the eccentricity of the ellipse (|tany| being the ratio of the semi-axes).
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Fig. 2.7 The tip of the y
electric field vector moves
over time along the
polarisation ellipse

In the previous equation we have assumed that, at time ¢ = 0, the electric field is
directed along the positive x’ axis. Eliminating ¢, we obtain
2 2
E, E v )
Elcos’y  E}sin’y

The semi-axes of the ellipse are respectively Eg|cosy| and Eg|siny|; if y is pos-
itive the ellipse is described clockwise, as observed from a person who sees the
incoming radiation. The geometry is shown in Fig. 2.7, where the z axis points to-
ward the reader.

If the electric field vector is observed as rotating in a clockwise direction we have
positive (or right-handed) elliptical polarisation, otherwise, we have a negative (or
left-handed) elliptical polarisation. There are two special cases of elliptical polarisa-
tion: if y = £ /4, the ellipse degenerates into a circle and the polarisation is called
circular (right and left, respectively). If instead y = 0, the ellipse degenerates into a
segment, and the polarisation is called linear.

We now relate the geometrical characteristics of the ellipse (amplitude Eo, az-
imuth of the major semi-axis &, and ratio of the semi-axes tany) to the quantities
E1, E>, ¢1 and ¢, by transforming the components of E from the (x’, y’) to the
(x, ¥) system. Referring to Fig. 2.7, we have

Ey=E, cos§ — Eysiné, Ey=E, sin§ + Ey cos§,
and substituting
E, = Eo[cos y cos& cos(wt) + siny sin& sin(a)t)],
Ey, = Eo[cos y sin& cos(wt) — siny cos & sin(a)t)].

If we now identify these expressions with the previous ones, we obtain the relations
between the E1, E, ¢1 and ¢, quantities and the parameters of the ellipse

Eicos¢ = Epcosy cosé, E1sing; = Epsiny siné&,
E>cos¢r = Egcosy siné&, E;>singy = —Egpsiny cosé.
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Taking the square of the four equations we get
Ej=E} + E3:

multiplying the first by the fourth and subtracting the product of the second by the
third we obtain

2E Exsin(¢1 — ¢2) |
E}+E;

sin(2y) =

multiplying the first by the third and adding the product of the second by the fourth
we have
2E | Eycos(p1 — ¢2)

cos(2y)sin(2€) = ;
(2y) sin(2§) £+ B2

subtracting the sum of the squares of the last two from the sum of the squares of the
first two we get

2 2
cos(2y)cos(2&) = M;
E}+E3

and finally, dividing the last two equations, we obtain

2E1E> cos(¢1 — ¢2)
2 2 :
Ey — E;

tan(2§) =

These equations allow to obtain the parameters of the ellipse (Eo, y, £) starting
from the quantities that describe the electrical oscillation along the axes x and y
(E1, E2, ¢1, ¢2). As shown by the above equations, the parameters of the ellipse
depend only on the phase difference (¢; — ¢2) and not on the absolute phases.
The four quantities (bilinear in the components of the electric field) that appear
in the previous equations, i.e. (E% + E%), (E% — E%), 2E1E;cos(¢p; — ¢2), and
2E1 E; sin(¢; — ¢») are fundamental when characterising the properties of the po-
larisation of a monochromatic plane wave. The first quantity, (E f + E%), is propor-
tional to the flux of energy, i.e. to the energy that crosses the unit surface per unit
time. We denote this flux with the symbollO F;. We can associate the other quanti-
ties with other fluxes that we denote by Fgp, Fy, and Fy. For our monochromatic
wave, recalling the definition of the Poynting vector and taking into account that
the functions sin®(wt) and cos?(wt) are on average equal to 1/2, averaging over a
period we have

c
8w 8w
Fy=—2EEscos(¢r — ¢2).  Fy = .—2E1Easin(gy — o).

8 8

c

Fr=—(E{ + E3), Fo = (E] - E3),

It should be noted that the symbols 7, Q, U and V, that have been put as indices
to the various fluxes, are commonly used to denote different physical quantities,

10This quantity was denoted with the symbol F in Sect. 2.1, where we neglected the polarisation
properties.
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related to them by some multiplicative dimensional constants. These quantities are
the so-called Stokes parameters, usually introduced in the theory of radiative transfer
for polarised radiation. The Stokes parameters have the dimension of the specific
intensity of the radiation field and are therefore dimensionally equal to an energy
per unit surface, per unit time, per unit spectral interval and per unit solid angle. In
the following we will refer to Fj, Fp, Fy and Fy as the fluxes (of energy) in the
four Stokes parameters.

We can relate the geometrical characteristics of the polarisation ellipse to the
fluxes in the Stokes parameters by inverting the above equations. We obtain, with
easy algebra

E2_ 8_”F sin(2y) = Fv cos(2y)cos(2&) = fo
0= c I, V)= FI ’ 14 - FI ’
. Fy Fy
cos(2y)sin(2E) = —, tan(2§) = —.
Fy Fo

The polarisation ellipse has different forms, depending on the values of the fluxes
in the Stokes parameters. Conversely, each polarisation ellipse is characterised by a
particular set of the fluxes in the Stokes parameters. In particular, if the ellipse de-
generates into a circle (y = 4 /4) we have that Fgp = Fy =0, Fy = £ F;, where
the plus sign refers to a circle described in the clockwise direction (for an observer
who sees the approaching wave) and the minus sign to a circle described counter-
clockwise. In this case we have the so-called pure circular polarisation, positive and
negative (or right-handed and left-handed), respectively. If instead the ellipse de-
generates into a segment (y = 0), we have Fy =0 and F (22 + F 5 = FIZ, where the
values of Fgp and Fy are related to the angle & that the segment forms with the x
axis. In this case we have the so-called purely linear polarisation.

The fluxes in the Stokes parameters may also be expressed in terms of the com-
plex amplitudes £ and & introduced previously. In fact we have, as is easy to verify

ﬂ:éﬂﬁ&+@&y Fo (E161 - £16).

_c
g 8 (2.14)
Fy=—(&&+E5¢8), Fy = —i(&& — E&1).
US?‘[(12+21) 4 871(12 361)
Finally, we note that the fluxes in the Stokes parameters of a monochromatic
plane wave are not independent of each other. In fact, squaring the previous ex-
pressions, it is easy to verify with some simple algebra that the fluxes in the Stokes
parameters are so related

F} =F}+Fj + Fy. (2.15)

This relation is typical for monochromatic waves which, by their nature, are always
polarised. In other words, it is impossible to represent a polarisation-free radiation
(i.e. with Fg = Fy = Fy = 0) with a monochromatic wave. The previous relation
expresses in mathematical terms the fact that only three geometric parameters are
sufficient to completely define the ellipse of polarisation. These could be, for exam-
ple, the amplitude, the ratio between the semi-major and semi-minor axis, and the
tilt of the major axis.
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2.6 Spectropolarimetric Measurements

The monochromatic plane wave considered in the previous section has polarisation
characteristics perfectly defined. It represents, however, a very particular case. In all
generality we can assume that the two components of the electric field vector along
two directions x and y (perpendicular to the direction of propagation z of a beam of
electromagnetic radiation) are described by two arbitrary functions of time, E(¢)
and E»(t). The spectrum and the characteristics of the polarisation of the radiation
depend on the behaviour of these two functions.

We define the Fourier transforms (according to Eq. (2.4)) of the two functions
E1(t) and E,(¢) considering a stationary case and within a sampling time T

. 1 772 . . 1 72 .

Ei(w,T)= —/ Ei(t)e“ dt, Ex(w,T)= —/ E>(t)e'” dt.
2 JoT)2 2 Jo1p2
We can use these definitions to generalise the various equations we have previously
obtained by introducing the monochromatic flux in the single Stokes parameters
instead of the monochromatic flux F,,. Generalising Eq. (2.6), relative to a stationary
signal, we obtain

Fl=—(E1(@. T Ei(@. T) + Ex(@, T)* E2(0. 7)),

F2 =

w

(Ev(w, T Er(0,T) — Ex(w, T E2(0, 7)),
(2.16)

SISO

FY = —(Ei(@, T Ex(@, T) + Ea (0, ) Er(, T)),

=

F) = %i(f«?l(a), Ty Ex(, T) — Ea(w, TV* Ea(w, T)).
Generalising Eq. (2.8), relative to a stochastic signal, we obtain
Fl = cNofi(@)* fi(@) + fr(@)* fr(w).
F2 = cNi( fi(@)* fi(w) — fa(@)* fa(w)),
F = cNo fi(@)* fa(@) + fo(@)* fi()),
F) = cNuid{fi(@)* fa(@) = f(@)* fi()).

Finally, generalising Eq. (2.10), relative to a periodic signal, we obtain

(2.17)

o
Fl = % Z(Sl(")*é'l(") + 52(")*52("))8@) — nwy),

n=1
o0

F2= 5 (M ™ — £ E™)s (@ — nwo),
=l (2.18)
FU = =3 (€M M 1 £ EM)5 (@ — nwo),

o0
iZ(EI(n)*EZ(n) — 52('1)*51("))6@) —nawp).
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The above equations show that the polarimetric characterisation of the electro-
magnetic radiation involves the determination of bilinear products of Fourier trans-
forms of the type Ei (w)*E j(w), with i, j =1, 2. In the radio region of the electro-
magnetic spectrum, at frequencies less than or of the order of a GHz, this can be
done by directly measuring the electric fields E1(¢) and E,(t) with two antennas
arranged along the x and y axes, and obtaining the bilinear expressions with elec-
tronic procedures. For the visible and for the neighbouring ultraviolet and infrared
regions, this is not possible due to the high frequency of the radiation (v ~ 103 Hz).
As we have already said, in these regions of the electromagnetic spectrum the mea-
surements of the electric field are carried out with detectors (CCD cameras, photo-
multipliers, photographic plates, etc.) that produce a signal proportional to the in-
cident energy, i.e. to the square of the electric field. Such measurements therefore
only provide information related to integrals of the type

T/2
/ [E1(1)? + Ex(1)*] dt,
-T/2

where 7 is the exposure time of the detector. If we limit ourselves in considering
only stationary signals, recalling the Parseval theorem (in the form of Eq. (2.5)), and
isolating the contribution of the radiation contained within a frequency interval Aw
centred on the frequency w, the signal at the detector can be expressed in the form

S = K[El((,(), ﬂ*El(w, T) + EZ(wa T)*EZ(CU» T)]a

where K is a dimensional constant that depends on the sensitivity of the detector, the
units in which the signal is measured, and the amplitude of the frequency interval
considered. This formula shows that, without the use of additional devices, the only
measurement that can be done is that of the monochromatic flux F..

The polarisation measurements are obtained by placing along the radiation path
suitable devices which alter the polarisation characteristics of the incident radiation
in a known way. These devices are polarising filters (or simply polarisers) and wave-
plates (or retarders). Ideal polarising filters have the property of being completely
transparent to the radiation whose electric field vector vibrates along a particular
direction (the direction of acceptance or transparency of the filter) and completely
opaque to the radiation whose electric field vector vibrates along the direction per-
pendicular to it. If we place a filter in such a way that the direction of acceptance
makes an angle o with the x axis (see Fig. 2.8 for the conventions used), the detector
will respond with a signal of the type

S(@) = K Ep(o, T)*Ep(w, T), (2.19)

where EP (w, T) is the Fourier transform of the component of the electric field along
the acceptance axis of the polariser. Referring to Fig. 2.8, such transform can be
expressed in the form (obviously, the transforms of the components of a vector are
transformed as the components under rotations of the reference system)

Ep(a), T = cosalfl(a), T)+ sinaﬁz(w, T,



36 2 Spectrum and Polarisation

Fig. 2.8 The polarising filter x
is placed along a direction
that forms the angle o with
the x axis. The radiation
comes from behind the page

E,

SO we obtain
S(@) = K{cos?aEy(w, T)*Ey(w, T) +sin* aEz (0, T)* Ex (@, T)
+sina cosa[l%l(a),T)*Ez(a), T) + Esr(w, T)*El(a),T)]}.

Inverting Eq. (2.16) and substituting in the previous equation, the signal S(«) can be
expressed through the monochromatic fluxes in the Stokes parameters. We obtain

S(@) = K'[F} +cosQa)F2 + sina) FY ],

where K’ is a new constant. This equation shows that the monochromatic fluxes in
the Stokes parameters Q and U can be defined by the equations

F2 = 2;{/ [$(0°) —$(90°)],  FY= 2;{/ [$(45°) — 5(135°)].

The monochromatic flux in the Stokes parameter Q therefore represents the dif-
ference between the signal measured by the detector behind a polarising filter ori-
ented under the angle o = 0° (with the direction of acceptance coinciding with the
x axis) and the signal measured behind a polarising filter oriented under the angle
o = 90° (with the direction of acceptance coinciding with the y axis). The meaning
of the other monochromatic flux in the Stokes parameter U is very similar, with
the orientation angles of the polariser replaced by 45° (direction of acceptance co-
inciding with the bisector of the x and y axes) and 135° (direction of acceptance
coinciding with the bisector of the —x and y axes), respectively. Concerning the
monochromatic flux in the Stokes parameter / we have

FQI) = 2K/
with o any angle. Alternatively, this same quantity can be measured more simply
without interposing any (ideal) polarising filter. From this we see that the monochro-
matic flux in the Stokes parameter / coincides with the conventional monochromatic
flux.

The expressions derived previously show that the monochromatic flux in the
Stokes parameter V cannot be measured by placing only a polarising filter. For

[S() + S(a +90°)],
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its measurement it is necessary to introduce a further device, the wave plate, or re-
tarder. In general, we can define as an ideal retarder a device that splits the incoming
radiation beam into two distinct beams, characterised by different polarisations, in-
troduces a phase difference between the two, and then reassembles the two beams
into one having a polarisation that differs from that of the input beam. In practice,
a retarder can be realised with a birefringent crystal, which is characterised by two
axes perpendicular to each other and perpendicular to its optical axis. One of the
two axes is the so-called fast axis while the other is the slow axis. The components
of the electric field along the fast and slow axes propagate along the optical axis
with different indices of refraction, n¢ and ng, respectively, with ng > n¢. This dif-
ference between the refractive indices causes within the retarder a phase shift (or
retardance) §. If Ef(w) and Es(a)) are the Fourier transforms of the components of
the electric field vector along the two axes at the entrance of the retarder, the same
transforms at the exit of the retarder, Ef(a))’ and Es(a))’, are given by (apart from an
inessential phase factor)

Ef(w) = Ef(w),  Eg(w) = Eg(w)e®,
where
6 =2n(ng —ng)L/A,

with L the thickness of the retarder (the wave plate) and A = 27 c/w the wavelength
of the radiation. If § = /2 we have the so-called quarter-wave plate, while if § = 7
we have a half-wave plate, and so on.

It can easily be shown that a quarter-wave plate transforms a circularly polarised
beam into a linearly polarised one (with directions that differ by 90° for right or left
circular polarisation, respectively). Also, that a half-wave plate rotates by 90° the
direction of the linear polarisation (when this direction coincides with the bisector
of the angle between the fast and the slow axis). Note also that the retardance of a
wave-plate depends strongly on A, which is the reason why it is difficult to produce
the so-called achromatic wave plates (those for which the retardance is independent
of the wavelength).

Now suppose we have a quarter-wave plate and we place it along a beam so
that the fast axis is directed along the x axis. We then place behind it the polariser,
oriented again with an angle « as shown in Fig. 2.8. If 12“1 (w,T) and Ez (w,T) are
the Fourier transforms of the components of the electric field along the x and y axes
at the entrance of the wave plate, the components at the exit of the wave plate are
given by (apart from an inessential phase factor) E 1(w,T) and Ez(a), Thein/2 =
iEs(w,T), respectively. The Fourier transform of the projection of the electric field
vector along the axis of acceptance of the polariser is therefore given by

Ep(w, T)=cosaEi(w, T)+isinaEsr(w, T).
The detector will respond with a new signal T («), still given by the right-hand side
of Eq. (2.19). With this expression for £, (w, T) we have
T(a) = K{coszozlg"l(w, TYE1(w, T) +sin® a Ex(w, T Ex(w, T)
+isina Cosa[El(a), TY Ex(w, T) + Ex(w, T E1 (o, DI}
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or, in terms of fluxes in the monochromatic Stokes parameters
T(o) = K'[F} +cosQa)FZ + sin2a) F,) .

The monochromatic flux in the Stokes parameter V can then be operationally de-
fined by the relation

1

FCL‘)/ = 2K/

In practice, the schematic operations that we have described for the measurement
of the fluxes in the Stokes parameters are realised by means of suitable instruments
called polarimeters. These instruments are made by one or more wave plates and
a polariser at the exit. When both a polarimetric and a spectroscopic analysis of
the radiation is required, in general the first precedes the second one, in the sense
that the radiation enters the polarimeter before entering the spectroscope. The exit
polariser of the polarimeter is generally held in a fixed position because an ordinary
diffraction grating is very sensitive to the polarisation of the incoming radiation.

[T(45°) — T(135°)].

2.7 Properties of the Stokes Parameters

As we have seen in Sect. 2.5, a monochromatic wave has always a well-defined char-
acter of polarisation. This ceases to be valid when considering a beam of radiation
having a stochastic character. To demonstrate this property, consider the quantity
1\2 2 U\2 V2
P:(Fw) _(FwQ) _(Fcu) _(Fw) :

Substituting the expressions of Eq. (2.17) relative to a stochastic signal, and devel-
oping the calculations we obtain

P =4 Nl {7 1S5 1) = U )5 1)),

where we have denoted by f; (i = 1, 2) the Fourier transforms ﬁ (w) (to not compli-
cate the notation). We introduce now the complex quantity .4 defined by the equa-
tion

A= L A) = AU )

The statistical average of its square modulus is, with simple algebra

(AP} = (T ANUA LS F2) = (A 205 )

and since the quantities (f}" f1) and (JA]?) are both positive, we can deduce the
Cauchy-Schwarz inequality

(fr Al fs ) = (f 2N f A = 0.

which, replaced in the expression for P obtained previously, implies

(F})" = (F2) = () = (F))* =0,
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Fig. 2.9 A rotation of the , X
reference system involves a

transformation of the fluxes

in the Q and U Stokes

parameters. The radiation

comes from behind the page 0

Note that the sign of equality holds only when the quantity A is null, i.e. when
the ratio of the transforms f; and f> is such to satisfy the equation

fi A
f 2 (f 1>k f 2)

In this case the transforms of the two components of the elementary signals along the
x and y axes are characterised by having a constant ratio between the amplitudes and
also a constant phase difference. The case of the monochromatic wave previously
considered is a special case of this situation.

The opposite case is instead that in which the transforms of the two components
are characterised by having equal mean amplitudes

(fif)={f F),

and random phase relation, so that

(i o) = {13 1) =0.

In this case we have
Fe=FV=FY=o,

and we have non-polarised radiation, also called natural radiation.

As we have seen, the fluxes in the Stokes parameters require a reference direction
for their definition. This direction is arbitrary, so it is always necessary to clearly
specify its choice when using these quantities either in theoretical calculations or
in laboratory experiments or astronomical observations. In ground-based night as-
tronomy, for example, it is usual to choose as the reference direction the meridian
across the observed object. In solar physics, or in observation of extended objects,
different reference directions can be chosen, more appropriate to the geometry of
the phenomenon under study. For example, when observing the polarisation at the
solar limb, it is common to choose as the reference direction the tangent to the limb
itself.

As the reference system changes, the Stokes parameters are transformed by sim-
ple linear relations. To show this, we refer to Fig. 2.9 and denote by F/, FS, FY,
FY the fluxes in the Stokes parameters relative to the reference direction x. If (F/)’,

(FwQ Y, (Fg Y, (Fa‘)/ )" are the Stokes parameters relative to the direction x’, rotated
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by an angle 6 with respect to x (in the counterclockwise direction looking at the
radiation source), the laws of transformation are easily found by noting that

f{ =cosbfi +sinffa, fr=cosOf —sinffi.
Substituting in Eq. (2.17) we obtain
(DY =F!,  (F2) =cos20)F2 +sin(20)FY,
(FY) =cos2)FY —sin@0)F2,  (FY) =F).

As the reference direction changes, only the fluxes in the Stokes parameters rela-
tive to the linear polarisation FwQ and F, g change, transforming one in the other
according to the previous equations. The other fluxes (in intensity and in circular
polarisation) are instead invariant. Note that a rotation of an angle 8 = 7 leaves
everything unchanged (the reference direction has no tips).

Finally, we observe that, in practice, the fluxes in the Stokes parameters are of-
ten denoted by the symbols I, Q, U, and V, without specifying, in many cases, if
they refer to the unity of frequency interval (or angular frequency, or wavelength),
or whether they refer to the unit solid angle. Often this does not cause problems be-
cause the results of polarimetric measurements are generally expressed in terms of
the ratios Q/1, U /I, and V /I, which are independent of any proportionality factors
that are implicit in the various definitions. For uniformity in the notation, we simply
observe that the /,, symbol (and the corresponding symbols Q,, U, and V,,) should
be reserved to express the energy of the radiation having frequency between v and
v 4 dv and direction contained within the unit solid angle, flowing, per unit time,
through the unit surface perpendicular to the direction of the radiation.



Chapter 3
Radiation from Moving Charges

One of the most important consequences of Maxwell’s equations is the emission of
electromagnetic radiation by charged particles in accelerated motion. In this chapter
we will give a classical description of this phenomenon, emphasizing the general
characteristics of the cross sections and the spectral and polarimetric properties of
the radiation emitted, for both relativistic and nonrelativistic particles. In particu-
lar, we will describe some fundamental physical processes such as Thomson and
Rayleigh scattering and give an in-depth discussion of the bremsstrahlung radiation
(in nonrelativistic approximation), of the cyclotron radiation and of the synchrotron
radiation. The last part of the chapter is dedicated to the study of the radiation due
to a large number of particles and its multipole expansion.

3.1 Electromagnetic Potentials Due to Charges and Currents

As we have seen in Chap. 1, the electric field E(r, ¢) and the magnetic field B(r, )
at the point of coordinate r and time ¢ can be obtained in all generality from the
electromagnetic potentials A(r, ¢) and ¢ (r, t) by the equations

1 0A(r, 1)
E(r,t) = —grad¢(r,t) — P

, B(r,t) =rotA(r,t).

If the Lorenz gauge is adopted, the electromagnetic potentials satisfy the partial
differential equations (Eq. (1.8) and (1.9))

1 92 47
VzAr,t — —=—A(r,t) = ——j(r, 1), 3.1
(5.0) = 535 A ) = ——j(r.1) (3.1)
Vo0 - - o) = —amote.n (3.2)
r,t) — —=—=o¢(r,t) = —4dnp(r,t), .
c2 912 P
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where p(r,t) and j(r,t) are the charge and current densities, and the additional
condition of Eq. (1.7)

divA(r,t) + liqﬁ(r, 1) =0. 3.3)
c ot

To find the solution of this system of differential equations is convenient to re-
fer to the static case. We consider first the static equation for the scalar potential
(Poisson equation)

V2 (r) = —4mp(r), (3.4)
and we try to solve it for the particular case

V2 (r) = —478(r), (3.5)

where §(r) is the tridimensional Dirac function defined, in Cartesian coordinates,
by §(r) =8(x)8(y)é(z). For obvious reasons in terms of symmetry, the potential ¢
depends only on the magnitude of the vector r. In this case, the Laplacian operator
is simply given by (see Eq. (6.7))

G 1d(,d
r2dr dr )’

which can also be expressed in the more compact form
1 @
=—-—r.
r dr?

The differential equation for ¢ is then, for r # 0

v? (3.6)

1d
The most general solution of this equation is of the form
r¢(r)=a—+br,

with a and b arbitrary constants, so we obtain, for » # 0,

a
$(r) == +b.
-
The constant b defines the value of the potential for » — co. Assuming that the

potential goes to zero at infinity, such constant is null, so
a
d(r)=-—.
-
To determine the value of the constant a, we recall that the Laplacian operator is
given by

v? = div grad.
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Applying Gauss’s theorem to a sphere of arbitrary radius centred at the origin and

taking into account that

a a a
grad — =——n=——r,
r

72 3

where n is the unit vector along r, we have
—4ra=—4m,

or a = 1. We have therefore obtained the fundamental result that the solution of the
differential equation (3.5) that satisfies the boundary condition of becoming null for
r— 00 1is

1
¢ (r) =—.
p

This result can be generalised by considering a translation of the charge. Obviously,
the solution of the equation

V3¢ (r) = —4ns(r — 1) (3.7)

that satisfies the same boundary condition is

¢(r)=

r—r'|’

If we finally note that we can always write

o(r) =/p(r/)3(r— r/) ar,

due to the linearity of the Laplacian operator we obtain that the solution of the
differential equation (3.4) is the following

b(r) = / POy
[r—r'|

The result we have obtained is very intuitive from a physical point of view and
could be anticipated by recalling that a point charge g generates in the space an
electric field that derives from a potential of the form V = ¢/r, r being the dis-
tance from the charge. The expression given above is just the generalisation of the
latter formula to the case of a continuous distribution of charges. Here, we have
preferred to give a more formal mathematical proof using a standard method for
solving non-homogeneous linear differential equations, known as the method of the
Green’s function.

We return now to the time-dependent case and begin by solving the equation

1 0
V2o (r,1) — F3,290 0 =—4Tf D),
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where f(¢) is an arbitrary function of time. As in the previous case, the function ¢,
for obvious reasons in terms of symmetry, can only depend on the magnitude of the
vector r and, in this case, also on time. Expressing the operator V2 using Eq. (3.6),
the equation for ¢ (r, ) becomes, for r # 0

1 92 1 92
;m[’ﬂs(raf)]—zﬁ(ﬂr,l):(),
or
2 1 92
I:a?—c—zﬁ][rq)(r,t)]zo

The most general solution of this equation is of the form

r(rt) =gt £r/c),
where g is an arbitrary function of its argument, or

S 1) = gt :ir/c).

In analogy with the stationary case, we impose the condition in the origin apply-
ing Gauss’s theorem to a sphere of infinitesimal radius. We obtain

g)y=f@),

so the solution is of the form

¢(r’ t) — M
r
Of the two solutions that we have obtained only one, the one with the minus
sign, has a meaning for the physical problem under consideration. Comparing the
result of the time-dependent case with the one obtained in the static case, we see
in fact that the potential at a distance r from the origin and at time ¢ has the same
expression of the potential of the static case corresponding to the charge f(t —r/c),
i.e. to the charge that is at the origin at the so-called retarded time " defined by
f=r—"_.
C
This result has a natural explanation related to the fact that electromagnetic signals
propagate with speed c¢. The solution with the plus sign would involve the advanced
time ¢t 4 r/c, instead of the retarded one. It has no direct physical interpretation in
this problem and should be discarded.
Repeating the arguments for the stationary case, we find that the solution of the
differential equation (3.2) is given by the expression

,O(r/, t/) d3 /

P(r,1) = r, (3.8)
r—r'|
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where ¢’ is the retarded time defined by

’r_ |I‘—I‘l|
r'=t— . (3.9
c

With similar considerations we obtain for the vector potential, solution of Eq. (3.1),

the expression
Ly !/
0= l/J(r’t)d3r’. (3.10)
cJ [r—r|
Before accepting the solutions given by Eqgs. (3.8) and (3.10) for the scalar and
vector potentials, it is however necessary to verify that these solutions satisfy the
condition imposed by the Lorenz gauge (Eq. (3.3)). We provide in the following
such a demonstration. First of all we note that when one is dealing with functions
of the type f(r,t’), or f(r/,t") with ¢’ the retarded time, the symbol of the partial
derivative becomes ambiguous because the variables r (or r’) and ¢’ are not inde-
pendent. In fact, if for example we apply a variation ér to r, we can consider two
different types of increments, 6] and §f>, given by

Sfi=f(r+or,t)— f(r,t'),  8fa=f(r+6r, 1’ +68t')— f(r, 1),

where 8¢’ is the variation of 7 due to dr. We are going to indicate the derivative
executed with the increment § f> with the usual symbol “9” of partial derivative. On
the other hand, the derivative executed with the increment § 1 will be indicated with
the symbol “§”. The two derivative operations are related by the expression

3 L8 %
Tmf(r”)=af(r»f) —gf( 7).

We also note that the two types of derivatives, d and §, coincide for functions that
depend only on r, and not on time.

We start by evaluating the divergence of the vector A(r, 7). Since such operation
has to be done at ¢ constant, from Eq. (3.10) we have

0
S T
k

To evaluate this integral we take into account the fact that the dependence on xi
is contained both in the denominator and the numerator since the retarded time ¢’
depends on |r — r’| and therefore on x;. If we note that

bl
0Xy

/‘Z_

/
Bx,’c|r_r ‘

the expression for div A can also be written in the form

, 1 3 [k, 1) | T SR I
divA(r, 1) = - S— — (¢, )
ivA(r, 1) C/Xk:{ ax,;[|r—r’| +|r_r/|8xl/(]k(l‘ )i d°r
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The first part of the integral can be transformed, using Gauss’s theorem, in a surface
integral. If we assume that the current density goes to zero at infinity, the integral is
null, so

1 1 1)
divA(r,t) = — — (Y, ) dr.
VA1) C/u_r,';axl,cfk( )

We evaluate now the second term of the Lorenz condition. For Eq. (3.8) we have

10 1 d ot
__¢(r’ t) — f p(r ’ )d3r/.
c dt

cJ ot [r—r'|

Taking into account that, once r and r’ are fixed, we have
a / / a / /
—pl\r,t )= —plr,t),
Lo ) = p(r 1)

we obtain

19
divA(r,t) + ——¢(r, 1)
c ot

_1 1 EIPPTN I VN P
_C,/|l‘—l"|{|:2k:8x,’cjk(r’t)i|+3,/’0(r’t)}dr- (3.11)

On the other hand, the continuity equation for the charge, written for the point of
coordinate r’ and time ¢, is, with the notations we have introduced,

5 . d
[; o ,k(r/,/)] () =0,

so the term within the curly brackets in Eq. (3.11) is null and the Lorenz condition
is verified.

3.2 The Liénard and Wiechart Potentials

In the previous section we have found the expressions of the scalar and vector po-
tentials for an arbitrary distribution of charges and currents. We now apply these
expressions to the special case where there is only one point charge e moving in
time according to the equation ro(z). For the motion of the particle we define the
velocity and acceleration vectors according to the usual equations

d d d?
v(t) = Ero(t), a(t) = EV(’) = @ro(t).

The charge and current densities due to the point charge can be expressed in terms
of the tridimensional Dirac delta. We have

p(r, 1) =ed[r —ro(1)], j@x, 1) =ev(®)s[r —ro(1)],
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so we obtain, from Egs. (3.8) and (3.10)

¢(r,t):e/wd3r/’ A(ryt):ffwd%/’
c

r — 1’| r — 1’|

where ¢’ is the retarded time defined in Eq. (3.9). The presence of the delta function
allows a simple evaluation of the integrals contained in the previous expressions.
We recall that, given two arbitrary functions f(x) and g(x), for the unidimensional
Dirac delta function we have (see also Sect. 16.3)

8 d =
f f)8[g(x)]dx = Zf( >|g( 57

where x;, withi =1, ..., N, are the N solutions of the equation g(x) = 0 and where
g’'(x) is the derivative of the function g(x) with respect to the variable x. For the
tridimensional Dirac delta, the previous equation can be generalised into the follow-
ing expression

N
1
3 _ .
/f(r>8[g<r>]d "‘gf(r’)u(r,-n’

where r;, withi = 1,..., N, are the N solutions of the vector equation g(r) =0
and where J is the Jacobian of the transformation r = g(r), i.e. the determinant of
the Jacobian matrix Ji;(r) defined by

gk (r)

Ju(r) = ox,

Returning to the integrals that we want to calculate, we note that since the particle
velocity is necessarily less than c, the equation

r' —ro(')=0

has, with r and ¢ fixed, only one solution, schematically illustrated in Fig. 3.1. To
avoid introducing further notations, we will indicate with r’ and with ¢’ the point
and the instant corresponding to such solution. Concerning the Jacobian matrix, we
have

0

J. —
k= Bxk

a
71 = [ro(#)];} =8 — @[ro(t’)],--
Taking into account the definition of the retarded time (Eq. (3.9)) we have
d

—[ro(t)]; = {%[ro(;/)]j}a_t; _ v @

dx;, dx;, c xk

where v; is the j-th component of the particle velocity evaluated at the instant 7’
To calculate the last derivative, writing

R=r-r,
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Fig. 3.1 Geometry for the Point where the field is calculated at the time t
calculation of the TTTT——

electromagnetic field at the
point of coordinate r at the
time 7. The vectors v and a
are, respectively, the velocity
and acceleration of the
particle at the retarded time.
The unit vector n is directed
along the direction defined by Trajectoré
the position of the particle at
the retarded time and the n y
point where the field is () a

calculated / >
%
X

Charged particle at the retarded time t’

Z

R=T-7(1))

we have
oR; s
= —0ik,
dx;,
so that
9 5 0
R’=—(Y RiR ) =-2R,,
dx;, ax;, (Z ' l) k
1
and then
0 0 Ry
A AL Bl
Xk Xk

where we have introduced the unit vector n to indicate the direction of the vector R.
Taking into account this result, the Jacobian matrix becomes

Vjng

Jjk=8jk —

We can now calculate the Jacobian. We have

1— UxNx _ Uiy _ Wxng
C C C
_ _ byny _uyny _vyng
J =det 2= 1 - =1
_vene Vo wng
C C C
and, with simple algebra,
v-n
J=1——.
c

Once we substitute these results into the integrals containing the Dirac delta func-
tions, we get the following expressions for the potentials

P =—.  Ar1)=—,

e
3.12
KR ck R ( )
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Fig. 3.2 The signals emitted
by a moving source at
successive times, represented

as spherical waves, become

concentrated in the direction m
of the velocity and are m
rarefied in the opposite U v
direction. In any case, since

the velocity v is always less

than ¢, each spherical wave
contains all those emitted at
successive times. This is the
reason why Eq. (3.14) has
only one solution

where
k=1-—+1 (3.13)
Cc

and where all the quantities that appear in these equations, i.e. v, R, n, ¥ need to be
evaluated at the retarded time #’, solution of the implicit equation

,_,_Ir=ro)
e

(3.14)

The potentials that we have obtained are called the Liénard and Wiechart poten-
tials. They contain the 1/« factor that, as we will see, is of fundamental importance
in determining the radiation properties of moving charges. The physical meaning of
this factor can be intuitively understood by observing that the signals emitted by a
moving source are concentrated in the direction of the velocity, and become rarefied
in the opposite direction, as exemplified in Fig. 3.2. Finally, it is interesting to note
that, in the static case, the scalar potential of Liénard and Wiechart becomes the
electrostatic potential (since ¥ = 1), while the vector potential is zero, since v = 0.

3.3 The Electromagnetic Field of a Moving Charge

The electric and magnetic fields at the point of coordinate r and at time ¢ produced
by a point charge (of charge value ¢) moving along the trajectory ro(¢) are obtained
by applying to the Liénard and Wiechart potentials the general equations defining
the scalar and vector potentials, or

B(r,t) =rotA(r, 1), (3.15)
E(r,t) = —grad¢(r, 1) — liA(r, 1). (3.16)
cdt

The determination of the fields is therefore reduced to a simple exercise that however
involves some mathematical subtleties, requiring a detailed description.
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We start by noting that the Liénard and Wiechart potentials contain at the denom-
inator the expression « R and that such expression can be written in the form

v-n v-R
kR=(1—-——)R=R— ——.

We also note that, given a vector of the form
X =Xg — Xp,
with x, and x;, functions of an arbitrary parameter ¢, we have

0 _axa 0Xp

ac” 8¢ A’

so that
K3 X2 =2X. X4 0%p ,
ile ile ac
and then, introducing the unit vector vers(X) of the vector X, we have

o 9 S % aw] I
&X_&\/X__ZXZX [a; 84_]_vers(X) [ag a;}‘

Using this result, we simply obtain the following expressions

oR ot 10R n-v
— =—1N"V, —_— = + - = — — =K,
ot’ at’ c ot/ c
ot’ 1 1 v
— ==, rad|ro(¢')] = —[grad R]-.
=z )] = —lend R
For the last equation we have in fact
a a or’

{erad[ro(r')]};; = a—xi[m(t/)]j = Q[ro(t/)]-ia_x,-

On the other hand,
grad R = grad|r — ro(t')| = n — grad[ro(t')] - n=n+ [grad r=2
C

from which we obtain

grad R = E,
K
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which allows us to rewrite the equation for the gradient of ro(¢") in the form

nv
d[ro(f)] = ——.
grad[ro(1")] = ——
We also have
, nv
gradR = grad[r —ro(') | =U + —,
KC
where U is the unit tensor (U;; = §;;), and also
R 1
gradt’ = grad[t — —] =——gradR = _n
c c Kc
av na R OR ot v-n
d == dt/_:_—, —_— ==,
gracy (gra )aﬂ Kc ot at’ ot K
8R_8R8t’_ v av_avat’_a
ar ot at  «k’ ar  ar at k'

where a is the particle acceleration at the retarded time ’. With these equations
it is then simple to express both the gradient and the temporal derivative of the
product k R. We have

-R 1 1
grad(k R) = grad[R — V—] =grad R — —(gradv) - R — —(gradR) - v,
c c c

i.e.
n 1 v v’n v’ \n v 1
gradkR)=—-+ 5@ Rn--——=(1-—5)-—-+—>-(a-Rn,
K Cc°K c ck ccJk ¢ c*k
a(R) o[, VR n-v 1aR+u2
—x®«R)=—|R———|=—— — —a- —.
at ot c K cK cK
We are now able to calculate the electric field. Using Eqs. (3.16) and (3.12) we
obtain
E(r. 1) d 1 e 0 [V
,H=—cegrad| — | ——| — ),
g kR c2 9t \ kR
or

av n ev 0 «R)

— 4+ 55— —(R).
c2kR 3t c2k2R? ot
Substituting the previous expressions, we finally obtain

E(e. ) e . v \n v N 1 @R e
r,f)= —— -~ )—-——-4+—@-Rn|————a
k2R? 2k ¢ kc? 2R

v n-v 1 v?
67[__ ——a~R+—].
K Kc Kc

E(r, 1) = KZ% grad(kR) —
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The expression of the electric field contains various terms, some proportional
to R~2 and others proportional to R~!. If we group the first terms, we obtain the
so-called Coulomb term (sometimes also called velocity term) which generalizes
to the case of moving charges the usual expression of the Coulomb electrostatic
field. When we group the other terms, we get instead the so-called radiation term,
sometimes called acceleration term because it is proportional to the acceleration of
the charge. Indicating with [E(r, )]cou and [E(r, t)];aq the two contributions, by
means of simple factorizations we obtain

e 1)2 \4 n-v 1)2
R A=y Ll ey

or, recalling the expression of « (Eq. (3.13))

e v2 v
[E(r. )]coy = W[(l — c_2) (n - E)} (3.17)

[E(r.0)] = czxL3R|:<n — ;)(a ‘n) — Ka],

or, as it is simple to verify,

Similarly

[Er,0)] = cz%Rn X |:<n - ;) X a]. (3.18)

The expression for the electric field can be put in an alternative form by introducing
the typical notations of relativistic mechanics. Defining

we obtain

e
ck3R

E(r, 1) = (1-p*)m-p) + nx [(n—pB) x B]. (3.19)

e
K3R2

With similar calculations, we can obtain the expression for the magnetic field.
Using Egs. (3.15) and (3.12) we have

B(r, 1) = < rot( — °_rotv+ | erad( —
r,f)=-rotf{ — | = ——rotv+ —|grad|{ — | | x v.
c KR ckR c & KR

On the other hand, we have

, 1
rotv = [gradt'] xa=——nx a,
CK
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and then, using the above results,

2
e e v \n v 1
B(r,1) = ——CZKan xXa— R [(1 — _c2>; = + 2 (a.R)n] X V.

In analogy with the previous transformations for the electric field, we now separate
in the right-hand side the terms proportional to R~2 from those proportional to R~
We obtain

e U2 e v
B(r,t)Z—m I—C—z nxv—m Knxa‘l—(a'n)nXE.

We can rewrite this expression in terms of the vectors 8 and ﬂ

e
k3R?

B(r, 1) =— (l—ﬂz)nxﬁ— [nxﬂ—(n~ﬂ)nxf$+(ﬂ~n)nxﬂ],

e
ck3R
or, as we can simply verify

e
ck3R

e

B(r.0)=-—

(1-p*)nxp— {nxﬂ+nx[nx(ﬂxﬂ)]}.
Using this expression, together with the one relative to E(r, ) (Eq. (3.19)), we easily
find the important relation

B(r,7) =nx E(r,1), (3.20)

which shows that the magnitude of the magnetic field vector is always less or equal
than the magnitude of the electric field vector.

Finally, we note that Egs. (3.19) and (3.20) are very general and, given the rel-
ativistic invariance of Maxwell’s equations (from which we started), they must be
valid in an arbitrary inertial reference system. Considering the nonrelativistic limit
to first order in B, it is possible to show that the ordinary laws of electromagnetism
valid for stationary phenomena are recovered. The derivation of this property is con-
tained in Sect. 16.4.

3.4 Radiation from a Moving Charge

As we saw in the previous section, the electromagnetic field produced by a mov-
ing charge consists of two terms, one inversely proportional to R? and the other
inversely proportional to R. Obviously, the first term prevails for R tending to zero,
while the second term prevails when R tends to infinity. It is interesting to calcu-
late the value of R for which the two terms are of the same order of magnitude.
Indicating with R such value, we have

e ea

~

K3Rg c2k3 R,
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or

6‘2

R. >~ —.
a
Indicating with L the typical dimensions of the region where the charge is moving,

and with 7 the relative characteristic time, we have

L
a>~—,
72

so that

On the other hand, as we shall see later, the charge itself radiates at characteristic
frequencies v =~ c/t, so the critical distance R can also be written in the form
A%/L, where A is the typical wavelength of the radiation emitted by the moving
charge. The region where R > R, is called the radiation zone. Within such region,
the electromagnetic field is given by Egs. (3.18) and (3.20) which we rewrite here

E(r,t):cz%Rnx [(n—g) xai|, B(r,t) =n x E(r, t).

We recall that the quantities R, «, n, v, and a that appear in these equations must
be evaluated at the retarded time ’. However, at large distances from the charge
(R > L), the effect of the retarded time on both the distance R and the unit vector n
can be neglected. In this case, both quantities can then be considered as constants.

The first fact to be noted about the electric and magnetic fields in the radiation
zone is that they are perpendicular to each other, they are both perpendicular to the
unit vector n, and they are equal in magnitude. These are characteristics that we
have already encountered in Sect. 1.6 for the plane waves propagating in vacuum.
The second fact to be noted concerns the Poynting vector S, given by

c c c 5
S=—ExB=—ExmxE)=—E"n.
4 47 4

The Poynting vector at point P is along the direction connecting the charge with the
point P.

‘We now consider the nonrelativistic case where v < c. In this case, the electric
field, at the lowest order in v/c, is given by

E(r.)= -nx[nxal=——_[a—(a-nn]
r,t)=——nx[nxal=———fa—(a-n)n|.

2R 2R
This expression shows that the electric field is perpendicular to n and lies in the

plane defined by n and a (the particle acceleration at the retarded time). Therefore,
the component of the electric field along a polarisation unit vector e¢; (i = 1,2)
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Fig. 3.3 Radiation diagram
(or antenna diagram) of a
nonrelativistic particle. The
acceleration of the particle is
directed along the vertical

axis. The power emitted along
a direction that forms the ,
angle 0 with the acceleration

is proportional to the segment
drawn in the figure

perpendicular to n is given by

e
E(r,t) - e,=———a-e;. 3.21
(r.0) e =———a-e (3.21)
Furthermore, indicating with 6 the angle between the direction of the acceleration
(at the retarded time) and the n direction, we have that the Poynting vector at a
distance R from the charge is

e2a’sin% 0

=—————n
4m 3 R?

This equation shows that the power emitted by a moving charge depends on the
direction as sin® 0. If we draw on a graph, for any direction, a segment proportional
to the power emitted along the same direction, we obtain a diagram called radiation
diagram (also known as radiation pattern or antenna diagram). Such diagram for an
accelerated charge (nonrelativistic) is shown in Fig. 3.3. The same equation for S
can be used to find the total power emitted from the charge. Calculating the flux W
of the Poynting vector through a sphere of radius R, and taking into account that

1 .2 2
— @ sin“6dS2 = —,
4 3

we obtain the so-called Larmor equation

2242

o (3.22)

Returning to the general case, it is interesting to note the presence of an impor-
tant physical phenomenon related to the 1/« factor we have found in the previous
expressions for the radiation field. If we consider for simplicity the case of a charge
with acceleration parallel to velocity, the Poynting vector (at a distance R from the
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Fig. 3.4 Radiation diagram
of a relativistic particle
having g = 0.8. Both the
acceleration and the velocity
of the particle are directed
along the vertical axis, the
latter in the direction towards
the top. The power emitted
along a direction that forms
the angle 6 with the velocity
(and the acceleration, parallel
or antiparallel to it) is
proportional to the segment
drawn in the figure

charge and in the direction of the unit vector n) is given by

a?sin? 0 e?a’sin% 0

= n= l‘l,
4 c3kOR? 4¢3 (1 — Bcosh)OR?

e2

where 8 = v/c and where 6 is the angle between n and the direction of the veloc-
ity. For non-zero values of $, the radiation pattern, shown in Fig. 3.4, is profoundly
different from the nonrelativistic case. The radiation concentrates in the forward di-
rection (relative to the motion of the particle). This is a typical relativistic effect,
known as beaming effect. It becomes more pronounced as the particle velocity ap-
proaches the speed of light. The angular width of the cone where the radiation is
concentrated can be estimated by noting that, for 8 ~ 1, the factor 1/k has a very
peaked maximum for 6 = 0.
Putting, around 6 =0, cos ~ 1 — 92/2, we have

1 1 1
Kk 1—B+PpO22  1—B+62)2

This expression can be rewritten in the form
1 2
Pl EE
Kk 0°+0;

where we have introduced the angle 6y given by

6o = v/2(1— B).

Recalling the expression for the relativistic factor y (Lorentz factor) given by

1

Vzim,
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Fig. 3.5 Radiation diagram
of a relativistic particle
having § = 0.8. The
acceleration of the particle is
directed along the vertical
axis, while the velocity is
directed along the horizontal
axis, from left to right. The
power emitted along a
direction belonging to the
plane containing the velocity
and the acceleration (¢ = 0)
and forming the angle 6 with
the acceleration is
proportional to the segment
drawn in the figure

we have, for the ultra-relativistic case

1 1
T VA= +p8  JS20-B)

14

so that we obtain

The value of 6y is precisely the angular width of the cone in which the radiation
is concentrated. As the energy of the particle increases (hence the y factor), the
amplitude of the cone becomes increasingly smaller.

When the acceleration is perpendicular to the velocity, the calculation of the
Poynting vector is more complicated since cylindrical symmetry is lost. Introduc-
ing a coordinate system where the acceleration is directed along the z axis and the
velocity along the x axis, and indicating with 6 and ¢ the polar coordinates of the
direction n, we obtain for the Poynting vector along such direction

e’a?

S=
4 c3(1 — Bsinb cos )P R2

[(1 — Bsinfcosg)? — (1 — p%) cos® 6 ]n.

The corresponding radiation diagram, relative to the plane containing the velocity
and acceleration vectors (¢ = 0), is shown in Fig. 3.5.

Finally, in the general case where the acceleration is neither parallel nor perpen-
dicular to the velocity, the expression of the Poynting vector becomes even more
complicated. It is reported in Sect. 16.5, where we also demonstrate the generali-
sation of the Larmor equation for the power emitted by a relativistic charge, that
is

2

2e
W= 33 (yﬁaﬁ + y4af_), (3.23)



58 3 Radiation from Moving Charges

Fig. 3.6 Geometry of Scattering electron
Thomson scattering in the
general case. The choice of
the unit vectors of
polarisation is arbitrary

€

2

where a) and a are the components of the acceleration in the directions parallel
and perpendicular to the velocity. It is simple to verify that, in the nonrelativistic
case in which 8 <« 1, y >~ 1, being aﬁ + ai = a2, we obtain the usual expression
(3.22) of the Larmor equation.

3.5 Thomson Scattering

Consider a free electron of charge e = —eq (eg = 4.803 x 10710 ues), and suppose
that the electron is subject to the action of an electromagnetic polarised wave of
frequency w propagating along the direction n’. We define a pair of unit vectors e}
and € such that they form with n’ a right-handed triad of unit vectors as shown in
Fig. 3.6. We also define with £] and &} the complex components of the electric field
vector of the wave along these unit vectors. The motion of the electron, which we
assume nonrelativistic, is described by the equation

a(t) = —2E(1),
m

where m is the electron mass and where E/(¢), the electric field of the incoming
wave, is given by

E(r)= Re(f’e—iwt) = Re[(g{ell + gée/z)e—iwt]‘

We are interested in determining the expression of the electric field emitted from
the electron in the radiation zone along the direction defined by the unit vector n
of Fig. 3.6. Introducing the two unit vectors e; and e; (such to form with n a right-
handed triad) and using complex notations, the components of the acceleration along
such unit vectors are given by

A= ——e1 (el +6e). A= _em (E1€) +62¢)). (3.24)

where the complex vector A is implicitly defined by the equation

a(r) = Re(Ae "),
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Fig. 3.7 Particular case of
the geometry of Thomson
scattering. The polarisation /| . .~
unit vectors e; and e/l are
perpendicular to the plane
containing the directions of
the incident and scattered
radiation (scattering plane), Scattering 5
while e; and €] lie in the plane coon
same plane

Taking into account Eq. (3.21), the components £; and & of the radiation field at
the distance R and in the direction n are given in matrix form by the expression

e -¢ e -e)\ (&N .
B0 1@ e
2 R\ex-€¢; er-¢€/\&
where @ = wR/c is an inessential phase factor introduced by the delay, and
where r¢, the so-called classical radius of the electron, is defined by

2
o= -0 _23818 x 1013 cm. (3.26)

m€2

The expression that we have obtained is the law of Thomson scattering in terms
of electric fields. It contains all the properties of the scattered radiation (spectral,
directional, and polarimetric), with in addition the general properties related to the
cross section. From a spectral point of view, the electron simply oscillates at the
same frequency w of the incident radiation. The scattered radiation is then, as we
say, coherent, i.e. the spectrum is of the type of a Dirac delta centred at the same
frequency w. To analyse the results for the radiation diagram and polarisation it is
convenient to adequately choose the unit vectors of polarisation. With the choice
sketched in Fig. 3.7, the 2 x 2 matrix that appears in Eq. (3.25) is greatly simplified

and is
1 0
0 cos® )/’

where © is the angle of scattering.

We can now move on to describe the scattering process in terms of fluxes in
the Stokes parameters. For this, we need to recall the expressions of Chap. 2, in
particular Eq. (2.14), which relates the fluxes in the Stokes parameters with the
components of the electric field. Denoting by (F;, F é, F},, F})" the Stokes vector

of the incident radiation and with (F;, Fo, Fy, F V)T that of the scattered radiation,
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with simple algebra we obtain the following matrix equation

Fi l+cos’®  sin’@ 0 0 F;

Fol| lﬁ sin” © 14 cos?® 0 0 F, (3.27)
Fy| 2R? 0 0 2c0s® 0 F, '
Fy 0 0 0 2cos®@) \Fy,

In particular, for the scattering at the angle ® of an unpolarised ray we obtain,
for the non-zero fluxes

2 2
F1(©) = 2;2 (1 +cos®> ©)F;, Fo(®) = ;;2 sin> O F.

These equations show that the radiation is mostly forward (or backward) scattered
relative to the direction of the incident radiation. The ratio R between the radiation
scattered in the @ direction and the forward scattered one is given by the equation

1 20
R: —I—C;)S ’

and varies between 1 and 1/2. In addition, the scattered radiation is linearly po-
larised and the fraction of polarisation is given by

Fp(®)  sin’®

Fi(®) 1+4cos2®’

which implies that the linear polarisation is always positive, i.e. perpendicular to the
scattering plane, and that the radiation is 100 % polarised for ® = 90°. Furthermore,
integrating the intensity of the scattered radiation on a sphere of radius R we obtain
(recall that the average of cos> @ over the solid angle is 1/3)

W= Rzyg F1(0)d2 = o7 F],

where o, the so-called Thomson cross-section, is given by

&7 , Sneg
oT = —,

ST = g3 = 0652 1077 em’.
m=c

3.6 Rayleigh Scattering

Rayleigh scattering is very similar to Thomson scattering, with the only difference
that the electron, instead of being free, is bound to an atom or a molecule. From the
point of view of classical physics, the bound electron can be described by means of
a simple model, due to Lorentz. The model assumes that the action on the electron
of the cloud of positive charges present in the atom can be represented as an elastic
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restoring force of the form F = —kx, where k is a constant and x is the position of
the electron relative to the barycentre of the positive charges. The law of motion of
the bound electron under the action of an electric field of frequency w is then

d’x 2 €.,
@ = —wpX — ZE ([),

where wy = +/k/m, and where
E'(t) = Re(E'e ™).

The differential equation can be easily solved by searching for a stationary solution
of the type x(¢) = xoe_i‘”’. Once the solution is found, we then determine the accel-
eration by differentiating twice with respect to time. The result for the components
of the (complex) acceleration along the two unit vectors e; and e, of Fig. 3.6 is the
following

€0 a)2 €0 a)2

!/ ! ] !/ /N
Ar=—————e - (£l€] + &), Ar=—————e - (£l€) + &)
m w* — wy m w* — wy,

This expression is very similar to the one we obtained previously for Thomson
scattering (Eq. (3.24)), and, as expected, reduces to the previous one for wg = 0 (the
case of the free electron). Repeating the same arguments as those developed in the
previous section, we obtain exactly the same results with the only difference that
the Thomson cross section ot must be replaced with the Rayleigh cross section or
defined by

o* o* 8r 4

oT = — .
2 2 c
(@? — (,00)2 (@? — wo)z 3

OR =

An important aspect of the Rayleigh scattering is the fact that, for wy > w, the
cross section is proportional to w®. As this is a good approximation for the visible ra-
diation scattered by nitrogen and oxygen molecules, the most abundant constituents
of Earth’s atmosphere, and as the light in the sky is just scattered sunlight from such
molecules, it follows that the sky is blue.! For the same reason, the Sun appears red
at sunrise and sunset. The same phenomenon also holds for the moon and the stars.

3.7 Bremsstrahlung

The radiation emitted when a high-speed charged particle (typically an electron) is
deflected by passing in the Coulomb field generated by another particle (usually an

IThe blue radiation (4000 A) is scattered with a cross section approximately 10 times larger than
the red radiation (7000 A).
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Fig. 3.8 Geometry for the
bremsstrahlung calculation

Nucleus

N
i Particle
! trajectory

atomic nucleus) is called Bremsstrahlung (a German word meaning “braking radi-
ation” or “deceleration radiation”). In this process the charge is accelerated and is
thus losing energy by radiation. Bremsstrahlung is a fundamental physical process in
astrophysical plasmas. It also has broad technological and laboratory applications.
The X-ray radiation that comes from sources commonly used both in research lab-
oratories and hospitals (as a diagnostic and therapeutic tool) is just bremsstrahlung,
generally produced by accelerating electrons through high potential differences and
making them collide against a metal plate of an element with high Z.

Although the detailed study of the braking radiation requires a quantum treat-
ment, here we approach it from a classical point of view, emphasizing only at the
end of the discussion the influence that quantum-mechanical phenomena can have
on the results. To fix ideas, we consider a unidirectional beam of nonrelativistic
electrons colliding with heavy nuclei (i.e. with mass much greater than that of the
electrons). We then examine the characteristics (spectral, geometric, and polarimet-
ric) of the radiation emitted in this process. With reference to Fig. 3.8 let v be the
velocity of the electron passing close to a nucleus of charge Zey. We denote by m
the mass of the electron and by b the impact parameter and assume that the elec-
tron is fast enough so we can neglect the deviation of its trajectory with respect to a
straight line. This is well verified if the following inequality holds

1 Ze2
>
which implies
b >> bmina
where
2Ze%
buin = — (3.28)
muv

Under the straight trajectory approximation, and using the coordinate system
(x,y,z) of Fig. 3.8, the position of the electron as a function of time is given by
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the equation
ro(t) = bcos i + bsingj + vik,

where i, j, and k are three unit vectors directed, respectively, as the x, y, and z axes,
o is the angle that defines (together with the impact parameter) the geometry of
the collision, and ¢ is the time measured from the instant when the electrons goes
through the x—y plane. The acceleration of the electron can easily be calculated by
taking into account the Coulomb force exerted by the nucleus. We have

—Ze%ro(t) . Ze%

1= =—
a(r) mrg(t) m(b? + v212)3/2

(bcos i+ bsingj + vrk).

We now consider the radiation emitted at large distances along the direction of the
unit vector n and we introduce, as in Fig. 3.8, two unit vectors e; and e, with the
usual convention where (e, e, n) is a right-handed triad. If 6 and x are the polar
and azimuthal angles that specify the direction n, we have

n = sinf cos xi-+ sinf sin x j + cos 0k,

e = —cos6 cos xi — cosOsin xj + sin Ok, ey = sin xi — cos xj.

Applying the nonrelativistic equation (3.21), the components of the electric field
at distance R from the nucleus along the direction n are given by

Ze}
— 0 .
Ei(t+R/c)= RO 4 V2D [bcos@cos(gp —x)— vt sm9],
Ze(3) .
Ex(t+ R/c) = bsin(p — x).

mc2R(b? + v212)3/2

Unlike the cases discussed in the previous sections, now the electric field does not
have a sinusoidal variation with time. To obtain the spectral and polarimetric prop-
erties of the radiation field, we need to consider the Fourier transforms of the two
components of the electric field vector. This leads to the need to evaluate integrals

of the form
/‘ o cos(wt) dt / ©  ¢sin(wt) dt
o (bz + v2t2)3/2 ’ oo (b2 + v2t2)3/2 ’
that, with the substitution tanx = vz/b, can be cast in terms of the functions F(z)
and G(z) defined by?

/2 /2
F(z) =/ cos(ztanx) cosx dx, G(2) =/ sin(ztan x) sinx dx.
0 0

2The functions F(z) and G(z) can be related to the modified Bessel functions of second kind,
K, (z). We have F(z) = zK(z), G(2) = zKo(2).
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Fig, 3'9 Graph Of the [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
functions F2(z) and G2(z) 1 —
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Using these functions (their square is shown in the graph in Fig. 3.9), we obtain for
the Fourier transforms

R 1 00 . 7 3
fiw)= / E\ (e di = — 220
21

oo amc2bvR

x [cos@ cos(p — x)F(z) —isinfG(z)]e'?, (3.29)
. 1 [ , Ze} .
— E-(H)el?! df = 0 : —F 1<P’
frlw) = [ _Eae —— e Sin@ = O F (e

where @ = wR/c is an inessential phase (due to the retarded time) and where

wb
7=—

v

We can now evaluate the monochromatic fluxes in the Stokes parameters of the
radiation emitted along the direction n. For this we need to recall the considerations
developed in Sect. 2.3. The expressions that we are going to obtain are the Fourier
transforms of the components, along the unit vectors e; and e;, of the impulses of
the electric field emitted by a single electron moving in proximity of a nucleus with
given values of the impact parameter b and of the angle ¢. We now think of the phys-
ical situation in which there is a uniform flow of electrons, all having velocity v. We
are obviously in the presence of a stochastic phenomenon, described at the micro-
scopic level by a situation described in Fig. 2.3, where the monochromatic fluxes
are given by Eq. (2.17). Denoting by N, the number density of the electrons of the
beam, in the unit of time we have a number of collisions with impact parameter be-
tween b and b + db and angle between ¢ and ¢ + dg¢ given by dN o) = Nevbdbdy,
SO we obtain

2 oo
Fa{(n)=cv1\’e/0 dfﬂ/O [f1(@)" fi(@) + f2(@)* f2(w)]bdb,
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2 o)
F2(m) = cuN, /0 d /O [/ @ fi@) — (@) fr@)]bdb,
2 oo R R R
FYm)= CvNe/O d(P/O [f1(@)" f2(@) + f2(@)* fi(w)]bdb,

2 00
FLX(n)=che/0 dwfo i[/1(@)" f2() = f2(@)* fi(w)]bdb.

Substituting the values of the Fourier transforms given by Eq. (3.29), and performing
the integration over ¢, the fluxes in the Stokes parameters U and V vanish. For the
remaining two we have

db

F!(m) :C/ [(1+cos?0)F?(2) +2sin29G2(z)]?,
0

F(m) = ~Csin®6 / [F() - 2Gz(z>]1—b,
0

where we have put

Z2e5N,
- am2c3vR?’

However, we must take into account the fact that the integrals appearing in the above
equations are divergent because, for b — 0, the integrands go to infinity as b~ !. This
divergence is due to the approximation of the straight trajectory that we introduced
at the beginning of the calculation. Given that the approximation is not justified for
b < bmin, With bnijn defined in Eq. (3.28), the divergence can be avoided by changing
the first limit of integration from O to by;,. In this way, we obtain an approximate
expression that can only be improved by more complex calculations. So, if we then
define the two quantities

1 b o | b
F=| (), = 62(22)ap,
b v b v

bmin bmin

we obtain
Flm)=C[(1+ cos®0)F + 2sin* 6G], F2(n) = —Csin’ 6(F —20).

The inequality F > G is always well verified, as we can infer from the expression
of the integrals defining F and G and the behaviour at each angular frequency w
(which contributes substantially to the emissivity) of F' 2(z) and G2(z) of Fig. 3.9.
This implies that, with good approximation, the radiation diagram has a dependency
on 6 of the form (1 + cos?#). This shows that the radiation emitted towards the
“poles”, i.e. along the electron beam, is twice more intense than that emitted in the
“equatorial plane”. As regards polarisation, the radiation is linearly polarised with a
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percentage value, practically independent of the frequency, given by

FSm)  sin®6
FIm)  1+4cos?6’

This equation shows that the radiation emitted in the plane perpendicular to the
velocity of the colliding particles (6 = 90°) is 100 % linearly polarised. The polari-
sation direction is contained in the same plane (remember the definition of the two
unit vectors of polarisation in Fig. 3.8). Changing the direction of emission, the po-
larisation keeps the same characteristics (linear and directed perpendicularly to the
velocity) but the percentage of polarisation lowers as sin® 6 decreases. In particular,
the radiation emitted along the direction of the velocity (or in the opposite direction)
is not polarised.

Finally, the above equations can also be used to provide an order of magnitude
estimate of the total monochromatic power (i.e. integrated over the whole solid an-
gle) of the braking radiation. We perform for this a rather crude approximation on
the behaviour of the function F2(z), assuming that it is equal to 1 in the range of z
between 0 and 1 and that it is null for z > 1. This implies, for the quantity F,

hmax 1
F= —db:ln(bma"),

bmin

bmin

where

v
bmax =

If we also assume that G = 0, integrating the flux Fa{ (n) on the sphere of radius R,
and substituting the values of by and byax, we obtain

[0

16 Z%e§ N, mv’
T3 m23v ZZe(%a) ’

or a nearly flat spectral behaviour, since the dependence on w is only contained in
the logarithm.

A more in-depth analysis of the same problem,> accomplished without using the
straight trajectory approximation, shows that the formula we derived is correct, aside
from some slight changes. In the limit of low frequencies (w — 0), the factor % in
the argument of the logarithm must be replaced by the factor 2e™", where y is the
Euler-Mascheroni constant defined by

n—1
) 1
y = nl;ngo[—lnn + ,;,1 E:| ~0.57721.

3See Landau and Lifchitz (1966).
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Conversely, in the limit of high frequencies (w — 00), the equation must be mod-
ified by multiplying the right-hand side by the factor 77 /+/3 and omitting the loga-
rithm, so to have

16w Z?€{N.
733 m2c3v
This formula shows that in the limit of high frequencies the power W, is indepen-
dent of w. This implies that for the braking radiation we obtain, so to say, a sort of

ultraviolet catastrophe similar to that of the classical theory of black body radiation.
In fact, defining the total radiated power by the equation

(o)
W:/ W, dw,
0

we get a divergent integral. The reason for this fact is because we have completely
neglected quantum effects, the most important consequence of which is the appear-
ance of a threshold value for the angular frequency of the emitted photons, @wmax.,
given by
2

Awmax = va .
To obtain an order of magnitude estimate for W, we neglect the minor dependence
on the logarithm and we integrate in dw between 0 and wpax. We obtain

N ZzegNew _ Z%e{Nev
T m2c3y ™ 2mc3h

This equation allows the introduction of a suitable cross section for the braking
radiation, which we indicate with or. The value of the cross section is obtained
by dividing the total irradiated power W for the energy flux F. of the colliding
electrons, defined by

1 - N U2.
e eU—m
VV lth Sllllple algebla we ﬁnd

w 1
of=— = Z2(x—2rC2,
Fe B

where « is the fine-structure constant (¢ = e(% /(hc)), B =v/c, and r. is the clas-
sical radius of the electron defined in Eq. (3.26). As we can see, the cross section
depends on the square of the charge number Z. For this reason, in technical devices
that are used for the production of X-rays, the target for the accelerated electrons
is constituted by plates of metals with high Z (typically lead). The above formula
also shows that it has an inverse quadratic dependence on the velocity of the elec-

trons and, at the limit for 8 — 0 a divergence is obtained. This derives from the
approximations that we have introduced, in particular from having assumed that the
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electron interacts only with the nucleus and not also with the electron cloud present
around it.

3.8 Cyclotron Radiation

A nonrelativistic electron moving in a region of space permeated by a magnetic
field is subject to the Lorentz force. The motion of the electron is described by the
equation

d%x eo dx

— =———X
dr? me dt ’

where B is the magnetic field which we assume uniform and constant in time. In a

coordinate system (x, y, z) with the z axis directed along the field, the most general

solution of this equation is the following

x =x0 + Acos(wct + ¢), y =y + Asin(wct + @), Z2=20+y)t,

where the quantity

B
w, =28 (3.30)

nc

is the so-called cyclotron frequency, and where xo, yo, z0, A, ¢, and v are six
constants of integration. The electron has a helical motion, i.e. a circular motion
of radius A in the plane x—y, superimposed on a uniform motion along the z axis.
The circular motion has velocity v; = Aw. and the motion is counterclockwise if
one observes it from the positive tip of the z axis. By appropriately choosing the
orientation of the x and y axes, the origin of coordinate system, and the origin of
time, the equation of motion can be written in the following “minimal form”

vl vl .
x = — cos(wct), y = — sin(wct), z=yt.
c We

From the equation of motion we can calculate with easy steps the acceleration
vector and its components along the unit vectors e and e; relative to the direction n,
as defined in Fig. 3.10. Without loss of generality, the direction n can be chosen as
belonging to the plane x—z (x = 0), given the cylindrical symmetry of the problem.
We obtain

a; = v wecosb cos(wet), ay = v wesin(wet),

and applying the nonrelativistic equation (3.21), the components of the electric field
in a point at large distance R along the direction n are expressed by the equations

vl

[CAR
Ei(t+R/c)= 5 cos 6 cos(wt),
cR

€eQV_ | w,
Ex(t + R/c) = “5C sin(wet).
c“R
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Fig. 3.10 Geometry for the z
calculation of the cyclotron
radiation -
& 45
B g,
C)
y
X
X 7

Trajectory projected
on the x—y plane

These equations show that the components of the electric field vector are peri-
odic with period T = 2n/w.. To evaluate the fluxes in the Stokes parameters we
then need to use Eq. (2.18) which, in turn, involves the calculation of the Fourier
components. On the other hand, since the field has a sinusoidal behaviour with time,
all Fourier components are zero except those relative to the fundamental harmonic.
Recalling the definition, we have

I :
Sf”z_f Ei@e et dr, &P =
0

1 (T ‘
— E5(t)e'®! dr,
T /0 2(0)e

T
from which we obtain, with simple algebra,

(1) _ €ov1mc
1 2¢2R

; eVl |
cosfei® | 52(021%6@,

2¢“R
where @ = w:R/c is an inessential phase introduced by the retarded time. The
fluxes in the Stokes parameters are then expressed, in matrix form, by the following
equation

Fu’) 1 + cos?o

FwQ _ 6(2)viwg —sin%6 5

FY " 87w c3R? 0 @ = ).
Fa‘)/ —2cosf

This equation shows that the cyclotron radiation is elliptically polarised. In partic-
ular, the radiation emitted along the magnetic field direction (§ =0 or 6 = ) is
circularly polarised and the one emitted in the plane perpendicular to the magnetic
field (0 = m/2) is linearly polarised (the polarisation direction being perpendicu-
lar to the magnetic field). The radiation diagram is of the form (1 + cos? 6), which
means that the intensity emitted “at the poles” is twice that emitted “in the equa-
torial plane”. Finally, the total power emitted W can be determined with a double
integration of the flux F over a sphere of radius R and over frequency. Taking
into account that the average over the solid angle of the factor (1 + cos” ) is %, we
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obtain

W Zeg vf_wg
3c3

or, recalling the definition of the cyclotron frequency (Eq. (3.30))

3

2¢403 B2 2
1
- 3(;71205 - grczﬂJ'UJ'Bz’

where 8, = v, /c and where r is the classical radius of the electron. By means
of this equation, we can introduce a cross section. Recalling that the density of the
magnetic energy is B2/(87), the flux of energy swept by the electron in its accel-
erated motion (i.e. non considering the uniform linear motion along the magnetic
field) is v, B?/(8m). This amount of energy is transformed by the electron in irra-
diated energy with a cross section given by

167
O¢ = TIBL’.CZ'

Recalling the result for the Thomson cross section o1, we have

0. =2B10T.

3.9 Synchrotron Radiation

When we consider the motion of a relativistic electron in a magnetic field, the physi-
cal characteristics of the motion are the same as in the nonrelativistic case described
in the previous section, with the exception that the frequency decreases. Instead
of the cyclotron frequency w., we now have the synchrotron frequency ws which
depends on the velocity of the particle since

B /
ws = © =wey/1 — ﬂza
ymc

where B = v/c and where y is the Lorentz factor.

The analysis of the characteristics of the synchrotron radiation is based on the
relativistic formulae presented previously (see in particular Eq. (3.18)). Two factors
have a fundamental role in the description of this phenomenon. One is the « factor,
and the other is the effect due to the retarded time, which in this case does not just
introduce a simple phase factor in the expressions of the Fourier transforms of the
radiation field. A thorough analysis is very complex. In this volume, we simply con-
sider the particular case in which the electron has a circular, rather than helicoidal,
trajectory.* Referring to Fig. 3.10, we can assume, without loss of generality, that

“4For a more in-depth discussion see e.g. Rybicki and Lightman (1979).
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the position of the electron at the retarded time ¢’ is given by

x(t') = %[cos(a)st’)i + sin(wst”)j].

(23

The corresponding expressions for the velocity and the acceleration are obviously
given by

v(t') = B[~ sin(wst")i + cos(wst")j].
a(t") = —cBawg[cos(wst")i+ sin(wst”)j].

Given the cylindrical symmetry of the problem, we consider the radiation emitted
along a direction in the x—z plane (cf. Fig. 3.10). Defining

n = sinfi + cos Ok,
we have, with simple algebra
n— B = [sin6 + Bsin(wst’) |i — B cos(wst’)j + cos Ok,
(m — B) x a=cPws[cos b sin(wst)i — cos b cos(wst’)j
— [sin6sin(wst’) + B]K].
n x [(n— B) x a] = cBws[cos? 0 cos(wst')i + [sin(wst’) + Bsinb]j
— sin6 cos§ cos(wst)k].
The projection of this latter vector on the unit vectors
e = —cosfi+sin0k, e =—j,
is
e - {nx [(n—B) x a]} = —cBuwscos b cos(wst’),
e {nx [(n—B) x a]} = —cBws[sin(wst’) + Bsind].

We are now able to calculate the components of the electric field at time ¢ and
distance R from the charge along the direction n. From Eq. (3.18) we obtain

epBw
Ei(t) = W cos 0 cos(wst”),
eofws . .
Es(t) = CRKL%:/)[sm(wst/) + Bsind],
where
v(t)-n

k(t')=1-

=1+ Bsin0 sin(wst’),
C
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Magnetic
field

Circular
orbit of .
the electron™~

= . .
Radiation
cone

X

Fig. 3.11 The lighthouse effect. The relativistic particle rotates on the circle emitting most of the
radiation within the cone drawn in the figure. The case shown here refers to the instant when the
emitted radiation is along the x axis. As time goes by, the cone sweeps all the directions in the x—y
plane

and where the retarded time ¢’ is related to the time ¢ by

f=t—1to+ L2 sinf cos(wst”),
S
to being the time needed for the light to travel the distance between the centre of the
orbit and the point where we calculate the components of the electric field.

As we have seen previously, the x> factor becomes very important for rela-
tivistic particles, when 8 approaches unity. In this case, since the particle rotates
in a circular orbit, the beaming effect transforms into the “lighthouse effect”, as
schematically shown in Fig. 3.11. In practice, an observer sees a periodic radiation
signal (with period 2 /ws) extremely concentrated in time. Since the signal is also
spatially concentrated around 6 =~ /2, the previous equations for £ and E; show
that the radiation is linearly polarised in the direction perpendicular to the z axis,
i.e. perpendicular to the magnetic field.

We now examine in more detail the spectropolarimetric characteristics of the
emitted radiation. We need to calculate the Fourier components of the £ and E;
quantities, i.e. the values

T T

5(”) _ l E (t)einwsl dt g(n) _ i E (t)einwst dr

1 = T 1 s 2 = T 2 >
0 0

where T = 27 /ws. Substituting the previous expressions, we have

2 21 [ws /

eppw, cos(wst’)

51(") = L cos@/ cos(@sr’) )e‘"‘“S’ dr,
2mcR 0 K3t
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5(?1) _ e()ﬂwg /2ﬂ/ws Sin((l)s[/) + ’B Sineeinwst dr
0

2 7 27cR K3(t))
To evaluate the integrals, we note that

de . ) =«(t i
__1+ﬁsm981n(a)sf)—"(t)’ dr — «k(t)’

dr’
-5l LB, sinf cos(wst')
dr = 337 = ———Bwssin b cos(wst’),
dr [ k(1) dr dt’ | k(t)) K3t s S

d |:cos(wst’):| _ dt’ d [cos(wst/)]

dt| k(@) | dede!| k@)
o |:/3 sin @ cos2(wst”) sin(wst’):|
k() K2(t") k()
wg . , .
= v [sin(wst") + Bsind].

Substituting in the expressions of the Fourier components, we obtain

) 21 [ws d 1 )
gl(n) __ epws COtG/ [ i|emwst dt,
0

27cR dt | k(t)
gm _ _eoPws /2”/“’5 d [ cos(wst”) et g
2 2mceR Jo dr| k(@) '

We now integrate by parts both integrals. The finite factor vanishes because of the
periodic conditions. We then perform a change of variable in the integral that is
left, by replacing the variable ¢ with #’. Since df = «(¢") dt/, we have, recalling the
relation between ¢ and ¢/,

i 2 2w /ws o
gl(n) _ 1negwg COt@/ ) elllws(l0+l/)e—ln/3 siné cos(wst”) dt/,
2nwcR 0
: 2 r2m/o . . . ,
52(n) _ 1neOIBws / s Cos(wst/)emws(to+t’)efmf3 sin @ cos(wst’) dr’.
2rcR Jy

The phase factor originating from the time 7y is present in both components and can
be eliminated without loss of generality. If we perform in both integrals the change
of variable ¢ = wst’ and expand the first exponential we have

) _ inegws

2w
. CinBsing
a = 2mcR COt9/0 [cos(n¢)+151n(ng0)]e inf sin6 cos ¢ do,

(n) _ inegfws

&
2 2mcR

2w
/ COS(p[COS(ngp) + iSin(ngo)]e_"’ﬁ sin6 cos ¢ do.
0

The integrals that appear in these expressions can be simplified noting that the con-
tribution of the term in sin(n¢) is null. The contribution from the term in cos(ny)
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can be written in terms of special functions. In fact, the Bessel functions of integer
order are defined as the solutions of the differential equation

d’J dJ,
2 n 2 _
X E + a + (x —n )J = O,

and it can be shown that

i 2 . ]
J,(x) = > / cos(ng)e™ " %¢ dg,
0

from which we get by differentiation

n+1

i
2

d 27 -
T = aJn(x) =- /(; cos g cos(np)e ¢ dg.

Using these relations, it is possible to write the Fourier components in the form

1 negws .
M = i S cotf, (np sind),
1
- ”80’3“’51 (nf sind).
ll’l

Recalling Eq. (2.18), we can finally write the fluxes in the Stokes parameters by
means of the expression

F! cot? 012 (2) + 212 (2)

0 0 20712 272
F; cot® 01 (z) — B7J7(2)
oo | = Zj " E EICEIONE
F)

271cR2 0
—2Bcot0J,(2)I},(z)

where
z=npsinb.

It is interesting to consider the limit of these expressions for § — 0. Taking into
account the expansion in power series

2\"T1 22
Jn(Z)=<§) [;—W-F},

at the first order in z we obtain that all the Bessel functions of integer order with
n > 2 are null. For J;(z) we have

_z reoy— L
=5 Ne=;.

and we find again the formulae of the cyclotron radiation.
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A fundamental characteristic of the spectrum of the synchrotron radiation is that
all the harmonics of the frequency ws provide a contribution. It is then interesting
to find out for which harmonic we have maximum emission. An analysis based on
the asymptotic expansions of the Bessel functions® shows that for values of 8 close
to 1 the maximum emission (integrated over the solid angle) is for the harmonic
characterised by the index nm,x given by

Nmax = (1 - /32)_3/2 = V3-

For example, for B = 0.99 we have nyx ~ 350. The frequency corresponding to
the maximum, wmax, 1S therefore given by

3 2
Wmax = Y Ws = Y Wc.

For ultra-relativistic electrons, the spectrum of the synchrotron radiation therefore
becomes a “quasi-continuum” emission. This is true even if the electrons all have
the same energy and move along circular orbits (and not helicoidal), as we have
assumed here for our limited discussion.

Finally, we evaluate the total power emitted over all solid angles by using the
Larmor equation generalised to the relativistic case (Eq. (3.23)). Taking into account
that the acceleration is perpendicular to the velocity and that its magnitude is cBws,
we have

2
_ 2e;

2ed
- y4ﬂ2a)2— 0 y2,32B2,

W ST 3m2e3

or, in alternative form
W= 2, B2B2cr?
=3V crg,
where 1. is the classical radius of the electron. We can use the latter equation to
introduce a suitable cross section, as we have already done for the cyclotron ra-
diation. Recalling that the density of the magnetic energy is B%/(87), the flux of

energy swept by the electron in its motion is ¢8B?/(87). This amount of energy is
transformed by the electron in irradiated energy with a cross section given by

or, in terms of the Thomson cross section

oy = 2y2ﬂaT.

5See Landau and Lifchitz (1966).



76 3 Radiation from Moving Charges
3.10 Multipolar Expansion in the Radiation Zone

In the previous sections we have discussed the properties of the electromagnetic ra-
diation irradiated by a single charged particle in arbitrary motion. We now consider
the case of N charges in motion, instead of a single one. Obviously, for the linear-
ity of Maxwell’s equations, the expressions of the electric and magnetic field in the
radiation zone can be generalised by simple addition of the fields produced by each
charge. We have

N N N
Er.0)=Y E(r.0)., Brn=>) Bixn=)Y mxErm,

i=1 i=1 i=1

where, recalling Eq. (3.18)

e V;
Ei(r, t) = mni X [(nl‘ — :) X ai}.

In this expression, all the geometrical and dynamical quantities relative to the i-th
particle, n;, i, R;, v;, and a; must be evaluated at the retarded time of the particle
/7
t{ defined by
g Ir —r; ()]

’

c

where r;(¢) is the trajectory of the i-th particle. In general, each particle has a dif-
ferent retarded time.

We now consider the simplified case where all the particles are located within a
region of dimension L much less than the distance R from the point where the fields
are evaluated (L < R). In this case, we can assume that the unit vector n and the
distance R are the same for all the particles. With these assumptions, the electric
field can be written (neglecting terms of the order of L/R) as

N
1 e Vi
E(r,t)zﬁ E K—;nx|:<n—?l>>(aii|.
i=1 1

We also assume that the charges move with nonrelativistic velocities (i.e. v; <K ¢
with i = 1,..., N), so all the «; are equal to 1 and the second term within the
parenthesis in the right-hand side can be neglected. We therefore obtain, for the
electric field at the zeroth order in the v/c ratio

N
1
Eo(r,t) = Cz—Rn X |:n X Zeiai:|.

i=1

We now introduce a further hypothesis, that is we neglect the dependence on the
retarded time of the acceleration of the i-th particle. We then consider a point of
coordinate r. (the “central point” of the charges, for instance their barycentre) and
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measure the spatial coordinates of the single particles with respect to this point,
putting

S;i=TI; —I¢.
With this definition, given that |s;| < |r — r¢| =~ R, the retarded time ti/ is

S;i-n

where #/ is the retarded time relative to the central point. The assumption that the
dependence on #; can be neglected is justified if the typical time 7 of the variations in
the motion of the particles is much greater than L/c (where L indicates the typical
dimension of the spatial region where the particles are located). On the other hand,
the characteristic wavelength A of the radiation emitted by the particles is of the
order of c¢t, so we must have

A~ct>L.

When this condition is verified, having defined the electric dipole moment of the
charges D by the equation

N
D=Ze,-si, (3.31)

i=1

we have
1 .
Eo(r,t) = —nx (n x D),
o(r.1) = —=n x (nx D)

where we have adopted the “dot convention” to indicate the derivative with respect
to time and where the second derivative of the electric dipole moment has to be
evaluated at the retarded time ¢..

The radiation described by this equation is called electric dipole radiation. Its ra-
diation diagram is in all respects equal to that one of a nonrelativistic single particle
described in Sect. 3.4 and Fig. 3.3. In strict analogy with the previous result, we
have that the total emitted power is

Wie = —[DF
de =33

In some cases, the vector D could be null. In these cases, to determine the radia-
tion properties of the system of charges, it is necessary to consider the contribution
of the electric field at the first order in v/c, which we have previously neglected.
With reference to the general equation for the electric field, we need to consider
three terms originating from: (a) the v;/c factor in parenthesis; (b) the multiplica-
tive factor /ci_3; (c) the correction of the term of order zero in a; due to the effect of
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the retarded time. With simple considerations we therefore obtain for the contribu-
tion to the electric field due to the first order expansion in v/c

N
E|(r,t) = &LR Zein x {—(vi x ;) +3(v; -m)(n x ;) + (s; -m)(n x &)},

i=1

where all the quantities are evaluated at the “central” retarded time 7. This expres-
sion can be written in another form noting that given any vector w we have

nxw=-—nx[nx[nxw]],

so that, modifying the first term in curly brackets using this equation, we can write

E((r,t) = @LRH x [n x AJ,

where
N
A= Zei{n X (Vi X a;) + 3(v; -ma; + (s; -ma; },

i=1
that is, developing the double vector product

N
A= Zei{(ai ‘m)v; +2(v; -ma; + (s; - n)a; |
i=1

We now modify the form of this equation putting
vi=$8, a=§, a=5%;,
With these definitions we have

N
A= Zei{(§i m§; +2(8 -m)§; + (s -m)S; |

i=1

Let us introduce the magnetic dipole moment of the system with the expression

o I v
M= Z;eiSi XV, = Zzeisi X §. (3.32)

i=1
Differentiating twice with respect to time we get

N
Ze,‘{éi X8 +s; x§;},

i=1

1

M=—
2c
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and taking its vector product with the unit vector n,

. 1
Mxn=—
2c

™=

ei{$i -ms; — s + (s M — (8 -mys; |
i=1

From this equation, recalling the expression of the vector A, we obtain

N
A—cM xn= 3 I.ZE 1{3(Si -m)S; +3(5; -m)S; + (S; -m)s; + (s; ~n)sl-}.

We now define the symmetric tensor @ using the following dyadic product

N
Q= Z €iSiS;. (3.33)
i=1

As we will see in more detail below, this tensor is closely related to the tensor of
the electric quadrupole moment as defined in electrostatics. Differentiating it three
times with respect to time and taking the scalar product with the unit vector n (either
to the right or to left since the tensor is symmetric) we easily obtain

N
Q=0 -n=Y &{(5i ms; + 3G W + 36 - + (5 -M)S;

i=1
so that finally the vector A is expressed, in terms of the magnetic dipole moment
and the tensor Q, by the equation

A=cM xn+ En~@.

Substituting this equation in the expression for the electric field E(r, f) and intro-
ducing the vector Q by the equation

Q=n-Q,
we obtain
E|(r,7)= Ly M+1n (mx Q)
1\, _C2R X 2% X X .

It is interesting to note that, when calculating the field E(r, ¢), the tensor Q can
be substituted by the tensor of the electric quadrupole moment, generally defined in
electrostatic by the expression

N
Q= Ze, <S,S, — —s U)

i=1
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where U is the unit tensor. Obviously we have
1 2
Q=9 - §ZeisiU,
i

so the two tensors Q and @ differ by a quantity that is proportional to the unit tensor.
If we adopt the expression for Q instead of Q to define the vector Q, we obtain
another vector which differs from Q by a quantity that is proportional to n. This
quantity does not contribute to the electric field E (r, ¢) because of the double vector
product. Hence, to calculate this field, the above definition of Q can be substituted
with the equivalent definition

Q=n-0.

3.11 Radiation Diagram for the Multipolar Components

As we have seen in the previous section, the contribution of the electric field in the
radiation zone due to the corrections of the first order in v/c can, under a number of
assumptions, be decomposed into the sum of a term due to magnetic dipole radiation
and a term due to electric quadrupole radiation, or

Ei(r,t) =Eqm.(r,1) + Ege.(r, 1),
where

Eqm = ﬁn x M, Eqe = ﬁn x (n x Q).
We will now determine the radiation diagrams relative to the two different types of
radiation. If there is only magnetic dipole radiation, evaluating the Poynting vector
with the usual expression valid in the radiation zone, i.e.

S(r,1) = ﬁEz(r, ),

we get

L
sin” 6[M]
S = are

where 6 is the angle between the two vectors n and M. The radiation diagram is
in all respects analogous to that of the electric dipole radiation shown in Fig. 3.3.
The only difference between these two cases is due to the fact that in the electric
dipole radiation there is a double vector product, n x (n x ﬁ), while in the case of
the magnetic dipole we have a single vector product, n x M.

This difference has consequences only on the polarisation characteristics of the
two types of emission. In the first case the electric field vector lies in the plane
containing the direction of propagation n and the D vector, while in the second

’
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case the electric field vector is directed perpendicularly to the plane containing the
direction of propagation and the M vector. For the total power we obtain a formula
totally analogous to that of the electric dipole emission, i.e.

2 .5
Wam. = 2= [MI".

Let us now analyse the case of the quadrupole emission assuming that only such
radiation exists. The Poynting vector is given by

1
S(r,t) = m(n X Q)2n,

or, recalling the definition of the vector Q

1
S(r,t) = T [nx - Q)]zn,

7o R?

where the tensor Q could alternatively be substituted by the tensor 0. In what fol-
lows we adopt the latter definition, noting that the trace of the tensor Q is null® and
that such property also applies to O. Recall that we can always find a suitable refer-
ence system (x, y, z) in which a symmetric Cartesian tensor such as Q turns out to
be diagonal. We can therefore write, in such reference system

O = Aii+ Bjj+ Ckk,
where
A=0Qy., B=0Q,, C=0.,
with
A+ B+C=0.

If we identify in this system the arbitrary direction n with the polar angles 6 and ¢,
i.e. we put

n = sin 6 cos ¢i + sin 6 sin ¢j + cos Ok,
we obtain, with simple algebra
nx (n-Q)=siné cosf sing(C — B)i+ sinfcosfcosp (A — C)j
+sin” @ sing cos ¢ (B — A)K,

and the Poynting vector is

S(r, 1) = [sin2 0 cos? 0 sin’ ¢(B — C)?* + sin” 0 cos? 6 cos? ¢(C — A)?

16 cSR?
+ sin* @ sin® ¢ cos® ¢ (A — B)Z]n.

6This property simplifies the derivation of the following equations.
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Fig. 3.12 Radiation diagram
for the quadrupolar emission,
in the simple case when

A = B. The diagram has
rotational symmetry around
the vertical axis

This formula expresses the radiation diagram for the electric quadrupole emission.
This diagram is relatively complicated and in general lacks of symmetry. Only in the
simplified case where A = B (which implies C = —2A), we obtain the following
expression, having rotational symmetry around the z axis, shown in Fig. 3.12

9 .
S(r,t) = Ton 3 R2 sin? 6 cos? O A%n.

Returning to the general case, the expression for the total radiated power over the
entire solid angle can easily be determined by observing that the average over the
solid angle of the three functions

sin’ 6 cos” 0 sin’ ¢, sin’ 6 cos” O cos® ¢, sin* @ sin’ ¢ cos’ ¢

is % We therefore obtain

Wye. = (B—C)*+(C — A)* +(A- B,

60c¢> [
and, recalling that A + B + C =0, so that

A2+ B>+ C*=-2(AB+ BC +CA),

we have
1

N 'V 2 2y~
Wye. = c(A + B*+C?) 3083

[(Cr)? + (0y)? + (8:)%]

Finally we note that, given an arbitrary tensor of rank two T;;, we can define the
square of its magnitude T2 by the equation

=2 T
ij
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and it can be shown that such quantity is invariant under rotations of the reference
system. In particular, in the reference system in which the tensor is diagonal, we
have
2 _ g2 2 2
T =T + T, +T:.
The expression for the power of quadrupole radiation can then be written, in an
arbitrary system, in the form

1
Wae = 755 Z(Q,»j)? (3.34)
ij

We finally remark that the expressions for the radiation of electromagnetic waves
we have obtained in the last two sections can be “translated” in a heuristic way to
describe the radiation of gravitational waves. Section 16.6 is dedicated to this topic.



Chapter 4
Quantisation of the Electromagnetic Field

In its interaction with matter, the electromagnetic radiation has a characteristic be-
haviour by which the absorption and emission processes occur in the form of quanta
of energy commonly referred to as photons. These phenomena cannot be described
on the basis of the classical theory developed in the previous chapter. They need a
specific treatment capable of unifying, within a formally consistent theory, the basic
concepts of electromagnetism and quantum mechanics. Such theory, called quan-
tum electrodynamics, was developed starting from 1930 with the contribution of
eminent physicists, including Dirac and Feynman. In this chapter we will provide a
basic introduction to the formalism, so-called of second quantisation, that is today
commonly used in the context of quantum electrodynamics to introduce the concept
of photon. The applications of this formalism to describe the interaction between
matter and radiation and the study of specific physical processes will be introduced
in subsequent chapters (Chaps. 11 and 15).

4.1 Harmonic Oscillator, Operators of Creation and
Annihilation

We consider a one-dimensional harmonic oscillator. Its simplest practical realisation
consists of a point-like particle of mass m moving along a straight line and subject
to the action of an elastic restoring force. Defining with x the coordinate measured
along this straight line from the position of equilibrium, the equation of motion is

mx = —kx,

where k is the constant of the restoring force. It is well known that this equation has
harmonic solutions characterised by the angular frequency

k
w = —.
m
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In the formalism of analytical mechanics, the physical system is described by the
Hamiltonian function H which represents the total energy, given by
2
p L
=2 4 —kx?
=t
where p is the momentum of the particle. Following the conventions of analytical
mechanics, we denote by the symbol g the coordinate x. Also, replacing k with w
the Hamiltonian can be rewritten in the form

2
p L 22
H=—4 -—mwqg-.
om 2"
In this equation, p represents the kinetic moment conjugate to the variable g. The
equations of motion for ¢ and p are obtained using the well-known Hamilton equa-

tions

oH 2
p=———"=—mwy,

dq
. _0H _p
q:—:—

ap m

We introduce now, in place of the variables ¢ and p, some linear combinations
of them of the form

a=C(mwq +ip),
a* = C(mwqg —ip),

where i = +/—1 is the imaginary unity and where C is a real constant whose value
will be specified later. For the equations of motion we have, with simple algebra

a=C(mwq +1ip) = —iwa,
and, similarly,
a* =iwa*.

As we can see, with the introduction of the variables a and a*, the differential equa-
tions become decoupled and therefore are more easily solved.

Turning to the quantum description, g and p should be thought of as Hermitian
linear operators acting on a suitable Hilbert space. The two operators must also
comply with the commutation rule

g, Pl=qp — pq =ih,

where we have introduced the usual symbol for the commutator between two opera-
tors, and where 7 is Planck’s constant divided by 27 (5 = 1.055 x 10727 erg s). With
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the introduction of the quantities a and a* (that in the quantum formulation become
the operators a and a'), the operators ¢ and p are expressed by the equations

1
T 2Cmow

q (a+a"),

1
p=—3cla —a'),

and the Hamiltonian becomes (taking care not to alter the order of the operators)

H= W(a'{'a +aa’).
We now evaluate the commutator between the operators a and a'. We have
[a, a%] = Cz[ma)q +ip,mwq —ip] = 2Cmhw,
and we choose the constant C in order to have

[a.a"]=1. 4.1

For this, it is sufficient to set C = 1/+/2mhw, so that the Hamiltonian becomes
1 to ot
H= Eﬁa)(aa +a a),
and, taking into account the commutation rule between a and a', we obtain
¥ 1
H=hw aa—}—z . 4.2)

The Hamiltonian has been reduced to a very simplified form with the introduc-
tion of the operators a and a’ which, for reasons that will be clear later, are named,
respectively, operator of annihilation and creation. Now we will find the eigenval-
ues and eigenvectors of this Hamiltonian neglecting, in a certain way, its origin and
using only the commutation rule between the operators a and a'. We start by calcu-
lating some commutators

[H,a]l= ﬁw[aTa, a] = ha)[aT, a]a = —hwa,
[’H,, a*] = hw[aTa, a*] = ha)a*[a, aT] = hwa'.

Suppose now that we know a particular eigenvector |H) of the Hamiltonian and
its corresponding eigenvalue H

H|H)=H|H),
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and consider the scalar product (H |aa|H). With simple algebra we obtain
¥ 1
how(Hla'a|H) = H—Ehw (H|H).

We note that the left-hand side is positive, being the product of the quantity iw by
the norm of the vector a|H). Since on the other hand also the norm of the vector
| H) is positive, we have for the eigenvalue H

1
H> -ho,
2

where the equal sign is verified only when a|H) = 0. By applying the Hamiltonian
on the vector a| H) we find, using the commutation rules derived previously,

Ha|H) = (aH — hwa)|H) = (H — hw)a|H).

This equation shows that, if | H) is an eigenvector of the Hamiltonian corresponding
to the eigenvalue H, the a| H) vector is then also an eigenvector of the Hamiltonian,
corresponding to the eigenvalue (H — hw). If we apply this property repeatedly, we
find that, in general, the vector @ |H) (with n integer) is also an eigenvector of the
Hamiltonian, corresponding to the eigenvalue (H — nhw). In this way, we obtain
a sequence of eigenvectors with eigenvalues progressively smaller. This sequence
needs to be interrupted because otherwise it would lead to eigenvalues that do not
satisfy anymore the condition H > %hw The only way to interrupt the sequence is
to have, for a certain integer m,

a"|H) =0.

This means that the vector " ~!| H) is the eigenvector that corresponds to the eigen-
value %hw Such eigenvector, indicated in what follows with the symbol |0}, is such
that

1
al)=0.  H|0) = Shwl0).

If we now consider the vector a|0), we have, recalling the previous commutation
rules

Ha'10) = (a"H + hwa")|0) = %hwa”O),

and, similarly, for any integer n
n 1 n
Ha'"10)y=n+ 3 hwa'|0).

In this way we have obtained, starting from the eigenvector |0), a sequence of
eigenvectors corresponding to eigenvalues that are progressively larger. The eigen-
values of the Hamiltonian are then given by the quantities %hw, 1+ %)hw, R
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(n+ %)ha}, .... Such eigenvalues have the corresponding eigenvectors |0), a'|0),

camoy, ...

The eigenvectors that we have found in this way are however not normalised.
To find the norm of the generic eigenvector we need to evaluate the quantity
(0la"a™™)0) by taking into account the equation (which can be obtained with an
induction procedure)

[a, a";'"] =na" 1,
For the norm of the vector a™|0) we have

(0la"a™|0) = (0la"'aa™0) = (0la"~ ' (a™a + na™"")|0)
=n(0la""'a™1|0).
By applying this equation successively we finally obtain
(0la”a™]0) = n!(0]0).

If we suppose that the eigenvector |0) is normalised, we can obtain the other nor-
malised eigenvectors (which we indicate with |n)) by the expression

1
In) = ——a'™|0).

Vn!

It is simple to show that the action of the a and a operators on the eigenvector |n)
is such that

aln) =+/nln — 1),
a'lny=vn+1n+1).

These equations show the reason why these operators are called of annihilation and
creation (the quantum number 7 is interpreted as an occupation number of hypo-
thetical particles).

4.2 Expansion of the Electromagnetic Field in Fourier Series

Consider the electromagnetic field enclosed in a cubic cavity, the so-called “box”,
of side L and volume V = L3. In the absence of charges and currents, as seen in
Sect. 1.5, we can use the special case of the Lorenz gauge in which the scalar poten-
tial ¢ (x, 1) is zero (Eq. (1.10)). In this way, the field is described only by the vector
potential A(x, ) that is subject to the additional condition (not invariant relativisti-
cally) of Eq. (1.11)

divA(x, 1) =0,
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and that satisfies the wave equation

19?
2 _
V-A(X,t) — =2 8t2A(X’ t)=0.

We now fix an arbitrary time ¢ and expand the vector potential in Fourier series of
the variable x. Requiring that it satisfies the so-called conditions of periodicity, i.e.

Ax,y,z,t) =A(x+myL,y+my,L,z+m;L),

with my, my, m; arbitrary integers (positive, negative, or null), we get

Ax 1) =) Cy(n)e™™,
k

with the sum extended to all the k of the form

2w 2 2w
k= nxfanyf7nzf )

with ny, ny, n, arbitrary integers (positive, negative, or null). Being A(x, 1) a real
function, the complex vector Ci () satisfies the conjugation property

Ck(t)* = C_x(2).

We now require that the vector potential satisfies the wave equation. We obtain for
Cxk(¢) the differential equation

d2Cx (1)
Tkz =~} Ck(0),

where we have introduced the angular frequency wy (relative to the wave vector K)
defined by the expression
wk = ck,

k being the magnitude of the vector k. The differential equation can easily be solved
and gives

Ck (t) — C:;)e_i“’kt + C](:r)eiwkt’
with C{(_) and Ci:) constants. On substituting we obtain
A(X, )= Z C;(—)ei(k'X—wkf) + Z C:{+)ei(k~x+wkt)’
k k
with

(=) _ )
c =cY).
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The vector potential has been decomposed in this way into progressive and re-
gressive waves. Taking into account that wx = w_k, the exponential appearing in
the regressive wave can be transformed by the equation

ei(k-X-I—wkt) — e—i(—kvX—a)_kt)’

and changing in the second sum the index k in —k we get
A(X, t) — Z C{;)ei(kxfa)kt) + Z C;;)*e*i(k'x*wkt)’
k k

which clearly shows that the function A(x, t) is real.
We finally impose the gauge supplementary condition (div A(x, t) = 0). We ob-
tain, for each value of k, the transversality condition

k-C =0.

We can satisfy this condition in the following way. We define for each wave vec-
tor k two polarisation unit vectors (in general complex) e, (A = 1, 2) that are both
perpendicular to k and to each other, i.e. such that they satisfy the relations

ekA-kZO,
e, -e =3
kr * Sk AN

Having introduced these unit vectors we can now satisfy the transversality condition
by writing

(=) y—iwgt __
Cy e'x —ch,\(t)ekw
A

where ¢, (¢) is an oscillating function that satisfies the differential equation

d .
ackk (1) = —iwkcy, (7).

We therefore obtain for the vector potential the final expression

A D =Y [q (e e™™ + o (e e ],
ki

from which we can obtain the expressions for the electric and magnetic field vectors
E(x, 1) = _EEA(X t) = izwk[c (e e™™* — cf, (e e *¥]
’ cor % c & k. € k. )€ )

B(x,t) = rotA(x, 1) =i Zk x [0 (e €% — e, (e e 5.
ki
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The sums appearing in these expressions are extended to all k values such that the
periodicity conditions are satisfied, and once K is fixed, to the two possible states of
polarisation. Each (k, A) pair defines a so-called mode of the radiation field within
the cavity. We now want to find the number of modes for which the magnitude of
the wave vector is between k and k + dk and the direction of the wave vector is
within the solid angle d§2. We note that in the wavenumber space the tips of the
possible vectors k are located on a cubic grid with side 27 /L. Thus we obtain that
this number is

2\~ v
dN =2( L) KPdkde = 2k dkde, (4.3)

L 473
where V is the volume of the cavity and where the additional factor of 2 has been
included to take into account the two possible polarisation states.

4.3 The Quantum Analog

The expansion in Fourier series obtained in the previous section is based on purely
classical considerations. The quantum analog is obtained in Schrodinger represen-
tation by interpreting the classical variables ck; () and Cltx(t) (namely the time-
dependent coefficients that appear in the expansion in Fourier series of the vec-
tor potential and the fields) as quantum operators ck; and cL\ acting on a suitable
Hilbert space. These operators are independent of time. In this way, also the clas-
sical quantities A(x, t), E(x, 7) and B(x, ) become operators independent of time.
For the operator A(x) we have, for example,

A(x) = Z[Cmekxelk'x + Cltxelf)\e_lkix]’
Ko,

with similar expressions for the operators E(x) and B(x).

We must now define the operator that corresponds to the Hamiltonian of the radi-
ation field. To do this, we rely on the correspondence principle and write, recalling
the expression for the energy density of the field

’H:/ u(x)d3x=if [E*(x) + B* ()] d’x,
% 8w Jy

where E(x) and B(x) are the electric and magnetic field operators, respectively. On
substituting the operator expressions for E(x) and B(x) we obtain an expression
containing a double sum over the indices (k, A) and (K’, A). Taking into account
the periodicity conditions, we then note that the only terms producing a non-zero
contribution to the integral are those which contain exponential products of the type

elk~xe—1k~x’
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for which the integration in dx is simply V. For each of the electric (#.1.) and
magnetic (Hpn,,) contributions we obtain four distinct terms

1
Hel. = — f E%(x)d*x
87 Jy
V

_ 2 toT * *
I —) Z Wk [Ck,\‘lkw (€ - €_j30) T O C gy (ekA : ‘ka’)
kAL

- Ckkclix’ (e - e) — Cltxck;v (e - ekk/)]’
Hma, = 1 / B2(x)d’x
8 Vv
v
=5 Z[ckkc_kk,(k x ) (—kxe ;)
KA

+ Cltxcikw (kxeg) (—kxer,)— Ckxcliw (k x ey;) - (k x e/
- Cltxckw (k x elfx) (k% ekk/)]'

We note that, for any arbitrary unit vectors e and e; that are perpendicular to the
vector k, we have
(kxep) - (k x e2) =k(er - €2),

and given that k> = a)ﬁ /c?, we obtain for the first two summands that appear within
the square brackets in the right-hand side that the electric and magnetic contributions
cancel out. For the last two summands, the electric and magnetic contributions are
equal. Finally, taking into account that

€ - iy = s
we obtain the expression
v ar. b
H= I 2 Zwk[ckkckk + Ckxck)\]-
kA

In order to write this Hamiltonian as the sum of Hamiltonians that we have pre-
viously discussed, we replace the operators c,, and Cltx with the operators a,, and

1 gV
a = =4/ —Cy, -
kX cV 2nh kX

In this way, the Hamiltonian becomes

a;ik defined by

1 " S
H= Z Qﬁwk [“kx“l}m + an&ﬂm]’ (4.4)
K.
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and the vector potential operator can be written in the form

A(x) = Z akkekke X fa) e e kX, 4.5)

To complete the quantisation of the electromagnetic field we still need to know
the commutation rules for the operators g, and alh. They can be derived from
the correspondence principle using the fact that we know the equations of motion
that are governing the temporal evolution of the corresponding classical quantities
(cka (1) ~ exp(—iwk?)). If |3) is any state vector of the quantum system, the classi-
cal observable corresponding to the operator a,, is given by the expectation value

(¥lay, 1¥), and such observable must satisfy the equation

d
Eﬁ/flakﬂlﬁ) = —iwr(¥lay, [¥).

Taking into account that the state vector |ir) satisfies the Schrodinger equation, we
have

%<w|am|w> = %(WI[H, a; 1Y),
and, substituting the expression for H,
Wi 1) = 3 o e + a1,
K
Identifying the two expressions for the derivative of the observable, we get
Wi 1) = =3 o gl + ol a1
K

Since the expression on the right-hand side must contain (as that one on the left-
hand side) only quantities that depend on the indices k and X, and since this must
be verified for any state vector |y), we must have

lay; . a, 1 =0 fork #k, A" #2, (4.6)
[a,al,, ] =0 fork #k, &' #4, 4.7

which means that the operators a and a relative to different modes are commuting.
The previous equation then becomes

! i i
Wlay,|¥) = _E(Wak)\[“kw g ] + [y g Jag 1¥)-
Given that the state vector is arbitrary, this equation can be satisfied only putting

[y, af,]=1. 4.8)
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and the Hamiltonian assumes the form

: 1
H=" hox <ajdakA + 5). (4.9)

ki

By comparing the results contained in Eqgs. (4.6)—(4.9) with those in Sect. 4.1
(Egs. (4.1) and (4.2)), we conclude that the quantum Hamiltonian of the electro-
magnetic field is equal to the sum of an infinite number of Hamiltonians of har-
monic oscillators, independent of each other. Each oscillator is associated with a
mode of the radiation field characterised by the wave vector k (hence by the angular
frequency wg) and by the unit vector of polarisation e, . Recalling the results of
Sect. 4.1, we have that the energy of each mode can only take one of the values

1
Ex, = ha)k<n + 5)1

where n is an arbitrary integer greater than or equal to 0. This result can be inter-
preted by saying that the mode contains a number n of photons all having the en-
ergy hwg. The number n takes also the name of “occupation number” of the mode.
In particular, if n = 0, the energy has the value %hwk, which is called the zero-
energy (or vacuum energy) of the mode. In many cases, this energy has a purely
formal importance, and can be neglected in most applications. It should be noted
that, since the number of modes is infinite, the zero energy of the electromagnetic
field is infinite. To interpret consistently the physical reality we are therefore forced
to “renormalise” the energy of the vacuum state by imposing that it is zero.

Since the total Hamiltonian is equal to the sum of many independent Hamilto-
nians, it follows that its eigenvalues are equal to the sum of the eigenvalues of the
individual Hamiltonians. The total Hamiltonian eigenvalues are then of the form

1
E = Zhwk<nk)h + E),
ki

and are identified by the set of integers n; that specify the number of photons
present in each mode. Regarding the identification of the eigenvectors, namely the
stationary states of the radiation field, one can use a generalisation of the formalism
introduced in Sect. 4.1 and write the eigenvector in the compact form

|n1,m2, ... 0Kk, .. ) = 0} o) - ka) -+

i.e. as the direct product of many kets, each defined in a different Hilbert space.

Each operator g, or alz/\ acts only on the vector |ny;) of the corresponding mode,
so we have

Qg n1,n2, .. 0k, ) = /g, no, g — 1), (4.10)

al ni,na, . omg, ) =g + Ungna, . omg 1,000, (@11
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which justifies the name given to ak; and “ltx as operators of annihilation and cre-
ation of photons.

The formalism introduced in this section is called the formalism of second quan-
tisation. This name is not totally justified for the quantisation of the electromagnetic
field but originates by the fact that very similar procedures can be applied to the
quantisation of particle fields. If for example we want to introduce the quantisa-
tion of a field of nonrelativistic particles of mass m, we start with the Schrédinger
equation for the wave function of the particles

'hax/f( ) Ui V3 (x,1)
h—y X, 1) =—— X, 1),
ot 2m

we next expand the wave function (X, #) in Fourier series, and then interpret the
coefficients of the expansion as quantum operators. In this case it actually makes
sense to speak of second quantisation, as the particle field is already described by
a quantum mechanical wave equation. In the case of the electromagnetic field, in-
stead, the wave equation for the photons is a classical equation which follows from
Maxwell equations.

Finally, it should be noted that the formalism we have introduced here is not
covariant, since the expression assumed for the electromagnetic gauge (¢ = 0,
div A = 0) is not covariant. The quantisation of the electromagnetic field in covari-
ant form is more elegant and certainly more satisfactory from a theoretical point of
view,! but requires the use of a more complex formalism that is not necessary for
many applications, such as those that will be discussed in Chaps. 11 and 15 where
we deal with the interaction between matter and radiation.

4.4 Intensity and Photons

The concept of photon introduced in the previous section can be shown to be closely
related to the physical quantities traditionally used for the description of radiation
phenomena such as the specific intensity and the energy density of the radiation
field.

Consider an arbitrary point P and a surface element dS whose normal direction is
identified by the unit vector £. We denote by dE,, the energy of the electromagnetic
field within the frequency interval (v, v 4+ dv) and direction within the solid angle
ds2 centred around €2, flowing in the infinitesimal time d¢ through dS (see Fig. 4.1).
The dE, is obviously proportional to the product d.S dv dr d§2 so we have

dE, =1,(P,R,1)dSdvdrds2.

This equation implicitly defines the quantity /,,(P, £, t) which is called the spe-
cific intensity (or intensity fout court) of the radiation field and that is generally a

I'See for example Bjorken and Drell (1965).
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Fig. 4.1 The radiation
contained in the solid angle
ds2, centred around 2, flows
through the surface element
ds

function not only of frequency, but also of direction and time. If the intensity does
not depend on time, the radiation field is called stationary, if it does not depend
on direction it is called isotropic and if does not depend on the point P it is called
homogeneous.

Instead of the specific intensity I, we can also consider the quantity I, (which
bears the same name) defined in the same way, except for the frequency interval
dv that is replaced by the wavelength interval dA. Similarly, we can also consider
the quantity I, also defined by the same relation, with dw (interval of angular fre-
quency) replacing dv (frequency interval). Evidently, for corresponding intervals we
have

I,dv=1Id\r=1,dw,
and since dx = A2 dv/c, dw =2m dv, we also have

c 1
ZA_21”’ I,=—1I,. 4.12)

1 =
~ 21

Another quantity closely related to the specific intensity is the energy density
of the radiation field. Such quantity, denoted by the symbol u, (P, 2, t), is defined
with respect to a volume element dV centred around the point P. If we denote by
d€&, the electromagnetic energy contained within dV, having a frequency between
v and v 4+ dv and direction contained in d§2, we have, by definition,

d€, = uy (P, ,1)dV dvds2.

Since the electromagnetic radiation propagates in vacuum with velocity c, a relation
between [, and u, immediately follows, i.e.

1,(P, R, 1) = cu,(P, R, 1). 4.13)

Let us now consider the modes of the radiation field that correspond to the fre-
quency range (v, v 4+ dv) and to the directions contained in the solid angle ds2. The
number of these modes is given by Eq. (4.3), which is, converting the dk in the dv
by the relation k = 2w v/c,

2V1?
3

dN = dvds2, (4.14)

where ) is the normalisation volume, which we can identify with the infinitesimal
volume dV. If we denote by n, (P, R, t) the number of photons in each mode and
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since each photon has energy hv, we get
202
d&, =n,(P, 2, 1)hv—-dV dvds2,
c
and recalling the definition of u, we obtain the relation

3

2h
uy (P, R.1) =
C

ny(P, 2, 1),

or in terms of specific intensity

2hv3
I,(P,Q,1) = —5—n,(P,2,1). (4.15)
C

It is important to note that a similar expression is also valid classically. In this case,
instead of considering the number of photons per mode we have more simply an
energy per mode €,(P, §2,t) and we write

212
IU(P,.Q,t)z—zeu(P,.Q,t). (4.16)
c

The number of photons per mode is a very important quantity that can be used to
characterise in a physical way the light sources. As we shall see in Chap. 10, for a
thermal source such number is given by

1
= /) — 1
where T is the temperature. In the visible at 5000 A, for example, a normal in-
candescent lamp with a tungsten filament (7 >~ 2700 K) produces a radiation with
about 2 x 107> photons per mode, while this number is about 102 for the solar
radiation (7" ~ 5800 K). The radiation emitted by a laser instead has a higher num-
ber of photons per mode, and can reach typical values of the order of 107 or even
higher.



Chapter 5
Relativistic Wave Equations

In order to provide a quantitative basis to the study of atomic spectra, discussed in
the next chapters of this book, it is first necessary to present a thorough study of
the relativistic equations for atomic particles, with particular emphasis on the Dirac
equation for the electron. In this chapter we will see how it is possible to describe,
within quantum mechanics, the dynamical properties of a relativistic particle, either
free or moving in a stationary electromagnetic field. Once an appropriate matrix
formalism will be introduced, a number of physical consequences will naturally
follow. We note that elementary treatises of atomic spectroscopy often introduce
such physical consequences (e.g. electron spin, spin-orbit interaction, etc.) in a phe-
nomenological way.

5.1 The Dirac Equation for a Free Particle

The relation between momentum and energy for a free nonrelativistic particle of
mass m is given by the equation

E=+1_
2m

where p is the momentum, which coincides with the kinetic moment conjugate with

the position variable x. The motion of the particle is described in quantum mechan-

ics by the Schrodinger equation

L0 p?
1h5|1/f>—%|1/f>,

where p is the operator associated with the classical variable momentum. The op-
erator p must satisfy the fundamental quantum mechanical commutation rule be-
tween two operators associated with two variables canonically conjugated, ¢ and p,
namely
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The explicit expression of the operator p depends on the particular representation
adopted for the state vectors in the Hilbert space. If one chooses the representation
in which the vectors are expressed as linear combinations of the eigenvectors of the
position operator (wave function representation), the operator x is a simple multi-
plier while the operator p is

p = —ihgrad.

In such representation the Schrédinger equation assumes the form

'haw 1) Ui Vi (x, 1)
1n— X = —— X
Jat ’ 2m T

and, in accordance with the postulates of quantum mechanics, the quantity | (x, ¢)|?
represents the probability density of finding the particle in the neighborhood of the
point x at time 7.

Turning to relativistic dynamics, the momentum-energy relation becomes

E? = p2c? 4+ mPc*,

E =/ p%c? +m2c?,

where m is the rest mass of the particle and c is the speed of light. We could therefore
in principle write the Schrodinger equation as

0
ihalﬁ(x’ 1) =4/ prc2 + m2cty(x, 1),

where p? is the operator —h>V?2. The square root in the right-hand side does, how-
ever, present serious problems as to the meaning to be given to the operator which
acts on the wave function. If, for example, one replaces the square root with its
power series expansion, one gets powers of all orders in V2 and the equation be-
comes practically insolvable.

A far simpler equation is instead obtained by translating in quantum mechani-
cal terms the quadratic relation between energy and momentum written above. The
resulting equation, known as the Klein-Gordon equation, is

or

2.2

s 1 92 mec
(V — C—zﬁ)l//(x, t) = Fw(x, 1).
However this equation, besides presenting the inconvenience of being a second order
differential equation with respect to time (unlike Schrédinger equation that is of the
first order), correctly describes only the relativistic particles that do not have spin,
such as, for example, mesons.

The problem of determining an equation that could describe relativistic particles
with spin, such as the electron, was brilliantly solved by Dirac. In 1928, he proposed
a wave equation in which the operators d/dx; appeared linearly as the operator 9/dz.
This is a quite natural approach for a relativistic theory in which the time coordinate
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is not privileged with respect to the space coordinates. The equation proposed by
Dirac, which obviously bears his name, is

3 B] B] B]
ih—y(x, 1) = | —ific| o1 — + ar— + a3— | + Bmc? Y (x, 1),
ot 0x1 0x2 0x3

and can also be written in the more compact form

ih%w(x, 1) =Hpy (x,1) = (ca - p+ fmc?) Y (x, 1), (5.1)

where Hp is the so-called Dirac Hamiltonian and where o, o2, o3, and g are four
dimensionless quantities (operators) that by definition commute with the operators
d/0t and 9/9dx;. Such quantities are determined by imposing that the correct relation
between energy and momentum is obtained from the Dirac equation. Differentiating
with respect to time Eq. (5.1) and substituting the same equation, we obtain

82
—ht o5 Y1) = (ca - p+ pme?) (ca - p o+ pmcd )Y (x, 1),
and we must therefore require that
(ca - p+ Bmc?)(ca - p+ Bmc?) = p*c* + m*c*.

Expanding the expression (taking care not to alter the order of the non-commutating
operators), we obtain

Y aiajpipj+mc Y (i + Bai)pi +mPctpr =Y pipi+m*ct,
ij i i
s0, to have identity between the left and right hand side we must have
{ai, aj} =26, {oi, B} =0, g=1, (5.2)
where we have introduced the anticommutator symbol defined by
{A,B}=AB + BA.

The simplest quantities that satisfy this algebra are matrices, of which we now
analyze the properties. First of all, since the square of each of the four matrices is
equal to unity, the eigenvalues must be equal to £1. Moreover, being 82 = 1 and
Ba; = —a; B, the trace of each matrix «; obeys the relation

Tr(e) = Tr(Be;) = — Tr(Bai ).

On the other hand, given the cyclic property of the trace of a matrix, we also have
that

Tr(e;) = Tr(B2e; ) = Tr(Bei B).
Having obtained that Tr(c;) = — Tr(e;), we must therefore necessarily have
Tr(o;) =0.

In a very similar way, it can also be shown that Tr(8) = 0. So, since the trace is the
sum of the eigenvalues, and since these can only be equal to =1 (as we have seen), it
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follows that the matrices must be of even order. Since it is not possible to build four
2 x 2 matrices that obey the algebra of Eq. (5.2), the choice falls on 4 x 4 matrices.
So the «; and B quantities introduced in the Dirac equation can be represented by
matrices of the fourth order. They are called the Dirac matrices.

The choice of the Dirac matrices is not unique. One possible representation,
which is particularly suitable to treat the nonrelativistic limit, is given in terms of
2 x 2 matrices by the following expressions

B A

where I is the unit matrix of order 2 and where the o; are the Pauli 2 x 2 matrices

01 0 —i 10
n=(Vo) =0 9) =G h)

From their expressions, it can easily be shown that the Pauli matrices satisfy the
relations

[O’i,Uj]ZZiZEiijka
k
{oi, 07} =245,

where ¢;j is the Ricci (or Levi-Civita) tensor (see Sect. 16.2). The two previous
equations can be condensed into a single one

00 Z(Sij +iZ€ijk0k'
k

It is relatively simple to verify that the four matrices defined in Eq. (5.3), i.e.

0 0 0 1 0 0 0 —i
oy = 0 01O oy = 0 0 1 O

01 0 0}’ 0 —-i 0 0 )’

1 0 00 i 0 0 O

0O 0 1 O 1 0 0 O
s = 0 0 0 -1 8= 01 0 O

1 0 0 0|’ 00 -1 0|

0 -1 0 O 00 0 -1

satisfy the algebra of the Dirac matrices. It is important to stress that an infinite
number of representations of the Dirac matrices exist. In fact, given a set of Dirac
matrices, any other set obtained via an arbitrary similarity transformation is also a
set of Dirac matrices.' We finally note that the matrix character of the Dirac equation
automatically implies that the wave function is not a scalar anymore, but a four-
components quantity, called a spinor.

1A particularly useful representation for the ultra-relativistic limit is the so-called Majorana repre-
sentation.
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The Dirac equation for the free particle can be solved exactly. We search for a
solution of the form

W(Xv t) — ‘/Vei(q'X—El)/ﬁ7

where W is a four-components spinor, independent of x and ¢. Substituting in
Eq. (5.1), we find that the spinor W must satisfy the equation

EW = (ca-q—}—ﬂmcz)W.

We can determine the possible values for E by solving the characteristic equation

mc* — E 0 cq; cq—
0 mc?> — E c —c
Det Z+ 9z =0,
cq; cq— —mc” — E 0
cq+ —cq; 0 —mc? — E

where we have set

9+ =qx +iqy,  q-=4qx —1qy.
By solving the determinant, we obtain the equation of fourth-order in £
(E2 — 02q2 — m2c4)2 =0,
which has the four solutions

Ei=E),=c¢, Es=FE4=—c¢,

& =4/c2q% +m3c*.

We have obtained in this way two solutions with positive energy, with the cor-
rect relativistic relation between energy and momentum, but also two solutions with
negative energy (also having the correct relativistic relation between energy and mo-
mentum). The negative energy solutions derive naturally from the Dirac equation,
and are a peculiar characteristic of relativistic wave equations (it is in fact possible
to show that also the Klein-Gordon equation has solutions with negative energy).
Once the eigenvalues are found, one can determine the corresponding eigenvectors.
We can easily verify that the four spinors Wi, Ws, W3, and W4, given by

where

e+ mc? 0
1 1 2
Wyie 0 ’ Wy oo e+mc 7
V2e(e +mc?) ¢q; V2e(e +mc?) cq-
cq+ —Cq;
—Cqy 1 —Ccq—
1 —cqy cq:
W’; = 2 s W4 e g s
V2¢e(e +me?) | &+ me V2¢e(e +mc?) 0 R

0 e +mc
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are four orthogonal and normalised eigenvectors corresponding, respectively, to the
four eigenvalues Ep, E3, E3, and E4. These expressions show that, in the nonrela-
tivistic limit, the last two components of the spinors with positive energy are negli-
gible, compared to the first two. The opposite is true for the spinors with negative
energy.

The negative-energy solutions were properly interpreted by Dirac himself, who
predicted the existence of antiparticles. The interpretation given by Dirac, here ex-
emplified by the case of the electrons, is the following: we can think that the vacuum
state, i.e. the state in which no particles are present, is actually a situation in which
all the states with negative energy are filled in accordance with the Pauli princi-
ple (the Fermi sea). When an electron that is excited (for example by absorption
of a quantum of radiation of energy higher than the threshold value 2mc?, equal to
about 1 MeV) moves from one negative energy state to a state of positive energy,
it leaves in the Fermi sea a “hole”. This hole behaves as a particle in all respects
similar to the electron, but of opposite charge, called a positron (or positon or posi-
tive electron). In other words, one can think that the excitation of an electron from
one state of negative energy to one state of positive energy produces the creation of
an electron-positron pair, with a consequent annihilation of a quantum of radiation.
The positrons were discovered experimentally by Anderson in 1932 with a Wilson
cloud chamber experiment. The discovery of the antiproton occurred much later in
1955, thanks to Chamberlain and Segré, when particle accelerators with energies of
the order of some GeV became available.

5.2 The Dirac Equation for the Electron in an Electromagnetic
Field

The classic Hamiltonian of a charged, relativistic particle moving in an electromag-
netic field, is written in the form

2
’H=\/c2<p— 5A> +m2ct e, (5.4)
C

where e is the algebraic value of the charge of the particle, m is its rest mass, A and
¢ are the electromagnetic potentials, and p is the kinetic moment conjugate to the
particle position, and related to the momentum s by the relation

n:p—EA.

The expression for the Hamiltonian can be derived in various ways. Here, we simply
verify that it produces the correct equations of motion. To do so, we obtain such
equations using the Hamilton equations

d 3 2 -1/2
—X:v:—,H:c2 p—EA ? p—EA + m?ct ,
dr op c c

d 9H 2 —-1/2
—p=——=ce(gradA)- p—EA Alp- ‘A +m?ct —egrad¢.
dr ax c c
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From the second equation, introducing v, we have

d
d_It) —(gradA) v —egrad¢.

If we now take into account the vector identity (see Eq. (16.12))
v x rotA = (gradA) - v — v - grad A,

and recall that rot A = B, we obtain

d
d_It) EV x B+ V grad A — egrad ¢.
For the momentum 7 we then have
d d e dA
d_]tt_ dt(p_ ;A) —SVXB+ -V gradA—egradqb——E

The last term in the right-hand side represents the total (or Eulerian) derivative of
the vector potential along the trajectory of the particle. It is
dA 0A

— = 2= 4 v.gradA
dr at+v grac

so that, recalling the expression for the electric field in terms of the electromagnetic
potentials, we have

d
—nzeE—i—fva.
dr c

From the first of Hamilton equations we can also obtain, with simple algebra, that

m

S —
V1—vZ/c?

The two above equations show that the Hamiltonian is correct, since it produces the
well-known relativistic equations for the motion of a charged particle in an electro-
magnetic field.

Comparing the expression for the Hamiltonian (5.4) with that of the free particle,
we can see that, for a charged particle in an electromagnetic field, there is, between
the quantities

y —

E—ep, p-CSA,
[

the same relation that exists, for the free particle, between E and p. This implies
that, within relativistic classical mechanics, the description of a charged particle in
an electromagnetic field is obtained from that of a free particle by the following
formal substitutions in the Hamiltonian

p—)p—EA, E— E —eg. (5.5)
C

This substitution is known as the minimal coupling rule (or principle). For the corre-
spondence principle we can therefore write the Dirac equation for a charged particle
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in an electromagnetic field applying the minimal coupling rule to Eq. (5.1). We
have

ih%l//(x, 1) = |:coc . (p — SA) + Bmc? + e¢:|1//(x, 1), (5.6)

where a and B are the 4 x 4 matrices previously introduced, i.e. the Dirac matrices,
whereas A and ¢ are simply multiplication operators that depend on position and,
in general, on time.

We finally note that if we perform a gauge transformation on the electromagnetic
potentials, i.e.
10y
c ot’
we obtain an identical Dirac equation for the wave function v'(x, r) given by

W (x, 1) =Y (x,1)e ",

A=A —grady, ¢ =¢+

where

ex
" he’
We therefore obtain the result that, for gauge transformations, the wave function is
transformed according to a phase factor. The phase is proportional to the function y,
generating the gauge transformation itself. In particular, the square of the absolute
value of the wave function is invariant under gauge transformations.

8

5.3 Nonrelativistic Limit of the Dirac Equation

To find the nonrelativistic limit of the Dirac equation for a charged particle in an
electromagnetic field, it is convenient to write the wave function ¥ (X, ¢), a spinor of
order 4, in the form

VX, 1) = ()%-( ) e—i(mc‘2+€)t/ﬁ’ (5.7)

where x and & are two spinors of order 2, and where the total energy has been
written in the form (mc? + €) so that € represents the particle energy less the rest
energy mc?. The nonrelativistic limit is obtained by imposing that € < mc?. At the
same time, though, we also need to impose that the other relevant energies, such as
the electrostatic energy, are also small when compared to the rest energy.

Substituting the wave function (5.7) in Eq. (5.6) and assuming that the spinors x
and £ are independent of time, as the electromagnetic potentials, we have

() o-38) (£ emn (£ (1)

and recalling the explicit expression of the Dirac matrices (Eq. (5.3)), we obtain two
coupled equations for the spinors x and &
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e
co - P—EA §=(e—ed)x,

(2mc* + € — ep)é =co - (p— SA)X.

‘We now obtain £ from the second equation by multiplying both sides by the operator
(2mc? + € — e¢)~!. We have

g:(ch2+6—e¢)7lca~ (p— EA)X, (5.8)
c
and substituting this expression in the first equation, we get
e 2 —1 e
co-[p—-A (ch +e—e¢>) co-[p—-A)x=(—ed)yx. 5.9
c c
This is an exact equation; the nonrelativistic limit is obtained by assuming that

(€ —e¢) K mc?,

and expanding the operator (2mc?> 4+ € — e¢) ! in power series

2
(2m+e—eg) ' = [1—E_e¢+<6_e¢) +] (5.10)

2mc? 2mc? 2mc?

The subsequent orders of the nonrelativistic limit of the Dirac equation are obtained
by considering the various terms in the square brackets in the right-hand side. If
only the first term is considered, the limit at the zero order is obtained. If the first
two terms are considered, the limit at the first order is obtained, and so on.

5.4 Zero Order Limit, Pauli Equation

We now consider the nonrelativistic limit at the lowest order, i.e. we neglect all
terms except unity in Eq. (5.10). We substitute the result into Egs. (5.8) and (5.9).
The equations for the spinors x and & then are

1 2 1
2—[a-<p—fA)] x=(e—ep)x. sz—a-(p—fA)x.
m c 2mc c

This last equation shows that, since
e
p-— EA = || K mc

for a nonrelativistic particle, we have, for the absolute values of the two spinors

HEAVEE

We consider now again the equation for x and note that, if a and b are any two vec-
tors that commute with the Pauli matrices (but not necessarily between themselves),
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we have, due to the property of these matrices,
(0 -a)(c-b)=a-b+ioc-axb.

By taking this into account, the equation for x becomes

2 .
[i<p—EA> +;ao<p—EA)x(p—EA>}x=(e—e¢)x.
2m c 2m c c

The second term in square brackets (which would be zero if the two quantities p and
A were not operators) can be transformed using the commutation rule
0A;

[pi, Aj]=—ih ox:

We obtain, with simple algebra

ieh ieh
<p—EA> X (p— fA) =1e—rotA=£B,
c c c c

where B is the magnetic field vector. Substituting this result we finally obtain the
nonrelativistic limit of the Dirac equation at the zero order, or

1 e \> eh
|:—<p— —A) ——0 ~B+e¢:|x =€x.
2m c 2mc
This equation is known as the Pauli equation and, apart from the second factor in
square brackets, can be obtained directly by applying the principle of minimal cou-
pling (Eq. (5.5)) to the Schrodinger equation for the free particle. The additional
term, proportional to o - B, was introduced phenomenologically by Pauli to de-
scribe the coupling between the intrinsic magnetic moment of the electron and the
magnetic field. Such term contains, in fact, the vector ¢ which, as we shall see
later, is proportional to the spin of the electron. It is interesting to note that in the
Dirac theory the spin appears in a natural way as a relativistic effect of zero or-
der.

We now consider a special case of the Pauli equation, namely the case of a non-
relativistic particle moving in a constant magnetic field, as well as in an electrostatic
potential ¢. Such magnetic field has an associated vector potential of the form

1
A=-B xx,
2

which satisfies the condition div A = 0. In fact, taking into account the vector iden-
tity (16.9), we have

1 1 1
rotA = —EB - gradx + EBdiVXI 5(—B +3B) =B.

On the other hand we have that

1 e \? p? e e?
—(p—-A) == —(p-A+A- A%,
2m (p c ) 2m  2mc P-A+A-P+ 2mc?
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B

Fig. 5.1 A charged particle moving along a closed circuit encompassing the area a produces, for
Ampere’s equivalence principle, the magnetic moment g. The case drawn in the figure corresponds
to a positive value of the charge

This quantity can be transformed considering that
P-A+A-p=2A-p—ihdivA=2A-p=Bxx-p=B-M,

where M = x x p is the orbital angular momentum of the particle, which we write
in the form M = hf. Also,
1 1 1
2 2 2.2 2 2.2
A :Z(Bxx) =Z[B x> —(B-x) ]:ZB x7,

where x| is the component of x in the plane perpendicular to B. Substituting these
intermediate results, the Pauli equation for a charged particle, moving in a uniform
magnetic field and in a electric field with potential ¢, is

2 eh e?
[p——%(€+a)~B+8 232x3+e¢]x=ex. (5.11)

2m mc

The physical meaning of the various terms appearing in this equation is immedi-
ate: p? /(2m) is the kinetic energy of the particle; —ef(€-B)/(2mc) is the interaction
energy of the orbital angular momentum with the magnetic field; —eh(o - B)/(2mc)
(the term introduced phenomenologically by Pauli) is the energy of the interaction
of the intrinsic angular momentum (spin) with the magnetic field; e¢ is the electro-
static energy; and, finally eZBin /(8mc?) is a term that is always positive, and is
called diamagnetic term.

The presence of the interaction term between the orbital angular momentum and
the magnetic field can also be justified with elementary physical considerations if
we suppose that the particle is moving in a central field. In this case, classically,
the particle is in fact subject to a periodic motion characterised by a closed orbit
(see Fig. 5.1). We can in principle associate an electric current i to the particle and
therefore, in accordance with Ampere principle of equivalence, a “classic”” magnetic
moment u. given by the expression

1

re=—4a,
c

where a is a vector whose magnitude is the area of the orbit, and is directed normally
to the plane of the orbit, with the convention of the right-hand rule (rule of the
corkscrew). If T is the orbital period, the current is e/ T, and

e

= —a.
K T
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The quantity a/ T is the areolar velocity of the particle, which can be related to the
angular momentum. In fact

ea e e eh
XV=——xxp=—-~«.
cT 2c 2mc 2mc

If we recall the classic expression for the energy of a dipole in a magnetic field
(—p - B), we have

e =

eh
Emagnetlc _— _%‘e B

that is exactly the term that appears in the Pauli equation.

5.5 First Order Limit

The nonrelativistic limit of the Dirac equation at the first order is obtained by con-
sidering the first two terms in the square brackets in Eq. (5.10) and substituting that
equation into Eq. (5.9). We obtain

1 e €—ed e _
%a~<p—;A><1— T2 )a~(p—;A>x—(e—e¢)X.

We now exchange the order of the first two factors which appear in the left-hand
side. To do this we must take into account the commutation rule

e €—ed e ihe
|:a~<p—;A),l—W:| e 550" [p, ¢]= ——o grad ¢.

Repeating calculations similar to those described in the previous section, the Dirac
equation becomes

€ —ed e \? i e e
(1- 5z (0= 58) 50 (p=a) < (o= 54) o
ihe e . e
2 ot (o 50) it (o 50) = -0
dm*c c c

We now further expand the calculations in the simplified case of a purely elec-
trostatic field, for which we can assume A = 0. Taking into account that p x p =0,
the above equation becomes

LAY e leradp-p+ic - grad x plx = (€ — ed)
- oy - rad ¢ - io - grad¢ x =(ec—ed)x.
wme? )am® T amre2'® P g Pix X

Since at the zero order we have
2
p

o X = (€~ ed)x.

the term
€—e¢ p?
2mc? 2m

X?
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that is already a first-order correction, can be substituted (neglecting higher orders)
with any of the two expressions

4 2
14 (€ —ed)
, of ———x. 5.12
gm3c2 mez % (5.12)
Furthermore, supposing that the potential in which the particle moves is a central
potential (¢ = ¢ (r)), and taking into account that

grad¢ = (g—(f>vers(r) = %(?}—f)r

we can apply the transformations

. 0¢ 0
d¢ -p=—-ih——,
grad¢ -p ! ar or
10 10
grad¢xp=——¢rxp=——¢h€.
r or r or

Substituting, we obtain the final equation for the nonrelativistic limit at the first
order, in the simplified case of a purely electrostatic potential having spherical sym-
metry

[ p? pt eh? 3¢ 9 eh? 19¢

—— Ly =€x. 5.13
2m + 4m2c2 3r or | 4m2c2r dr :|X X >.13)

The first two terms represent the usual kinetic energy and the zero-order electro-
static energy. We can now try to provide a physical interpretation to the other terms
that appear in the equation. The term proportional to p* is a relativistic correction
to the kinetic energy. We have in fact, with obvious notations

2 2 4
Exin=1/2p2 +m2c* —mZ=m(J1+ L 1) =L __P__
m?c? 2m  8m3c?

The term proportional to ¢ - £ describes the so-called spin-orbit interaction and was
introduced empirically in the Schrodinger equation even before it was given a for-
mally correct explanation through the Dirac equation. The physical interpretation
of the spin-orbit interaction is to be found in the coupling between the magnetic
dipole u. associated with the angular momentum of the particle and the magnetic
dipole p associated with the intrinsic angular momentum (spin) of the particle. If
we assume that the two dipoles are parallel, one has for the interaction energy

1
Edipole—dipole = r_?’ﬂc Mg, (5.14)

where 7 is the distance between the two dipoles, i.e. the distance of the particle from
the origin of the central potential in which it is moving. On the other hand, if we
assume, as suggested by the results obtained in the previous section, that

h h
e—( Mo = e—a

He= " 2me

- 9
2mc
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we have
e 1
Edipole—dipole = _47’11262 r_3(7 4.

This quantity coincides exactly with that appearing in the Dirac equation if one
chooses for ¢ the Coulomb potential due to a charge —e (opposite to that of the
particle), as in the case of the hydrogen atom. In this case we have in fact ¢ = —e/r,
and the term in the Dirac equation becomes

el? 19 e’ 1

W ;a—?(f A= W r_30' A= E gipole—dipole-

The additional term that appears in the Dirac equation, i.e. the term proportional
to grad ¢ - p, is known as the Darwin term and has no classical analogue. From the
point of view of the calculation, its expectation value on an arbitrary wave function
can be transformed in the form of a contact term. If i is the wave function (supposed
here scalar and real), the expectation value of the Darwin term (written in its general
form, without supposing to have a spherically symmetric potential) is

eh?
Eparwin = —>53 / Y grad¢ - grady dV.
dm=c

This integral can be transformed taking into account that

Y gradg - grady = %grad W2 grad¢ = %[div(l/f2 grad¢) — V29|

If we assume that the wave function and the electric field become null at infinity,
for Gauss’s theorem the first term in square bracket gives a zero contribution to the
integral and we have

eh?
13 / VAVl dv.

This expression shows that, for the calculation of its expectation value, the contri-
butions to the Darwin term are only the points where there are electric charges that
generate the potential ¢. For example, if we assume that ¢ is due to a single charge
q located at the point xq, recalling that

V2 = —4mqs(x — X0),

Eparwin = —

we have
dreqh?
8m2¢?

¥ (o). (5.15)

EDarwin =

5.6 The Dirac Equation Describes a Particle of Spin 1/2

In the previous sections we have already introduced the concept of spin, though in
a way that was not completely accurate. We now want to prove in a rigorous way



5.6 The Dirac Equation Describes a Particle of Spin 1/2 113

that a particle described by the Dirac equation has an intrinsic angular momentum
equal to 1/2 in units of A. To do this, we note that if an observable is a constant
of motion, it must have the property that its associated operator commutes with the
Hamiltonian. Since the total angular momentum j of a free particle is preserved in
time, we must have

[H,j]1=0.
We now consider the commutator of the Dirac Hamiltonian with the orbital angular
momentum of the particle £ = x x p/h. Recalling Eq. (5.1), we have
1
[H, 1= [ca p+pme’, x xp],

and for the i-th component of the commutator we get

1
[(H, ti]= 7 %:Eikl [;Cajpj + ﬁmc2,ka}

C

=7 > emajlpj. xilpr=—ic Y emapr.
jki ki

‘We then have, in intrinsic form
[H, €] = —ica X p.

We can deduce that the orbital angular momentum of the particle is not a constant
of motion since it does not commute with the Hamiltonian.
Let us now consider the matrices of order four, 7, defined by

i
=—— , 5.16
T 2« X o ( )

where «; are the Dirac matrices. Recalling their definition in terms of 2 x 2 matrices
(Eq. (5.3)), we have

'__i - 0 gj 0 Ok __i - 00k 0
T = ) E eljk(o_i 0) (Uk 0)— 3 E 6,./](( 0 o0k .
Jjk ’ Jjk ‘
On the other hand, for the property of the Pauli matrices the following relation holds

Zeijkojak = ZiUi,
Jjk

I = g; 0
L 0 (o] )
The matrices T are therefore a generalisation to order 4 of the 2 x 2 Pauli matrices.

It is simple to show that they satisfy the same relations, i.e.

[Tiyfj]ZZiZ'?ijka, {ti, ;) =24y, TiTj=5ij+iZ€ijka-
k k

so we get
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Considering the commutator [, T] we have

[H,ti]= —% %:eikl |:Z cajp;+ IBmCZ’ o{kal]
J

i
=75 Zeikz <Z cpjlej, o] + mc*[B, akoq]>_
ki j

Evaluating the two commutators appearing in the right-hand side we get
loj, ooy ] = 268 jray — 26810, [B, aroy] =0,
so, with simple algebra we finally obtain
[H, T] = 2ica x p.
Introducing the vector j through the relation

1
=0+ -1,
J +21:

we obtain
[H,j]1=0.

The vector j is a constant of motion and is therefore natural to identify it with the
total angular momentum vector. The previous relation shows that it is obtained by
summing the orbital angular momentum with a vector, that we indicate with s, and
that represents the intrinsic angular momentum (spin) of the particle

1

S=-T.
2

The vector s satisfies the relations (immediately derived from those of the vector T)
. 1 1 i
[si s;1=1)  €ijesk. {si.sjh =58, SiSj=Z3ij+§ZEijksk~
k k

These properties show that the vector s satisfies all the requirements to be consid-
ered, quite rightly, an angular momentum (see Sect. 7.9). Moreover, being

3
82=ZS,'S,' = Z,
i

we obtain that the intrinsic angular momentum is % (recall that, within the angular
momentum theory, the eigenvalue of the operator J2 is J(J + 1)).

In the nonrelativistic limit of the Dirac equation discussed in the previous sec-
tions, and in particular at the zero order, we have seen that the main contribution to
the interaction between a charge particle and a magnetic field is described by a term
in the Hamiltonian given by

eh
Hmagnetic = - —2 (e + 0') -B.
mc
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This expression is consistent with the idea that a magnetic dipole u, is associated
to the orbital angular momentum, and a magnetic moment f¢ is associated to the
spin. In the case of the electron, for which e = —eg, with eg = 4.803 x 10710 esu
the dipoles are given by

me=—pol, My = —Ho0,

where we have introduced the quantity wo, known as the Bohr magneton, defined
by2
eoh

po=> = 9.274 x 1072 erg G™!. (5.17)
mc

The momentum g, has already been interpreted in classical terms (see Sect. 5.4).
Concerning u,, we note that, since o is the representation of order 2 of the matrix =
(of order 4), and being T = 2s, we can rewrite it as

Hg = —2p108.

The ratio between the magnetic moment (in units of Bohr magnetons) and the
corresponding angular momentum (in units of /) is called the gyromagnetic ratio.
So we have obtained that the gyromagnetic ratio of the electron is —1 for the orbital
angular momentum and is —2 for the spin. This anomalous behavior of the magnetic
moment associated with the spin was assumed in the phenomenological theory of
the electron given by Pauli. The fact that this results in a natural way from the Dirac
equation is one of the great successes of this theory.

5.7 Solution of the Dirac Equation in a Magnetic Field

The Dirac equation can be solved exactly in a number of particular cases. As an
application to the theory developed in this chapter, we now seek for the solution
relative to a charge moving in a constant magnetic field. Such field can be described
in terms of the electromagnetic potentials

1
¢ =0, A=-B xx,
2
and the Dirac equation becomes

iy 5, 1) = Hy (),

where Hp, the Dirac Hamiltonian in the case of a constant magnetic field, is given
by

Hp =ca - (p — EA) —}—/Bmcz.
c

2Recall that in c.g.s. units, the unit of measure for the magnetic induction is the gauss, shortened
with “G”.
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To solve this equation, we start by noting that the operator Hﬁ, has a much simpler
expression than the operator Hg. We have, in fact

H§ — I:C“ . <p — SA) + ,8mc2i| |:coc . <p — EA) +,Bmczi|.

The expression in the right-hand side can be expanded taking into account the al-
gebra of the matrices o and 8 (Eq. (5.2)). Recalling the definition of the matrices ©
(Eq. (5.16)) and the commutation rule

0A;

[pi, Aj]l=—ih ox;

we find, with some transformations,
e \2
Hl% =c? <p - —A> —ehct - B+ m?c.
c

Now suppose we have solved the eigenvalue equation for the operator Hé and
denote by €? the eigenvalues (which must necessarily be real and positive) and by
@ the eigenvectors. By definition we have

(H; — 62) D=0,
and the equation can be written in the two alternative forms
(Hp —€)(Hp+ €)@ =0, (Hp+€)(Hp — €)@ =0.
These two equations show that the two wave functions
¥, =(Hp +¢€)P, V_=(Hp—€)P,

are eigenfunctions of the Hamiltonian Hp, corresponding to the eigenvalues € and
—e, respectively. By means of this algorithm it is then possible to relate the solution
of the Dirac equation to the solution of the eigenvalue equation for the operator Hf;.

Taking into account the explicit expression for the vector potential, and introduc-
ing a system of Cartesian coordinates (x, y, z) with the z axis directed along the
direction of the magnetic field, the operator Hé takes the form

2 2
eB eB
H§=C2<px+§y> +c2<py—§x> +c?p? — eheBty + mAc*.

The spinorial character of the operator is included only in the diagonal matrix 3,
explicitly given by

1 0 0 O
= 0 -1 0 O
0 0 1 O
0 0 0 -1

Furthermore, all of the commutators that can be constructed from any two out of
the five terms of the operator H§ are null, with the exception of the commutator
between the first two terms, which is different from zero. In order to transform the
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operator th? in a sum of commuting operators, we perform a change of variable
introducing the operators

eB . eB
a=y|\py— 5% —1id Px*'zy ,
¥ eB . eB
a =y\py— % +16 Px+%y ,

where y and § are two real constants to be carefully chosen. With these transforma-
tions, we obtain the expression for H[%

2 2
c . c . .
H:=—(a*+a?+aa" +a'a) — —(a®*+a" —aa’ —a'a
B 47/2( ) 482( )
+ 62p§ — ehcBt3 +m?c?,

and, for the commutator between the operators a and a',

2¢Bh
[a,aT]z ¢ y4.
c
If we now impose that
C
= Y=

the operator thz becomes the sum of commuting operators for which the eigenvalue
problem has already been solved. With simple algebra, we have

l1FT
H} = 2|e|th<aTa + %) +pl+mict,

where |e| is the absolute value of the charge of the particle and where the sign in
front of 73 is minus for positive charges and plus for negative charges. Recalling the
results about the harmonic oscillator of Sect. 4.1, and taking into account that the
eigenvalues of 73 are £1, the eigenvalues of the operator Hl% are of the form

e =m>c*+ czqz2 + 2|e|hcBn,

where ¢, is the (continuous) eigenvalue of the operator p, and where n is an arbi-
trary integer that is positive or null. Finally, for the eigenvalues of the Hamiltonian
Hp, we have

€= :I:\/mzc4 +c2q2 +2lelhcBn (n=0,1,2,...).

The energy levels that we have found are called Landau levels. They are char-
acterised by a continuous parameter g, (the component of the momentum of the
particle along the direction of the magnetic field) and by an integer index, n (that in-
stead characterises the motion in the plane perpendicular to the magnetic field). As
in the case of the Dirac equation for the free particle, there are levels with positive
energy and levels with negative energy.
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The equation that expresses the eigenvalues of the energy can also be written in
a more meaningful form

2
q B
=4mc* [1 L4190 p,
€ mc\/ +m202+ Bqn

where we have introduced the “quantum magnetic field” Bq defined by
m2c3
qQ= W’
that, in the case of electrons, is 4.414 x 103 G. In the particular case where ¢, < mc

and B < By, the square root can be expanded in a power series and at the lowest
order we obtain

q2
€= :l:(mc2 + = —l—hwcn),
2m

where the quantity w, defined by

le| B
we = ——,
mc

is the cyclotron frequency that we have already encountered in Chap. 3 (Eq. (3.30)).



Chapter 6
Atoms with a Single Valence Electron

The spectroscopic analysis of the radiation emitted by atomic and molecular sub-
stances in the most varied conditions of pressure and temperature has been carried
on for a long time, starting from the discovery of absorption lines in the solar spec-
trum by Fraunhofer in 1817. These studies have resulted, over the years, in the
emergence of a new discipline of experimental and theoretical physics that is called
spectroscopy. This discipline had a fundamental historical importance for the un-
derstanding of the atomic structure, although it was not until the advent of quantum
mechanics that a rigorous interpretation of observations in the laboratory and astro-
physical plasmas could be given. In this volume we present the basic concepts of
spectroscopy using a modern approach, starting by giving a description (at increas-
ing levels of sophistication) of the simpler spectra, namely those related to atoms
containing only one valence electron (hydrogenic atoms, alkali metals and related
isoelectronic sequences). The complications introduced by the presence of more
valence electrons are described in later chapters.

6.1 Hydrogen Atom, Bohr Theory

The spectrum of the hydrogen atom is the simplest and the first one for which an
adequate theoretical interpretation was obtained. The regularities appearing in the
observed wavelengths of the hydrogen lines of the visible spectrum were quanti-
tatively formulated by Balmer, a Swiss secondary school teacher, in 1866. Balmer
discovered that the wavelengths of these lines could be accurately expressed by the
empirical formula

n2

n?—4’
where Ap is a constant (equivalent to about 3647 A), and n is an integer (n = 3, 4,
5, etc.). Today, this expression is normally written in the form

- 1 1
UZRH ?—H—Z (I’l>2),

A=AB
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UNITEXT for Physics, DOI 10.1007/978-88-470-2808-1_6, © Springer-Verlag Italia 2014


http://dx.doi.org/10.1007/978-88-470-2808-1_6

120 6 Atoms with a Single Valence Electron
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Fig. 6.1 Spectrum of the hydrogen atom, from the ultraviolet to the infrared. The first spectral
lines of the Lyman, Balmer, and Paschen series are indicated by vertical lines. The limits of the
series are indicated by dashed lines. The horizontal scale is linear in the wavenumber

where v(= 1/A) is the wavenumber of the spectral line and Ry (= 4/Ap) is the so-
called Rydberg constant. If we substitute the integer 2 in the previous formula with
other integers, we obtain other series of lines. The complete spectrum of the hydro-
gen atom (cf. Fig. 6.1 for a schematic diagram) can be obtained with the formula

D:RH(LZ—LZ> (n >m). (6.1)
m n
The m =1 series falls in the ultraviolet and is called the Lyman series. The m = 2
series falls in the visible and is obviously called the Balmer series. The other ones
fall in the infrared at progressively longer wavelengths and are called the Paschen
(m =3), Brackett (m =4), Pfund (m =5), and Humphreys (m = 6) series.

The expression for v can be rewritten as

v="Ty —Tn,
where
Ry o
T, = = (with k integer). (6.2)

This means that the wavenumber of any hydrogen spectral line can be obtained from
the difference between two “spectroscopic terms” of the form Ry/k?. It turns out
that this property is very general, in that it applies to the spectra of all the other ele-
ments. Experiments have in fact verified that all the wavenumbers of the multitude
of spectral lines of a given atom (or ion) can always be obtained from differences
of a much smaller number of terms (although, in general, these terms cannot be
expressed by simple expressions such as Eq. (6.2)). This fact was historically quite
important, and is called the Rydberg-Ritz principle. It states that all the spectral
lines of an element (in any ionisation state) can be obtained from the difference
between any two spectroscopic terms, characteristic of the element (or ion). The
number of terms is much smaller than the number of possible spectral lines.
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The first theoretical interpretation of the hydrogen spectrum was given by Bohr
with a relatively simple model, where he combined ad-hoc quantisation hypothe-
ses with the known laws of classical mechanics. From the modern perspective of
quantum mechanics, Bohr’s theory is obsolete, however it constitutes a very good
introduction to atomic physics and is therefore worth describing it here.

The basic starting point of Bohr’s theory is the so-called planetary model of the
atom, as it emerged from the pioneering experiments carried out by Rutherford.
He showed that an atom is composed of an extremely small (almost point-like)
positively-charged nucleus and a cloud of electrons orbiting around it. Bohr consid-
ered the simplest atom, i.e. the hydrogenic one, where a single electron is orbiting
a central nucleus of charge Zeg (eq is the absolute value of the electron electric
charge and Z is an integer). Bohr started with the following assumptions: (a) of
the infinite orbits that, according to classical physics, an electron can describe in
its motion around the nucleus, only few ones, verifying some suitable quantization
rules, are allowed; in stark contrast to the theory of classical electromagnetism, the
electron does not irradiate as it moves along these orbits notwithstanding its accel-
erated motion. (b) A “quantum” of radiation is either emitted or absorbed following
a “transition” of the electron between two allowed orbits, at a frequency

AE
V=—",
h
where AE is the difference between the energies of the two orbits, and /4 is Planck’s
constant (h = 6.626 x 10727 ergs). It is interesting to notice that the Rydberg-Ritz
principle is implicitly contained in this second hypothesis, the spectroscopic terms
being given by the energies of the orbits (apart from a 1/(ch) factor).

If we assume for simplicity that the electron follows a circular orbit, from New-

ton’s second law we obtain

=, 6.3
) ; (6.3)
where r is the radius of the orbit, v is the electron velocity and m its mass. Bohr

added to this classic expression the quantisation condition' that the angular momen-
tum of the electron must be an integer multiple of the constant h = h /27w

mvr=nh (m=1,2,3,...).

By eliminating the velocity in the two equations we obtain for the radius of the orbit
characterized by the “quantum number” n

K2 n?

I'n = -
mef) z

'In reality, the original treatment that Bohr introduced is different, being based on the correspon-
dence principle. However, the present is a modern adaptation that does not alter the spirit of Bohr’s
reasoning.
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The quantity 1%/ (me(%), has the dimension of a length and is called the radius of the

first Bohr orbit. It is usually indicated as ao and is equivalent to 0.529 x 10~8 cm,
i.e. 0.529 A. The previous expression is therefore usually written as

n?
rpn, =qq ? .
The energy of the electron on the orbit of radius r is
1 Zel  Ze}
E=-mv>——90=_"20
2 r 2r

where we have used Eq. (6.3) and we have assumed a zero electrostatic energy at
infinity. Substituting the r,, value, we obtain that the energy of the electron on the
orbit characterized by the quantum number # is
_wz_ me 2

2ag n2  2h% n?’
The velocity v, of the electron on the n-th orbit can be obtained from the quantisa-
tion rule on the angular momentum. We have

2
ey Z
Up = 2= ,
h n
and, introducing the dimensionless quantity «, defined as the fine-structure constant,
6(2) 1 _3
o=—=——=7.29735x 107",
he  137.036
we obtain
vy =oc—,
n

which shows that for the hydrogen atom (Z = 1) we should expect relativistic cor-
rections of the order of &>. We can obtain the orbital period of the electron using the
expressions for r,, and v,. We have

. 2rr, 2mhd nd

n— Un - meé ?7
i.e. we obtain the analog of the third Kepler law
r,? Ze? .
=5 = . independent of n.
T; 4m“m

Finally, using the definition of the fine-structure constant, the energy E, can also be
written as

5 A
2n?
These results assume that the nucleus has infinite mass. To take into account its
finite mass, we need to substitute the electron mass m with the reduced mass m;
_ mM,
T m+ M,

E,=—mc

nmy
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where M, is the mass of the nucleus. Considering that we always have m < M, we
can expand in series the previous equation, obtaining

m
mr:m<l — —)
My

This shows that the correction for the reduced mass is of the order of 0.05 % for
the hydrogen atom. The formal proof of the reduced mass correction is based on the
two-body theorem that we are going to recall here.

Given two bodies of mass m| and mo, if the first exerts the force F on the second,
according to Newton’s third law, the second exerts the force —F on the first, so that,
using Newton’s second law, the motion of the respective centres of mass follows

mziz - F, m]i&] - —F

For the relative motion, described by the unit vector X = X, — X1, we therefore have

. e . (1 1)
X=X —X=|—+— |F,
nmy ny

that is
mX=F,
where
mimy
M= ——"—.
mi +my

This last equation shows that the motion of the second body (in our case the electron)
relative the first one (the nucleus) is the same as the absolute motion of a body
experiencing the same force and of mass equal to the reduced mass. Considering
the correction due to the reduced mass, the energy of the hydrogenic atom in the
n-th orbit is

4 ~2
meeg Z
E,=——22

2h% n%’
According to Bohr’s second assumption, the wavenumber of the quantum emitted
in the transition between the n-th and the m-th orbits (n > m) is

g:M:RZZ L_i,
he m?  n?

where R, the Rydberg’s constant for the hydrogenic atom, is given by

(6.4)

mreg
" 4mcehd’
and in particular, for the hydrogen atom,
mMp eg
Ry=—2> 0
m + My 4mch?

M, being the proton mass.
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As can be seen, Bohr’s model leads to an expression for the wavenumbers of the
spectral lines of the hydrogen atom which coincides with that observed (Eq. (6.1)).
More quantitatively, we can compare the numerical values, theoretical and experi-
mental, obtained for Ry. By substituting the values of the atomic constants, good
agreement is obtained. This fact was historically one of the most convincing proofs
of Bohr’s theory.?

As we have noted, the formulae derived in this section are applicable not only
to the spectrum of the hydrogen atom but also to the spectra of hydrogenic (or
hydrogen-like) atoms, i.e. atoms consisting of a single electron orbiting around a
nucleus with charge Zej, with Z > 1. Such spectra are those of singly-ionised he-
lium, He™ (Z = 2, spectrum of He 11); of lithium two times ionised: Lit™ (Z =3,
spectrum of Li I11), of beryllium three times ionised, etc.® The spectra of hydrogen-
like atoms are entirely similar to the spectrum of hydrogen, with the difference of a
1/Z scale factor in the size of the orbits and of a 72 factor in the energies, i.e. in the
wavenumbers or frequencies (in addition, there is a further difference, of the order
of a fraction of 1/1000, due to the effect of the reduced mass on the Rydberg con-
stant). The Balmer series of ionised helium, for example, is found in the ultraviolet
rather than in the visible.

The quantisation rules introduced by Bohr only apply to bound orbits, i.e. to
those (elliptical, in classical physics) corresponding to negative energies. The or-
bits that correspond to positive energies (hyperbolic, in classical physics) are thus
all “possible”. In addition to transitions between orbits of negative energy, transi-
tions between orbits having positive and negative energy are also possible. Also,
transitions between orbits having positive energy, are possible. In the first case, the
wavenumber of the quantum of energy is given by

€ R

he + n?’

where n is the quantum number of the orbit having negative energy, and € is the
kinetic energy of the electron at infinity on the hyperbolic orbit. € can have any
positive or zero value. Therefore, the series of lines becomes a continuous spectrum
at wavenumbers longer than the limit (R/n?). For the hydrogen spectrum, for ex-
ample, we have the Lyman continuum for A < 912 A, the Balmer continuum for
A < 3647 A, etc. This type of transition corresponds, in absorption, to the expul-
sion of an electron from the atom (photoelectric effect or photoionisation), while in

V=

2t must be said that at the time when Bohr published his results, the physical constants were known
with poor precision and the mere coincidence between the theoretical and experimental value for
Ry was not by itself sufficient evidence to convince the scientific community of the validity of his
model. Today the situation has changed radically and the Rydberg constant is one of the best known
physical constants with a large number of significant digits (Ry = 1.0967758341 x 10° cm™!).

3The spectrum of an element n-times ionised is indicated by the symbol of the element followed by
the number (n + 1) written in Roman numerals. For example, the spectrum of Nal is the spectrum
of neutral sodium. The spectrum of C1V is the spectrum of carbon three times ionised. That of
Fe XV is the spectrum of iron ionised 14 times, and so on.
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emission it corresponds to the reverse process, electronic recombination. The obser-
vation of the continuum limit associated with the ground level is very important, as
it provides directly the ionisation potential of the atom (or ion). If we indicate with
Voo the wavenumber corresponding to the limit of this series, the ionisation potential
(in eV) can be obtained simply by the formula

x(eV) =1.2398 x 10 % (cm™").

For the hydrogen atom, for example, given that v, = Ry we obtain a ionisation
potential of 13.598 eV.

A transition between two orbits having positive energy is characterized by the
wavenumber

€—¢€
hc

where € and €’ are the kinetic energies at infinity of the electron on the initial and
final hyperbolic orbits. This transition corresponds, in emission, to Bremsstrahlung
(which means “braking radiation” in German), and in absorption to inverse
Bremsstrahlung *

A particularly useful graphical representation of spectroscopic terms and spectral
lines is obtained by plotting in a diagram the energy levels by means of horizontal
lines on a vertical scale of energy (or wave number). Figure 6.2 gives an example
of such a diagram (called Grotrian diagram) for the hydrogen atom. The energy
of a level can be obtained by reading the scale on the left, and the zero value is
conventionally assigned to the ground level. The wavenumber of the corresponding

V=

b

4See Sect. 3.7 for the classic theory of Bremsstrahlung.
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Fig. 6.3 System of spherical z
coordinates (r, 6, ¢) and
corresponding unit vectors e,
€9, €y

term can be read instead on the right scale, where, again by convention, the zero
corresponds to the ionisation limit. Any spectral line is represented by a vertical line
that connects two energy levels. The length of the line, measured on the right-hand
scale, gives directly the wavenumber of the spectral line and thus its wavelength.

Finally, we note that Bohr’s theory, deduced for circular orbits, was later gen-
eralised by Sommerfeld to the case of elliptical orbits. We will not discuss such a
theory here, given that, nowadays, it is interesting almost exclusively from an his-
torical point of view.

6.2 Schrodinger’s Equation in Spherical Coordinates

The atomic structure, i.e. the energies of the atomic levels and their correspond-
ing spectra are nowadays determined by solving the time-independent Schrodinger
equation. For a particle of mass m moving in a force field where a potential can be
defined, the equation is the following

2

Hy) = [f—m + v]|w> = Ely),

where V is the potential energy of the particle. In the wave function representation,
where the operator p is —ihgrad, the equation, for a time-independent potential,
becomes

2
[—h—vz + voo}w(x) =Ey(x).
2m

If the field has spherical symmetry, the solution is simplified by introducing the
spherical coordinates r, 6, ¢, defined implicitly by the equations (see Fig. 6.3)

X =rsinfcose, y=rsinfsing, z=rcoso,

where (x, y, z) is a right-handed orthogonal Cartesian system.
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We now need to express the Laplace operator V2 in spherical coordinates. Given
that
V2 =div grad,

we have to write in spherical coordinates both the gradient and the divergence op-
erators. We first introduce the three unit vectors e,, ey and e which form a right-
handed triad, as shown in Fig. 6.3. These vectors can be expressed as a linear combi-
nation of the three unit vectors i, j, k, aligned along the x, y, z axes, by the equations

e, = sin 6 cos ¢i + sin 6 sin ¢j + cos Ok,
eg = cos O cos i + cos 6 sinpj — sin Ok,
ey = —sin ¢i + cos ¢j.

Through them, we can write the infinitesimal distance dP between two points having
spherical coordinates (r, 6, ¢) and (r +dr, 6 + d6, ¢ + d¢) as

dP =e; dr + egr df + e4r sinf do.

Given an arbitrary scalar function f(r), we have, from the definition of the gradient,
that

df =grad f - dP = (grad f), dr + (grad f)er d6 + (grad f)sr sin6 de,

where we have indicated with the symbols (grad f), 9.4 the three components of the
gradient of the function f along the three unit vectors e,, €y, €. On the other hand,
given that we also have
af af af
df = —dr+ —df + —do,
! ar a6 o ¢

by comparing these last two equations, and since f is an arbitrary function, we
obtain the expressions for the spherical components of the gradient

B 3
¢ rsing 9¢°

1
—, grady = — (6.5)
r

grad, = o

39" grad

The expression for the divergence operator can be obtained in a similar way.

Considering the flux of an arbitrary vector v through the surface of the infinitesimal
volume of Fig. 6.4, we have, for Gauss’s theorem

0
(divv)r?sin6 dr do d¢ = - (v-r?sin6) dr do dg
r
0 d
+ 30 (vgr sin®) dr do d¢ + ﬁ(%’") drd6 de,
from which we obtain, as it can be easily proved,

9 1
2 (sin0 2 v
rsing 99 SOV o o

divv=— E(r vr) + (6.6)
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Fig. 6.4 The figure shows z
the infinitesimal volume used
to find the expression for the
divergence operator in
spherical coordinates

Recalling that VZ = div grad, together with Eq. (6.5), we then obtain the expression
for the Laplace operator of a scalar function in spherical coordinates

10 9 19 9 1 02
Ve —(rP— ——— — | sinf— — . 6.7
72 8r<r ar)+r2sin9 ae( ae>+rzsin29 g ©D
Using this expression, the time-independent Schrodinger equation for a particle
moving in a central potential is

HY (r,0,¢) = EY(r.0,9),

where the Hamiltonian, in spherical coordinates, is

” h21823+1 LAY 32 Vo)

=——|5—|r"— ———— | sinf— —_— r).
2m | r2 or ar r2sinf 90 26 r2sin% @ d¢?

Before discussing the solution of this equation, we need to also find the expres-

sions, in spherical coordinates, for the operators associated with the orbital angular
momentum. Recalling the definition
1

L= ﬁx X p = —ix x grad, (6.8)

we have

¥4 ire, x | e 9 + € 19 +e —1 9
= —1r - - U R
T2\ T 90 T " sing 99

from which we obtain, given that e, x eg = ey, €, x ey = —eg,

: d 1 9
{=—ileg— —eg—— ).
a0 sinf d¢
This equation allows us to obtain the three components of the orbital angular

momentum along the x, y, z axes (cf. Fig. 6.3). Taking into account the relations
between the triads (e,, eg, €y) and (i, j, k), we have
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L i-£=ilsing 9 + cotf 1) 9
=1-£=1{sin¢p— +cotbcos¢p— |,
* 20 By

d d
Ly=j-4 =i(—cos¢£ + cotf sinqb%),
.0
L=k-L=—i—.
¢

For £% we have
0 1 0 0 1 0
P=0.0=— ep— —€—— | |e— —€e—— |
a0 sinf d¢ a0 sin@ d¢

To calculate this quantity we need first to find the derivatives of the unit vectors with
respect to the spherical coordinates. With simple geometrical considerations we find

0 il .
5(5, =0, a—@er =ep, ﬁer =sinfey,
0 9 9 0
—ep =0, —ep = —e,, —eg =cosfey,
ar 0 30 " ’ g © ¢
] .
3,8 = 0, 505 = 0, %e(lg = —sinfe, — cosfey.
We obtain
) 32 d 1 92
F=——>—cotd— — ———,
962 390 sinZ@ 9¢2
that is

) 1 a/. 3 1 92
t'=———(sinf— | — ———.
sinf 96 00 sinZ @ d¢?
Using the previous expression for £, we can find the commutation relations among
the components of the angular momentum. We have

0 1 0 a 1 9
Ixl=—|ep——€eg—— | x|eg——eg—— ],
a0 sinf d¢ a0 sinf d¢
from which we obtain, as it can be easily proved
Lx{€=il.

This is the fundamental relation containing the commutation relations among the
components of the total angular momentum. From this relation we obtain directly

[¢%. 2] =0,

i.e. the square of the orbital angular momentum commutes with each of its com-
ponents. With the introduction of the operator £2, the Schrodinger equation can be
written as

Poaf,0 o,
[ <r —>+ﬁe +V(r)]w(r,e,zﬁ):Ew(r,@,qs). (6.9)
mr

2mr2ar\' or
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Considering that £ operates only on the variables 6 and ¢, and that £, operates only
on the variable ¢, we can search for a solution of the Schrédinger equation that is at
the same time an eigenfunction of the three commuting operators 7, ¢> and £.. In
order to obtain this, we start by determining the eigenfunctions of the operator ¢,
namely the functions @,, such that

.0
—1£¢H =ud,.
By integrating this equation we obtain, apart from an arbitrary multiplicative func-
tion of the variables r and 6,

@, (p) =e?.
The function @, (¢) must be single-valued, which happens if we have
w=m,

with m an integer (positive, negative or null). We therefore obtain that the eigenval-
ues of the ¢, operator are the integers m and the corresponding eigenfunctions are
of the type

Dy, (¢) = eim¢~

Let us now determine the common set of eigenfunctions of the operators £2 and £.
To do this we seek functions of the form &, (6)®,, (¢) such as to satisfy the equation

L 9/ 0 0 Lo O, P 1O D

———|sinf— | - ——— = .
sind 96 30 ) sinfgopr| " A=

Substituting the expression for @,, and performing the change of variable defined

by

X =cosf,
we obtain for the function @, the differential equation
d’e, de, m?
1—x? — 22— 4 (r— 5, =0.
(1-9)%% xdx+< )A
To solve this equation, we substitute
2
0,00 = (1= 22" £, (x)
and performing the derivatives, we obtain for f; the differential equation
(1 —x2) /() = 2x (14 Iml) () + (A — Im| — m?) fo.(x) = 0.

Finally, we seek a solution for the function f; in the form of a power series

fHro) = chxk-
%

By performing the derivatives and substituting, we obtain a recurrence relation be-
tween the coefficients ¢ of the form

B k+m)Dk+m|+1)—Ar
B (k+2)(k+1)

Ck42 Ck-
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If the series is not truncated we obtain, for k — oo, that the cx42/ck ratio tends
to 1. The series is therefore divergent for x = £1. In order to have a finite function,
the series needs to be truncated, which implies that the eigenfunction A satisfies the
expression
A=I1I+1),
with [ integer and with
I > |m|.
Note that the maximum degree of the polynomial, kpax, 1S
kmax =1 — |m],

and that the degree of the polynomial is even or odd depending on whether kn;x is
even or odd.

These functions are, except for a multiplicative constant, well known in math-
ematical physics. They are called Legendre functions (for m = 0) and associated
Legendre functions of the first kind (for m arbitrary) and are usually denoted, re-
spectively, by the symbols P;(x) and Pllm‘ (x). It is possible to show that the associ-
ated Legendre functions satisfy the orthogonality conditions

1
/Pl"”‘(x)Pl'/m'(x)dxzo, if1£1
-1

In summary, we have now found that the common set of eigenfunctions of the oper-
ators £2 and £, are characterized by two integer quantum numbers m and [, and are
of the form

Pl‘m| (cos ) e™?.

By multiplying these functions by an appropriate factor, we obtain the so-called
spherical harmonics, Yy, (6, ¢). The factor is chosen so that the functions are nor-
malised to unity over the solid angle and in such a way that they satisfy additional
properties of the angular momentum (see Eq. (6.10), which involves the so-called
shift operators £4). The definition of the spherical harmonics is the following

2+ 1 (1 — |m))!

NV Nt m)) /2 plm] img
I (l+|m|)!( 1) P (cos 0)e™?,

Yim (0, ¢) =

and their fundamental properties are summarised in the following equations
1 9 9 1 9?
Y0, ¢)= | ————(sind— | — ——— Vi (0,
(6, 9) [ Smga@(sm ) sin293¢2] n(®,9)
=10+ DY (0, ),

a
L Yim (0, ¢) = —iwyzm(& ) =mYu (0, 9),

wf 0 d
Ym0, 9) = (bx £il)) Y1 (6, ¢) = iei@(@ iicotOQ)Yzm(Q, )

=V £m+ D) Fm)Yiu+10. ),

(6.10)
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Y (0,8) = (=D"Y1_m (0, $), Yim(m —0,¢ +71) = (=)' Y1 (0, ¢), (6.11)

2 T
/ d¢ f A0 sinBY;, (6, $) Yy (O, ) = 811/ - (6.12)
0 0

The explicit expressions of the simplest spherical harmonics are the following

[1 [3 [3 :
Yoo =/ —, Yi0 =,/ — cosé, Yii1 =F,/ —sinfe™?.  (6.13)
4 4 8

Returning to the Schrédinger equation in the form (6.9), we seek a solution of
the type

1
V(r.0.6)=R()Yim (. $) = —P )Y (0. $),

where R(r) is the “ordinary” radial function, P(r) is the so-called reduced radial
function, and both functions depend, in general, on the quantum number /. The
reduced radial function must satisfy the boundary condition

P(0) =0,

so that the wave function 1/ is finite at the origin. By substituting, we obtain for the
function P (r) the so-called radial Schrodinger equation
h? d

—%FP(F) + Vert(r) P(r) = EP(r), (6.14)

where the effective potential energy Veg(r) is given by

R+ 1)
2mr?

Equation (6.14) is in all respects similar to that one for the one-dimensional motion
of the particle, with the only difference that a centrifugal potential term needs to be
added to the potential energy. This term, which vanishes for [ = 0, has the effect
of keeping the particle away from the origin. Its importance increases quadratically
with increasing orbital angular momentum.

It has to be remarked that the presence of the centrifugal potential is not a special
characteristic of quantum mechanics but a similar potential is present in classical
physics when studying the motion of a particle in a central potential. In a central
potential, the angular momentum M is constant, and it is convenient to introduce a
system of polar coordinates (r, ¢) in the plane of the orbit (defined as the plane per-
pendicular to the angular momentum vector). In these coordinates, the conservation
of angular momentum implies

Vert(r) =V (r) +

mrztﬁ:M,

with M constant. On the other hand, for the theorem of conservation of mechanical
energy, we have

15 LT RN Y _
2mv +V(r)_2mr ~|—2mr -+ V(r)=E,
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with E constant. Substituting for ¢ the value obtained from the conservation of
angular momentum, we have
2

=E,
2mr?

that is in fact the equation describing the unidimensional motion of a particle in an
“effective” potential containing the additional term due to the centrifugal potential.

The quantum mechanical version of this equation is indeed the radial Schrodinger
equation (Eq. (6.14)).

1 .,
Emr +V(r)+

6.3 Hydrogen Atom, Quantum Theory

We now apply the findings of the previous section to the hydrogenic atom. The
potential energy of the electron is given by —Ze(z) /r, hence the radial Schrodinger
equation (Eq. (6.14)) is

R @ Zel BRI+

8 4|2 T D by E e,

r 2m,r?

where we have introduced the reduced mass m; since the two-body theorem can
be directly generalised to quantum mechanics. To solve this equation it is conve-
nient to introduce dimensionless variables. Recalling the results of Bohr’s theory,
we introduce the parameters & and € with

Z2 62
€ 0,

2ag
where the radius of the first Bohr orbit now includes the reduced mass instead of the
electron mass:

ap
=&—, E:—
r §Z

h2

meet

ag =

By performing the substitution, we obtain the differential equation

d? 2 I0+1)
—P - — —€e|[P()=0.
a2 (E)+[E £ 6] é)
We note that, for £ — oo, the differential equation reduces to
d2
P © - er@=0

If € > O (the case of bound orbits), the asymptotic solution of the equation is there-
fore

P(§) = Ce*Ve,

where C is a constant. Of the two solutions, we need to choose the one with the
negative exponential because the other diverges. Let then

PE) =eVEF (),
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where f (&) is a new function. By substituting, we obtain the following differential
equation for f (&)

2 W+
3 £2

We seek for a solution f (&) in the form of a power series by writing

7€) —2«/Ef/(§)+[ }f(g) =0.

e ¢]

fE=EPLE) =" g’ (co#0),

k=0

where p is a real positive number (p > 0) since we require that P(0) = 0. By sub-
stituting we obtain the relation

Y oalk+p)k+p—1) =10+ D]EHP =2 [ Vel + p) — 1]gFHPL

k=0 k=0

The term of lowest degree in the first sum (corresponding to k = 0) does not have
the corresponding one in the second sum. Therefore, we have

p(p—D=I1l+1).
This equation of second degree in p has the two solutions p =741 and p = —I.
However, the second one is not acceptable since we must have p > 0. It follows that
p is an integer given by
p=Il+1.

By substituting this value for p, we obtain the recurrence relation for the coefficients
of the power series

cke1[(k+1+2)(k+14+ 1] =2ck[Vek +1+1) —1].

If the series is not truncated, and since we have

.Gkl A€
lim — =2—,
k—o0 Cf k

the function f (&) tends to infinity as e2Vé | 5o that the function P (&) diverges. To
have a finite function, the series must therefore be truncated, i.e. we must have an
integer ko > 0 for which

Vetko+1+1)=1. (6.15)

This expression defines the possible eigenvalues for €:
1 1

E=—"FT"= -,
(ko +1+1)2 n?

where 7 is an integer such that

n>I1+1.
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Recalling our initial substitutions, we obtain the expression for the energy eigenval-
ues

2(10 n2
which coincides with the expression found with Bohr’s theory.

Regarding the eigenfunctions, we now determine the differential equation for the
power series L(&). Recalling its definition and the differential equation for f(§),
we have
2

d &\ d [+1
L 2(l+1—-=)—L 2|1 ——— L&) =0.
éd‘g? &+ <+ n>d§ €+ ( . ) @)
This equation can be rewritten as a differential equation for the generalised Laguerre
polynomials. This can be done if we introduce a new variable, p:

2 2Z

The differential equation then becomes
2

Pip —L(p)+ QI +2- p)—L(p)+(n—l—1)L(/0)

The generalised Laguerre polynomials’ are solutions of the differential equation

d?
dsz(q)(x) +(@+1 —x) L(q)(x) + pL(q)(x)

hence the function L(p) is, except for a proportlonallty factor, the generalised La-
guerre polynomial Lflz_l;r_l)l

Summarizing the previous results, we have found that the reduced radial eigen-
function corresponding to the eigenvalues n and / can be expressed more simply in

terms of the variable p and is given, apart from a proportionality factor, by
- 2041
Pu(p) =/ p" T LT (p). (6.16)

If we take into account this result, together with what we obtained in the previous
section for the angular part of the wave function, we can write the eigenfunctions of
the hydrogenic atom in the form

Ynim (r, 6, 8) = Nye "2 o' LZ TV (0) Y106, ),

where N, is a factor to be determined by requiring that the eigenfunctions are nor-
malised. Taking into account the relation

o LD 2nf(n + D!
/() Pp [nll(p)] —(n—l—l)!’

SWe follow the conventions of Abramowitz and Stegun (1971).
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N, _<£)3/2£ e (6.17)
"“\a) 2\ lm+DP '

The explicit expressions of the eigenfunctions of the hydrogenic atom can be ob-
tained with the formula for the generalised Laguerre polynomials

we have

p

@y _ w_ I+ "

m=0

The normalised eigenfunctions for the first two levels (n = 1 and n = 2) are

7\3/2
Yioo(r, 0, ¢) = (—) 2e~ 210 Y00(6, p),

ao

ZN\32 | 7
Vo00(r, 0, ¢) = <a—0> %e_z”(z““) <2 - a—(:)Yoo(e, ?), (6.19)

Z\"* 1 Zr
0, —_ = - *ZV/(ZHO)_Y 0, )
Y21m(r, 0, @) <a0> 2\/66 a 1m0, )

We can now determine the mean values of the powers of r on the radial eigen-
functions using the properties of the generalised Laguerre polynomials. Defining

o o0
(rk> = / R,zll (ryrkr?dr = / Pnzl (ryrkdr,
0 0
and writing (r*) in units of af, we have

2
(= [Br?—10+ D], ()= 2 [se? #1310+ 1),

2z 2272
2
()= 575 [350% (0% = 1) = 3002 +2)( = D+ 30 + 2 + DI¢ = D],
4

(r*)= % [63n* — 3517 (207 + 21 — 3) + 51( + 1)(31* + 31 — 10) + 12], (6.20)

z 27?2 273
(== )=an e T)= :
n? n3Q2l+1) n3I+1)Q21+1)
) 4Z43n% —1(1 + 1]
r) = .
Q2L +3)2L+1D)R2L—DIA+1)
It is interesting to see that the results of Bohr’s theory can be obtained from
the above equations. The case of circular orbits corresponds to assuming, once 7 is

fixed, the maximum possible value for the quantum number /, i.e. [ = n — 1. For this
value we obtain

2n? +n
27

(ry=ao
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that, for large values of n, coincides with the expression for the radius of Bohr’s
orbits. It is interesting to calculate the variance o (r) defined as

o(r)=/{r2)— (r2

Again for [l =n — 1 we obtain
n«/2n+1
o(r)=a0———,
2Z
hence
o(r) 1
(Va1
This shows that for large values of n the eigenfunction of the electron becomes more
and more concentrated around the Bohr’s orbit.
The eigenfunctions that we have determined depend on three quantum numbers,
n, I, and m, which satisfy the relations:

n>1, I<n-—1, |m| <.

These three quantum numbers are called, respectively, the principal, azimuthal, and
magnetic quantum number. Sometimes the so-called radial quantum number #,, de-
fined as n, =n —1I1 — 1 is used. As we saw previously, n, represents the degree of the
generalised Laguerre polynomial that appears in the expression for the eigenfunc-
tion. n, also represents the number of values of » where the eigenfunction vanishes
(the nodes of the eigenfunction).

For a special circumstance, typical of the Coulomb potential, the eigenvalues of
the hydrogenic atom depend only on the principal quantum number n and not on
[ (the fact that they do not depend on m is a characteristic of the central potential
and is related to the spherical symmetry of the Hamiltonian). This means that the
eigenvalues of the hydrogenic atom are doubly degenerate (with respect to m and [).
To calculate the degeneracy of the level n, it is sufficient to consider that / can have
the values 0, 1, ...,n — 1, and that, for each given /, m can have the (2/ 4 1) values
-1, —-l+1,...,0,...,1 —1,1. The degeneracy is therefore

n—1
gy = (Q2l+1)=n"
=0
In relativistic theory, when introducing the spin, the wave functions are character-
ized by a further quantum number, m, the eigenvalue of the operator s,, projection
of the spin along the axis of quantisation z, which can have the two values :l:%.

Taking into account the spin, the degeneracy of the level # is therefore equal to 2n2.

6.4 Hydrogen Atom, Relativistic Corrections

Although the Dirac equation for the hydrogenic atom can be solved exactly, we
prefer here to apply the perturbation theory to obtain the relativistic corrections to
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such a system. We start by considering the Dirac equation in the non-relativistic
first-order limit (Eq. (5.13)) and we apply the following substitutions: the potential
¢ with Zeg/r, the charge e with —eg, and the mass m with the reduced mass m,.
Regarding this last substitution, we note that the Dirac equation is valid for a nucleus
of infinite mass. The equations for the case of finite mass are quite complex.® The
substitution m — m; is therefore not exactly justified. It should be considered as an
approximation. Taking into account these substitutions, we can rewrite the equation
in the following way

HIY) = (Ho +H')I¥) = Ely),

where |) is, in Dirac’s notation, the spinor wave function, and where

2 72
Ho = P _z%
2m; r
R Zeg\*  Zegh* 1 d Zegﬁzim
2myc? Am2c2 r2 9r  4m2c? 3

We note that we have written the first term in the expression for H' following the
second option in Eq. (5.12).

Now we briefly recall the results of the first-order perturbation theory. Let us
start with an Hamiltonian 7 which can be written as Hy + H', with H' < Ho. We
suppose to have solved the time-independent Schrodinger equation for Hy, finding
the eigenvalues E; and the corresponding eigenvectors |n)

Holn) = Ep|n).

In order to determine the “perturbation” induced by the Hamiltonian H' on the
eigenvalues E,, one of the two following approaches has to be followed: (a) if the
eigenvalue is not degenerate, the correction A E,, to the energy is obtained from the
diagonal matrix element

AE, = (n|7-[’|n),

while the eigenvector stays the same; (b) if instead the eigenvalue is degenerate, one
has to calculate the matrix elements

Hor =, 0|, ),

where v is another quantum number (or a set of quantum numbers) that is asso-
ciated with the eigenvectors |n, v) of the degenerate space. The eigenvalues and
eigenvector of this matrix provide, respectively, the corrections to the energy and the
eigenvectors of the total Hamiltonian. Clearly, the calculation is greatly simplified if
one finds a basis where the ', matrix is diagonal. Otherwise, the calculation can
normally be performed only numerically, with the exclusion of matrices of second
order, and sometimes of those of third order.

6See the article: Giachetti and Sorace (2006).
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Now we apply the perturbation theory to our particular case. As we saw in the
previous section, the Hamiltonian # has, taking also into account the spin, eigen-
functions characterized by the four quantum numbers n, I, m, mg, whose explicit
expression is known. For such eigenfunctions we will use the compact notation
[nlmmy). The energy instead depends only on 7, so that for a fixed n, we have 2n>
degenerate levels characterized by all possible values of [, m, and m . We then need
to calculate, in principle, the matrix elements

,H;mms,l/m’mg = (nlmms}H/|nl/m’m;>

The Hamiltonian H’ consists of three terms. The first two, acting only on the radial
variable r, commute with the operators ¢2, £, and s,. Therefore, their matrix ele-
ments are diagonal with respect to the corresponding quantum numbers. The third
term, on the other hand, is not diagonal because it contains the expression o - £.
We can however overcome this drawback by performing a change of base, from the
|[nlmmy) to the |nljm ;) base, where j and m; are the quantum numbers associated
to a new operator j defined by

j=~L4+s.

As shown in the section of this book devoted to the theory of angular momentum
(Sect. 7.9), the change of base implies that the new vectors are obtained by appropri-
ate linear combinations of the old vectors involving the Clebsh-Gordan coefficients
(or the Wigner’s 3-j symbols). For our present purposes it is not necessary to dis-
cuss the details of the transformation. We just note that, with the introduction of the
operator j, we can find an appropriate expression for the term £ - . We have in fact

=48> =045 4205,
from which we obtain, recalling that o = 2s
Co=20-s=j>—¢*—5%

The operator £ - o is diagonal in the new base and this implies that the third term in
the Hamiltonian #' is also diagonal, since it contains such an operator multiplied
by a function of r.

We now consider a state characterized not only by n, but also by the three quan-
tum numbers /, j, and m ;. The unperturbed energy is, as we know

Zze(z) 1

200 n2 ’

where ag = K2 / (mre%). Let us denote with AE|, AE>, and A E3 the perturbation
energy given by the three terms of the Hamiltonian H’'. They are, respectively, the
correction to the kinetic energy, the Darwin term, and the spin-orbit term. We have
for the first term



140 6 Atoms with a Single Valence Electron

and recalling the expressions for (rX) given in the previous section (Eq. (6.20)) we
obtain
z4eg 1 1 2
AE =5 |———F+
4n* 3(21 +1) ]

This expression can be rewritten as

z%¢} 720 [ n 3
AEl:_Zaon2 n? 1+l_Z ’
2

where « is the fine-structure constant. For the Darwin term we have
Z eghz o0 d
AE2=_ﬁ nl(r) Rui(r) |r dr
4,mzc* Jo

where we have denoted by R,;(r) the radial function. By solving the integral we
have

AE Zegh R2,(0).
2= 8m2c? nl

This quantity is typical of a contact term, a result we already obtained in Sect. 5.5
(cf. Eq. (5.15)). It is non-zero only for / = O states, since they are the only ones for
which the radial function is non-zero in the origin. Using Egs. (6.16), (6.17), and

(6.18) we obtain
P 7 \3/2
an(0)=( ’”(’)> =2(—> 51,01
r r=0 nagp

Z%e; 1 1
AEy =" —>7%2
2a¢ n?

At last, for the spin-orbit term we get

hence

810

2£2
Zegh

AE3 =
P T am2e2

3
(r‘3)[j(j +1)—Il+1)— Z]’

where, for the angular momentum addition rules, the quantum number J can have
the two values (I — —) and (I + 2) if / # 0, and only the value j = 5 if [ =0.
Substituting the expression for (r—3) (Eq. (6.20)), we have

226 1y 2iG+D-10+1)— 3
2a¢ n? nl(l+1)Q21+1)

We note that this expression is undetermined for / = 0, because it is of the form
0/0. A more in-depth analysis shows that in this case AFE3 = 0. By summing the
contributions of the three terms, and adding it to the unperturbed energy, we obtain
for the energy characterized by the quantum numbers #, [, j, and m ; (distinguishing
among the three possible cases):

AE3 =

6.21)
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Zzeg 1 [ 720 3
Enljmj =—- 240 E 1+ 2 <n_Z)] (=0),

222 1. Z%2( n 3 , 1
Enljmjz_zao ﬁ 1+ n2 <l+1_1>:| <l7éo’]=l+§>»

Z22 1. Z%*(n 3 . 1
Entins =~ a0 n2 ‘+7<7‘z>] (’7&0’]:1‘5)-

These three formulae can be summarised in the single one

Z%e 1 Z%2( n 3
Entimi == w2 |' T G317 3))
2

This expression shows that the energy does not depend on the quantum number
m (as it was obvious to expect, being [H, j,] = 0) and that, furthermore, it only
depends on j (total angular momentum) but not on / (orbital angular momentum).
The expression also coincides with the series expansion to second order in o? of the
exact solution of the Dirac equation for the Coulomb field. This solution, which also
contains the rest energy is in fact’

)

. o7 29-1/2
i )]
I n—k+vVk?—a?2z?
where
1

k=j+ <.
JT5

As we have already pointed out, the mass that appears in this formula is the mass
of the electron and not its reduced mass. Apart from this difference, the formula we
have found and the exact solution differ, for the hydrogen atom, by a quantity of the
order of
2
aSme? = ot e—.

ao
This correction is so small that it is virtually undetectable experimentally. It is not to
be confused with the other corrections discussed below. For these reasons, the for-
mula we have found using perturbation theory can, in effect, be regarded as correct.
Once all the appropriate corrections are taken into account, the formula is verified
experimentally with great precision.

The level structure of the hydrogen atom resulting from the relativistic correc-
tions (the so-called fine structure) is schematically illustrated in Fig. 6.5. The levels
have a complex structure and the energy increases, for each value of n, with in-
creasing j. Given that the minimum and maximum of j are % andn — %, the energy
difference between the extreme levels is

2

ej o
AE=0% 61y,
2ap n*

7For the derivation of the equation see, for example, Dirac (1958).
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Fig. 6.5 Grotrian diagram of the fine structure of the first 4 levels of the hydrogen atom. The
dotted lines represent the energies of the unperturbed levels, as they result from the nonrelativistic
theory. The value of the quantum number j is provided next to each level. The energies are not to
scale

and decreases rapidly with increasing n. In numerical terms, if we consider the Ly«
line at 1216 A, we find that it is split by the fine structure into two components
separated by 5.4 mA. For the Ly line at 1026 A we also have two components with
a separation of 1.1 mA.

As we have already pointed out, there are further corrections to the spectrum
of the hydrogen atom that are due, on one hand, to the presence of the nuclear
spin (hyperfine structure) and, on the other hand, to a purely quantum-mechanical
phenomenon, to the so-called self-energy of the electron. Hyperfine structure is dis-
cussed in Sects. 9.8 and 9.9. In relation to the other phenomenon, we simply mention
the fact that it was highlighted experimentally by W.E. Lamb in 1947. Spectroscopic
devices with high resolution show that levels characterized by the same values of the
quantum numbers n and j but different values of / have slightly different energies
(in contradiction to Dirac’s theory which predicts that they should have the same en-
ergy). For example, for the n = 2 level of the hydrogen atom, a difference in energy
equivalent to 1057.8 MHz between the sublevels [ =0, j = % and/ =1, j= % is
observed. For comparison, the energy difference between the sublevels [ =1, j = %
and/ =1, j = % is equal to 10968.6 MHz, or about an order of magnitude higher.
This effect, which takes the name of Lamb shift, can be explained by assuming that
the electron orbiting the nucleus undergoes “virtual” transitions (that do not con-
serve energy) with the emission of photons which are immediately re-absorbed by
the electron. We observe that Heisenberg’s uncertainty principle allows, on a small



6.5 Spectra of Alkaline Metals 143

time At, that the conservation of energy may be violated by an amount AE given
by

h
AE >~ —.
At
The combination of these virtual processes leads to a correction to the energy of the
electron which depends on the orbit itself, and is therefore different for states with
different /. Detailed calculations, developed by Bethe, are in excellent agreement
with the observed values.®

6.5 Spectra of Alkaline Metals

After those of the hydrogenic atoms, the simplest spectra are those of the alkaline
metals, i.e. of the elements occupying the first column of the periodic system, to-
gether with their isoelectronic sequences (Li, Be*, B**, ..., Na, Mg*t, AT, ...,
K, Ca™, Sc™™, ..., etc.). These atoms (ions) are characterized by the presence of a
single “valence electron” (optical electron), i.e. of a single electron that orbits more
externally around a charge cloud consisting of the nucleus and of the other electrons.
If we assume that the charge cloud has spherical symmetry, the energy levels of the
valence electron can be found, as for the hydrogenic atom, by solving the stationary
Schrddinger equation in a suitable central potential V (r). The angular part of the
eigenfunctions are still given by the spherical harmonics, while the reduced radial
function, P (r), obeys Eq. (6.14) which we rewrite here

2 2 2
L [vm L et D gi;l)}P<r> — EP().
A suitable approximation for V (r) is
vin=-2-2,
ror

where a and b are two constants. This expression is the start of an expansion of V (r)
in power series of 1/r. It is particularly appropriate for the alkaline metals because,
for large values of r, the potential is nearly Coulombian (in agreement with the fact
that the inner electrons shield completely the charge of the nucleus), while, for small
values of r, the r~2 term (which describes the reduction of the screening effect of
the electron cloud) prevails. The constant a is Zre(%, where Z; (the so-called residual
charge number) is given by

Zi=7Z— Ne+1, (6.22)

with Z indicating the nucleus charge and N, the total number of electrons (Z; = 1
for neutral atoms, 2 for singly-ionised atoms, etc.). The constant b can be written as
h2

b=—

2m

B.

8For a detailed discussion of the Lamb shift, see Bethe and Salpeter (1957).
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B being a dimensionless quantity. With these definitions, the equation for the re-
duced radial function becomes
2 42

— P(r)+ [—

2m dr?

Zel R+ 1)
2mr?

]P(r) =EP(r), (6.23)

where the real number I, defined through the equation
I'('+1)=10+1) -8B,
is traditionally written in the form
I'=1-34l.

The quantity 4/ is called the Rydberg correction or quantum defect. Equation (6.23)
can be solved in full analogy with the hydrogenic case, with a similar change of
variables. If we impose that the reduced radial function converges at infinity, we
find a relation similar to Eq. (6.15), with !’ instead of /, i.e.

Velko+1'+1)=eko+1—8l+1)=1,
where kg is an integer >0 giving the order of the polynomial that appears in the
reduced radial function. For the energy we obtain
Zrze(z) 1
2a9 (n — 802’
which shows that the energies of the alkaline metals, unlike those of the hydrogenic

atoms, also depend on the azimuthal quantum number [/, because §/ depends on /.
The quantum number 7 is given by

Enl:_

n=n,+1+1,

where n,, the radial quantum number, coincides with kg. Given that n, > 0, we also
have for the alkaline metals that

I<n-—1.

Sometimes it is preferable to write the energies as

E Zie | (6.24)
= 2a0 I’l*2 ’ ’
where
n*=n-—246l (6.25)

is a real number that is called the effective quantum number.

The Rydberg correction 8!/ decreases rapidly with increasing /. This means that
for large values of / the energies of the levels become more and more similar to
the corresponding hydrogenic values. This is not surprising and is interpreted by
considering that the orbits with small / are the most elongated, i.e. are the most
penetrating within the central electron cloud. For these orbits we therefore expect
an energy lower than the corresponding hydrogenic energy. Conversely, for large
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Fig. 6.6 Grotrian diagram of neutral sodium. The vertical scale provides directly the energy levels
in cm~!. The principal quantum number is shown next to each level. The figure also shows the
various series of lines, i.e. the principal series together with the sharp, diffuse, and fundamental
ones

values of [, the orbits are nearly circular, and therefore tend to avoid the central
area of the atom, where the electric potential differs substantially from the Coulomb
potential. For these orbits the energy coincides with the hydrogenic value. Another
difference with respect to the hydrogenic case is the fact that the quantum number n
corresponding to the ground state (level with lowest energy) is not equal to 1, as for
the hydrogenic atoms, but is equal to 2 for lithium, to 3 for sodium, and so on. This
is a consequence of the Pauli exclusion principle which will be discussed below (see
Sects. 7.1 and 7.7).

The Grotrian diagram of the neutral sodium atom is shown schematically in
Fig. 6.6. The spectral lines belonging to the main series of NaI are also shown in the
figure. The figure indicates that there are only transitions between terms belonging
to adjacent columns. In other words, denoting by Al the variation of the azimuthal
quantum number in the transition, we must have

Al = =£1. (6.26)

A relation of this kind is called a selection rule. We will show in Chap. 12 how
this rule can be properly derived by considering the interaction of the atom with the
radiation field. For the moment we just introduce the selection rule in a phenomeno-
logical way by noting that it is due to the fact that the so-called dipole matrix element
between the initial and final states of the transition, i.e. the matrix element

(ilrlr),
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is zero unless the rule (6.26) is verified. Of course, this selection rule is valid not
only for the spectrum of the sodium atom, but also for all the spectra of atoms with
a single valence electron, including the hydrogenic atoms.

The first classifications proposed to interpret the spectrum of alkali atoms used
to indicate the terms having the values of / equal to 0, 1, 2, 3, with the letters (lower-
case) “s”, “p”,“d”, “ f”, respectively. In fact, the so-called “principal series” results
from transitions between terms with / = 1 and the ground state. This is the reason
why the terms with / = 1 were given the name “p”. Similarly, the series “sharp”,
due to the combination of terms with / = 0 with the lowest [ = 1 term, justifies the
name “s” given to the terms with / = 0. The “diffuse” series, connecting the [ =2
terms with the lowest [ = 1 term, provides the name “d” to the [ = 2 terms. Finally,
the “fundamental” series, connecting the [ = 3 terms with the lowest / = 2 term,
provides the name “f” to the [ = 3 terms. For higher values of /, the use is to pro-
ceed with the letters in alphabetical order starting from “g”, with the exclusion of
the letter ““j” (reserved, so to say, for angular momenta) and of those already used.

In summary:

Values of / 0

1 2 3 8 9 10 11 12
Denomination s p d f

6 7
i kK I m n o g¢q

4 5
g h

The jargon of spectroscopy heavily relies on the use of these letters. For example,
instead of saying that an atom has an electron whose wave function is characterized
by the principal quantum number » = 3 and the azimuthal quantum number / = 1,
one simply refers to an electron 3p. The fact that [ < (n — 1) implies that only 1s,
2s,2p, 3s, 3p, 3d, etc. electrons “exist”, whereas electrons such as 1d or 3 f do not
exist.

The theoretical results that we have obtained (Egs. (6.24) and (6.25)) for the
spectra of the alkali metals can be compared with laboratory spectroscopic data. For
example, considering Nal, it is found that the energies of the ns levels obtained
from the equations above are in agreement within 1 % with the experimental data,
once an empirical quantum defect 6/ = 1.36 is assumed. Similarly, for the np levels
a value of 8§/ = 0.87 is found, and for the nd ones a value of §/ = 0.01.

The above considerations on the spectra of the alkali metals have been made
neglecting the presence of the spin. Obviously, also for these atoms one needs to
consider relativistic corrections analogous to those seen for the case of the hydro-
genic atom. The effect of the third and fourth terms (which depend only on the
variable r) in the square bracket of Eq. (5.13) is to provide further corrections to the
central potential by e.g. modifying the constant 8 introduced at the beginning of the
section. The last term can now be rewritten in the form

R 1d Ve
_——— r . S’
4m2c? r dr
and produces a splitting of the levels with [ # 0 (fine structure). If we introduce
the quantum number j (that for / ## 0 can have the two values [ + % orl — %),
we can estimate the energy difference between the two fine-structure levels using
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the previous expression obtained for the hydrogenic atoms. A direct application of
Eq. (6.21) gives

2 4
£0 2 Z
2a9 n3ll+1)
where Z.f is a sort of effective nuclear charge which parameterizes the potential
felt by the valence electron. Various alternative formulae have been proposed to im-
prove the agreement with experimental data. Following a thorough analysis, Landé
proposed to replace in the previous formula Zgﬁ with ZZZr2 (Z; being the residual
charge number), and the quantum number n with n*. The modified expression is
then:

Enij=i+1/2 — Enij=i-1/2 =

eg o 2272
— .
2a0 n¥II+1)

The comparison with experimental data shows a satisfactory agreement, especially
regarding the behaviour with the azimuthal quantum number /.

The fine structure causes the spectra of alkali atoms to be formed by “doublets”.
The so-called sodium doublet is particularly well known. It is due to the transition
between the n =3, 1 =0 (3s) and the n = 3, [ = 1 level (3p), separated by the
fine structure in two sublevels with j = % and j = %, respectively. The two lines of
the doublet fall respectively at the vacuum wavelengths of 5891.58 and 5897.56 A,
with a separation of 5.98 A, or 17.2 cm~'. Note that Landé formula applied to the
3p level provides a separation of 36.6 cm™! (obtained by setting Z = 11, Z; = 1,
n* =2.13, [ = 1). This value is about twice the experimental one, which clearly
shows the limits of the formula that in many cases can only be used to give an
order of magnitude estimate. The formula, although approximate, shows however
a fundamental characteristic of atomic spectra, namely the fact that the spin-orbit
interaction increases rapidly with increasing Z.

Entj=1+1/2 — Entj=1-1/2 =



Chapter 7
Atoms with Multiple Valence Electrons

The spectra of atoms having only one valence electron, considered in the previous
chapter, are relatively simple and constitute the only examples where the energy lev-
els can be determined by the solution of the one-dimensional Schrodinger equation.
When we consider atoms with more valence electrons, the treatment becomes
considerably more complex, and it is necessary to resort to a number of approxima-
tions to make the problem mathematically tractable. This chapter is devoted to in-
troducing the physical basis of these approximations as well as the related concepts
which form the basis for the complex terminology commonly used in spectroscopy
(configurations, terms, multiplets, multiplicity, quantum numbers, etc.).

7.1 The Pauli Exclusion Principle

One of the most important consequences of quantum mechanics is the fact that two
particles of the same species (such as two electrons, two protons, two hydrogen
atoms, etc.) are in all respects indistinguishable from an observational point of view.
Of course, also within classical physics, it is certainly not conceivable that parti-
cles of the same nature can have “distinctive signs” making it possible to identify
them. However, within classical physics it is always possible, at least in principle,
to identify and follow a particle with continuity in time to accurately determine its
trajectory, even when it interacts with a particle of the same nature. The situation
is completely different in quantum mechanics, where the most adequate representa-
tion of a particle is that of a wave packet. If two wave packets that describe identical
particles come into interaction with one another (as in a collision between two elec-
trons), when they finally get apart it is impossible to say, both from an observational
and from a conceptual point of view, which packet is to be attributed to a particle
and which to the other.

On the other hand, when describing a system containing two or more indistin-
guishable particles, it is necessary to assign to the physical quantities of each par-
ticle their own mathematical symbols. For example, for a system composed of N
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electrons, we will assign to an electron the coordinates (xi, y1, z1), to another the
coordinates (x2, y2, z2), and so on. Obviously, the Hamiltonian, as any other ob-
servable of the system, must be symmetrical with respect to the exchange of any
two of the indices numbering the electrons (otherwise the electrons would be distin-
guishable!). If we denote by S;; the formal operator that, by acting on the dynamic
variables of the system, operates the exchange of the particles i and j, we must
have, for any observable O,

5,0 =0.

For the wave function the situation is different in that its phase is not an ob-
servable quantity. The invariance condition with respect to the exchange of the two
particles is therefore not imposed on the wave function, but rather to its square mod-
ulus. If |¢) is (in Dirac’s notation) the wave function of the system of N particles,
the condition of invariance for the square modulus is satisfied if

Sijlv) =e“y),

where « is an arbitrary real number. On the other hand, if we apply the exchange
operator twice, the wave function must be the same, so we must have

SijSijlv) =" y) = |¥).

Therefore, we obtain

whereby,
Sij==£1.

The wave functions for which the sign is positive are called symmetric (with respect
to the exchange of particles), while those with the minus sign are called antisymmet-
ric. On the other hand, it follows from the Schrodinger equation that the symmetry
of a wave function is constant over time. In fact, the infinitesimal variation d|v) in
the time dr is given by

1
diyr) = HIY) dr,

and has the same symmetry as the |1) given that the Hamiltonian is symmetric with
respect to the exchange of two particles.

Experimental evidence show that the particles having null or integer spin have
symmetric wave functions, while those with half-integer spin have antisymmetric
wave functions. The first are called Bose-Einstein particles (or more simply bosons),
while the latter are called Fermi-Dirac particles, or fermions.

Consider now the special case of N identical, non interacting particles. We shall
see how, in this case, we can express the wave function of the entire system through
the wave functions of single particles. For such a system, we indicate with x; the
entire set of coordinates (including, where appropriate, the spin coordinates) of the
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i-th particle. The Hamiltonian is equal to the sum of N single-particle Hamiltonians,
all equal to each other

N
H(x, %2, xn) =Y H(xi).
i=1

Denoting by ¥, (x) the wave functions of the Hamiltonian H(x) and by E, the
corresponding eigenvalues

H(xX)q(x) = Eqra(x),

it is simple to verify that the function

Y(ai,ay,...,an) = Vo, (X)) Va, (x2) - - Yy (xXN)

is a wave function of the total Hamiltonian corresponding to the eigenvalue (E,, +
Eqy 4+ Egy), thatis

Hx1,x2, ..., x§)¥ (a1, a2, ...,aN) =(Eq + Eqy +- -+ Egy)¥(ar,a2,...,an).

This function does not, however, meet the symmetry requirements. The symmet-
ric solution is obtained with a symmetrisation operation

WS (ar, az, ...,an) = Ns Y P{vra, (D) Ve, (2) -+ Yay ()
P

where P is the permutation operator which acts on the coordinates of the particles,
and where the sum is done over all possible permutations. Ns is a normalisation
constant to be determined so that |¥S|?> = 1. The antisymmetric solution is obtained
in a similar way by the anti-symmetrisation operation

WA ar,az,...,an) = Na Y (=D P{Ya, 1) ¥ar (¥2) -+ Yay xn) ), (7.1)
P

where the sign factor (—1)” is &1 if the permutation is even or odd. Let us now
consider an example. From the wave function ¥, (x1)v¥(x2) ¥ (x3) which repre-
sents the state of the whole system where particle 1 occupies the state (of single
particle) a, while particles 2 and 3 occupy states b and c, respectively, one gets the
anti-symmetric wave function through the equation

WA (a, b, ¢) = Na[Va () ¥p (x2) e (x3) + W (x2) ¥ (x3) e (x1)
+ Ya (x3) Y (x 1) Ve (x2) — Ya(x2) b (x1)Ye(x3)
— Ya (1) Y (x3) e (X2) — Ya (x3) Y (x2) Yo (x1) ]

This eigenfunction now describes a state (of the total system) in which a particle
(without specifying which) occupies the single-particle state a, another occupies
state b, and the last one state ¢. Only the anti-symmetrised eigenfunction describes
a physical state (of course, if the particles are fermions), while the starting eigen-
function does not describe a physical state as it implies that the particles can be
distinguished.
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The anti-symmetrising operation can also be obtained by evaluating the so-called

Slater determinant of a suitable matrix
wal(xl) 1ﬁag(xl) 1//a;\/(xl)

WAy, . ....an) = Na Det Va (x2) Yoy (x2) - Yay(x2)
I/Iul (xn) %2 (xn) - wczN (xn)
If we recall the rules for the expansion of a determinant, the antisymmetric property
(with respect to the exchange of two particles) of the wave function is related to the
fact that the determinant of a matrix changes sign if any two rows are exchanged.
By the same rules it also follows that if you want to obtain a wave function not
identically zero, the single-particle states ay, az, ..., ay must all be distinct. In the
opposite case we would in fact obtain a matrix having two or more equal columns,
and its determinant would vanish.

What we have shown here is an illustration of the principle discovered empir-
ically by Pauli and named the exclusion principle or Pauli principle: in a system
composed of fermions, each quantum state can at most be occupied by a fermion,
i.e., each fermion must have a unique set of quantum numbers, different from the
set of any other fermion. This principle can be formulated in terms of the so-called
occupation number that is, by definition, the number of particles that share the same
single-particle quantum state. In the case of fermions, the occupation number can
only be 0O or 1. Instead, in the case of bosons, this number is not subject to any
limitation.

We finally remark that the normalisation factor introduced in the above formulae
is, if the individual ¥, (x;) are normalised,

Ng = (N'm!my!-- ~)_1/2 for the symmetric case,
NaA = (N !)_1/ 2 for the antisymmetric case,

where, if the particles are bosons, m 1, m3, ... denote the occupation numbers of the
states.

7.2 The Nonrelativistic Hamiltonian: Good Quantum Numbers

We consider an atom (or ion) with N electrons and a central nucleus having charge
number Z. Neglecting relativistic corrections, the total Hamiltonian describing the
system can be written in the form

N 2 2 2
D; Zeg e
H= Y —— )+ —, 7.2
Z(Zm ri > Z ij 72
i=1 i<j
where r; is the position vector of the i-th electron (relative to the nucleus), p; is

its momentum, and 7;; is the absolute value of the distance between the i and j
electrons:

rij ="rji = |I'l' —I'j|.
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The first term in the Hamiltonian is the contribution of the kinetic energy and of the
potential energy of the electrons in the field of the nucleus, while the second term is
related to the repulsive Coulomb energy among the electrons.

In order to solve the eigenvalue equation for the Hamiltonian #, it is useful
to first determine the operators that commute with it, so that we can find a set of
quantum numbers which can be assigned in full generality to the quantum states.
We first consider the total spin operator S defined by

N
S= Zsk,
k=1

where sy is the spin of the k-th electron. Since we are considering a non-relativistic
Hamiltonian which does not contain any spin operator, we clearly have

[H,s:]=0,
from which
[H,S]=0.

The situation is different for the total angular momentum operator L defined by

N
L:Zek,
k=1

given that the single-particle angular momentum £; does not commute with the
Hamiltonian, because of the term describing the Coulomb interaction among the
electrons. We have in fact

1
[H, 4] =€ Z[—, ek].
—Lrij
i<j
The terms contributing to the sum are those where one of the indices (i or j) is equal
to k, since for the others the commutator is null. We therefore have

1
(M. &) =e32[f,ek].
ik Fik

The commutator can be evaluated recalling the definition of the operator £; (see
Eq. (6.8)) and considering that

1 ri — Iy

1
grad(k) —= grad(k)

Tik v —rel

’

where grad® denotes the gradient operator with respects to the coordinates of the
k-th electron. We thus obtain, with simple algebra

. Iy XTI
[H ] =iegy  ——5—
i#k Tik
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If, on the other hand, we sum over all electrons, i.e. we consider the commutator
between the Hamiltonian and the total angular momentum we obtain

H.L1=ig S B2 g,

K itk ik

given that the sum contains pairs of vector products (ry x r; and r; X ry) that cancel
out.

Given that the Hamiltonian commutes with both S and L, if we define the total
angular momentum J as

N
J=) W+s)=L+S,
k=1

we obviously have
[H,J]1=0.

Finally, another operator which commutes with the Hamiltonian is the parity
operator P, which inverts all the electron coordinates with respect to the origin. The
Hamiltonian depends only on the distances between the nucleus and the electrons
r; and the relative distances between the electrons r;;. Therefore it does not change
under this inversion, and so we have

[H,P]=0.

Since the square of the parity operator is the identity, its eigenvalues can only be 1
or —1. The states with eigenvalue 1 are called even, the others odd.!

Summarising, we have seen how the Hamiltonian 4 commutes with several op-
erators. As a consequence, we have a corresponding number of quantum numbers
associated with the eigenvalues of /. The standard convention in spectroscopic
work is to define the atomic states having quantum numbers L = 0, 1, 2, etc. with
the symbols S, P, D, etc. We recall that L is related to the total angular momentum
operator L in the sense that the eigenvalue of the L? operator is L(L + 1). The
correspondence between letters and numbers is the same as the above-mentioned
one for the angular momentum of single particles, i.e.

Values of L o 1 2 3 4 5 6 7 8 9 10 11 12
Denomination § P D F G H I K L M N O (Q

Concerning the spin, the convention is to place to the left of the letter corresponding
to L the value (25 + 1), equal to the multiplicity, as a superscript. S is the quantum
number associated to the total spin, in the sense that the eigenvalue of the operator
52 is S(S + 1). We therefore have, for § = 0, the states lS, lP, 1D, etc. For S=1/2

I'The parity of single-particle wave functions is (—1)!, where [ is the azimuthal quantum num-
ber. This property is contained within Eq. (6.11). The parity operator corresponds, in fact, to the
transformation - 7 — 0, ¢ — ¢ + 7.
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we have the states 2§ s 2p 2D, and so on. These symbols are read, respectively, “sin-

99 ¢

glet s”, “singlet p”, “singlet d”, “doublet s, “doublet p”, “doublet d”. The “triplets”,
“quartets”, “quintets” then follow. The value of J is placed as a subscript to the right
of the letter which corresponds to L. As usual, we indicate with J the quantum num-
ber that corresponds to the total angular momentum in the sense that the eigenvalue
of the operator J2 is J(J + 1). Finally, with regards to the parity operator, the odd
states (with eigenvalue —1) are identified with a lowercase “o0” (for “odd”) placed
as a superscript to the right of the letter corresponding to L. The full name of an
atomic state can therefore be, for example, 6F3" ) (“sextet f three half odd”) or °D3
(“triplet d three (even)”).

This way of naming the energy states is a direct consequence of the property that
the Hamiltonian H commutes with the operators L2, 2, J%, and P. This Hamil-
tonian is not yet complete because we have totally neglected the relativistic correc-
tions. As we shall see below, the introduction of these corrections implies that L
and § cease to be good quantum numbers, so that it becomes necessary to introduce
approximate coupling schemes (LS coupling, jj coupling, intermediate coupling).
These topics will be discussed in Chap. 9.

7.3 The Central Field Approximation

The analysis of the spectra of complex atoms is based on the so-called “central field
(or central potential) approximation” where, as a first approximation, one thinks that
each electron moves in a central potential due to the electrostatic interaction with
the nucleus and with the remaining electrons. Formally, the approximation means
separating the Hamiltonian H of Eq. (7.2) in two terms, one of zero order (Hy)
defining the energies of the basis eigenfunctions, and one of first order (1), to be
treated as a perturbation term. We write

H=Ho+Hi1,
where

N p-2
Ho= Z(—l - vc(n)>, (7.3)

2m
i=1

N 2 2
Hi =Z(—vc<r,->— Zf°)+2e—°. (7.4)

i=1 : i<j i
The quantity V. (r) represents the energy of the electron in the central field. The idea
is to choose a function V. (r) so that

Hi1 < Ho,

so it is justified to apply the first order perturbation theory. The determination of the
function V,(r) is a complex mathematical problem that can only be solved with ap-
proximate numerical methods. Two of these methods are described below. They are
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the Thomas-Fermi statistical method and the variational method, further improved
as the Hartree-Fock autoconsistent method.

A priori, we can only establish the boundary conditions for V.(r). In fact, if we
write

2
Vel = - 20,

we should expect that the function Z(r) behaves asymptotically as
lim Z(r)=Z, lim Z(r) = Z,,
r—0 r—00

where Z, is the residual charge number introduced in Eq. (6.22) (Z; = 1 for neutral
atoms, 2 for ionised atoms, etc.). Most of the discussion that follows does not depend
on the explicit form of the central potential. A detailed knowledge of V.(r) is only
necessary to establish the quantitative aspects of the atomic spectra.

7.4 The Thomas-Fermi Method

The first method that was developed to determine the central potential of a complex
atom is the Thomas-Fermi statistical method. Being a statistical method, it is more
appropriate for atoms with a large number of electrons, hence for atoms with a large
nuclear charge number Z.

We consider a neutral atom having a nucleus with charge number Z and Z elec-
trons. We assume that the electrons have a spatial distribution with spherical sym-
metry, and define n(r) as the number of electrons per unit volume. The electrostatic
potential due to the central nucleus and to the electron cloud also has spherical sym-
metry and obeys the Poisson equation (Eq. (3.4)).

V2¢(r) = 4meon(r), (7.5)
with the boundary conditions
z
¢(r)=$, for r — 0, 76

r¢(r)=0, forr— oo.

We now consider the electrons within a volume element dV at a distance r from the
nucleus. The electron of momentum p has a corresponding total energy E; given by

2

E = % —ep(r),

s0, in order for the electron to be bound to the atom, this quantity needs to be neg-
ative. This implies that the absolute value of the momentum needs to be lower than
the value pmax given by

Pmax = v 2mepe ().
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We can assume that the electrons are closely spaced (without violating the Pauli
exclusion principle), so that they occupy all the available quantum states with mo-
mentum smaller than pp.x. The number of electrons dN occupying the unit volume
dV and having momentum between 0 and pmax can be evaluated by calculating the
extension of their available phase space and dividing it by 43, where h is Planck’s
constant. Considering also the spin (which increases by a factor of 2 the volume of
the phase space), we obtain

8w
dN =

3h3 pmax dV

By substituting the above value for pmax, we obtain the following relation between
n(r) and ¢ (r)
dN 1
n(r)= v =320 [2m60¢(r)]

If we now substitute this expression in Eq. (7.5), we obtain the following differential
equation for the potential ¢ (r)

V2p(r) = C[p(1]7,
where
8 ‘/53(5)/2’”3/2

3nh3
This equation can be converted into a dimensionless one by writing

Ze
o(r) = TX(”),

where x (r) is a new function that, for the boundary conditions (7.6), must satisfy
the conditions x(0) =1 and x(r — oo) = 0. If we recall the expression for the
Laplacian operator in spherical coordinates (Eq. (6.7)) we obtain

d? 3
129 _ /2
rS ) = Clx)]
where
8«/§ZI/2e8m3/2
37 h3

Finally, putting r = bx, with x dimensionless, we determine the constant b to sim-
plify as much as possible the differential equation. This is obtained for b = C~%/3,
that is

C=C(Zey)'? =

1/3 2/3
b=3 (%) 7134y = 08853412 aq,

where ag is the radius of the first Bohr orbit. We therefore obtain for x (x) the
differential equation (known as Thomas-Fermi equation)

dx
128X 3/2
dx?2 =4
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Fig. 7.1 Solution of the ‘ ( ‘) T \ \
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This equation can be solved numerically starting from x = 0 (where x(0) = 1) by
assigning a test value to the derivative x’(0) and proceeding by incrementing x. The
value that produces the correct boundary condition to infinity (x (c0) = 0) is

x'(0) = —1.588558,

and the corresponding solution is shown in Fig. 7.1.

The solution of the Thomas-Fermi equation can be used to determine the total
ionisation energy for a neutral atom, that is the energy required to remove all the
electrons from the atom, by bringing them to an infinite distance from the nucleus.
The method consists in calculating the electrostatic energy Eelec due to the total dis-
tribution of charge and to apply the virial theorem to assert that the binding energy
of the atom is equal to half of the electrostatic energy. Indicating with Epjnding this
binding energy (measured in absolute value) we have

1
Ebinding = E Eelec,

or
1 1 o0
Ebinding = 7 |:Ze(2)/0 ;4nr2n(r) dr + e()/O ¢>(r)47rr2n(r) dr:|,

where the first integral in the right-hand side represents the electrostatic energy due
to the interaction of the electron cloud with the nucleus, while the second integral
represents the mutual interaction due to the electron cloud. Substituting the expres-
sions for ¢ (r) and n(r), and introducing the variable x, we obtain, by means of
some algebraic manipulations

Eoa = ()74 s [ A+ 0x?
binding = 37 2a0 0 12
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Taking into account the Thomas-Fermi differential equation, the integral can be
evaluated by an integration by parts (see Eq. (16.21)). Its value is — % x'(0), so that,
recalling the value of x’(0)

12

Ebinding = — 7

4 \2/3 o2 o2
(—) x (0273 2L =153796273 2L =20.92"/3 eV.
37 Za() Za()

The dependence with the 7/3 power of Z is well verified by experimental spec-
troscopy, which also shows that for the first elements of the periodic system the data
are best represented by a numerical coefficient of about 16 instead of 20.9. This dis-
crepancy is not surprising when we recall that the Thomas-Fermi statistical method
is especially appropriate to treat atoms with high Z.

Finally, we emphasize that the Thomas-Fermi statistical method provides the
value for the potential ¢ (r) due to the nucleus and all the electrons, rather than
the potential energy V.(r), to be used in the central field approximation. This latter
quantity is in fact the potential energy in which the electron moves in the field cre-
ated by the nucleus and by all the other electrons (excluding itself, of course). The
relation between ¢ (r) and V.(r) can only be given in an approximate way. In their
work, Fermi and co-workers often used for V. (r) the following expression

e? Z—1)e?
Ver) === - (r—)‘)xwm.

7.5 The Variational Method and the Hartree-Fock Method

The variational method is mainly used to determine, often approximately, the eigen-
value and eigenfunction of the ground level of an atomic system. However, it can be
suitably generalised to extend the calculations also to excited levels. The method is
as follows: consider an atomic system described by the Hamiltonian 7 and let |n)
be its eigenstates and E, their corresponding eigenvalues. Recalling that the set of
eigenvectors |n) is an orthogonal and complete basis, if |{) is the normalised eigen-
function that describes an arbitrary physical state of the system, it can be expanded

in the form
W)=Y caln).
n

The expectation value of the Hamiltonian on the state |y/) is therefore given by

(H) = (WIHIY) =) leal En.

If we indicate with E( the minimum of the eigenvalues E,, given that E,, > Eg, we
have

(H) > Eo Y _ leal* = Eo.
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The variational method involves calculating the expectation value (H) using
some trial wave functions which are dependent on a number of parameters, and
to vary these parameters in order to find the minimum value, (H)min. This latter
value represents an upper limit for the energy of the ground state of the system Ej.
It is as close to the true value as good is the choice of the trial wave functions and
the parameters that describe them. Similarly, the wave function that corresponds to
the values of the parameters which minimise () represents an approximate wave
function for the ground state of the system.

We apply the variational method to calculate the energy of the ground state of
helium and of the ions belonging to its isoelectronic sequence (H~, He, Lit, Bet,
etc.).> The Hamiltonian of such systems is
_ p]2 p% V4 e(% V4 eg eg

—4 - - — 4 — 7.7
2m+2m r r +r12 7.7

H

where Z = 1 for the negative hydrogen ion H™, Z =2 for helium, Z = 3 for Li™,
and so on.

As test function we take the product of two eigenfunctions (one for each elec-
tron), both relative to the ground state of the hydrogenic atom with charge number
z, where z is the parameter to be varied. Since each of the two electrons contributes
to the screening of the nuclear charge, we should expect that z < Z. Recalling
Egs. (6.19) and (6.13), we write

3
(X1 1 2) = ——e 1/, (7.8)
Tag

We observe in passing that this function is symmetric with respect to the exchange of
the two electrons, so it seems to violate the exclusion principle. Indeed, as we shall
see later, its correct symmetry is obtained by multiplying it by an antisymmetric
spin function. Since the spin is not involved in the problem we are dealing with, we
can neglect this complication.

Now that we have introduced the test function, we need to calculate the expecta-
tion values of the Hamiltonian (7.7) on this function. Recalling the expression of the
Laplacian operator in spherical coordinates (Eq. (6.7)), this leads to the calculation
of integrals of the form

Il=/ooi 4 ,.ZEe—zr/ao e 70,2 qr
o rildr\' dr ’

o0 1
T = / e~/ _g=r/a0,2 qp
0 r

T3 =/d3r1/d3rze_z(”+r2)/a° LC—Z(Vl-‘t—rz)/ao.
r2

2H~ is the negative hydrogen ion, i.e. an hydrogen atom with an extra electron. Such an ion is
stable and provides a significant contribution to the opacity in stellar atmospheres (see Sect. 14.6).
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The first two integrals are easily calculated and give

ap aé
Ilz——7 2:—2.
4z 4z

The calculation of the third integral is more complex and requires the use of an
expression that will we will also use later (see Sect. 8.4). Indicating with ® the
angle between the unit vectors r| and r;, and recalling Carnot’s theorem we have

1 1

12 \/rlz —2r1r2¢c08 0 +713

Denoting by r-. and r_, respectively, the larger and smaller of the two distances 71
and rp, one gets

1 1

12 r>\/l —21=cos© +(:—§)2

If we recall the definition of the generating function of Legendre polynomials

1 o0
=) Pu(wx" (x| <1),
V1I=2ux+x* =

we obtain the expression
1 2,
—=) —=7 Palcos ©). (7.9)

r
12 n—o ">

Substituting this expression in the integral, and performing the integration on
the polar angles of the two electrons, it is easy to see, given the properties of the
Legendre functions, that only the term with n = 0 contributes to the integral. We
then have?

o o0 1
;= 167{2/ drlf dry—e =220t a0,.2,.2.
172

0 0 rs

and calculating the integral with elementary methods we get
5n2a8
I3 =
823
Finally, substituting the values for the integrals, we obtain the expectation value of
the Hamiltonian on the test functions

2 5
(H) = e—0<z2 27+ §z>.

ao

3In the case we are considering, in which the wave functions of the electrons are spherically sym-
metric, this expression for the integral 73 can also be obtained more directly using simple consid-
erations based on Gauss theorem.
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Table 7.1 Ionisation potential of the helium atom and a few ions along its isoelectronic sequence

Ton H™ He Lit Bett B Cc* Nt 0%F

Calculated values (eV) —-0.74 23.1 740 1522 257.6 390.2 550.0 736.9
Experimental values (eV) 075 246 756 1538 2593 392.0 5519 739.1
Error (%) - 6.1 2.1 1.0 0.7 0.5 0.3 0.3

The first term in parentheses is the contribution of the kinetic energy, the second is
due to the Coulomb interaction of the electrons with the nucleus, and the third is
due to the Coulomb interaction between the two electrons.

In the spirit of the variational method we need to find the value z that minimises
(#H). This value is easily found by equating to zero the derivative of () with respect
to z. The minimum is when

5
16’

(H) mi __é Z_i ’
min = a0 6)

The corresponding eigenfunction is given by Eq. (7.8) with (Z — 15—6) instead of z.

The result we have obtained can be used to determine the ionisation potential
of the helium atom (and of the ions belonging to its isoelectronic sequence). This
potential is in fact given by the equation

7=2—

and we obtain

e o
I+ H)min=—"—2",
2ayp
where the right-hand side represents the energy of the electron in the ground state of
the ion formed after ionisation occurs. By substituting the value (#)min we obtain

e (., 5 25
I=2(2"->z+—=).
2a 477 128

The comparison with the experimental data is given in Table 7.1.

The table shows that, aside from the ion H™, for which the calculation yields a
negative value of the binding energy, the results of the variational method (obtained
with a test function containing only one free parameter) are relatively accurate, es-
pecially for larger Z. Obviously, better results can be obtained by introducing more
sophisticated test functions. With such functions it is found, for instance, that the
ion H™ is indeed stable (see Sect. 14.6).

Once the wave function of the ground state is obtained, the calculation can be
extended to determine the higher energy levels. For example, to obtain the energy
of the first excited level, it is sufficient to calculate the expectation value of the
Hamiltonian on the states described by test functions (dependent on one or more
parameters) that are orthogonal with respect to the wave function of the ground
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state. The minimum in the expectation value (obtained by varying the parameters)
provides an upper limit for the energy of the first excited level.

The variational method that we have illustrated with a simple model for an atom
with two electrons is also used to calculate the energy levels of complex atoms con-
sisting of a large number of electrons. As a first approximation these atoms are de-
scribed by the nonrelativistic Hamiltonian of Eq. (7.2). For these atoms a test wave
function ¥ (containing a number of free parameters) is adopted, and the expectation
value of the Hamiltonian on such wave function is calculated

(H) = (PIH|¥).

The parameters are then varied until a minimum for (#) is obtained.

The first numerical applications of this type were performed in the early 1930s,
mainly by Hartree. In these early works, the test function was simply given by the
product of N single-particle wave functions, without any antisymmetrisation. The
single-particle wave functions were also chosen in such a way as to be orthogonal
and normalised. The “best” wave functions were then determined with the varia-
tional method, and the charge density calculated by summing the square moduli of
the single-particle wave functions. Poisson equation (3.4) was then solved in order
to determine the potential ¢ (r). Once this potential was calculated, approximate
expressions similar to those seen in the previous section were used to estimate the
potential energy V.(r), and the stationary Schrodinger equation was solved to find
new single-particle wave functions. These wave functions were again parameterised
and the procedure repeated until a self-consistent solution of the problem was found.

Hartree’s work was subsequently generalised by various authors (including in
particular Fock) by taking into account the indistinguishability of the particles. The
result is a complex theory which is now known with the name of Hartree-Fock
theory. This theory describes in a quantitative way the structure of the energy levels
of the simpler atoms and constitutes a starting point for other more sophisticated
calculations, which are in general based on perturbation theory.

7.6 Configurations

The zero-order Hamiltonian H, introduced in the central field approximation, is
given by the sum of N Hamiltonians formally equal and independent of each other
(see Eq. (7.3)). To find its eigenvalues and eigenvectors it is sufficient to solve the
Schrodinger equation for the single-particle Hamiltonian. By taking into account
also the spin, the solution of this equation is characterized by four quantum numbers
n,l, m, and my

1
Wnlmms = ;Pnl ) Yim (0, ¢)Xms s (7.10)

where Yy, (0, ¢) is the spherical harmonic, and yx,,, is the spin eigenfunction that

can either be
1 or 0
0)’ 1)’
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depending on whether the projection of the spin along the quantisation axis is % or
— % , respectively. Pp;(r) is the solution of the radial Schrodinger equation
R d? R+ 1)
" 2mdr? 2mr?
where V() is the central potential and Wy(n, [) is the energy eigenvalue that only
depends on the two quantum numbers #n and /. The four quantum numbers #n, I, m,

and m obey the same restrictions we have seen in the cases of the hydrogenic atoms
and the alkali metals, or

P (r) + [Vc(r) + }Pnz(r) = Wo(n, ) P (r), (7.11)

1
n>1+1, Im| <1, ms=:|:§.

With regard to the first inequality we note that, for an arbitrary potential V. (r), the
meaning of the principal quantum number 7 is related to the number of nodes of
the radial wave function (not counting the origin). This number is in fact given by
(n — 1 — 1). With the single particle eigenfunctions we can build the eigenfunc-
tions of the Hamiltonian . They will be characterized by N sets of quantum

numbers ap, as, ..., ay, each set a; being formed by the four quantum numbers
(n;,l;, m;, mg;). This eigenfunction has a corresponding eigenvalue
Wo = Woln, ), (7.12)
i

which depends only on the quantum numbers n and [/, and not on m and mg. As
a consequence, there are in general several distinct eigenfunctions corresponding
to the same eigenvalue of the Hamiltonian . The corresponding physical states
form, as a whole, a so-called configuration, which can be specified by assigning
the number of electrons identified by the pair of quantum numbers n and [, or,
more synthetically, by the number of electrons occupying the orbital (nl). In typical
spectroscopic notation, a configuration is designated by writing

q1 q2 qdk
nylyng b7 e-ong L

where g; is the number of electrons occupying the orbital (n;1;), with ), gi = N.
For example, a possible configuration of an atom with 5 electrons is the following

1s22s22p,

where the exponent 1 for the orbital 2p is omitted by convention.

The sets of quantum numbers g; cannot be arbitrary. In fact, due to the Pauli
exclusion principle, the set a; must differ from the set a; (with i # j) for at least
one of the quantum numbers n, [, m, my. This means that there are restrictions on the
number of electrons that can occupy a given orbital. From the inequalities written
above, we have in fact that an orbital / can have at most Q; electrons, where

0, =221+ 1).

Thus, for example, an orbital s can have at most two electrons, an orbital p six, an
orbital d ten, and so on, so a hypothetical configuration such as 153252 does not
represent any physical state (as it violates the Pauli exclusion principle).
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An important characteristic of a configuration is its parity. In the case of single-
particle eigenfunctions, we have already seen that the parity is given by (—1)!, where
[ is the azimuthal quantum number. Such concept is easily generalised to configura-
tions. The parity of a configuration is in fact given by

P=(-DZiti,

and represents the factor by which the wavefunction of any state belonging to the
configuration needs to be multiplied if the coordinates of all the electrons are in-
verted with respect to the origin. Configurations can either be even or odd. For
example, the configuration 1522s22p? is even (P = 1), while 15s%2s2p> is an odd
configuration (P = —1).

Another important concept is the degeneracy. Once a configuration is assigned,
we can ask what is the number of distinct quantum states that correspond to it. One
way to obtain this number is the following. We start denoting by ¢,;; the number of
electrons occupying the orbital (n/) (the so-called subshell of the shell n). To each
of these electrons we can assign any pair of quantum numbers (7, m;) in such a way
that each pair differs from the others by at least one of the two quantum numbers.
Since the number of distinct pairs is Q;, the number we are looking for is given by
the number of possible combinations of g,; objects from a set of Q; objects. For the

degeneracy we therefore have
_ Qi
&= (%11 ’
nl

where the product is extended over all the possible values of the quantum numbers n
and /, and where we have introduced the symbol for the binomial coefficient defined
by

ny_ nt O<m<
(m)—m O=m=n).

About this formula it should be noted that, since

0 ()

it is not necessary to explicitly consider the contributions from both the so-called
closed subshells (those with g;,; = Q;) and the empty subshells (those with g,; = 0).
For example, for the configuration

1s22s22p4,

the degeneracy can be evaluated only considering the open subshell 2 p, obtaining

= (6)=1

In addition, from one of the properties of the binomial coefficients, namely

()= ).
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it follows a rule of symmetry whereby, for example, the degeneracy of the configu-
ration nd* is the same as that one of nd®, etc.

Finally, we note that the degeneracy of a configuration depends critically on the
fact that the electrons are “equivalent” or “non-equivalent”, that is, if they have
equal or different values of n (for equal /). For example, consider the configura-
tion 15225>2p3p4p. For this configuration, the degeneracy (due to the three non-
equivalent p electrons) is given by

~(5:6) ()2

On the other hand, for the 1522522p?3p configuration, where we have two equiva-
lent p electrons and one non-equivalent, we have

(O ()

while for the 1522522 p> configuration, with three equivalent p electrons, the degen-

eracy is
6
g= <3> =20.

As shown by this example, the degeneracy decreases rapidly with increasing the
number of equivalent electrons, an obvious consequence of the Pauli exclusion prin-
ciple.

7.7 The Principle of Formation of the Periodic Table

The Pauli exclusion principle and the central field approximation are the basis of the
so-called principle of formation of the periodic table, with which we can explain,
even if not always in a quantitative manner, the fundamental properties of the pe-
riodic table of the elements. The principle consists in an imaginary “construction”
of atoms (always considered in their ground state) starting from the hydrogen atom
and adding, one by one, an electron and a positive charge to the nucleus.

As we know, the hydrogen atom in its ground state has only one electron in
the subshell 1s. By adding an electron and a positive charge to the nucleus, we
obtain the helium atom, in which the two electrons can “cohabit” in the subshell
Ls. Obviously, the 1s state of the helium atom is different from the 1s state of the
hydrogen atom, since the (approximate) central potential for the electrons in the
helium atom is different from the purely Coulomb potential of the hydrogen atom.
The configuration for the ground state of the helium atom is 1s2. With helium, both
the subshell and the shell (which in this case coincide, being n = 1) become closed.
The shells are commonly designated with capital letters, starting with the letter K
and proceeding in alphabetical order, by following the convention
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n 1 2 3 4 5 6 7
Symbol K L M N O P Q

So, with the helium atom the K-shell becomes closed. Moving on to the next atom,
lithium, the “added” electron has to occupy a state in the L shell. Within this shell,
both s and p orbitals are present, but the s ones have lower energy because their
orbits are more penetrating (recall the discussion in Sect. 6.5 about the alkali met-
als). Therefore, the electron occupies the 2s subshell, and its radial eigenfunction is
much more “expanded” than the radial eigenfunction of the two electrons occupying
the K shell. If we recall the results for the hydrogenic atom, the mean value of the
radial distance (r) for a 2s state is 4 times larger than the corresponding value for a
1s state and, in this case, the ratio is even greater because the inner electrons experi-
ence a higher effective charge. An estimate based on the considerations in Sect. 7.5
produces an additional factor 3 — 15—6 ~ 2.7, so that the ratio assumes a value of
the order of 11. As a consequence, the lithium atom has one electron that is more
weakly bound than the others, with a ionisation potential of 5.4 eV (to be compared
with a value of 13.6 eV for hydrogen and 24.5 for helium). Since the chemical prop-
erties of the elements depend only on the peripheral electrons (valence or optical
electrons), one can easily understand the reason why lithium is a chemically active
element with a tendency to release easily an electron (monovalent element).

The next atom is beryllium, with ground (also called normal) configuration
152252, followed by boron, with ground configuration 1s22s22p. Boron is at the
beginning of a “period” of 6 elements with the subshell 2p becoming more and
more filled. The other five elements of the period are carbon, nitrogen, oxygen, flu-
orine and neon. With neon, whose ground configuration is 1s22s22p6, both the 2p
subshell and the L shell become closed. The elements with a closed p subshell have,
from a chemical point of view, a very low tendency to combine with other elements.
Indeed they are called noble gases or inert gases, and, from a physical point of view,
are characterized by having a high ionisation potential. The chemical stability is
due to the fact that a closed subshell is characterized by a “cloud” of electronic
charge having exact spherical symmetry, a consequence of one of the properties of
the spherical harmonics

!
21+ 1
Z | Yim (6, <15)|2 = % (independent of 6 and ¢).

m=—I

In addition, it is difficult to excite electrons belonging to a closed subshell p, since
they must be moved to orbitals relatively far away in energy (the 3s orbital, for
example, in the case of neon). This does not occur for elements having closed s
subshells such as beryllium (which still has the property that the charge has a spher-
ically symmetric distribution). In the case of beryllium, it is relatively easy to excite
a 2s electron to a 2p orbital, and this explains why beryllium is more chemically
reactive with respect to an element such as neon.

Once a shell is completed, the procedure continues by adding another (weakly
bound) electron, then two, three electrons, etc., each of them more strongly bound,
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until a new shell is filled, reaching maximum chemical stability. This explains the
origin of the periodicity of those properties of the elements that depend on the outer
electrons, such as the spectroscopic and chemical behaviour.

Table 7.2 shows the experimental ground electronic configurations of all the ele-
ments up to uranium (Z = 92). To avoid repetitions, the orbitals of the closed shells
of the preceding noble gases are omitted. For example, the ground configuration for
sodium as shown in the table is 3s. The full description of the configuration is ob-
tained by including the helium and neon configurations so as to obtain 1522522 p®3s.
Inspection of the tables shows that the “building” of the atoms proceeds regularly
until the subshell 3 p is completely full with argon (Z = 18). After argon, one might
think that the next subshell to be filled would be the 3d. Instead, we have a reversal,
in the sense that the orbitals 4s are filled before the 3d. This fact is not too sur-
prising when we recall that the Rydberg correction, discussed in the context of the
spectra of the alkaline metals, becomes more important for higher nuclear charge.
The penetration effect of the orbits is such that the energy of the electron in the
4s orbital is lower than the energy in the 3d orbital, which is practically circular.
The subshell 3d therefore begins to fill after the subshell 4s. We obtain in this way
a series of 10 elements ranging from scandium (Z = 21) to zinc (Z = 30). After
zinc, subshell 4p becomes filled, and then we proceed following the track shown
in Fig. 7.2, where each step is marked with the atomic number of the element with
which the next subshell starts to be filled.

It should be noted that, in this filling process of the successive subshells, some
irregularities occur. For example, with barium (Z = 56) we fill the subshell 6s and
then we start filling the 5d subshell to obtain lanthanum, with ground configuration
5d6s>. At this point, instead of continuing with the subshell 54, we jump to the
subshell 4 f, obtaining a series of 14 elements from cerium (Z = 58) to lutetium
(Z = T1), all having properties similar to those of lanthanum (family of the rare
earths or lanthanides). Afterwards, the filling goes on in subshell 5d. Something
very similar occurs with subshells 64 and 5 f. The element corresponding to lan-
thanum is actinium (Z = 89), while the family corresponding to the lanthanides is
that one of the actinides.

Other minor irregularities are found here and there, especially during the fill-
ing of subshells d or f. As it appears from Table 7.2, these irregularities occur
for the following elements: chromium, copper, niobium, molybdenum, ruthenium,
rhodium, palladium, silver, gadolinium, platinum, gold and thorium. The ground
configuration for gold, for example, is 4 f 14541965, instead of 4 f1454°652.

7.8 Configurations of Excited Electrons

With the principle of formation of the periodic table we have found the electron
configurations for all the elements in their ground state, i.e. the so-called normal
configuration. The excitation of one or more electrons to orbitals of higher energy
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Table 7.2 Ground electronic configurations of the elements from hydrogen (Z = 1) to uranium
(Z =92). The orbitals of the closed shells of the preceding noble gases are omitted for simplic-
ity. For some elements, exceptions to the “rules” described in the text are present. The ground
configuration of chromium, for example, is 3d54s instead of 3d*4s?

Z Symb.  Element Config. Z  Symb. Element Config.

1 H Hydrogen Ls 41 Nb Niobium 4d*5s

2 He Helium 152 42 Mo Molybdenum  4d°5s

3 Li Lithium 2s 43 Tc Technetium 4d°552

4 Be Beryllium 252 44 Ru Ruthenium 4d’5s

5 B Boron 25%2p 45 Rh Rhodium 44855

6 C Carbon 2522 p? 46 Pd Palladium 4410

7 N Nitrogen 2522p3 47 Ag Silver 4d'055

8 O Oxygen 2522p* 48 Cd Cadmium 4410552

9 F Fluorine 2522p3 49 In Indium 4d'05525p
10 Ne Neon 2522 p0 50 Sn Tin 44105525 p2
11 Na Sodium 3s 51 Sb Antimony 4405525 p3
12 Mg Magnesium  3s? 52 Te Tellurium 4d'05525p4
13 Al Aluminium  3s23p 53 1 Todine 44105525 p3
14 Si Silicon 3523 p? 54  Xe Xenon 44105525 pb
15 P Phosphorus 3523 p3 55 Cs Cesium 6s
16 S Sulfur 3523 p* 56 Ba Barium 652
17 Cl Chlorine 3s23p> 57 La Lanthanum 5d6s>
18  Ar Argon 3523 p 58 Ce Cerium 4 £5d6s*
19 K Potassium 4s 59 Pr Praseodymium 4 f36s2
20 Ca Calcium 452 60 Nd Neodymium 4 f*6s2
21  Sc Scandium 3d4s? 61 Pm Promethium 415652
2 T Titanium 3d%4s? 62 Sm Samarium 4 £06s2
23V Vanadium 3d34s? 63 Eu Europium 47652
24 Cr Chromium 3d>4s 64 Gd Gadolinium 4175d, 6s
25  Mn Manganese  3d’4s? 65 Tb Terbium 4 £96s2
26 Fe Iron 3d%4s? 66 Dy Dysprosium 4 £10652
27 Co Cobalt 3d74s2 67 Ho Holmium 4f16s2
28 Ni Nickel 3d84s? 68 Er Erbium 4112652
29  Cu Copper 3d104s 69 Tm Thulium 4f13652
30 Zn Zinc 3d10452 70 Yb Ytterbium 4 14652
31 Ga Gallium 3d'"045%4p 71 Lu Lutetium 4 £14546s>
32 Ge Germanium  3d'04524p? 72 Hf Hafnium 4 £1454%652
33 As Arsenic 3d104524 p3 73 Ta Tantalum 414543652
34 Se Selenium 3d104524 p* 74 W Tungsten 4 f1454%652
35  Br Bromine 3d104524 p> 75 Re Rhenium 4 F1454°652
36 Kr Krypton 3d'04524p6 76 Os Osmium 4 f14546652
37 Rb Rubidium 5s 77 I Iridium 4 £14547652
38 Sr Strontium 552 78 Pt Platinum 4 11454%6s
39 Y Yttrium 4d5s? 79  Au Gold 414541965
40  Zr Zirconium 44?55 80 Hg Mercury 4145410652
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Table 7.2 (Continued)

V4 Symb. Element Config. V4 Symb.  Element Config.
81 TI Thallium 4 £1454'96s%6p 87 Fr Francium s

82 Pb Lead 4 £1454106526 p> 88 Ra Radium 752

83 Bi Bismuth 41454196526 p3 89  Ac Actinium 6d7s>

84 Po Polonium 4 f1454196526p* 90 Th Thorium 6475

85 At Astatine 4 £1454106526 p> 91 Pa Protoactinium 5 f26d7s2
86 Rn Radon 4 £1454106526 po 92 U Uranium 5f36d7s>
Fig. 7.2 Schematic diagram @

illustrating the progressive

filling of the subshells ;

according to the principle of
formation of the periodic
table of the elements. Each
step from subshell to subshell
is marked with the atomic
number of the element with
which the next subshell starts

to be filled
5¢g
6g  6h
7g  7Th T

gives rise to additional configurations. Consider for example the carbon atom, hav-
ing ground configuration 1522522 p?. The excitation of one or more electrons can
lead to various configurations, such as

1s2s%2p> excitation of an electron 1s to 2p,
152252p?3s  excitation of an electron 2s to 3s,
1522523s3p  excitation of two electrons 2p to 3s and 3 p,
15225%2p3d  excitation of an electron 2p to 3d.

The configurations resulting from the excitation of inner electrons (belonging to
shells or subshells that are closed), such as the first and the second listed above,
generally have corresponding energies that are much higher than those of the ground
configuration. The spectral lines that originate from these configurations therefore
fall in the extreme ultraviolet or in the X-rays. The corresponding spectra are ob-
served in the laboratory mostly in absorption. The configurations that originate from
the excitation of two or more outer electrons, as the third in the list, are responsi-
ble for the appearance of the so-called anomalous terms. These terms are, as the
name itself suggests, an anomaly that is rarely observed and only under particular
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conditions. The configurations that arise from the excitation of a single electron be-
longing to an open subshell, as the fourth in the list, are by far the most important
ones. Virtually all lines of the visible and near ultraviolet spectrum of a given ele-
ment originate from transitions between a configuration of this type and the ground
configuration or between two configurations of this type.

As we have seen in Sect. 7.6, a configuration corresponds to a number g of differ-
ent quantum states, described by the wave functions ¥ (ay, az, ..., ay), degenerate
eigenfunctions of the Hamiltonian (. By considering appropriate linear combina-
tions of these wave functions, it is possible to obtain new functions that are eigen-
functions not only of H, but also of a set of operators that commute between them-
selves as well as with Hg. The most appropriate set is comprised, in most cases,
by the operators L%, L., S%, and S.. We therefore need to establish, for a given
configuration, the possible eigenstates of such operators and, in particular, their cor-
responding values of the quantum numbers L and S. In other words, we need to find
the terms of type L-S (or terms tout court) that originate from a given configuration.
To solve this problem it is necessary to recall some results of the theory of angular
momentum.

7.9 A Summary of Angular Momentum Theory

In quantum mechanics the angular momentum is defined as a vector operator J with
Cartesian components Jy, Jy, and J, that satisfy the commutation relations

[Ji, Ji]= Ziéijk-]k»
k
which may be condensed in the identity

JxJ=1il.

From these properties we obtain that each component of the angular momentum
commutes with its square, i.e.

[J. /%] =0.

To find the eigenvalues and eigenvectors of the angular momentum we use the
two above equations and take as the maximum set of commuting operators the
square of the vector J and any of its three components, for example the J, compo-
nent. The result is that the eigenvectors may be identified by two quantum numbers,
Jj and m, such that j can only be a non-negative integer or a half integer (0, %, 1, %,
etc.), and, for a given j, m can only have one of the (2 + 1) values (—j, —j + 1,

.., j — 1, j). If we indicate by the symbol | j, m) such (normalised) eigenvectors,
the eigenvalues are given by

JHjmy=jG +Dlj,m),  Jlj,m)=m|j, m).
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The relative phases of the eigenvectors are then fixed by setting, by convention, that
the matrix elements of the so-called shift operators J+ = J iJy are real, i.e.

(omE1Jeljom) =/ j(+ D —mm=1) =/ Em+1)(j Fm).

Consider now two angular momentum operators J; and J, that are commuting.
It can be easily proved that the operator sum of the two angular momenta,

J=Ji+J2,

also satisfy the commutation relations characteristic of the angular momenta. Con-
sequently, J is itself an angular momentum, according to quantum mechanics.

To describe the eigenstates common to both angular momenta we can use two
different representations (also called bases). The first basis is the one of the eigen-
vectors of the four commuting operators J 12 , J1z, J22, Joz. If | j1, m1) are the eigen-
vectors of J; and |ja, m3) those of J,, the eigenvectors of this basis are given by
the direct product |ji,m1)|j2, m2) and can be indicated with the compact symbol
| j1 jamim>). For them we have

JEj1pmima) = ji Gt + Dl ji jamima), Jizlj1jamima) = mylji jomima),
JZ1jtjamima) = jo(jo + Dl j1jamimy), Jozlj1jamima) = mal ji jomima).
Another basis is given by the eigenvectors of the four commuting operators J 12 , 122,

J?, J.. Their eigenvectors are indicated with the symbol |j; j»J M), and are such
that

JHjijpI M) = j1Gi + D0jijpd MY, J3Hjipd M) = jo(jo + Dlj1j2d M),
JAjipd My = J(J + D] j1j2d M), | j1jpd MY = M| ji j2J M).

Since the two bases describe the same vector space, there is a similarity transforma-
tion that relates one basis to the other. We have then

i d MY =" |jijamima) i jomimal ji jad M), (7.13)
mimy
ljriamima) =Y |jujad M){j1jad M| ji jamima). (7.14)
JM

The coefficients that appear in these transformations, written here in the form of
scalar products, are called Wigner coefficients or more often Clebsh-Gordan coeffi-
cients. These coefficients are identically zero unless

M=m+my,
and unless J is not equal to any of the possible values
J=lh—pLlh—pl+L. g+ -1+ ).
The proof of the first condition is easily obtained by considering the scalar product

(Jrjomima|Jiz + Jozlj1 2 I M),
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and applying the operator Ji; + Jo, = J; alternatively on the “bra” or on the “ket”.
We obtain

(my +my — M)(j1jomimz|j1j2J M) =0,

which shows that, for the Clebsh-Gordan coefficient to be different from zero, we
must necessarily have M = mj + ma. The proof of the second condition is more
complicated and will be given later.

In place of the Clebsh-Gordan coefficients, recent literature often uses the so-
called 3-j symbols, introduced by Wigner and defined by the equation

<j1jzm1mz|jlszM>=<—1)f'—f2+M¢2J+1(’1 /2 J). (7.15)
my mpy —M

The explicit expression of the 3-j symbols (and thus that one of the Clebsh-Gordan
coefficients) can be found with a laborious calculation. By defining in an appropriate
manner the relative phases of the vectors of the two bases, the 3-j symbols (and the
Clebsh-Gordan coefficients) turn out to be real and are given by the expression*

a b C \_/ {\a—b+y 1
((x B —y>_( Y m(abaﬂlabcw

= (=D Aa, b, ¢)
x/(a+a)(a—a)b+ )b —P)lc+y)c—y)!
X Z(—l)”[(a —a—Wlc—b+a+v)I(b+ B —v)!

x(c—a—B+v)la+b—c—v)]", (7.16)

where the index v takes all the values that give rise to meaningful (i.e. non-negative)
factorials, and where the symbol A(a, b, c) is defined by

(7.17)

Al b. c) — (a+b—c)la+c—b)lb+c—a)
(@b.0r= (a+b+c+ 1! '

The 3-j symbols satisfy some important relations that we state here without proof
(of course, the Clebsh-Gordan coefficients have similar properties):

(a b ¢ >

a By

is zero unless « + B + y = 0 and unless a, b and c satisfy the triangular inequal-
ity la—b|<c<a+b.

(a) the 3-j symbol

4This formula, due to Racah (1942), is particularly symmetric with respect to the exchange of the
three angular momenta a, b, and c. For the derivation of an equivalent but less symmetrical formula
see, for example, Landi Degl’Innocenti and Landolfi (2004).
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Fig. 7.3 Once m| and my are z
defined, the tip of the

vector J, sum of J; and J,,
lies at any point on the
circumference drawn at the
top. Therefore the vector J is
not uniquely determined

(b) Relations of completeness and orthonormality

a b c a b ¢
Z(2c+1)<a 5 y)(a 8 y,>=3,:c,3w/,
af

b

a b c a c
;(zwn(a 8 y)<a, g y>:5aa’5ﬁﬂ’-

(c) By changing the sign of the components of the second row, the 3-j symbol is
multiplied by the sign factor (—1)4+0+¢

a b c a b c
= —1“+”+C< ) 1
e A VI 719

(d) By interchanging any two columns, the 3-j symbol is multiplied by the same
sign factor (—1)4+?*¢, For example

a b ¢ b a c¢
= (=)@ tbte ) 2
(a 8 y) (=1 (ﬂ o y) (7.20)

The Clebsh-Gordan coefficients have an immediate physical interpretation. We
consider two system for which the squares of their angular momenta were mea-
sured, finding the respective values ji(j; + 1) and j>(jz + 1), and, separately, the
components of the moments along the z axis were also measured, finding the values
m1 and my. The square of the absolute value of the Clebsh-Gordan coefficients (the
quantity |(jj jamima|ji joJ M)|?) is then, according to the principles of quantum
mechanics, the probability that the measurement of the square of the angular mo-
mentum of the total system gives as a result J(J + 1) and the measurement of the
z component gives M. As can be seen from Fig. 7.3, the result of such a measure-
ment is not unique even in classical physics. Indeed, while M is equal to m + m
(a property that is unchanged in quantum mechanics), the value of the magnitude of
the resulting angular momentum depends on the reciprocal orientation of the two ad-
denda. To this classical uncertainty, we need to add the typical quantum-mechanical

(7.18)
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Fig. 7.4 Schematic diagram m
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one according to which, when measuring the z component of an angular momentum,
the other two components (the x and y components) remain undeterminate.

We can now show that J can have all the possible values (differing by unity) be-
tween | j; — j2| and (j; + j»). For this we refer to Fig. 7.4, where the physical states
of the system are identified by the points of the grid, each point being characterized
by a value of m and a value of mj. Each of the diagonals sketched in the figure
connects states having the same value of M = m + m». The highest value of M is
(J1 + j») and there is only one state having such value of M. If we indicate with
N (M) the number of states with a given value of M, we have that N'(j; + j») = 1.
Turning to the lower value of M, we have N'(j; + j» — 1) =2 and, as M decreases,
the number of states increases until the value M = |j; — j»| is reached, for which
N(j1 — j21) = 2jmin + 1, where jnin is the smallest of j; and j,. When M fur-
ther decreases, A/ (M) remains unchanged up to M = —(j; + j»). This is further
illustrated by the histogram of Fig. 7.5, which refers to the particular case j; =5,
=4

The counting of states with a given value of M allows to determine the values of
J resulting form the sum of the two angular momenta. The fact that there is a state
with the value M = j; + j, implies that there must be a value of J equal to jj + j>.
This means that we can “delete” from the histogram of Fig. 7.5 a state with M =
J1+ j2, astate with M = j; + jo» — 1, and so on, until the cancellation of a state with
M = —j; — j». This is equivalent to removing the bottom line from the histogram.
At this point we note that there is one, and only one state with M = j; 4+ j, — 1.
This implies that a value of J equal to j; + j» — 1 must exist, so we can delete the
second row (from the bottom) of the histogram. By repeating this procedure we can
easily prove that all the possible values of J are

1= el ljr = ol + 1, ... ji + j2 — 1, j1 + jo,

as we anticipated. To verify it, we can check that the total number of states is effec-
tively what we expected, i.e. that the following relation is verified

J1+i2
Z QI+ =2j1+DQ2jr+1).
J=lj1—J2l
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Fig. 7.5 Histogram showing the variation in the number of states with a given M as a function of
M. The diagram refers to the case where j; =5 and j, =4

The sum can be performed by distinguishing the two cases j; > j, or j; < j» and
by taking into account the identity (valid both for the sum of integers and that of
semi-integers)

na

Z i na(ny +1) —ni(n; — 1)
: B 2 .
1=n

We obtain for example, for j; > jo,

J1t+2 . . ) ) ’ . . .

1 —jh—1 —
> @I+ :2[(” +J2 +2)(J1 tp) Gi—p 2)(11 12)}
J=j1—j2

+C2p+D=2H+D2p2+D.

In the particular case in which the two quantum numbers j; and j, are equal, it is
possible to show that the eigenstates | ji j»J M) are divided into two groups having
opposite symmetry with respect to the interchange of the two angular momenta. In
this case, by placing j; = j» = j, we have, recalling Eq. (7.13) and the relation
between the Clebsh-Gordan coefficients and the 3-j symbols (Eq. (7.15))

jjIMy =Y (~DMV2T 1 (n{] o _&) |jjmim2).

mypm3

By taking into account the property of symmetry of the 3-j symbols with respect to
the exchange of two adjacent columns (Eq. (7.20)) we can see that after the exchange
of the two angular momenta the eigenstate |jjJM) is multiplied by the factor
(—1)%/*7 We therefore obtain that the eigenvectors corresponding to eigenvalues
J =2j,2j — 2, etc. are symmetric with respect to the exchange of two angular mo-
menta, while the eigenvectors corresponding to the eigenvalues J =2j — 1,2 — 3,
etc. are antisymmetric. Note that if j is an integer, the group of symmetrical eigen-
vectors ends with J = 0 and that of antisymmetric eigenvectors ends with J = 1.
On the other hand, if j is a half-integer the opposite occurs.
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We could have obtained this property by imposing the Pauli exclusion principle to
the grid in Fig. 7.4. Suppose that j; and j, (with j; = j» = j) are quantum numbers
of an angular momentum (orbital, spin, or total) of two indistinguishable particles,
and that all other possible quantum numbers of the two particles are equal. In this
case, the grid of Fig. 7.4 takes a square form and narrows down, because of the
exclusion principle, into the semi-grid of Fig. 7.6 (which refers to the particular case
J1 = jo = 3). If we count the number of states with a given value of M, we obtain
the histogram represented in Fig. 7.7. By repeating the above reasoning, it follows
that the possible values for the total angular momentum are J =2j —1,2j — 3, etc.,
until we obtain J = 1 if j is an integer, or J = 0 if j is a half-integer. These are the
states that satisfy the exclusion principle and are then those having a wave function
that is antisymmetric with respect to the exchange of the two particles.

7.10 Terms Originating from Given Configurations

This section deals with the issue of determining, given a configuration, the possible
values of the quantum numbers L and S. We start by considering the most simple
cases, the configurations with a closed subshell, such as s2, p6, dwo, f 14 etc. Let us
consider e.g. the p® case. The possible values of m and m; for the six electrons are
the following

= 1 ! 11 0 ! O1 1 ! 11
o= (213 (13 (0-3)-(03)-(+=3)- (1)
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and the Pauli exclusion principle does not allow any other combination of quantum
numbers. We therefore have a single quantum state, characterized by

ML=Zmi=0, M5=sti=0,
i i

that is a state with L =0 and S =0, i.e. a 1S state.

Similar arguments apply to any other configuration with a closed subshell, so we
conclude that a closed subshell always have null angular momentum (both orbital
and spin). The corresponding term is a 'S. To determine the terms of any configura-
tion, we therefore only need to consider the electrons in open subshells, given that
all those in closed subshells do not contribute to the angular momentum. We have
already seen that such a property holds for the degeneracy of a configuration.

We now consider the configurations with a single electron in an open subshell.
Obviously, the orbital (and spin) angular momentum of the configuration is the same
as that of the single electron, so that we simply have for an ns configuration (n
arbitrary) a term S, for an np configuration a term 2P, for an nd configuration a
term 2D, and so on.

When we consider configurations with two or more electrons we need to dis-
tinguish between equivalent and non-equivalent electrons. For example, the config-
uration npn’p (with n # n’), normally indicated with the symbol pp’, has terms
that differ from those originating from the np? configuration, usually written as p2.
Similarly, the configuration d>d’ has terms that differ from those of the d* or the
dd'd", etc. For the configurations with two non-equivalent electrons, the terms can
be obtained by combining (following the angular momentum rules) the orbital and
spin angular momenta of the two electrons separately, and then coupling each re-
sulting value of L with each resulting value of S. If we consider for example the
configuration dd’, L can have the values originating from the addition of two angu-
lar momenta each having a value of 2, i.e. the values 0, 1, 2, 3, 4. Similarly, S can
assume the values resulting from the sum of two angular momenta each equal to %,
that is either O or 1. In the end we obtain the ten possible terms

Is'p.'p,'F,'G,3s,3P, D, F,3G.

Similarly, if we consider the pd configuration, L can have the three values 1, 2, 3
and S the two values 0 and 1, so we have the six terms

'p.'D,'F,3P,3D,F.

Table 7.3 lists the possible terms for some configurations with two non-equivalent
electrons that are often encountered in the spectroscopic analysis.

When considering the terms for two equivalent electrons, we need to recall the
properties on the symmetry of the eigenfunctions discussed in the previous sec-
tion. Given that the total eigenfunction must be antisymmetric with respect to the
exchange of two particles, we have two distinct cases: (a) we consider a symmet-
ric eigenfunction for the spin and an antisymmetric eigenfunction for the orbital
angular momentum, or (b) an antisymmetric eigenfunction for the spin and a sym-
metric eigenfunction for the orbital angular momentum. For the spin eigenfunction,
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Table 7.3 Terms of configurations with two non-equivalent electrons

Configuration Terms

ss’ g 3¢

sp p, 3p

sd D, 3D

sf IF,3F

p[)/ lS, IP, lD,3S, 3P,3D

pd Ip,1p,'F,3p,3D,3F

[Jf lD, lF, IG,3D, 3F,3G

dd’ 's,'P,'D,'F,'G,%s.3P,*D, *F. G
df 'P,'D,'F, G, 'H,3P, 3D, 3F, 3G, *H
ff, lS, lP, ID, IF, lG, ]H, lI, 3S, 3P, 3D, 3F, 3G, 3H, 3]

Table 7.4 Terms of

configurations with two Configuration Terms
equivalent electrons
52 g
P’ Is,'D,3p
d? 1s,1D,1G, %P, 3F
f* 15,1D, G, '1,3P,3F,3H

the S = 1 value corresponds to a symmetric eigenfunction, while S = 0 to an anti-
symmetric eigenfunction. For the orbital angular momentum we have various pos-
sibilities. For example, for two equivalent p electrons we can have the three values
L =2 (symmetric function), L = 1 (antisymmetric), L = 0 (symmetric). By taking
into account these arguments, we obtain the terms listed in Table 7.4.

The cases with three or more electrons in open subshells are more complicated.
The most appropriate way to deal with these types of cases is group theory, although
the same results can be obtained with a more simplified approach based on the
construction of suitable tables, as described below.

In the case of configurations with three electrons, we still need to distinguish
the cases when the electrons are equivalent or not. We can also have intermediate
cases, with two equivalent electrons and one not. When at least one of the electrons
is non-equivalent, the terms of the configuration can be obtained with the usual
sum rules for two angular momenta, by adding the angular momentum of the third
electron (the non-equivalent one) to the angular momentum obtained for the other
two electrons (either equivalent or not). For example, for the pp’p” configuration
we can see from Table 7.3 that the terms arising from the pp’ configuration are the
following: s 1p 1p,3s,3p,3D. By adding a non-equivalent p electron, we obtain:

(a) from 'S: the term 2P

(b) from 1p. the terms 28, 2P, 2D
(c) from 'D: the terms 2P, 2D, 2F
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Table 7.5 Terms of configurations with three electrons, where at least two are non-equivalent

Config. Terms

ss's" 25(2), 4
ss'p P(2).*P
ss'd 2D(2),*D

spp’ 25(2),%P(2),’D(2), %S, %P, *D
sp? ’s,2P.?D, *P
spd 2p(2),2D(2), 2F (2), %P, *D, *F

pp'P"  28(2),%P(6),’D(4), *F(2), %S, *P(3),*D(2), *F

p2p 25, 2p(3), 2D(2), 2F, S, *P, *D

pp'd 28(2), 2P(4), 2D(6), 2F (4), 2G(2), %S, *P(2), “D(3), *F (2), “G

pdf 28(2), 2P(4), 2D(6), 2F (6), 2G(6), 2H(4), 21 (2),%S, *P(2), *D(3), *F (3), *G(3), *H (2), *I

(d) from 3S: the terms 2P, *P
(e) from 3p: the terms 28, 2P, 2D, %S, 4P, *D
(f) from 3D: the terms 2P, 2D, 2F, 4P, 4D, iF,

In the end, we obtain the following terms
’5(2),°P(6),’D#),°F(2),%5,*P(3),"D(2),F,

where the numbers in parentheses indicate how many times a term is present (if
more than once). In order to identify each specific term, it is common to write in
parenthesis its “progenitor” term. For example, we can distinguish the two 2§ terms
as (1P)2S and (°P)2S, obtained from the 'P and 3P terms respectively.

By repeating a similar procedure as we have seen for the pp’ p” configuration, we
can easily obtain the results shown in Table 7.5 for the most common configurations.

If on the other hand the electrons are equivalent, the procedure to determine the
possible L and S values becomes more complex, because we cannot easily apply
the angular momentum sum rules to obtain an antisymmetric eigenfunction. In these
cases, the terms can be obtained by writing a table with all the possible combinations
that satisfy Pauli exclusion principle for the m and m; values. A practical example
for the p> configuration is shown in Table 7.6. The table lists, in each cell of the first
three columns (one for each possible value of m), the number N,, of the electrons
that have that particular value of m. Obviously, such a number can only have the
values N, =0, 1, 2, otherwise the exclusion principle would be violated. Once the
N,, values are specified, the value of M (shown in the fourth column) is easily
obtained by the equation

m:me
m

We next observe that the cells with N, =0 or N,, = 2 do not contribute to the
quantum number M. This is obvious for N, = 0, while for N,, = 2 this is under-
stood by taking into account the Pauli principle, by which the two electrons must
have anti-parallel spin. The contribution to M therefore only comes from the cells
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Table 7.6 The table shows the procedure to obtain the terms for the p> configuration. See the
text for a description of the first five columns. The symbols in the last column indicate the terms
(x =D, A=2P, +="1)

m=1 m=0 m=-—1 My Mg Terms
2 1 0 2 1.-1

2 0 1 1 1.-1 x

1 2 0 1 1.-1 A

! ! ! = TS
1 0 2 -1 1.-1 A

0 2 1 -1 1.-1 x

0 1 2 -2 i1

with N, = 1. If we indicate with k the number of such cells, the number of possible
values of My is then 2k because we have two distinct possible orientations for the
spin of the electron in each cell. The possible values of Mg are obtained by adding
all possible combinations of k addenda equal to j:%. So, for example, for k = 1 we

have two values of Mg equal to % and — %; for k =2 we have the four values of Mg

equal to 1, 0, 0, —1; for k = 3 we have the 8 values %, %, %, %, —%, —%, —%, —%;
and so on. Once the possible values of Mg are written in the fifth column, the table
becomes complete and we can proceed to find the terms. We start by considering
the highest value of M that is listed in the table (M}, = 2). This value is associated
with two values of Mg, equal to :l:l, so we must have a 2D term, indicated in the
last column of the table with the symbol x. Obviously, the other possible values
of M; (1,0, —1, —2) associated with the two Mg = j:% values also correspond to
this term. We therefore identify the rows corresponding to the values My and Mg
with the same symbol in the last column and we mentally remove such states from
the table. At this point the largest value of My is My = 1, that is again associated
with Mg = :I:%. We then have a 2P term, indicated with a new symbol (A). Once
the states corresponding to this term are pinpointed, we are left with states having
Mp =0and Mg = :I:%, + % We then have a last term, S, indicated with a different
symbol (4), which completes the list of all possible states. In the end we have found
that the p3 configuration produces three terms, 2p 2D, and “4S. Another example,
for the d* configuration, is shown in Table 7.7. From the analysis of this table we
obtain the following terms: 2p.2p 2), 2F,2G,%H,*P, and *F.

The way in which these tables are constructed and analysed shows quite clearly
that the terms of a given configuration with ¢ equivalent electrons are the same
as those of the complementary configuration having (Q — ¢) equivalent electrons,
where Q is the maximum number of electrons that can be present in the subshell. For
example, the p? and p* configurations have the same terms. The same holds for the
d3 and d7 configurations, the f* and f'° configurations, and so on. To demonstrate
this, suppose we have constructed the table for the configuration with g electrons
having angular momentum / and exchange each of the numbers contained in the first
columns (corresponding to the possible values of m) with its complement to 2 (i.e.
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Mg

My

2D (second term), V

2D (first term), ©

=2F, O

ol

iF i

Table 7.7 The table shows the procedure for determining the terms derived from the configuration
d?. The symbols in the last column schematically identify the terms as follows: x = 2H, A =G,
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m=—I

0—2,1— 1,2 — 0). If we indicate with k;,, the numbers contained in the original
table, the new numbers will be (2 — k,,,). The total number of electrons is now given

by
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On the other hand, if a row in the original table produced the result M , for the new
table we have

1
M) = Z mQ2—ky)=—Mp,

m=—I

while the values of Mg remain unchanged. The tables obtained from the two com-
plementary configurations have therefore the same structure and produce exactly the
same terms.

Finally, we note that in the case of ¢ equivalent electrons, if we denote by p the
number of possible values of m (p =21 + 1 = Q/2), the number of rows Nyows that
we must consider in the construction of a table like the previous ones is equal to the
number of non-negative integer solutions of the equation

ki+ky+---+kp,=gq,

with k; < 2. It is possible to show that such number is given by

p!
Nrows = ,
ons Zr!(q—Zr)!(p—q—i—r)!

r
with the sum extended to all values of r such that the factorials in the denominator
are significant. For example, to build the table for the configuration £ we have
(g=6,p=7)

3

7!
rows rz_:()r!(6—2r)!(l+r)!

With the above procedures, the terms of a given configurations of equivalent elec-
trons can be determined. The results concerning the most common configurations
are given in Table 7.8 (which also summarises the results already contained in some
of the previous tables).

7.11 The Eigenfunctions of the Non-relativistic Hamiltonian

As we have seen in Sect. 7.6, the configurations are a set or a collection of quantum
states described by eigenfunctions of the form lPA(al, as, ...,ay) that satisfy the
Schrodinger equation

HoW (a1, az, ..., an) = WoW™ (a1, a, ..., an),

where Hg is the Hamiltonian of Eq. (7.3) and W) is defined in Eq. (7.12). Such
quantum states are degenerate, and as we have seen the degeneracy is g. If we con-
sider the action of the Hamiltonian H; (Eq. (7.4)), we need, in general, to evaluate
all the matrix elements of the form

('J/A(al,ag, .. .,aN)|’H1 |§[/A(ai, aé, e a}v)),
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Table 7.8 Terms from configurations with equivalent electrons

Config. Terms

K 2

», P 2p

p27p4 15, 1p,3p

ps 2P, 2D, 4

d,d’ D

d?, d® 1s,1p,1G, 3P, 3F

a3, d’ 2p.2D(2),%F,%G,%H, *P,*F

d*, d° 1s@), 'D©), 'F,'G(2), '1,3P(2),°D, *F(2),3G, *H,>D
&’ 25.2P,2D(3), 2F (2), 2G(2), °H, %I, *P, *D, *F , %G, 6§
f, f13 2F

f27f12 lS, lD, lG, 1],3P,3F,3H

A P.2D(2),°F(2),%G(2),?H(2), 1, K ,°L, *S,*D, *F . *G. *I

VAR 152), 'p@), 'F, 'G@4), 'H(2), '1(3), 'K, 'L(2), 'N, 3P(3), *D(2), ’F (4), 3G (3),
SH4),31(2),3K(2),3L, M, %S, D, F, %G, I

2 2p(4), 2D(5), 2F (7), %G(6), 2H(T), 2 (5), 2K (5), 2L(3), M (2), °N, 20, %3, *P(2),
D@3, *F(4), %G (@), *H(3), *1(3), *K (2), *L, *M, °P, °F , °H
7o r® 18@), 1P, 'D(6), 'F(4), 'G(8), 'H(4), '1(7), 'K (3), 'L(4), 'M(2), 'N(2), 10, 3P(6),

3D(5), 3F(9), 3G(7), 3H(9), 31(6), 3K (6), 3L(3), M (3), °N, 30, 58, °P, > D(3),
SF(2),%G(3),°H(2),1(2),°K L, F

17 25(2), 2P(5), 2D(7), 2F (10), %G(10), 2H(9), 21 (9), 2K (7), °L(5), M (4), N (2), 20,
20,45(2), *P(2), *D(6), *F (5), *G(7), *H(5), 1 (5), *K (3), *L(3), *M, *N, °P, °D,
6F, 6G, %H, 01, 8

that is, all the matrix elements between states belonging to a configuration and the
states belonging either to the same configuration or to different configurations. The
diagonalisation of the resulting matrix leads to the determination of the energy states
of the atomic system (in the non-relativistic approximation).

Obviously, the problem is of great complexity, so it is usual to introduce an ap-
proximation that consists in treating the Hamiltonian H; as a perturbation of the
Hamiltonian Hg so as to be able to apply the first order perturbation theory. In this
approximation, the Hamiltonian #; is diagonalised separately for each configura-
tion and the matrix elements between different configurations are omitted. In other
words, if our atomic system consists of A configurations, each having degeneracy
gii=1,2,...,N), N matrices having dimension g; are diagonalised, instead of a
single matrix having dimension D = Z{\il 8-

It should be emphasized that this approach is approximate and that it neglects
a phenomenon, called configuration interaction, which can be very important in
certain cases. On the other hand, when the interaction between configurations is not
negligible, the quantum numbers which characterize the configurations are not good
quantum numbers anymore, and a configuration can be assigned to a state only as a
zero-order approximation. In this case, one atomic state should be rather described
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by a linear combination of eigenfunctions of the type ¥ (ay, as, ..., ay), with the
sum extended to eigenfunctions of differing configurations. However, given that the
Hamiltonian 7 commutes with the parity operator P, the parity of a state remains
a good quantum number and the above linear combination is in any case restricted to
configurations of the same parity. The interaction between configurations is particu-
larly important for excited states, where the difference between the energies W, of
neighboring configurations decreases. For low-energy states the interaction between
configurations can be neglected in most cases. In the following we will neglect con-
figuration interaction and determine the energies of the states using perturbation
theory.

With this approximation, as we have said, the problem of finding the energies
of the states that originate from a given configuration implies the diagonalisation
of the Hamiltonian #; on the degenerate space of the same configuration. This
diagonalisation is not however necessary if we are able to determine a basis on
which the Hamiltonian # is already diagonal. Indeed this basis exists and is formed
by the eigenfunctions that describe the terms, that is by the eigenfunctions of the
operators L2, L, §?, and S, that we introduced in the previous section. In fact, if
Y(a,L,S, My, My) is the eigenfunction of a term (L, S, M, M) arising from the
configuration o, and ¥ (e, L', S’, M , M) is the analogous eigenfunction of a term
(L', S', M}, My), taking into account that the operators L% §2, L., S, commute
with H, we have

0=(¥(a, L, S, My, Mg)|[L*, H:]|¥ (e, L', S', M}, M§))
=[LL+1)—L'(L'+1)](W(a, L, S, M, Ms)|H1|¥ (e, L', S', M, MY)),
)

0=( (o, L, S, My, Mg)|[S* H1]|¥ (e, L', S, M}, M)
=[S+ 1D =S(S+1)](W( L,S, My, Ms)|Hi|W (e, L', S', M, M§)),
0=(¥(a, L, S, My, Mg)|[Lo, Hil|¥ (. L', S, M}, M)
=(Mp—Mp)(¥(a L, S ML, Mg)|H1|¥(a, L', S, M}, MY)),
0= (¥ (. L, S, My, Mg)|[S., Hil|¥ (e, L', S, M, MY))

= (Ms — Mg)(¥(a, L, S, M, Mg)|H:|W (e, L', S, M7, M)).

These four equations show that the matrix elements of #; can be different from zero
only if we consider terms having the same values for L, for S, for M, and for M.
With the basis of eigenfunctions ¥ («, L, S, My, My), the Hamiltonian is diagonal
in blocks, each block being characterized by the four values (L, S, My, Ms). In
particular, if the configuration does not allow for multiple terms, the Hamiltonian is
diagonal. Furthermore, the matrix elements do not depend on My and on Mg and
can be calculated for any combination of these two quantum numbers. The proof of
this fact is simple and is based on the property that the Hamiltonian commutes with
the shift operators Ly = Ly £1iLy, and S+ = Sy 1i8j.

The search for the energies of the terms can be done by means of a general
method, the so-called diagonal sum rule, described in the following chapter. In what
follows we present some important results obtained by such a method for two atoms
having a particularly simple structure, such as helium and carbon.
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7.12 The Helium Atom

As we have seen in Sect. 7.7, the ground configuration for the helium atom is 152,
with a single 'S term having zero angular momentum. The other most common
configurations are obtained by the excitation of one of the two ls electrons to an
orbital nl. We therefore have, for example, the excited configurations 1s2s, 1s2p,
1s3s, 1s3p, 1s3d, etc. Each of these configurations has two corresponding terms, a
singlet and a triplet, of the type 'L and 3L.

Consider in particular a configuration lsn! (with n > 2). We denote by ¥, (x)
the wave function of the orbital 1s and by 1/ (x) the wave function of any of the m
states of the orbital nl. The wave functions of the singlet and triplet states depend
on the spatial coordinates as follows

1
w('L)= ﬁ[m(xl)mm) + Ya (X2) ¥ (x1)],

v (L) = %[m(x])mm) — Ya(x2) ¥ (x1)].

The total wave functions are obtained by multiplying the first expression with an
antisymmetric spin wave function (corresponding to S = 0) and the second expres-
sion for a symmetric wave function (S = 1), in such a way as to obtain in any case
an overall antisymmetric wave function. The explicit expression of the spin eigen-
functions is not relevant as the Hamiltonian ;| does not depend on the spin. We can
obtain the correction AE('L) to the energy of the singlet by calculating the matrix
element

AE('L) = (w('L)|[#:|w('L)).
The Hamiltonian 7{; can be rewritten (recall Eq. (7.4))

Hi= f(x1)+ f(x2) + g(x1,X2),

where
28(2) 26% e(%
f&x) =——=—W(r1), fx2) =———V(r2), g(x1,x2) = —,
r r r2

SO we obtain
AE('L) = ('L)| 0|9 (‘L)) + (9 (‘L) £ )| (L))
+(('L)|g(x1. x2) ¥ ('L)).

Substituting the expression for ¥ ('), we see that the first of the three matrix ele-
ments consists of four terms which are given by

1
E/cﬁxl/c13x2|z/fa<x1)|2|z/fb<xz)|2f<xl>,

1
E/d3x1/d3X2|wa(X2)|2|1ﬂb(X1)|2f(X1),
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1
; [ Px, / oy ()W () Wa (k) (1) f (x1),

1
: / &x; / o (X)W (1) W (K1) (52) £ (X1).

Performing the integration in d3x», the last two integrals cancel out, due to the or-
thogonality of the wave functions ¥, and ¥, while the first two integrals simplify,
thus giving, respectively

1 1

1 1
Ta=3 / x|y (0] £ (), T = 5/d3x|x//b(x)|2f<x).

The second matrix element is calculated in a similar way and leads to the same
result. Finally, the third matrix element, which contains the Coulomb interaction, is
also made up of four terms. Two of them are given, respectively, by

1 1 3 3 2 26(%
Ejab=§/d xlfd x| ) P v (x2) P22
r12

1 1 2
Kar=3 f x, / By (X)W (o) Ve (k2 (1)L
ri2

and the other two are the same (as deduced by exchanging the variables of integra-
tion x1 and x;). Gathering the various contributions we obtain

AE('L) =T, + T + Tap + Kap-
Carrying out the same calculation for the triplet we obtain instead
AE(gL) =Zo+Tp+ Jap — Kab7

which means that the triplet state has lower energy than the singlet (since it can be
proven that /C;, is always positive).

The Coulomb interaction integrals that appear in these expressions (7,5, and
Kap) are commonly referred to as direct and exchange integrals. The direct inte-
gral has an immediate physical interpretation, being equal to the average Coulomb
interaction in the form that might have been expected on the basis of elementary
considerations. The exchange integral is instead a purely quantum mechanical re-
sult and does not have any direct physical interpretation in classical physics.

The result we obtained for the configurations 1s nl for the helium atom is a par-
ticular case (or, more precisely, an extension)® of a principle that bears the name of
first Hund’s rule. This rule states that among the terms arising from a configuration
of equivalent electrons, that one with the lowest energy is the one which has the
highest multiplicity (i.e. the maximum value of S). The first rule is complemented
by the second Hund’s rule stating that for a given multiplicity, the term with the
lowest energy is the one which has the largest value of the orbital angular momen-
tum L. The first rule has a physical qualitative interpretation. In fact, if we consider

SHund’s rules apply to terms arising from configurations of equivalent electrons. Here they are
applied to terms of configurations of the type 1s nl.
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Fig. 7.8 Grotrian diagram
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the term with the highest spin, it corresponds to the spin function having maximum
symmetry with respect to the exchange of the electrons, i.e. to the most antisymmet-
ric spatial wave function. This means that the electrons are as far away as possible
from each other, resulting in a minimum for the energy of the Coulomb repulsion
(which is always positive).

The structure of the terms of the helium atom is schematically shown in the Gro-
trian diagram of Fig. 7.8. In this diagram the system of singlets is drawn separately
from that of the triplets. Since the selection rule AS = 0 (see below) is particularly
well verified for the helium atom, its spectrum was interpreted by early spectro-
scopists as originating from two distinct elements, which were called respectively
parahelium (S = 0, system of singlets) and ortohelium (S = 1, system of triplets).

A number of selection rules apply to the spectra with more than one optical
electron. These rules will be justified theoretically in Chap. 12. For the moment
we simply consider them as empirical rules that explain the reason why only certain
lines are present in the spectra. There are two different types of selection rules,
namely rules regarding the configurations and rules regarding the terms. The first
ones are the following

(a) Al=41, (b) even - even, (b") odd - odd,
while for the second ones we have
) AS=0, (d AL==%1,0; 0-»0.

Rule (a) states that allowed transitions are only between configurations that differ
from each other for the quantum numbers of a single electron. In addition, the az-
imuthal quantum number of the electron must differ by unity between the initial
and final configurations. Rule (b), known as Laporte’s rule, states that allowed tran-
sitions are only those between odd and even configurations (and vice versa). Rule
(c) expresses the fact that the total spin S should remain unchanged, while rule (d)
expresses the fact that the total orbital angular momentum L can vary at most by
unity (excluding the transition 0 — 0, which is forbidden).

In some cases, the selection rules are not independent. For example, in the case
of helium in which an electron always remains in the ls state, the selection rule
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Fig. 7.9 Grotrian diagram
for the carbon atom. Each
level is labelled with its
spectroscopic notation

on Al coincides with the selection rule on AL. Additionally, Laporte’s rule seems
to be a repetition of the A/ rule. In reality, this rule is more general and can also
be applied when there is interaction between configurations (in fact, even when a
particular configuration cannot be assigned to one state, a definite parity can always
be assigned).

These selection rules help us to understand why the only spectral lines that are
observed in the helium spectrum are those outlined in the diagram of Fig. 7.8. The
helium atom has two so-called metastable levels, or two excited levels that cannot
decay to the ground level, or, more generally, to levels of lower energy. The two
metastable levels for helium are the 'S and 3S levels, originating from the 1s2s
configuration.

7.13 The Carbon Atom

The ground configuration for the carbon atom is 1522s22p?, with the three terms
Is 1p and 3P (see Table 7.8). According to the first Hund’s rule, the term with the
lowest energy is the 3P, which therefore is the ground state for the carbon atom.
As we will see in the next chapter, theory predicts that the 'D term should have an
energy lower than the 'S term, with a ratio between the intervals given by
Is—p 3
Ip-3p  2°
As shown in the Grotrian diagram of Fig. 7.9, the terms are indeed ordered in en-
ergy as predicted by theory, although the ratio between the intervals is 1.13 instead
of 1.50. This difference, caused mainly by configuration interaction, clearly shows
the limits of the approximations that are introduced for the interpretation of spectro-
scopic data at an elementary level.
The most important configurations with excited electrons are those where one
of the 2p electrons moves to an orbital of higher energy. These are of the type
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1s22s22p np (n =3,4,...), 1s>2s%2p ns (n = 3,4,...), 15°2s*2p nd (n =3,
4,...), etc. Each of the configurations of the first kind gives rise to six terms, I,
Ip 1p,3s,3p,3D. The configurations of the second kind produce two terms, 1p
and 3P. Finally, the configurations of the third kind produce six terms, 'P, 'D, F,
3P, 3D, 3F. The Grotrian diagram for the carbon atom is schematically shown in
Fig. 7.9. We see from the figure that the term with lowest energy, among the six
originating from the 1s22522p3p configuration, is the 'P. This fact is not in con-
tradiction with the first Hund’s rule (which would predict a lower energy for the
term 3D), as this rule is strictly valid only for configurations with equivalent elec-
trons. Similarly, for the configuration 1522s%2p3d, the lowest term is the 'D (and
not the 3F).

The Grotrian diagram also shows some terms belonging to the 15%252p> config-
uration. Such configuration is obtained from the excitation of an innershell electron
but in this case, since the difference in energy between the 2s and 2p orbitals is
relatively small, some of the corresponding terms are below the ionisation limit of
the atom. The configuration has in principle six terms, 'P, 'D, 35, 3P, 3D, 3§, three
of which are shown in the diagram.

In conclusion of this chapter we note that, despite the huge amount of work
dedicated to the observation and analysis of atomic spectra (laboratory and astro-
physical), the knowledge of the energy levels of atoms and ions is still far from
complete. Sufficiently complete analyses are available only for those atoms (or ions)
with few electrons in open shells. The analysis of the metals belonging to the transi-
tion groups is still rather incomplete and even more so is that one of the lanthanides
and actinides, groups characterized by a considerable complexity in their atomic
structure.



Chapter 8
Term Energies

In the previous chapter we introduced the nonrelativistic Hamiltonian of a com-
plex atom and we saw how it can be separated into two parts using the central
field approximation: a zero order Hamiltonian whose eigenvectors, in general de-
generate, are the states belonging to the different configurations, and a “corrective”
Hamiltonian containing various terms including, in particular, the Coulomb repul-
sion between electrons. By neglecting the interaction between configurations, which
is equivalent to consider the corrective Hamiltonian as a perturbation of the zero or-
der Hamiltonian, we have seen, in the particular case of the helium atom, how we
can express the energies of the terms by means of integrals which involve single
particle eigenfunctions relative to the zero order Hamiltonian. In this chapter we
generalise the results obtained for the helium atom to any atom, also using pertur-
bation theory. We will obtain general results that can be directly compared with
the spectroscopic data. These results, although approximated, constitute the starting
point for the development of more sophisticated treatments that are currently used
for the detailed analysis of atomic spectra.

8.1 The Diagonal Sum Rule

Neglecting the interaction between configurations, the energies of the terms of a
given configuration are obtained by diagonalising the Hamiltonian H; of Eq. (7.4)
on the degenerate space of the configuration. This, in principle, implies the diagonal-
isation of a matrix of order g (the degeneracy of the configuration) having elements
of the form

(lI/A(al,az, .. .,aN)|’H,1|LI/A(a;,a£, el aﬁv)),

where (ar,az,...,ay) and (a},da},...,a)) are two sets of quantum numbers
corresponding to the same configuration. As we have seen in Sect. 7.11, the
diagonalisation can be avoided by finding suitable linear combinations of the
UA(ay,ay, ..., ay) such that they are eigenfunctions of the L? and S? operators.
Such combinations are generally difficult to obtain, so we follow a different method.
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To start with, we note that each of the g degenerate wavefunctions JIA(al ,an,
...,ay) is an eigenvector of the operators L, and S, with the corresponding eigen-
values M and Mg given by

N N
ML:Zmiv Mszzmsi,
i=1 i=1

where m; and my; are, respectively, the magnetic quantum number and the quantum
number of the projection (along the z axis) of the spin of the i-th electron. Since the
Hamiltonian H; commutes with the operators L, and S, the Hamiltonian is block-
diagonal. Each block (i.e. each single submatrix) is characterized by a suitable pair
of values (M}, My).

Suppose now that we have actually performed the diagonalisation of one of these
sub-matrices. The energies of the terms compatible with the values of M and Mg
that characterise the submatrix would then appear on its diagonal. By recalling a
fundamental property of matrices, that the trace of a matrix is invariant under a
similarity transformation, we obtain the following conclusion: given a pair of values
(Mr, M), the sum of the energies of all the terms compatible with these values is
equal to the sum of the diagonal matrix elements of the form

(lI/A(al ,a2, e, aN)"Hl |11/A(al , a2, ..., aN)),

where lI/A(al, as,...,ay) is an eigenfunction of L, and §, that corresponds, re-
spectively, to the eigenvalues M and M. The energies of the terms are often ob-
tained with these simple considerations by linear combinations of diagonal matrix
elements.

We now clarify these considerations with an example. Consider the pp’ config-
uration that, as we have seen, produces the six terms Is 1p, 1p, 3s,3P, 3D. The
maximum value for My is 2, and the maximum for My is 1. These two values of
(M, M) are only compatible with the 3D term. If we indicate with the same sym-
bol the energy of the term, we can write

D =12,1],

where we have introduced the shortened symbol [M}, Mg] to indicate the sum of
the diagonal matrix elements of the Hamiltonian 7 on all the states ¥* that have
as eigenvalues of L, and S, the values My and Mg, respectively. If we proceed,
lowering the My and Mg values until they both reach zero, we obtain the other
equations

D+P=[1,11, D+°P+7S=[0,1, *D+'D=[2,0]
(8.1)
3Sp+'p+3P+P=11,0], 3D+'D+3Pp+P 435+ 15 =10,0].

Inverting these equations gives, after some simple algebra
Sp=12,1, P=[1,11-[2,1], 3§ =10,1]1—[1, 1],
'D=02,01-12,11, 'P=[1,01-[2,0]—[1,1]1+[2,1],
1§ =[0,01 —[1,0] — [0, 1]+ 1, 1].
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Table 8.1 Energies of the terms of the configuration pp’ written as sums of diagonal matrix ele-
ments of electron states of the form (mli, m?)

Configuration pp’

SD: (1+’ 1+)

3P — (1+’0+) + (O+, 1+) _ (1+’ 1+)

3=01%, -1+ 01,01 + (=1t 1) —1t,0t) — (0T, 17)

D=0t 1)+, 1H -t 1%

p=@ar,0)+d-,0H)+ @O 1) +0,1H—-at, 1) —a-, 1 —at,0f) -t 17
_|_(]+’ 1+)

Is=a*, -17)4+0", =11+ O, 07)+ 0,00 + (=1F, 1)+ (=17,11) = (1+,07)
— (17,00 =, 1) =0, 1t) -1+, —1T) — 01, 07) — (-1, 1) + (1T, 01)
+(0F,1%)

The quantities denoted by the symbols [M}, Mg] are sums of diagonal matrix
elements. Each matrix element can be identified using the values of m and m; of
each electron (we recall that the other quantum numbers n and / are already specified
by the configuration). Because of this, for two-electron configurations, we use a
compact notation of the type!

(', m3)
to indicate the diagonal matrix element of the Hamiltonian on the state where the
electron 1 has magnetic quantum number m and spin quantum number +1/2 or
—1/2, and the electron 2 has magnetic quantum number m, and spin quantum num-
ber +1/2 or —1/2. With this notation, it becomes simple to identify all the pairs of
the type (mf, méc) that contribute to the sum [My, Mg]. In our particular case we
have

[2,11=(17,17), [1,1]= (1%, 0+)+( 17),

[0,11= (1%, -17) + (07, 0%) + (-1 1+), [2.0]=(17,17) + (17.17),
[1.0]= (

[

17,07) + (17,0%) + (07, 17) + (07, 1),
0,0]=(1",—=17)+ (17, =17) + (0*,07) + (07,07) + (=17,17)
+ (=17, 17).

Substituting these expressions in Eq. (8.1), we obtain the results shown in Table 8.1.

In the end, we have been able to express the energies of the terms as algebraic
sums of diagonal matrix elements of the Hamiltonian 7; on eigenstates of the
Hamiltonian Hy. We note that in the final equations in Table 8.1 the matrix element
indicated with the symbol (1%, 17) is different from the element indicated with the
symbol (17, 11). This occurs because the two electrons are non-equivalent, and the

I'The symbol is introduced in the classic atomic spectroscopy book of Condon and Shortley (1935).
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Table 8.2 Term energies of the configurations p2, p* and p?p’. The symbol 2D(2) that appears
in the box relative to the configuration p?p’ represents the sum of the energies of the two 2D terms
originating from such configuration. The symbol 2P (3) has a similar meaning

Configuration p?

3p = (1+’0+)
Ip=qat,17)
IS=*, 1)+, —=1H)+0F,07) -1+, 0h) - (1T, 17)

Configuration p3

4S= (1+7 0+’ _1+)
Ip=(1*,17,0%
p=(1F 17, 1"+ (1F,07,07) — (1, 17,0h)

Configuration p2p’

4D=(1+,0+; 1+)
4P — (1+’ _1+; 1+) + (1+,0+;0+) _ (1+’0+; 1+)
4S= (1+’ _1+;0+) + (1+’0+; _1+) + (_1+,0+; 1+) _ (1+’ _1+; 1+) _ (1+’0+;0+)
ZP=(1t17;1%)
DRy =1 07 1H)+a-, 0 1H) +at 0 1)+ At 1m0 -t 1 1)
_(1+’0+;1+)
2p@)y =1+ 17; -1+ A, 0T;07)+(a+,07;00) +(1—, 01, 00) + (1F, =175 17)
+0t, -1 1D+ A, -1 1)+ 0,07 1) -, 07 1) — (17,01 1)
-t 0t 1) —at, 170 —at, -1 1) —at, o0t 0t + (1t 01 171
g =1t 0t 1)+ 1t,0; -1+, 0t —1H+at, —1H00)+at, —17;0h)
+ (17, =170 4+ (0F,07;01) + (0F, —1F; 17) + (0T, —=17;11) + (0—, —1F; 17)
-1t 17 =1 —(A%,0707) — (11,07;01) — (17, 0T, 00) — AF, —17;17)
—at, =171 =1, =1 1) =+, 07; 1) — (1F, =17, 00) — 1+, 0T —11)
_(_1+’0+;1+)+(1+’_1+;]+)+(]+70+;0+)

order within parentheses is important. In the case of configurations with two equiva-
lent electrons, however, the order within the parentheses is irrelevant. In such a case
matrix elements as (0", 07) should not appear in the expressions for the energies
of the terms because the corresponding wavefunctions refer to states that violate the
Pauli exclusion principle.

The method described above for the configuration pp’ is based on the general
rule that the trace of a matrix is invariant under a similarity transformation. In spec-
troscopic applications such rule is called the diagonal sum rule. The method can be
applied to any configuration and implies some algebra, often laborious. Table 8.2
shows the results for the configurations p?, p3, and p?p’. For the latter case it is
necessary to introduce the notation (mf, mzi; m?) to distinguish the two equivalent
electrons, with indices 1 and 2, from the non-equivalent electron with index 3.
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It should be emphasized that in the last case, that of the p?p’ configuration, it is
not possible to use the diagonal sum rule to determine separately the energy of the
two 2D terms and of the three 2P terms. Only the sum of the energies of repeated
terms can be obtained. This is a general limitation of the diagonal sum rule. To
determine the individual energies of the repeated terms it is necessary to diagonalise
the sub-matrix relative only to those terms.

8.2 Calculation of Diagonal Matrix Elements

We now consider the calculation of the diagonal matrix element
(W(ar,az,....an)|H1|¥ (a1, a2, ..., an)).

The Hamiltonian H; (see Eq. (7.4)) is composed of the sum of an operator f (i)
relative to each electron, and of the sum of an operator g(i, j), relative to all distinct
pairs of electrons. g(i, j) is symmetric in the exchange of the i-th electron with the
Jj-th electron. Explicitly

N
Mi=F+G=)_ fi)+> gl . (8.2)
i=1 i<j
where
. Zeg o e%
J@)==Ve(ri) — ) g, j)=— (8.3)
ri rij

By recalling that the function ¥ (ay, az, ..., ay) is of the type of a Slater determi-
nant (see Eq. (7.1), with No = 1/4/N!), we have for the first term of H;

(lI/(al,az,...,aN)|]:|§l/(a1,a2,...,aN)>

N
DDl

P Q i=I

X (P[Wra; (x1)Way (X2) - Yray () ]| f ) [ Q[ Wy (1) Wy (62) -+ - Yy () ),

with the sum extended to all possible P and Q permutations of the coordinates of the
electrons in the bra and ket, respectively. The sum contains N x (N!)? terms. The
generic term of the sum is, apart from the sign,

(W D) [Way D)Wy (02) [ (x2)) -+ (W o) [ f ) [ (x) -+
X <%;V (XN)|%;(, (xn)),
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(ay,d},...,ay) and (af,aj, ..., ay) being two arbitrary (and in general distinct)
permutations of (ay, as, ..., ay). Since the eigenfunctions ¥, ; are orthonormal, this

term is zero unless aj =ay, a;) =aj, ..., ay = ay,. We therefore have

(W(al,az,...,aN)|.7-"‘lI/(al,a2,...,aN)>

N
1
= I IR 1) (2) iy ()] £ )
P i=1
P[Yay (X)) Ve, (¥2) - - - Yy (xn)]),
so that the sum is made only of N x N! terms. We now consider the N! terms of the
sum that contain the matrix element of f(x;), with i fixed. (N — 1)! of these terms

are equal to (Y, (x;)| f (xi) [, (x;)), (N — 1)l are equal to (g, (x;)| f (xi) [¥a, (xi)),
and so on until the (N — 1)! that are equal to (Y4, (x;)| f (x;)|¥a, (x;)). We therefore
obtain

1 N N
(W(al,az,...,aN>|f|W<a1,az,...,aN))=NZZ(%(xl-)|f(xi)|waj(xi>>.
i=1 j=I

On the other hand, once the matrix element is calculated, it does not depend anymore
on the x; coordinates of the electron, so that one finally gets

N
<l1/(ala "125 ceey aN)’f|'p(al ’ a2’ ceey aN)) = Z<¢a, (x)|f(x)|wa, (x)>7
j=1
or, shortening the notations with obvious symbols
N
(W(ai,az,....an)|F|¥(ar,az,....an)) = Z(a,|f|aj). (8.4)
j=1

Despite the formal complications introduced by the antisymmetrisation of the
eigenfunctions, the result that we have obtained for the diagonal matrix element of
the operator F is obvious and intuitive. In practice, we need to sum the diagonal
matrix element of the single particle operator f on all the single particle states a;
occupied by the electrons.

We calculate now the diagonal matrix element of the operator G. We have

(W(al,az, R aN)|g|lI/(a1, a, ... ,aN))
1
=2 2L
P Q i<j
X (P[Ya; (x1)¥ay (X2) - - Yay (xw) ]| g (xi X)) |
Q[Vay (xD)Vay (x2) -+ Wy (xn) ]).

As in the previous case for the operator F, if we write in explicit form the generic
term of the sum

(W D) [Yay D)Wy (002) [y (x2)) - -
x Wy )y (e 8 i x ) [Wray i)y () (g, (o) [y, (o),
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we see that the matrix element is non-zero in two cases, i.e. when we have

/ " / 1 I " / i I 1
case (a) a;=aj,ay=ay,...,8;=a;,...,d; =4dj,...,dy =ay,
or when we have
/ i / " I " / " / 14
Case(b) al=a1,a2=a2,...,al~=aj,...,aj=al~,...,aNzaN.

In case (a), the permutation Q is the same as the permutation P, while in case (b) it
is the same as P, with in addition the exchange of the quantum numbers of particles
i and j. If we indicate such permutation with P/, we have that

(_1)P+P, =_1

3

because the two permutations P and P’ have different parity. Based on these consid-
erations, we obtain

(W(ar,az,....an)|G|¥ (a1, az, ...,an)) = % XP:;A,»,- — % XP:ZB,»,-,
where j j
Aij = (P[Way (x)Vay (x2) -+ Yay xn) ]| g i, X ) |P[Wra, (X1 Wy (x2) -+ - Yray (X)),
Bij = (P[Va, (x1)Way (x2) -+ Yy (xn) ]| 8 (i, X )| P [y (X)) Wy (52) - - Yray (xa) ])-

We now draw our attention on a particular pair (i, j). Out of the N! terms of the
sum, there are (N — 2)! that give as a result

{(Wa, i) Wa, ()| g (xi s X)) |Way (i) Vray (x )
— (Va () Wy (X)) 8 Cxi, X)) [V (i) Yy (x))}
(N — 2)! that give a similar result with the pair of states (aj, az) instead of the pair
(a1, az), and so on, for all possible ordered pairs of states (a,, a;). We then note that,
since the operator g (7, j) is symmetric with respect to the exchange of the particles,
the ordered pair (a,, as;) produces the same result as the ordered pair (ay, a,). We
therefore obtain

(W(al,az,...,aN)|g|lI/(a1,a2,...,aN)>
2
=m2 > e, Ve, ()| 8 Gt )| Wa, (i) Y, (x))

i<j pairs ar,as
— (Va, i) Wra, () |8 (xis X)) | Wy (i)W, (X))},

where the sum runs over the non-ordered pairs. The result does not depend anymore
on the values of the indices i and j, once the matrix elements that appear in this
equation are calculated. We note that the sum over i and j implies N(N — 1)/2
terms. We therefore have, in compact notation

<l1/(a1,a2, . ..,aN)|g|'1/(a1,a2, ...,aN)>
= Y [lar.aslglar.as) — (ar. aglglas. a)]. (8.5)

pairs a,,ds
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The matrix elements appearing with the positive sign in the right-hand side are
called “direct”, while the others are called “exchange”. The contribution of the latter
to the total energy of an atomic system is called the contribution due to the exchange
energy. The direct matrix elements have an immediate physical interpretation, being
integrals of the type

2
/!vfa, D[P |Wray @) P2 dixy dixy.
ri2

The exchange matrix elements, however, are a consequence of the antisymmetric
character of the eigenfunctions, i.e. of the exclusion principle, and do not have a
classical analogue.

8.3 Single Particle Matrix Elements

In the previous section we have related the diagonal matrix elements of operators of
the type F and G between states of N particles to matrix elements between states of
single particle (for the operator F) or between two particle states (in the case of the
operator G). We now calculate explicitly these matrix elements taking into account
that the single particle eigenfunctions are of the type (see Egs. (7.10) and (7.11))

1
Wnlmmx = ;Pnl(r)Ylm @, ‘P)Xms ,

where Py;(r) is the reduced radial eigenfunction, solution of the Schrédinger equa-
tion

2 @2 R+ 1)

2m dr? 2mr?

V.(r) being the central potential. Recalling the expression for the operator F given
by Eqgs. (8.2) and (8.3), the first integral to be evaluated is of the type

Pui(r) + |:Vc(r) + ]Pnl(r) = Wo(n, 1) Pu(r),

A 2
/ |¢nlmmsl2|:_vc(’") — %]72 sin@ dr d6 d¢.

Taking into account the property of the spherical harmonics given in Eq. (6.12), we
obtain a radial integral, function of n and /, defined by

00 7 2
2 0
I(n,l):—/ Pnl(r)|:VC(r)+ T]dr. (8.6)
0
Obviously, the explicit expression for I (n, /) can only be calculated once the poten-
tial V. (r) is known and the reduced radial functions P,;(r) have been determined.
In summary, the results of the previous chapter and those obtained here allow us
to write the energy of a given configuration, due to the Hamiltonian Ho and to the
F part of the Hamiltonian 1, in the form

W= > qu[Wot.D)+1nD]. 8.7)
subshells
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where g,,; is the number of electrons in the subshell nl. Such energy is the same for
all the g states of the configuration. Therefore, the F part of the Hamiltonian #
does not remove the degeneracy.

8.4 Matrix Elements of the Coulomb Interaction

With regard to the Coulomb interaction, two different types of matrix elements
need to be calculated, the direct ones and the exchange ones, traditionally named
J and K. These integrals are defined by
o2 2
J(a,b)= (a,b|i|a,b), K(a,b) = (a, b| |b ay,

where a and b are two different sets of quantum numbers, i.e.
a:(naylaama’msa)» b:(nbvlbambvmsb)-
More generally, we calculate a matrix element of the type

6,2
(a,b|-%lc, d).
r12

By writing in explicit form the eigenfunctions, we have

63
<a7 b|_|C, d)
ri2

o o0
:8(msa,msc)8(msb,msd)/ dr1/ drp
0 0

T T 2 2
X Py, 1) Pyt (r2) P 1. (r1) Py, (2) / do; / do, / de / deg»
0 0 0 0

2
e . .
X Y/ 01, 80 Y)) 0, 02, 62)Yim, 01, $1)Yiym, (02, $2) i sin 6 sin6,,

where the two Kronecker delta are due to the scalar products of the spin eigenfunc-
tions. To perform the integral we recall Eq. (7.9), which we rewrite here

1 =t
E = l+1 Pi(cos ®),
1=0 ">

where r— and r.. are, respectively, the smaller and the larger between r and r;, and
where @ is the angle between the unit vectors r; and rp. Using the cosine rule, we
have

cos @ = cosfy cosbhy + sinby sinb, cos(p; — @),

and the Legendre function of argument cos ® can be expressed, using the so-called
addition theorem, in the form

Pi(cos®@) = —— 21+1 Z Y, (01, 01) Y1 (62, $2).
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We then have

!
——Z T e D IR AUR MO S}
m=—1

Substituting this expression into the matrix element, we obtain
i
(a,b|—|c,d)
ri2

e¢]

4
= e()a(msas msc)a(msbs msd) Z

rz
x [/ d”l/ dr2 =57 Pagly (r10) Pt (1) Puyty (r2) Pagiy (rz)]
0 0 s
l b4 2w
x Z[ / sin6 do; f d¢1Y;;,,,a<91,¢1)Yzcmc(el,¢1)Y;;n<91,¢1)}
—,LJo 0

T 2
x [/(; sin 6, d92/0 d¢2Y[;m,,(92,¢2)Y1dmd(92,¢2)Y1m(92,¢2):|~

The integrals over the solid angle can be evaluated by recalling the conjugation
properties of the spherical harmonics (Eq. (6.11)) and Weyl’s theorem, according to
which we have, in terms of the 3-j symbols

T 2w
/0 sin @ dQ/O d¢Yhm1(9,¢)Y12m2(9,¢)Y13m3(9’¢)
<2zl+1)(zzz+1>(213+1)(11 b ls)(ll b ’3). (8.8)

4 0 0 0 my ms3
We therefore obtain, for the angular part, the following expression
2] + 1

\/(21 + Dl + D@L+ D(Q2lg + 1) (—1)Matmtms

« l, 1. 1 Iy g 1 la Il l Iy lg I
0 0 O 0O 0 O0)J\-m;, m,; —m —mp mg m)’

which can be rewritten in a more symmetric form by changing the summation index
m into —m, and taking into account the properties of the 3-j symbols (Egs. (7.19)
and (7.20)). Noting also that, being mj; = m4 + m, we have

(_1)mu+m+mb — (_1)ma+2m+md — (_1)ma+md’

we obtain, still for the angular part,
21 + 1

J(zl + DRl 4 1) Q2 + 1) 2Ly + 1)(—1)"atma

y l, 1. 1 g Iy 1 I, . 1 Iy I, 1
0 0 O 0O 0 0/)\-my, m¢ m)\—mg mp m)’
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We note that this expression is zero unless the two integers (I, + /. + /) and (I +
lg +1) are both even and unless m is equal both to (m, —m_.) and to (mg —my). This
means, moreover, that the two integers (m, — m.) and (my — mj) must be equal.
The same expression for the angular part is generally written in a more compact
form by introducing the ck (a, b) symbol, defined by

Ka, by =c* Uy, ma;ly, mp) = (=1 \/ (2, + )2l + 1)
% lo Ip k la Iy l
0O 0 O —-mg mp m)’
We then obtain
2

o0
e,
(a, b% . d) = €58 (my, . my )8 (my, . ms)) Y X, c)c*(d. b)
k=0

00 [} rk
X/ dr1/ dr2 =7 Pgla (10 Puct (1) Py, (r2) Pty (r2),
0 0 e

where the sum over k, formally extended between 0 and oo, is in fact limited by the
triangular inequality implicitly contained in the ¢*(a, ¢) and c* (b, d) symbols.

From this general expression, it is easy to obtain, by simple substitution, the
corresponding expressions for the direct and exchange matrix elements, traditionally
written in the following form

2 o
4
J(a.b)={a.bl"la.b) =) a*(a.b)F*(a,b).
"2 k=0
6‘2 ad
K(a.b)=(a,b|->|b.a) =8(my,.my) > b, b)G*(a.b),
r2

k=0
where
a*(a, b) = *(a, a)c* b, b)
= (=)™t 2, + 1) (20, + 1)

« ly la KNX(l L, k Iy lo, k Ip Iy k
0 0 O 0 0 0J\—myq mg O)\—myp my 0)°

2 2
bk<a,b>=[c"<a,b>]2=<2za+1)(2zb+1>(’“ K ") ( o b ">,

0 0 O —mg, mp m

k
Framn=a [ an [ dot=p2, ()P, () (8.9)
s =€ 0 1 0 2rk+1 naly N1 nplp 2)s .
>

oo 00 }’k
GHaby =i [ dn [ a5 Pt ) P () Pa 42 Pa ). 8.10)
0 0 rs

The quantities ¥ and G* can be calculated from the eigenfunctions P,;(r), which
depend on the central potential V.(r). The ak and b* coefficients can instead be
directly calculated. They have the following symmetry properties with respect to
the arguments
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af(ly, ma; by, mp) = a* (U, mp; Ly, ma) = a* (ly, —mg; Ly, mp)
= ak(ll/l’ ma; lbv _mb)’
bRy, ma: 1y, mp) = b*(ly, my: Ly, ma) = b*(la, —ma; Ly, —mp).

These results allow us to express the diagonal matrix elements of the Coulomb
interaction in the form

%
(lp(al,aZ,---7aN)|E|lp(alva2,---,aN)>
= Y [J(@.b)—K(a.b)]
pairs a,b
o0 o0
=) [Zak(a,bwk(a,b) - a(msa,msb)Zb’%a,b)G"(a,b)}, (8.11)
pairs a,b Lk=0 k=0
where a and b are any two states of the set (aj, az, ..., ay) and where the sum is

over all the N(N — 1)/2 distinct pairs.

8.5 Sums over Closed Subshells

The sums that express the matrix elements of the Coulomb interaction are consid-
erably simplified when the configuration contains closed subshells. Referring first
to the direct integrals, consider an electron belonging to a given subshell (np, /).
We need to evaluate the contribution of the matrix element of the Coulomb interac-
tion originating from all possible pairs formed by such an electron and any of the
electrons belonging to a closed subshell (n,, [,;). To do this we need to compute the
following sum

S= Z J(a,b) = Z Zak(a,b)Fk(a,b).

shell a Mg, Mgk

Substituting the expression for a¥ (a, b) of the previous section, we obtain

3=(—1)’”b(21a+1)(2lb+1)Z(o 0 0)(8 0 0)<—:1b ”fb O>
k

x F¥a,b) Y (=1)" (_l;la ’f;‘a ’(‘))

Mg, Mg

To evaluate the sum over m, appearing in this expression, we need to recall the
properties of the 3-j symbols. Since we have, from Eq. (7.16)

la la 0O lg+m
= (=)™t ——, 8.12
(—ma myq 0) =D 20, + 1 ( )
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we can write
l la k
_1\Ma a a
Z( D (—ma my 0)
Mgq
— (1 Iy l, O Iy l, &
= (=12l + 1 x Z(_ma - 0) (_ma o)
Mg
and considering the property of the 3-j symbols given by Eq. (7.18)

Z(—l)"“‘( la Lo ](;>=5k,()(—1)l“m-

—Mg Mg

If we finally take into account that the sum over m;, produces a factor 2, we get
S = (=Dltm2021, + )22l + 1) <l“ la 0> (lb by 0)

o 0 0)lo o o
x< b b 8)F0(a,b),

—mp  mp
and recalling again Eq. (8.12) for expressing the 3-j symbols with two zeros in the
last column, we obtain
> Ja.b) =2l + 1)F%(a,b), (8.13)
shell a

where
o0 o0
0 0 2 L 2
F(a,b) = F"(ng,la;np, lp) = e dry drzr—P,,ala(rl)Pn,,l,,(rz)-
0 0 >

As we can see, this expression does not depend on the quantum numbers m, and
my, of the electron in the subshell b. We then have that, if the subshell b is also
closed

Z J(a,b) =4, + )2l + DF(na, ly; np, Ip). (8.14)
shells a,b
Similar calculations can be performed for the exchange integrals. Again, con-
sider an electron belonging to the subshell (n,/;). We need to evaluate the exchange
contribution to the matrix element of the Coulomb interaction originating from all
possible pairs formed by such an electron and any of the electrons belonging to a
closed subshell (n4, [,). To do this we need to calculate the sum

Z K(a,b)

shell a

= Y 8(ms,.mg) Y b, b)G*(a.b)
k

Mg, Mg

2 2
ZZ(21,1+1)(21,,+1)(Z(‘)‘ lg ’5) (_l; ’ffb :1) GX(a.b).

mg  k
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The sum over m, can be evaluated considering that, being m = m, — m; and being
my fixed, we can formally extend such sum also to m. Recalling the property given
in Eq. (7.18), we then have

2
3 K(a,b):(ZZa—}—l)Z(l(‘)‘ lé’ ’(‘)) GX(a, b), (8.15)
k

shell a

and since this contribution does not depend on m,, and on my,, we obtain, if the
subshell b is also closed

2
ly, I k
> K(a,b>=2(2lu+1><2zb+1>z<g 0 O) G (na, Las i, 1y).
k

shells a,b
(8.16)

We have just discussed the case when the two electrons belong to different sub-
shells a and b. But these results can also be extended to the case of pairs of electrons
belonging to the same closed subshell. We obtain

> [V(a.d) - K(a,a)]

shell a

Il o k)
=2(zza+1)2[F°(na,la;na,la>—5§j(g; 0 0) F"(na,za;na,la)],
k

where we have taken into account the fact that
Gk(nu’ lysng,ly) = Fk(nav lasng, lg).

We can rewrite the same expression in this equivalent form

> [J(a.d) = K(a.a')] = Qo+ D(@a + DF (4. las na. L)

shell a
(e la K\ &
=@+ (0 S o) Fradainalo).
k>0

(8.17)

All quantities that we have calculated, relative to the sums over closed sub-
shells, are independent of the quantum numbers of the electrons belonging to the
open subshells. We have therefore obtained the important result that the contribu-
tions of Coulomb energy from closed subshells do not remove the degeneracy of
a given configuration. Such degeneracy can be removed only by a very small frac-
tion of all possible pairs (a, b), i.e. those pairs where both electrons belong to open
subshells. A sample calculation for the ground configuration of the silicon atom,
1522522 p%3s23 p?, is presented in Sect. 16.8.

8.6 Terms Structure

As we have seen, the closed subshells do not remove the degeneracy of a given con-
figuration. They only provide a contribution to the energy that is the same for all
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Table 8.3 Values of the

0 2 0 2

coefficients a* and b¥, for the 1 mi L) m3 a a b b

only possible values of

k=0,2, for the p? 1 1 1 0 1 —2/25 0 3/25

configuration 1 1 1 1 1 1/25 1 1/25
1 1 1 -1 1 1/25 0 6/25
1 0 1 0 1 4/25 1 4/25

terms. The so-called multiplet structure, i.e. the energy order of the terms and the
values of the energy differences between terms, are determined solely by the elec-
trons belonging to the open subshells. They need to be evaluated on a case by case
basis, by means of the results contained in Tables 8.1, 8.2, and Eq. (8.11). In the
following, we only discuss the calculations for the p? configuration, noting that, for
this case of two equivalent electrons, there is only a single possible pair. Further-
more, the quantities F k(a, b) and G*(a, b) that appear in Eq. (8.11) coincide, so the
equation can be written in the form

ez
(¥ (a1, a2)| -2 |¥ (a1, a2))
ri2

=Y [a*(a1.a2) — 8(my,. m,)b (a1, a2) | F¥ (a1, ap).
k=0

The results of Table 8.2 show that Eq. (8.11) has to be evaluated for various com-
binations of the quantum numbers of the two electrons. This requires the evaluation
of several 3-j symbols, which results in the values of the quantities a* and b* that
are displayed in Table 8.3. Using such values, we obtain the following results for
the energies of the terms

3 o_ 1.2 1 0o, 1 2 1 0,22
P=F SF, D=F +25F, S=F +5F.

We can see that, since FZ is positive, the structure of the terms follows the first
Hund’s rule, already illustrated in Sect. 7.12. According to this rule, the term with
the lowest energy is the one having the highest multiplicity (the term 3P in this
case). The order, according to increasing energy, of the other two terms is 'D, 1S.
Furthermore, we obtain a numerical result for the ratio between the energy intervals.
We have in fact

? Is-p 3
S Ip-3p 27

This theoretical result can be tested against spectroscopic observations of atoms
(or ions) having the configuration p2 as an open shell (C1, N11, O 111, Si1, Ge1, Sn1,
etc.). The experimental data show that the R ratio for such atoms varies between
1.13 and 1.50, in reasonable agreement with the theoretical prediction. The differ-
ences can be attributed to configuration interaction and to the relativistic corrections
to the Hamiltonian that will be discussed in the following chapter.



Chapter 9
More Details on Atomic Spectra

Spectroscopic measurements normally reach a very high level of accuracy, which
means that the non-relativistic approximation introduced in the previous chapter is
not sufficient, in the vast majority of cases, to give a quantitatively adequate de-
scription of the atomic spectra. In particular, on the basis of this approximation, we
cannot explain the presence in the atomic spectra of an important phenomenon such
as the fine structure. This phenomenon can be adequately described considering
the contribution to the energy of the atom due to the intrinsic angular momentum
of the electron. The result is the removal of the degeneracy in the non-relativistic
Hamiltonian and the consequent separation of the terms (identified with the quan-
tum numbers L and S) in atomic levels characterized by the quantum number J. In
this chapter we describe in detail this phenomenon, together with other phenomena
which similarly produce the removal of degeneracy of the atomic states, either due
to external agents (such as a magnetic field) or internal ones (nuclear spin). This
will lead to the description of other characteristic effects of atomic spectra such as
the Zeeman effect, the Paschen-Back effect and the hyperfine structure.

9.1 The Spin-Orbit Interaction

The discussions presented in Chaps. 7 and 8 are based on the approximation of a
nonrelativistic Hamiltonian. Now, it necessary to introduce the relativistic correc-
tions and analyse in detail their effect on the atomic levels. Taking into account the
results obtained in Sect. 5.5, when we considered the first order non-relativistic limit
to the Dirac equation, and in particular Eq. (5.13), we now assume, as a first approx-
imation, that the relativistic corrections are simply described by the Hamiltonian H;
given by!

1t is the fifth term in the square bracket of Eq. (5.13), that one of the spin-orbit interaction, where
we made the substitution o; = 2s;.
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N
Ha=) £t -si, 1)
i=1
where the sum is extended over al the electrons and where the function £(r) is given
by
2 1d
E(V)Zm;avc(") 9.2)
Actually, Eq. (5.13) has two other nonrelativistic corrections, the p4 term and the
Darwin term. However, these terms do not explicitly contain operators of angular
momentum. They only depend on the variable » and on the operator d/dr. There-
fore, it is reasonable to think that the effects of such terms can be included into the
central potential term V(7). We also point out that the Hamiltonian H; describes
only the spin-orbit interaction, i.e. the interaction between the orbital angular mo-
mentum and the intrinsic angular momentum of the electron, and therefore neglects
the mutual interaction between the intrinsic angular momenta, such as the spin-spin
interaction. Such interaction terms are however only important for the helium atom
(and its isoelectronic sequence), and would require a separate discussion. We can
say that in practice the Hamiltonian H» of Eq. (9.1) provides a good approximation
for all atoms with the exception of helium.
‘We now look at how the various angular momentum operators commute with the
Hamiltonian H>. We start by calculating the commutator of the total orbital angular
momentum L = Zj»v:l £

N N
[Ho, L1=) ) [t -si ¢].

i=1 j=I

Since the operators relative to a given particle commute with all the operators rel-
ative to different particles, the double sum becomes a single sum. We note that
the orbital angular momentum operator £; commutes with both the function &(r;)
(which depends only on the radial coordinate r;) and the spin operator s;. If we re-
call the commutation properties of the Cartesian components of the £; operator, we
therefore obtain, with simple algebra

N
(M2, L1=1) &(riti xsi.

i=1

Similarly, the commutator with the total spin S = Z;V:l s; is

N
[Ha,S]=—i) EGri)ti xs;,

i=1
hence the commutator with the total angular momentum J = L + S is zero

[Ha2,J1=0.
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In general, when relativistic corrections are introduced, L and S are no longer
good quantum numbers (since the corresponding operators L2 and S do not com-
mute with the Hamiltonian). The quantum number that is still “good” in all gener-
ality is J, the total angular momentum. However, if the Hamiltonian H is a pertur-
bation of the nonrelativistic Hamiltonian, i.e. if the following inequalities hold

Ho > Hi1 > Ha,

we can then use perturbation theory so that L and S remain good quantum numbers
and the effect of the relativistic Hamiltonian can be evaluated by calculating the
matrix elements within the subspace identified by a particular pair of (L, S) values
and diagonalising then the resulting matrix. This is known as the Russell-Saunders
coupling scheme or simply L-S coupling. In this scheme we have a hierarchy of
Hamiltonians that are “applied one at a time”. We start by solving the Schrodinger
equation with the Hamiltonian #o of Eq. (7.3) thus finding the energies of the con-
figurations. We then consider the action of the Hamiltonian H; of Eq. (7.4) for a
given configuration. We treat it as a perturbation, and find the energies of the terms,
each characterized by the L and S values. Finally, for a given term, we consider
the action of the Hamiltonian H; as a perturbation, finding the energy of the levels,
each characterized by the value of J.

Within the Russell-Saunders scheme, we therefore need to evaluate the matrix
elements of > on the degenerate space of a given term. We have seen in Sect. 7.11
that the eigenfunctions are of the type !I/A(a, L,S, My, Mg) (recall that the o« sym-
bol represents the configuration), and that the degeneracy is (2L + 1)(25 + 1). As
we have previously seen, instead of evaluating the matrix elements of H; on this
basis, it is more convenient to introduce a new basis, where the total angular mo-
mentum J is diagonal. In this way, the Hamiltonian H> becomes diagonal since it
commutes with J. The eigenfunctions of the new basis will be denoted by the sym-
bols ¥A(a, L, S, J, M) and can be obtained with suitable linear combinations of
lIIA(a, L, S, My, Mg) involving the Clebsh-Gordan coefficients or the 3-j symbols
(see Sect. 7.9 and in particular Eq. (7.13)). Through the Clebsh-Gordan coefficients
we have

WA LS. J.M)= ) (LSMLMs|LSIM)¥* (e, L, S, My Ms),
My Mg

or, in the more compact Dirac notation
leLSIM)= Y (LSM_Mg|LSJM)|aLSMMs).
My Mg

To evaluate the effect of the Hamiltonian > it is therefore sufficient to consider the
diagonal matrix elements

(@LSJM|Hz|aLSIM).

These computations will be carried out in Sect. 9.3, after a discussion on the matrix
elements of some special operators.
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9.2 The Wigner-Eckart Theorem and the Projection Theorem

The vector operators that are commonly encountered in theoretical spectroscopy
satisfy particular commutation rules with respect to the angular momentum. These
rules are intimately connected with the properties of the transformation of the Carte-
sian components of a vector under rotations in ordinary space and are of the form

[, vl ZiZGIkmvm,
m

where v is a vector operator and J is the total angular momentum of the physical
system that is being considered, or of the subsystem on which the v operator acts.

This commutation rule applies to an extensive class of vector operators (actually
to all vector operators, as long as the total angular momentum of each subsystem is
included in J). Some examples are given below; their proofs are trivial and are not
presented here.

(a) The total angular momentum satisfies the commutation rule with respect to it-
self.

(b) For a system consisting of more subsystems, if J=J; +J» + - -+, and if each
angular momentum commutes with all other angular momenta, then each sum-
mand satisfies the commutation rule with respect to itself and with respect to J.

(c) For a system composed of a single particle, both the coordinate r and the mo-
mentum p satisfy the commutation rule with respect to both the orbital angular
momentum £ and the total angular momentum j = £ + s, where s is the spin.

(d) Still for a system composed of a single particle, s satisfies the commutation rule
with respect to both itself and j.

(e) For a system composed of N particles, if J=4£; + € +---+ €y +s1 +82 +
--- + sy, then all the following operators satisfy the commutation rule with
respect to J: the coordinate r;, the momentum p;, the orbital angular momentum
£;, the spin momentum s;, and the total angular momentum j; (all relative to the
i-th particle).

(f) The rule is satisfied by any linear combination of vector operators that satisfy
the rule itself.

(g) The rule is satisfied by the vector product of two vector operators that satisfy
the rule itself.

Finally, we note that, if v and w are two vector operators that satisfy the rule, their
scalar product v - w commutes with J.

An important consequence of the above commutation rule is the so-called
Wigner-Eckart theorem. Using this theorem, it is possible to find a particularly sim-
ple expression for the matrix elements of the so-called spherical components of
the vector operators between eigenstates of the angular momentum. The spherical
components of a vector operator, v, (¢ = —1,0, 1), are defined, starting from the
Cartesian components, as follows

1
vy = vz, v = ——=(vy +ivy). (9.3)

V2

V1=

%(vx - ivy),
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For the matrix elements of such components we have (Wigner-Eckart theorem)
(I Mvgle/ I'M') = (1M q|IM)aJ V]’ J"),

where (J'1M’'q|J M) is a Clebsh-Gordan coefficient and where (aJ ||v|a’J’) is the
so-called reduced matrix element (independent of M, M’, and q) of the vector op-
erator v. If we use the 3-j symbols instead of the Clebsh-Gordan coefficients, the
Wigner-Eckart theorem can be rewritten in the form

_ J+MA1 JoJ o1
(@ Mvgle/ I'M') = (—1) V27 +1 (_M Mg (vl J'). (9.4)
Taking into account the properties of the 3-j symbols, we can see that the matrix
element can only be non-zero if the following “selection rules” are satisfied

AJ=+£1,0, 0-»0, AM ==1,0.

The Wigner-Eckart theorem, presented here without giving a formal proof, is
actually more general. The matrix elements between eigenstates of the angular mo-
mentum of irreducible tensor operators of any rank k (k =0, 1,2,...) can in fact
be expressed, using this theorem, in terms of the 3-j symbols and of the reduced
matrix elements. The vector operators, once written in spherical components, are
irreducible tensor operators of rank 1.

The Wigner-Eckart theorem can be used to demonstrate another important the-
orem, called the projection theorem, which concerns the diagonal matrix elements
with respect to the quantum number J. To prove this theorem, we consider the ma-
trix element of the operator J - v. It is simple to verify that such scalar product can
be written, using spherical components, in the form

Jv=> (=4I v, (9.5)
q

from which we obtain

(@M -vie'IM') = Z(—l)q<aJM|J_q vgla' IM').
q

If we insert between the operators J_, and v, the identity operator written in the

form
1= Z Z Z|O{//J//M//><a//J//M//

o J M

’

taking into account that the operator J_, is diagonal with respect to the quantum
numbers « and J, and applying twice the Wigner-Eckart theorem, we obtain

<(¥JM|J . V|Ol/JM/> — Z(_1)Q+(J+M+1)+(J+M”+l)(2J 4 1)
qM//

% J J 1 J J 1
_M M// _q _M// M/ q

x (o | Jlleed Y e T V] T).
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We note that the exponent of (—1) can be written as

g+ +M+D)+(J+M' +1)=q+(T+M+1)—(J+M'+1)
=qg+M—-M"=0.

In addition, if we change the sign of the second line of the second 3-j, we reverse the
first two columns of the same symbol, and bear in mind the orthonormality property
of the 3-j symbols (Egs. (7.19), (7.20) and (7.18)), we obtain

(adg MY -vie' IM') = (aJ | Il Yo VIt T)Sprnar-

This expression, in the particular case where v = J, can be used to evaluate the
reduced matrix element of J. In fact, bearing in mind that the eigenvalue of J? is
J(J 4+ 1) and equalling « to o', we have

T+ 1) =(aIM|J - JlaI M) = ([« 1T a]))’.
We now consider the following matrix element
(I M|JyT-v)|e'TM').

If we insert as done above the identity between the J,; and (J - v) operators, apply
twice the Wigner-Eckart theorem (once in its direct and once in its inverted form),
and take into account the previous results, we obtain

(0dM|J;-v)|e' T M)
=(aJM|Jyla M'NaJ M'|J - v|e' TM')

_ J+M+1 J J 1
=(=1) «/2J+1<_M o q)](]+1)<oe]||v||a/J>

=J(J + D{ad Mlvglo' TM').

We therefore conclude that, to evaluate the diagonal matrix elements with respect
to J, the following operator identity holds

Iv=JJ-v),
i.e., when J #0
JJ-
v= (J2V)~ 9.6)

This equation can be interpreted physically by saying that the vector v precedes
rapidly around the angular momentum J in such a way that the components of v
perpendicular to J are on average zero and the only “effective” component that is
left is directed along J, as exemplified in Fig. 9.1. From an historical point of view,
we note that the projection theorem was commonly used, albeit intuitively, since the
first applications of quantum mechanics to atomic physics. The fact that it can be
demonstrated in a rigorous manner constitutes a formal proof of the correctness of
these applications.
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Fig. 9.1 The vector v <
precedes rapidly around J so
that its components in the

direction perpendicular to J J
are on average zero

| x

Veffective

9.3 The Landé Interval Rule

Under the assumption of the Russell-Saunders coupling, the corrections to the term
energies AE; due to the Hamiltonian H; of Eq. (9.1) are given by diagonal matrix
elements of the form

N
AE; =Y («LSTM|(ri)t; - silaLSTM).
i=1

To calculate these matrix elements, it is convenient to use the basis of the eigenvec-
tors of L2, §2, L., and S, by applying the usual similarity transformation in terms
of the Clebsh-Gordan coefficients (Eq. (7.13))

AE;= )" Y (LSIM|LSM.Ms)
My Ms M; M

N
X Y («LSMLMg|&(ri)t; - si|a LSM} Mg)(LSM] Mg|LSJM).
i=1
In the central matrix element, the operator & (r;)€; acts only on the angular variables,
while the operator s; acts only on the spin variables. Recalling that the eigenvector
|« LSM7 Mg) can also be written as a direct product |w LMy )|SMs), we obtain for
such matrix element

(«LSM Mg|&(ri); - si|a LSM} M)
=(aLMp|E(ri)ei|aLM}) - (SMs]s;|SMy).

The matrix elements in the right-hand side can be evaluated using the projection
theorem (Eq. (9.6)). We obtain

(aLSMLMS|§(Fi)ei - S; |C(LSM}‘M§>
= gi(a, LS){a LMy |LlaLM})- (SMg|S|SMY)
=i (o, LS)(wLSM Ms|L - Sla LM} M),
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where we have introduced the quantity ¢; («, LS) (independent of the quantum num-
bers My and M) defined by
(LMp|E(ri)L - &ila LML) (SMs|S - 5;|SMs)

Gile, LS) = LL+DSS+1) ‘ ©-7)

We can then write

> (eLSMLMs|&(ri)t; - si|a LSM] M)

1

= (o, LS)(aLSM Mg|L - Sla LSM} M), 9.8)

where we have put

N
@, L) =) (e, LS). 9.9)
i=1
By introducing this expression in the equation for A E; and summing on the Clebsh-
Gordan coefficients, we finally get

AE; = (o, LS){@LSIMIL - S|aLSJM).

With these various steps, we have shown that, to calculate the diagonal matrix
elements on the basis of the eigenvectors |« L SJ M), the Hamiltonian #; is equiv-
alent, aside from a proportionality factor, to the operator L - S. Noting also that

JP=(L+8)*=L>+5>+2L-S,
we obtain
1
L-S=_-(/2-L>-$?),
2
so that
1
AE;=22@ LS)[J( + D= LIL+1) =SS+ 1)

Through this formula we can easily evaluate the term structure, i.e. the energies
of the “multiplet levels” in which the term splits due to the relativistic corrections
of the Hamiltonian (basically, due to the spin-orbit interaction). In particular, for the
energy interval between two successive levels, we have

AE;—AE;_1=¢(x, LS)J,

a result that is stated as follows: the interval between two successive levels of a
multiplet is proportional to the highest J value of the pair. This fact is known as the
Landé interval rule. This rule can conveniently be used to verify “a posteriori” how
valid the LS coupling is for the description of a particular term of an atom (or ion),
by comparing the observed with the predicted energy intervals.

To illustrate these concepts, we consider the special case of the ground term
of iron, identified as a°D in spectroscopic notations (the a symbol represents the
ground configuration 1522522 p%3s23p%3d%4s?). Since L =2 and S = 2, we can
have five different values of J,i.e. J =0, 1,2, 3, 4, and since the constant ¢ (&, LS)
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Fig. 9.2 The ground term of —_— =0
the iron atom, a°D has a S A v 1l
negative ¢ value, and splits
into five fine-structure levels 21¢
each characterized by a 1=2
particular value of J. The 3|C|
energy differences between 5
the levels satisfy the Landé D J=3
interval rule
418
J=4

is negative (see below and Sect. 16.9), the multiplet is called inverted and the smaller
J values correspond to higher energies. The fine structure of the multiplet is shown
in Fig. 9.2, together with the corresponding interval rule. Assuming equal to unity
the interval between the J =0 and J = 1 levels, theory predicts that the successive
intervals should have the values 2, 3, and 4, respectively. The spectroscopic analysis
shows that such intervals are equal to 2.05, 3.20, and 4.62, so we can conclude that
the LS coupling scheme is reasonably valid to describe this term.

Finally, we note that if one considers the center of gravity (in energy) of a multi-
plet, defined by

(AE;) =Y (2] + )AE,,

J
we obtain
L+S
(AEj)=C(@ LS) Y @J+D[JU+D—LIL+1D-SES+1D)].
J=|L—S§|

By means of the elementary formulae that give the sums of powers of the first n
integers (or half-integers), one can easily verify that

(AE;) =0,

which means that the spin-orbit interaction splits a term in a multiplet without mod-
ifying the mean energy.

By applying the projection theorem, we have been able to obtain directly the
Landé interval rule, and also an expression for the constant ¢ (¢, LS) that quantifies
the separation between the levels (Egs. (9.9) and (9.7)). In some simple cases, this
expression can be further developed by elementary methods if we assume (some-
thing that is intuitive) that the electrons belonging to closed subshells do not bear
any contribution to ¢ («, LS). This implies that the sum over the electrons appearing
in Eq. (9.9) can be restricted to only the optical electrons.

If we consider for example the case of a single electron in the subshell nl, the
value of ¢(a, LS) can easily be determined from Eq. (9.7). Noting that L = £ and
that S = s and recalling the expression of the function &(r) (Eq. (9.2)), we obtain

(o, LS) = s
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where
2o, 1[d
;n[ = WA Pnl(r); |:5 Vc(r):| dr. (910)

Since V,(r) is a predominantly increasing function® of r, the quantity ¢,; is positive.
It can be directly evaluated once the expression for the central potential V. (r) and
that of the corresponding wave functions P,;(r) are known.

In the case of two electrons (equivalent or non-equivalent), we note that the L - £;
operator (as well as similar ones) can be expressed by diagonal operators. We have
in fact, since £ =L — £1,

G=L-0)
from which we obtain
L& = %(L2 + 01 - 63).
Similarly, we have

L-ez=%(L2+e§—e%), S-$1=%(S2+s12—s2),

S-szzé(Sz—i—s%—sz).

For a term originating from the two-electron configuration n/ and n,/,, recalling
3

that s12 = s% = 7 and excluding the singlet cases (for § = 0 there is no fine structure
and the formulae are undetermined), from Egs. (9.9) and (9.7) we obtain

1 LL+D)+L+1) =L+
C(n111n212,3L)=Z§n11. A 22

L(L+1)
1 LIL+1D)+hLU+1) =L +1)
+ 2 T : (9.11)

In particular, if the two electrons are equivalent (but do not fill the subshell),

1
¢(nl*,’L) = St

When three or more electrons (equivalent or not) are present, the calculation of
¢ (e, LS) cannot be made anymore using elementary methods but must be done
using the diagonal sum rule. A particular case is discussed in detail in Sect. 16.9.
Using the diagonal sum rule, one can easily prove that, for the configurations having
equivalent electrons, the sign of ¢ («, LS) is positive when the number of electrons
occupying the open subshell is lower than half the maximum number of electrons
that may occupy the subshell, that is if g,y < Q;/2 = (2] 4+ 1), with the notation
used in Sect. 7.6. Vice versa, if ¢,y > Q;/2, the value of ¢(«, LS) is negative.

2In case of complex atoms, there are indeed restricted intervals in » where the function V, de-
creases.
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Fig. 9.3 Out of the nine J=3
possible transitions among D
the J levels shown in the J=2

figure, only six are allowed by =
the selection rule AJ =0, =1

=2

J=1
J=0

Whenever ¢ (o, LS) is positive, the energy of the levels increases with J, while
the opposite occurs when ¢ («, LS) is negative. In the first case we say that we are
dealing with regular multiplets, while in the second case we have inverted multi-
plets, as in Fig. 9.2. All this can be summarized by the empirical rule that takes the
name of third Hund’s rule. This rule states that the multiplets arising from equivalent
electrons are regular when less than half of the subshell is occupied, while they are
inverted when more than half of the subshell is occupied.® For example, if we con-
sider configurations of equivalent p electrons, the configurations p and p? give rise
to regular multiplets, the configuration p3 is undecidable, the configurations p* and
p> give rise to inverted multiplets, while the configuration p®, which corresponds
to a closed subshell, produces only one term (') that does not split into a multiplet.

The fine-structure levels of a multiplet can combine with the levels of another
multiplet if they obey the selection rules

AJ=0,£1, 0--0,

which need to be added to those already presented in Sect. 7.13, concerning the
transitions between configurations and terms. This set of spectral lines is called a
multiplet of lines and each multiplet (which corresponds to a pair of terms) has
an appropriate numbering in the spectroscopic tables (the numbering is in practice
arbitrary and is mainly due to historical reasons).

As an example we consider the multiplet number 1 of C1I, originating from the
transition between the 2p3s3P and the 2p3p3D terms. The 3P term has three fine-
structure levels, 3Po, 3P1, and 3P2, as also does the 3D term which consists of the
three levels, °D 1, 3D2, and 3D3. Once the selection rules are taken into account, we
obtain a multiplet of six spectral lines, as shown in Fig. 9.3.

3The case in which exactly half of the subshell is occupied is undecidable, given that theory pre-
dicts a null result for ¢. In fact, the experimental values of ¢ are very small for these configurations.
The fact that their value is not strictly zero must be attributed to the breakdown of the approxima-
tions that we have introduced.
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9.4 The j-j Coupling and the Intermediate Coupling

The results of the previous sections were obtained within the LS coupling scheme,
based on the “hierarchy” of Hamiltonians synthesized by the inequalities Hg >
Hi1 > Ha. Although the LS coupling is appropriate to describe the spectra of nu-
merous elements and ions (and in particular the simpler elements, having a low
charge number Z), there are many situations in which it ceases to be valid because
the two Hamiltonians /| and H; are comparable or, in some cases, because the
spin-orbit Hamiltonian dominates over the Hamiltonian of Coulomb interaction. To
treat these limiting cases, in which

Ho > Ha > Hi,

we adopt a different scheme, known as j-j coupling.

The Hamiltonian > does not commute with the operators L and S, but it is sim-
ple to demonstrate that it commutes with the total angular momenta j; of the single
electrons (as well as with the total angular momentum J). The effect of the Hamil-
tonian > on the degenerate states of the Hamiltonian # (i.e. the configurations),
is to split a configuration in a number of terms characterized by the set of quantum
numbers j;, instead of the quantum numbers L and S. As usual, to determine the ac-
tion of H> on the degenerate eigenstates of H, it is convenient to introduce a basis
on which H; is already diagonal. In order to do so, we start with the single-particle
functions V¥, ;um, and consider those linear combinations (obtained with the Clebsh-
Gordan coefficients) that are eigenstates of the operators j> and j.. If we indicate
by m ; the eigenvalue of the operator j, such eigenfunctions are of the form

1pnljmj = Z(lsmms |lsjmj)¢nlmmx-
mmg

By means of these single-particle eigenfunctions, it is then possible to obtain eigen-
functions for the total system of N electrons that are antisymmetric (i.e. of the Slater
determinant type). Denoting by b; the set of quantum numbers (n, [, j, m ;) of the
first electron, by b, the set of the second electron, and so on, we obtain the eigen-
functions WA (by, b, ..., by), in a very similar way as we have seen for the eigen-
functions !l/A(al ,as,...,ay). While these latter ones are more appropriate for the
LS coupling, the present ones are more appropriate for the j-j coupling. The Hamil-
tonian H; is diagonal on this basis, because it can be written in the form

N N
Ho= L gt s =;s<ri>§(j,.2—z%—s?>,
hence we obtain
(WA By b ) [Ha| U2 B1 b .. b))
= ;s“n,-z,- [Ji(]i S =L+ 1) — Z]’

where the quantities ¢,; are the same as those introduced in Eq. (9.10).
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Consider now a given configuration. To start with, we note that the contribution
of the closed subshells is zero. In fact, for a closed nl subshell, the possible values
of j are, if  #0, (I — %) and (! + ), and we have

1+1/2 3
> @i+ 1)[j(j+ H—I0+1)— Z] =0.
j=1—1/2
For example, consider the p® configuration, for which the two possible values of j
are % and % We have two electrons with j = % (each having one of the two possible
projections m j = :I:%) and four electrons with j = % (each having one of the four

possible projections m j = :I:%, :I:%). This example shows the meaning of the sum
that appears in the previous equation.

There remains to consider only the electrons belonging to open subshells. With-
out expanding the calculations in full generality, we simply consider the case of two
non-equivalent p electrons, i.e. the configuration npn’p (with n # n’). Since both
electrons can have j = % or j = %, we have four states with energies E(ji, j») given

by
33\ 1 31\ 1
E(Z.2)=z@+b., E(2.-)=za—b,
(2 2) y@th <2 2) 2¢

13 1 11
El\=-,z)=—a+=b, El\=,z-)=—a-0,
2°2 2 2°2

a="{up, b=2¢yp.

where

We therefore obtain for the pp’ configuration a term structure that is deeply different
from the structure obtained with the LS coupling (that, by the way, has six terms
instead of four). The same procedure can be applied to the np? configuration, of
two equivalent electrons. In this case we obtain three terms with energies

33 31 1 11
E(z.2)=a. E(Z.z)=-za. E[z.z)=-2a,
2'2 2'2 2 22

a= Cnp~

where

The j-j coupling terms are degenerate. For example, in the case of the configura-
tion p?, the three terms that we have obtained are respectively degenerate 6 times,
8 times and 1 time. We could then go on and calculate the matrix elements of the
Hamiltonian H; (i.e. of the Coulomb interaction) on such degenerate space. This is
however a rather complex topic and we will not discuss it further here.

As we have already said, in many cases the two Hamiltonians H; and H; are
comparable so that neither the L-S nor the j-j coupling can be applied. These cases
are called of intermediate coupling and the atomic structure calculations are much
more complex since the two Hamiltonians must be diagonalised simultaneously and
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not one at a time. In general, the preferred choice is to use the basis of eigenstates of
the LS coupling (the base where the operators L2, L,, S> and S, are diagonal). The
atomic states, characterized in any case by the quantum numbers J and M (recall
that the total Hamiltonian commutes with the operator J) can then be expressed, in
general, with linear combinations of the form

leJ M) =" CrslaLSI M), (9.12)
LS
where the sum is extended to all the L and S values that are compatible with the con-
figuration « and with the value of J. The Cr s are the coefficients of the expansion,
obtained with the above diagonalisation. They satisfy the normalisation condition

> lcusP=1.

LS
In most cases, there is a particular value of the pair of quantum numbers (L, S)
such that the relative coefficient is much greater than all the others. If we specify
with (Lo, So) such pair of values, it is common practice in spectroscopy to assign
to the state the quantum numbers L, Sp, even if, in reality, such assignment is only
approximate. A very similar situation occurs for the configurations, when configu-
ration interaction is non-negligible. The quantum numbers «, L, S that are assigned
to a particular atomic state, either listed in spectroscopic tables or in Grotrian dia-
grams, must then always be thought of as approximate. The order of the approxima-
tion depends on the ratio between the coefficients of the terms of the expansion that
are neglected and the coefficient of the dominant term.

9.5 The Zeeman Effect (Classical Approach)

This effect was discovered in 1896 by the Dutch physicist Pieter Zeeman. He ob-
served that, in the presence of a relatively intense magnetic field (of the order of
a thousand gauss in the original experiments), the spectral lines of some elements
split into various components with special characteristics in terms of intensity and
polarisation. The results of the Zeeman experiences can be summarised as follows:

(a) when observing the radiation from a lamp discharge immersed in a magnetic
field, a spectral line becomes separated, in the simplest cases, in three compo-
nents.

Denoting by vy the frequency of the unperturbed line, the three components
are located at the frequencies vg — v, vg, and vg 4 vL,, where v, is the so-called
Larmor frequency* given by

_ eoB _ 6 1
VL = =1.3996 x 10°B s~ ", (9.13)
Tmc

where B is the magnetic field in gauss.

“In terms of angular frequencies, the Larmor frequency is wp = 2w v = egB/(2mc). It is therefore
equal to half the cyclotron frequency which we introduced in Chap. 3 (see Eq. (3.30)).
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(b) When observing in a direction parallel to the magnetic field, the central com-
ponent disappears while the other two components are circularly polarised, one
with right polarisation, the other with left polarisation.

(c) When observing in a direction perpendicular to the magnetic field, the three
components are linearly polarised. The central component is polarised in a di-
rection parallel to the magnetic field (component ), while the other two are
polarised in a direction perpendicular to the magnetic field (components o).

Zeeman’s observations were quickly interpreted by Zeeman himself and by
Lorentz within the classical theory of the electron (Quantum Mechanics was not
yet born). According to this theory, the atoms are treated as classical oscillators
consisting of an electric charge which moves under the action of an elastic restoring
force. To interpret the emission of a spectral line at the frequency vg, one assumes
phenomenologically that the elastic force is such as to give a resonance frequency of
the oscillator equal to vg. Denoting by x the coordinate of the charge, it is assumed
that, in the absence of external perturbations, the equation of motion of the charge
is

d’x

Froi —47%dx.
When we introduce a magnetic field B, the equation of motion is modified by the
presence of the Lorentz force. Assuming that the oscillating charge is an electron
with mass m and charge —ey, the equation of motion is therefore

d’x
dr2
If we write the vector x in terms of its Cartesian components, the differential equa-
tions that we have obtained turn out to be coupled. To uncouple them, it is convenient

to introduce the components of x on the three unit vectors u_1, ug, and u; defined
by

eo dx
= —47‘[2ng - ——X
mc dt

1 . 1 . .
u_1=—2(i+u), up =k, u; = —(—i+ij),

V2 V2

where (i, j, k) is a Cartesian orthogonal triad with the unit vector k directed along
the magnetic field. Writing then x = ), xo U, and noting that

uy X B=Buy xuy=—iBau, (a=-1,0,1),

we obtain for the x, components the following uncoupled equations

d%xg dxg
= —47%2x, + dricv, —.
dr? 0% dr
Searching for a solution of this equation of the form
X = Aa672Nivo‘t,

with A, constant, we obtain for v, the second order equation

2 2 _
vy + 2avLvy — vy =0,
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Fig. 9.4 Classical oscillator Linear
model. The frequency is vo _oscillator
for the linear oscillator, and
vo £ v, for the circular

oscillators /- \ Magnetic
\)/[s/ field

Circular
oscillators

and noting that for typical laboratory magnetic fields (B < 10° G) v < vg, we have
Vg = Vg — VL.

By means of the classical theory of the electron we have obtained a result that
perfectly explains Zeeman’s observations: under the action of a magnetic field we
have obtained three distinct oscillators with frequencies vo — v, vp, and vg+vr.. The
oscillator at the frequency vy is a linear oscillator directed along the magnetic field,
while the other two are circular oscillators that are perpendicular to the magnetic
field and of opposite direction, as shown in Fig. 9.4. With these oscillators we can
easily explain the characteristics observed by Zeeman in terms of frequency and
polarisation properties of the various components.

However, further observations of the Zeeman effect, carried out on an increasing
number of spectral lines and with spectroscopic equipment having greater resolving
power, showed the existence of a more complex phenomenology (ultimately due
to the spin of the electron) that could not be interpreted in the framework of the
classical theory developed by Zeeman and Lorentz. For these more complex cases
the term “anomalous Zeeman effect” was introduced in order to distinguish them
from those of the “normal Zeeman effect”, characterized by the experimental facts
described above and explained by the classical theory. Today, in light of the modern
quantum theory, the distinction between normal and anomalous Zeeman effect is
obsolete since the interpretation is done through the quantum theory, which is able
to explain consistently the two cases.

9.6 The Zeeman Effect (Quantum Approach)

The effect of a uniform magnetic field on an atomic system can be evaluated by
adding to the “unperturbed” Hamiltonian a term that describes the interaction be-
tween the system and the magnetic field. Such term was determined, for a single
electron, in Sect. 5.4 where we discussed the non-relativistic limit of the Dirac equa-
tion. Generalising Eq. (5.11) to the case of N electrons, and recalling the definition
of o (Eq. (5.17)), the magnetic Hamiltonian can then be written as
eéB2 N 2
Ha = po(L+28) - B+ 22— > Rk
i=1
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where r; | is the component of the position vector of the i-th electron in the plane
perpendicular to B. The second term that appears in the r.h.s. of this equation, the
so-called diamagnetic term, is negligible, compared to the first. In fact the two terms
become comparable for a “critical” value of the magnetic field given by

B~ hc
T ep(r?)

and, assuming for (r) ) a value of the order of the first Bohr orbit, we have, with
simple algebra,

3

3.2
egm=c

13
This value is very high and well above the typical magnetic field strengths achiev-
able in the laboratory. Even in astronomical objects, a magnetic field of the order of
B¢ is rare. It is thought that such high values of B can only be found in magnetic
white dwarfs or in neutron stars (pulsars). On the other hand the magnetic energy
woBc associated with B is exactly equal to the ionisation energy of the hydrogen
atom and, for these magnetic field values, the atomic structure calculations should
be carried out ab initio. Neglecting then the second term, we assume for the mag-
netic Hamiltonian the expression

Hm = oL +28) - B = pno(J +9S) - B,

or, introducing a Cartesian coordinate system such that the z axis is directed along
the direction of the magnetic field

Hm =noB(J: + 52).
The magnetic Hamiltonian satisfies the following commutation rules
[HM7JZ]=O3 [HMv'IX]?éov [HM, J)]¢O3

which means that, in general, the quantum number J loses its property of being a
good quantum number, while such property is preserved for the magnetic quantum
number M. The effect of the magnetic Hamiltonian on the atomic levels can be
easily evaluated if this Hamiltonian can be regarded as a perturbation with respect
to the unperturbed Hamiltonian H = Ho + H1 + Ha. In this case, regardless of
the type of coupling valid for the eigenstates of #, it is sufficient to calculate the
diagonal matrix elements

(d M| Hmlad M) = poBlad M|J. + S.|aJ M),

B. ~ 2.351 x 10° G.

since the non-diagonal matrix elements are zero (H{y commutes with J;). Applying
the projection theorem (Eq. (9.6)) we have, for J # 0,
(aJM|]J - SlaJ M)
JUJ+1) ’

woB{aJM|J, + S;|laJ M) = /,L()BM|:1 +

and for J =0,
woB{aJM|J, + S;|laJ M) =0.
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The (aJ) level therefore becomes split into (2J + 1) sublevels, due to the effect
of the magnetic field. Each of such levels (called magnetic sublevels or Zeeman
sublevels), is characterized by the magnetic quantum number M and has an extra
energy (with respect to the non-magnetic case) given by

AEy =poBMgy,
where g7, defined by the expression (independent of M),
(aJM|J - SlaJ M)

JUJ+1)

is a dimensionless quantity called the Landé factor.
Landé factors can easily be calculated only under LS coupling. In fact, in this
case, writing the eigenvector |« J M) in the form |@LSJ M), and noting that

gyr=1+

s

1
J~S=§[J2+52—L2],
we have
1
(«LSIM|J-SlaLSIM) = E[J(J +D+SS+1)—L(L+ 1)],

so that

JUJ+D+SSE+DH—-LL+1) 3 SSE+D-LL+1D
LS)=1 =-
gL =1+ 27+ 1) 2t T 20+
In intermediate coupling, the calculation of the Landé factors is more complex and
involves the coefficients Crs, implicitly defined in Eq. (9.12). With such coeffi-

cients, we can generally write

gr=Y ICLs’gs(LS),
LS

where g;(LS) has the value given by the previous expression and where the sum
is extended to all values of L and S that are compatible with the configuration and
with the value of J. Landé factors are easily measured by means of spectroscopic
observations, so their values can be used to quantitatively establish how appropriate
the LS coupling scheme is for the description of a specific term. This is done by
comparing the observed Landé factors for the levels of a term with the values cal-
culated in LS coupling. For example, for the ground term of iron, @D, the Landé
factors observed spectroscopically are 1.498 (J = 1), 1.494 (J =2), 1.497 (J =3),
and 1.496 (J =4), while g;(LS) is equal to 1.5 for all four levels.

We now consider two levels, one lower with quantum numbers («J) and Landé
factor g; and one higher with quantum numbers ('J’) and Landé factor g’;. The
spectral line of frequency vy (in the absence of the field) splits, by the effect of the
magnetic field, into various components, each characterized by the pair of quantum
numbers M and M’, and by the frequency

v(M, M) =vo+vL(g/M — gs M),
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where we have introduced the Larmor frequency vi, already defined in Eq. (9.13)
(also equal to poB/h). The number of components is considerably reduced (with
respect to all the possibilities) because of the selection rule on M

AM ==1,0.

Each component is also characterized by a “strength” and by a specific polarisation
property. Anticipating a result that will be formally demonstrated later, we observe
that the strength of a spectral line is proportional (in the dipole approximation) to
the quantity

2

)

1
D [Wilrg )

g=-1

where |v;) and |yy) are the wave functions of the initial and final states of the
transition, and where r, is the spherical component of the vector r defined by

N
r— E r;.
i=1

If we apply the Wigner-Eckart theorem (from which the selection rules can easily
be obtained), we have that the transition between the lower sublevel, characterized
by the quantum number M, and the upper sublevel, characterized by the quantum
number M’, has a strength proportional to

2

> J 7 1)
ad Mirgla’J'M')| =(2J+1)<_M W q) (T lIrlle’J)

where ¢ = M — M’. Eliminating from these expressions all quantities that do not
depend on the magnetic quantum numbers, we get the “relative strength” of the
components

70y
Sq(M’M/)=3<_M M’ q) ’
where the factor 3 has been introduced so that the strengths are normalised to 1. In

fact, for Eq. (7.18) we have

ZS(MM’)=Z3<J 4 l>2=1 (9.14)
T -M M gq ’ ’
MM MM

It is possible to show that the components with ¢ = 0 are of type , while those with
q = =1 are of type o, as defined in the previous section. These properties establish
the character of polarisation of all the components when observing along a direction
that is parallel or perpendicular to the magnetic field.

Once the strengths and shifts of all the components are known, it is possible to
construct a diagram, called Zeeman pattern, where a series of vertical segments,
one for each component, are drawn at their respective frequency. Each segment has
a length proportional to the strength of the single component. The frequencies are
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Table 9.1 Frequency shifts

(expressed in units of the q M’ M Shift Strength
Larmor frequency vr,) and
relative strengths of the 1 1 2 —% %
transitions between Zeeman 0 1 17 3
sublevels belonging to the g 110
upper 3P| and lower 3D, level -1 0 % 10
2 3
0 1 1 5 o
4
0 0 0 1
2 3
-1 -1 ~5 70
9 1
-1 1 0 % 0
7 3
0 -1 6 70
5 6
-1 —2 3 10

expressed in Lorentz units vr,, and the segments are drawn upwards for the 7 com-
ponents and downwards for the o components. Consider for example the transition
between a lower 3D, level and a higher 3P, level. If the two levels can both be
considered in LS coupling, the corresponding Landé factors are given by

7 3
Zga gJ(3P1)=§-
The strengths and shifts of the individual components are shown in Table 9.1, while
the possible transitions and the Zeeman diagram are illustrated in Fig. 9.5.

If we consider the particular case of a level in LS coupling originating from a
singlet term, the Landé factor is equal to unity, as we get from the expression of
g7 (LS) with the substitution S =0 and L = J. For a transition between two such
levels, the frequencies of the components are given by

8J (3D2)

v(M, M) =vo+v (M — M),

and we see that all the components with ¢ = M — M’ = 1 have frequency vy — v,
those with ¢ = 0 have vp, and those with ¢ = —1 have vy + vL.

On the other hand, the sum of the strengths of the components of each type
is equal to 1 (see the normalisation equation (9.14)), so we obtain a very simple
Zeeman diagram as the one shown in panel (c) of Fig. 9.5. In this case we have the
so-called normal Zeeman effect while otherwise we have the anomalous Zeeman
effect. The normal Zeeman effect, which corresponds to the absence of spin, is the
only case that can also be treated classically.

Finally, we note that the frequency (or wavelength) shifts due to the Zeeman
effect are relatively small and that instruments with high resolving power are neces-
sary in order to highlight this effect even for values of the magnetic field of the order
of a thousand gauss. If we indicate with Av the frequency interval between two Zee-
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3
P oM b)
-1 1
a) 0
3 7
D 0o M
2 -1
)
c)
-1 1
0

Fig. 9.5 Panel (a) shows the transitions between Zeeman sublevels belonging to the upper 3Py
and lower D, level. Panel (b) shows the resulting Zeeman pattern, with the 77 components drawn
upwards and the o components drawn downwards. Panel (c¢) shows the pattern in the case of the
normal Zeeman effect

man components, we have that as an order of magnitude Av >~ v . Assuming a field
of 10% G, we find, for a spectral line at 5000 A (vp=6x 1014 s’l),

Av _6

— ~23x107".

Vo
A spectrometer with a resolving power of the order of 10° is therefore necessary to
observe the Zeeman effect induced by a magnetic field of 1000 G on a spectral line
in the visible.

9.7 The Paschen-Back Effect

The theory of the Zeeman effect developed in the previous section is based on the
assumption that the magnetic Hamiltonian H)y is a perturbation with respect to the
total (non-magnetic) Hamiltonian . For this to be the case, it is obviously neces-
sary that Hy is a perturbation with respect to Ho, H1, and H;. There are, however,
some important physical situations in which the magnetic field is sufficiently intense
to produce a splitting of the magnetic sublevels comparable to the interval between
the different levels originating from a term (fine structure). In the case where the
more common L-S coupling scheme is valid, such physical situations give rise to
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Fig. 9.6 Splitting of a 3P u,B (L1
level due to the magnetic field (0, 1)

in the complete Paschen-Back R (1,0) (=1, 1)
regime. Each magnetic P (0.0)
sublevel is characterized by ’

the pair of values (M, My). (1,00 (1,-D
Note that two sublevels are (0,-1)
degenerate (=1,-1)

the so-called Paschen-Back effect. It is common to distinguish between the com-
plete Paschen-Back effect, when the following inequality holds

Hy < Hm,

and the incomplete Paschen-Back effect when we have instead
Hy >~ Hwm.

Note that in the case of the Zeeman effect we have
Ho > Hwm.

With increasing magnetic field we have first the Zeeman effect, then the incom-
plete Paschen-Back, then the complete Paschen-Back effect. The values of the mag-
netic field at which the transition occurs between the various regimes depend on the
particular atomic term that is being considered. If this term is characterized by a
certain value of the quantity ¢(«, LS), we can define a characteristic value of the
magnetic field, Bpg, such that

woBpg = ¢ (o, LS).

The three different regimes (Zeeman, incomplete Paschen-Back and complete
Paschen-Back) are then found for B « Bpp, B =~ Bpg, and B >>> Bpg, respectively.

We start by considering first the complete Paschen-Back effect. To calculate the
effect of the magnetic Hamiltonian on the structure of a term, it is convenient to
use the degenerate basis |« LSMy Mg) on which Hy is diagonal. For the matrix
elements of Hyr we find

(«LSM Mg|HmleLSMy Ms) = joB(«LSM; Mg|L, +2S. |« LSM; Ms)
= woB(M +2My).

The equations shows that, for example, a >P term is split by the magnetic field into
seven components, two of which are doubly degenerate (see Fig. 9.6).

We now consider the transition between two different terms and denote by
(«LSM7 Ms) the quantum numbers of the lower term and by (o’ LS’ M| M) those
of the higher term. The spectral line of frequency vy in the absence of a magnetic
field becomes split into several components each characterized by the frequency

V(ML Mg, My Mg) =vo+ v [M; — My +2(Mg — Ms)].
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The relative strengths of the various components can be derived in a similar way as
for the Zeeman effect. In this case, we need to calculate a quantity of the form

1
3" leLSMpMs|rgle’L'S' My M),
g=—1
Noting that r, is an operator that only acts on the orbital variables and not on the
spin, we find
1
3 leLSMLMslrgle’ LS My M)
g=—1

1
2
= D ML Molrglo' LM )| "85 8151,
q=-1
and applying the Wigner-Eckart theorem we can express the relative strength of the
various components with the formula

L L 1)
Sq(MLMSsM’LMé):3<—ML M| q) 053 Outs
L

which shows that for the complete Paschen-Back effect we have the selection rules
AMg =0, AM; ==+1,0.

The expression for the frequencies of the components becomes simplified because
of the selection rule on Mg

V(M Mg, My Mg) = vo + v (My — My).

The transitions having the same value for AM; have the same frequencies and
the sum of their relative strengths is 1. For the complete Paschen-Back effect we
therefore obtain the same Zeeman diagram as shown in Fig. 9.5, panel (c), i.e. the
diagram for the normal Zeeman effect.

The incomplete Paschen-Back effect is considerably more complex since the
spin-orbit () and the magnetic (Hy) Hamiltonians need to be diagonalised simul-
taneously. H is diagonal on the vector basis |@LSJ M), while Hy is diagonal on
the basis |« LSM; Ms). Once one of the basis is chosen, all the matrix elements (di-
agonal and not) need to be calculated, and then the matrix needs to be diagonalised.
The problem is partially simplified since both Hamiltonians commute with J,

[H2, J:1=[Hm, J.]1 =0,

so the matrix is block-diagonal, each block being characterized by a particular value
of M = M|, + Mg. In general, the computations need to be done numerically and
show that, as the magnetic field increases, the structure of the levels changes con-
tinuously from a typical Zeeman effect to a complete Paschen-Back effect.

SFor a discussion of this topic see, for example, Condon and Shortley (1935) or Landi
Degl’Innocenti and Landolfi (2004).
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9.8 Hyperfine Structure, Isotope Effect

When spectral lines are examined with spectroscopic devices having very high re-
solving power, it is found, since the year 1920, that for several elements atomic spec-
tral lines are divided into a number of components, extremely close to each other,
having typical intervals in terms of wave number of the order of one hundredth of
cm~ !, ie., in terms of wavelength, of the order of some mA (for lines in the visi-
ble spectrum). Today we know that this so-called hyperfine structure is due to the
influence of the atomic nucleus on the energy levels of the atom, an hypothesis orig-
inally proposed by Pauli, and later fully confirmed. Such influence has a dual nature
being due, on the one hand, to the fact that the isotopes of an element have different
mass and nuclear volume (isotope effect) and, secondly, to the presence of the spin
of the nucleus (nuclear spin effect). Obviously, the first effect is present only when
analyzing spectroscopically an element composed of two or more isotopes, while
the second effect is present even for an isotopically pure element (provided that its
nuclear spin is not null). In this section we will analyze the first effect. The second
effect is discussed in the following section.

The analysis of the isotope effect is simple only in the case of hydrogenic atoms.
In fact, we have seen in Sect. 6.1 that the energy of the n-th level of the hydrogenic
atom is given by (cf. Eq. (6.4))

meegZ% 1
"TT TR a2
where m; is the reduced mass, i.e.
mM,
my = L (9.15)
m—+ M,

with m the electron mass and M, the mass of the nucleus. If we have two isotopes
with masses M1 and M3, and denote by v; and v, the frequencies of two corre-
sponding lines of their spectra, we have

v (m)i  Mym+ M,

v, (mp)2 Mam+ M’

or, through a series expansion (m < M1, M),

Considering for example the case of hydrogen and deuterium, and remembering that
the mass of the deuterium nucleus is twice that of hydrogen, we get

VD m 1

— =1t 1+ —,

VH 2M, 3672
where M, is the proton mass. The frequencies of the deuterium lines are therefore
all higher than the corresponding frequencies of the hydrogen lines, their ratio being
of the order of 1.0003. Obviously, the opposite occurs for wavelengths. The Ha line
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of deuterium, for example, is found to be shifted towards shorter wavelengths by
1.79 A, with respect to the He line of hydrogen.

For non-hydrogenic atoms the effect of the mass can be evaluated with the fol-
lowing considerations. The total kinetic energy T of a system of N electrons orbit-
ing around a nucleus of mass My, is given by

N 2

1% oM,

i=

where p; is the momentum of the i-th electron and P is the momentum of the nu-
cleus. On the other hand, in the rest frame of the atom we must have

N
P+ Z p; =0,
i=1
so0, obtaining P from this equation and substituting it in the expression of the kinetic
energy, we find, with simple algebraic transformations

r= Z2mr Z '

where m; is the reduced mass defined in Eq. (9.15). As shown by this equation, the
effect of the finite mass of the nucleus is twofold. On the one hand, the electron mass
is replaced by the reduced mass. On the other hand, many additional energy terms
appear, as many as the number of possible pairs of electrons. The effect of these
terms can be quantitatively evaluated adding a correction term (of nuclear mass) to
the atomic Hamiltonian given by

P -pj
Hom = ==
i<j
and then determining the effect of this atomic Hamiltonian on the levels using per-
turbation theory. For heavy atoms this mass effect decreases compared to the case of
hydrogen, mainly due to the decrease in the relative difference between the masses
of the isotopes.

On top of this effect due to the mass, we also have the effect of nuclear volume
which can be evaluated, at least as an order of magnitude, in the following way. In
the atomic theory developed in the previous chapters we have always assumed that
the nucleus is a point-like particle. In fact this is a zero order approximation that
leads to a divergent potential at the origin. A better approximation, although crude,
is to consider the nucleus as a uniformly charged sphere with a radius r¢ being of
the order of the nuclear dimensions (rg ~ 10~!3 cm). The potential in which the
electrons move thus differs, in proximity of the nucleus, from the purely Coulomb
potential due to a point-like nucleus. To calculate this potential, we use the Gauss
theorem that, for r < rg, gives the equation

3
Arr?E(r) =41 Q(r) = 41 Zeo .
"o
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Fig. 9.7 The potential V(r)
energy of the electron, V(r),
due to the charge of the
nucleus, differs depending on I
whether one considers a
nucleus that is point-like or
has a finite dimension with
distributed charge. The graph
illustrates schematically this
difference. The dimensions of
the nucleus, ry, are greatly
exaggerated in the figure

i—— Point charge

\ Distributed charge

where E (r) is the electric field, Q(r) is the charge contained within the sphere of
radius 7, and Z is the nuclear charge number. The electric field is therefore, for
r<rop

r
E(r)zZeo—%,
P

0
and originates from the potential
Zeor2
$(r)=—"" +C,
2ry

where C is a constant that can be determined by imposing that for » = ro we have
¢ = Zey/ro. Applying this continuity condition we find

2
¢(r)=@<3—r—2>, r <rp.

2ro i

The effect of a finite nucleus is therefore that of introducing a corrective term (of
nuclear volume) to the Hamiltonian, given by

N Ze? r? Ze?
Hn.v.ZZ[_Fg<3_%)+r—io], ri < ro.
i=
Such term is schematically shown in Fig. 9.7.

We can now calculate the variation in the energy of a configuration, AE, caused
by this correction to the Hamiltonian. This is done with perturbation theory, noting
that the Hamiltonian #,, v, is diagonal on the basis of the eigenfunctions of the form
of Eq. (7.1), lI/A(al, asz,...,ay), since it commutes with the operators £; and s;.
We have

ze2 Y
_ 24 .
AE = o IE_II(Q,),
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where
2
2 2rg
Z(ai) 2/ |Wnl-ll-m,-ms,- (X)’ ( 3 + + —) d3X.
r=rg

To evaluate this integral we note that r( is much smaller than the typical scales over
which the wave function varies, so we have

2
2 r 2rg
@) = [Yntmmy O)] f (—3+—2 >d3
r<rog ro r

and evaluating the integral with elementary methods we get

I(al)_ W’nlm mé,(o)}
Substituting in the expression for A E we finally obtain the result

277
AE = 7t e()r() Z|Wnlmm”(0)|

i=1

As we can see, the correction to the energy is positive, and only the s electrons (i.e.
those for which ¥ (0) # 0) contribute to it. Furthermore, the correction depends on
rg, so we obtain different values of AE for different isotopes. This is the nuclear
volume effect.

9.9 Hyperfine Structure, Effect Due to the Nuclear Spin

A nucleus (more properly a nuclide) with mass number A and charge number Z
is composed of A nucleons, namely Z protons and A — Z neutrons. Both protons
and neutrons are particles with spin % and such spins are added (according to the
addition rules of angular momenta) to give the total spin I of the nucleus. The as-
sociated quantum number / is necessarily half-integer if A is odd, and integer if A
is even. The value of I that belongs to a given nucleus® can be inferred from obser-
vations or, in some cases, can be obtained according to models of nuclear structure.
Experiments show that all even-even nuclei (i.e. those composed of an even number
of protons and an even number of neutrons) have spin zero. The nuclei that do not
belong to this class have, in general, I # 0.

A nuclear magnetic moment is always associated with a nuclear spin. It can be
expressed in the form

;= gnunL

5We refer here to the spin of the nucleus in its ground state. In nuclear reactions the nucleus can be
brought to excited levels having, in general, different values of /.
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In this formula, uy is the so-called nuclear magneton, defined with a formula very
similar to that one of the Bohr magneton pg (Eq. (5.17)), with the difference that
we now have the proton mass instead of the electron mass

eoh m 1

T 2Mpe . M, 18361

AN

The quantity gy is instead a purely numeric factor of the order of unity (different
for each nuclide), called gyromagnetic nuclear ratio. For an isolated proton gn =
2.79290, while for an isolated neutron gy = —1.91315. For the deuterium nucleus
(composed of a proton and a neutron, having / = 1) we have gn = 0.85741, which
shows that the value gn of a nucleus cannot be simply obtained by summing the gn
values of its nucleons.

The nuclear magnetic moment interacts with the electron cloud and the inter-
action is described, in first approximation, by an Hamiltonian, called of hyperfine
structure, of the type’

Hhs. = Ala, NI -1, (9.16)

where A(w, J) is a quantity which depends on the quantum numbers of the state
|aJ M). Without going into the details of the theory which allows one to calculate
the A(a, J) value, we can simply provide an order of magnitude estimate for this
quantity. We can think of the nuclear magnetic moment as interacting with the mag-
netic moment of the electron cloud and, since the interaction energy of two dipoles
is proportional to the product of the moduli of the dipoles and inversely proportional
to the cube of the distance between them, we have, as an order of magnitude (ag is
the radius of the first Bohr orbit)

8,2
UNHO €M
3 T 2R
a; c*h* My,

A, J) >~ =1.264 x 107 ¥ erg,

that is an energy value equivalent to 6.37 x 1073 cm™!, or 191 MHz. Comparing
this expression with the analogous one valid for fine structure (see Eq. (5.14)), we
reach the conclusion that the typical energies of hyperfine structure are about 2000
times lower than those of fine structure.

The intrinsic angular momentum of the nucleus introduces an additional degree
of freedom that must be described by appropriate quantum numbers. An atomic
level that in the absence of nuclear spin is represented by the state vector |aJ M)
must now be described by a new eigenvector of the form |oJI M My), where I is
the nuclear spin quantum number (in the sense that the eigenvalue of the operator
I?is I(I + 1)), and where M is the quantum number relative to the operator I..
Instead of this basis, it is more convenient to consider the basis |aJ I F M) where

7Equation (9.16) is the first term of a multipolar expansion and represents the dipole interaction
between the spin of the nucleus and that of the electron cloud. It is sometimes necessary to add the
next term which describes the quadrupole interaction. This term brings an additional contribution
to Eq. (9.17) of the form B[K(K + 1) —41(I + 1)J(J + 1)/3], where B is a new constant and
where K=F(F+1)—1(I+1)—J(J+1).
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F = J + 1 is the total angular momentum (electronic + nuclear) of the atom. The
Hamiltonian of hyperfine structure is diagonal on the basis |« J I F M ). Noting that

J~I=%(F2—J2—12),

we have, for the energy correction due to the nuclear spin,

AE(F)=(aJIFMFp|HsilaJIFMFp)
1

=A@, DFF+D)—-JU+D)—IU+D]. (9.17)

We therefore obtain the result that the hyperfine structure levels have very similar
energy intervals as those given by the Landé rule for the fine structure levels.

For example, for the ground state of the hydrogen atom we have J = % and ] = %
so that we have the two possibilities, F =0, and F = 1, with respective energies

AE(F:O):—%A, AE(F:l):%A.

The interval between the two fine structure levels is A and has been measured to
be equal to 1.420 GHz, i.e. about seven times the order of magnitude value we
have estimated. The transition between these hyperfine structure levels gives rise
to a spectral line that falls in the radio domain at 21.1 cm. The observation of this
line, traditionally known as the “21-cm line”, is of fundamental importance in as-
trophysics to study our own Galaxy, but also other galaxies, and H 1 regions.

Another particularly important example is that of the ground level 6525 2 of
the isotope 133 of cesium. This isotope has nuclear spin equal to 7/2, so there are
two levels of hyperfine structure, characterized by the quantum numbers F' = 3 and
F =4, respectively. The energy interval between these levels is known with such
a precision that, since 1967, the definition of the unit of time in the International
System is just based on it. The second is in fact defined as the duration of 9 192 631
770 periods of the radiation emitted by the transition between these two hyperfine
levels of the isotope 133 of cesium.



Chapter 10
Laws of Thermodynamic Equilibrium

In the previous chapters we have reviewed the fundamental properties of the radia-
tion field and those of atomic systems. Before we move on to a quantum description
of the interaction between these systems, is it necessary to study, in all generality,
their physical characteristics in the particular case of thermodynamic equilibrium.
On the one hand this study is interesting by itself, since in many cases the physi-
cal systems (whether they are the object of laboratory experiments or astronomical
observations) can be considered, at least in first approximation, in conditions close
to those of thermodynamic equilibrium. On the other hand, the laws that can be de-
rived, being based on the first and second laws of thermodynamics, are extremely
general and can therefore provide very useful control methods to test any theory
(more or less approximate), that can be used for the description of the systems and
their interactions.

10.1 The Principles of Statistical Equilibrium

We start by considering a physical system with N degrees of freedom described,
within classical mechanics, by the dynamic variables ¢; and the corresponding con-
jugate moments p; (i =1,2,...,N). Let H(q;, p;) be the Hamiltonian of the sys-
tem. The statistical properties of the system in thermodynamic equilibrium can be
derived using a general principle. Although this principle can be more or less jus-
tified by probabilistic arguments,! sometimes it is preferred to consider it directly
as a postulate. The principle states that the probability d P to find the system in the
elementary cell dI” of the phase space is given by the expression

dP = Ae PHG.P) g, (10.1)

'A simple formal derivation is presented in Sect. 16.10. For a more in-depth analysis see, for
example, Schrodinger (1961).

E. Landi Degl’Innocenti, Atomic Spectroscopy and Radiative Processes, 237
UNITEXT for Physics, DOI 10.1007/978-88-470-2808-1_10, © Springer-Verlag Italia 2014


http://dx.doi.org/10.1007/978-88-470-2808-1_10

238 10 Laws of Thermodynamic Equilibrium

where

1

- kgT’

with kg the Boltzmann constant (kg = 1.3806 x 10710 ergK™!), T the absolute

temperature, and A a normalisation constant to be determined by imposing that the
integral of d P over the whole phase space is equal to unity

‘/AefﬁH(q"’p") dr =1.

dI' =dq1dgs---dgnrdp1dps---dpys, B

We note that the value of the constant A is related to the (arbitrary) zero value of the
energy. In fact, if we apply the transformation
H(qi, pi) = H(qi. pi) + Eo,
with E( constant, we obtain
A — AeP EO,

and the expression for d P is invariant with respect to Ey.

The same principle can be generalised directly to quantum systems. Let H be
the quantum Hamiltonian of the physical system, and let £y, E», ..., E,, ... be the
energies of the quantum states (supposed to be nondegenerate)” obtained by solving
the stationary Schrodinger equation. The probability P; to find the system in the
state j with energy E; is given by

P, = AcPEi, (10.2)

where A is (again) a normalisation constant to be determined so that
Z Ae PEI =1,
j

The normalisation constant is therefore given by
1
A=—,
Z

where the quantity Z, known as the “sum over states”, is
Z=Y e b5,
J

All the laws of thermodynamics can be derived from these simple considera-
tions if it is assumed, following the fundamental hypothesis of Boltzmann, that the
entropy of the system is given by the expression

S=—kg ) PjlnP;.
j

2If the solution of the stationary Schrodinger equation involves degenerate eigenvalues, the corre-
sponding states must all be individually numbered in the series Ey, Ea, ..., E,, ...
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We now discuss some of the consequences of the hypotheses we have introduced.
Substituting the expression for P; in this equation, we get

S=—kg ) AePEi(InA—BE)).
j

that, recalling the previous equations, becomes

S=kg [mz +BY AEA,e—ﬁEf].
j

We now notice that the internal energy of the system, traditionally denoted by the
symbol U, is obviously given by

B Zj EjeiﬂEj B Zj EjeiﬁEj

— o~ BE;
V= Y e PE z _ZAEJe .
J
and can also be expressed by the equation
a
U=——2Z.
op

On the other hand, substituting in the equation defining the entropy we have
S=kp[lnZ + BU],

from which we obtain
S
an=k——,3U=,3(ST—U)=—,3F, (10.3)
B

where ' = U — TS is the Helmholtz free energy. Finally, this relation can be used
to express the internal energy in the form

0 d oF
U=——mhZ=—BF)=F+—.
op Ip Ip
To establish a more complete connection with the laws of thermodynamics, we
must also consider the fact that the thermodynamic transformations in many cases
imply changes in the system that are related not only to the temperature but also to
other macroscopic variables, such as, for example, the volume V, the pressure P or
the number of particles N. Within the above general formalism, these changes result
in changes in the energy levels E ;. Therefore, the above formula needs to be more
conveniently written in the form

oF
v=r o855, .
V.N

If we consider, for example, an infinitesimal thermodynamic transformation in
which a fluid (with a constant number of particles) undergoes a variation of tem-
perature §7 and a change in volume 8V, the free energy undergoes the change

SF=6(U—-TS)=686U—S6T —T5S.
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On the other hand, according to the first principle of thermodynamics, the variation
in internal energy is given by

SU=8Q — PSV,

where §Q = T'5S is the amount of heat absorbed by the system and where P is the
pressure. For the variation of the free energy we then have

0F =—S6T — P&V,

and we obtain the equations

aF) IF
S=—(—) . prP=—(=) .
T )y n oV )y

The second equation defines directly the pressure that, using Eq. (10.3), is given by

. l(am) ~ i[i(ze“i)} X G
B\ 9V Jgn BZLOV 7 BN Zje—ﬁE,- '

The equations that we have derived are, at the same time, extremely simple and
very general. However, their application to practical cases is often complex, espe-
cially when one needs to take into account the indistinguishability of the particles or
the Pauli exclusion principle. In addition, we point out that the determination of the
energies E; of the quantum states of a system is, except in schematic cases, a prob-
lem practically insolvable. However, there are sufficiently simple cases in which
the above principle quickly leads to some interesting consequences. These cases are
those in which the total Hamiltonian of the system can be expressed as the sum
of many independent Hamiltonians, each relative to a different degree of freedom.
The simple case of a system of A/ free, non-interacting particles is discussed in the
following section.

10.2 Maxwell’s Velocity Distribution

Consider a physical system consisting of A/ non-interacting free particles. To fix
ideas we can assume that the particles are electrons, although all the results that we
will obtain are independent of the intrinsic nature of the particles (except for the
bosonic or fermionic character which is of paramount importance). For A/ nonrel-
ativistic electrons moving in a plasma (that is electrically neutral, so the energy of
the Coulomb interaction is null), the Hamiltonian of the system is

N 2

where p; is the momentum operator of the i-th electron. Since the Hamiltonian is
the sum of A independent Hamiltonians, the eigenstates of the overall system can
be constructed from the eigenstates of the individual Hamiltonians, i.e. from the
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single-particle eigenfunctions. As we know, these are characterized by the quantum
numbers p, eigenvalue of the momentum, and m;, projection of the spin along the
quantisation axis. If we apply the fundamental principle in the form of Eq. (10.2),
we can then express the probability P that the electron 1 is in the state (p, my1),
electron 2 in the state (pa, ms2), . .., and electron A in the state (p s, m,A7) through
the equation
2 2 2 2
P=AePEim) = Ac P Foh ..o P,

We can now ask what is the probability, denoted by P’, that an electron, say elec-
tron 1, occupies the state (p, m;) regardless of the states being occupied by the
other electrons. If we do not have complications related to the indistinguishability
of the particles, such probability is obtained using the usual probabilistic rules, i.e.
by fixing in the previous equation the value of (py, my1) to (p, m,) and summing
over all possible values of (p2, m2), (P3, Ms3), ..., (PN, MsAr). Using this method,
justified only when the probabilities are independent, we obtain the expression

2
P =Ae Pl

where A’ is a new normalization constant. It should be noted that this result could
have been obtained directly by applying the fundamental principle of the previous
section (Eq. (10.2)) to a system composed of a single electron (the electron 1) and
neglecting all the others. This type of approach is however not justified in general,
even if in some cases it can lead to the correct result.

The complexities introduced by the indistinguishability of the particles, which
we have ignored to obtain the equation above, are twofold. Firstly, since the elec-
trons are indistinguishable, the state of the system in which the electron 1 occupies
the state (py, ms1), the electron 2 occupies the state (pa, ms2), . . ., the electron A/
occupies the state (pas, mgA7), is physically indistinguishable from any other state
of the system obtained by permuting in an arbitrary way the order of the particles
that occupy the different states. To take this into account, either we introduce the
occupation number of the states of single particle and require that this number is
equal to 0 or 1, or, more simply, we divide the volume of the phase space available
to the system by N, i.e. we perform the substitution

dI" —» N
The 1/N! factor affects the normalisation constant A and its introduction is inessen-
tial if we do not consider physical phenomena involving transformations that alter
the number of particles making up the system.

Secondly, we need to take into account the Pauli exclusion principle. The com-
plications arising from this principle begin to occur at very high densities, when
the number of electrons becomes comparable with the number of quantum states
available to the electrons themselves. In such cases the above arguments cannot be
followed, as the probability that an electron occupies a given state is not any longer
independent of the probability that another electron occupies the same or a differ-
ent state. In other words, the probabilities are no longer independent of each other
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and it is essential to introduce the formalism of the occupation numbers. With this
formalism the results of the Fermi-Dirac statistics can be obtained from the above
principle, as described below in Sect. 10.6. When the system is far from this situ-
ation, i.e. is, as we say, far from being degenerate, the formula obtained for P’ is
correct.

As an application, we now derive the velocity distribution of the electrons, i.e. the
probability d/T that an electron has a velocity vector within the element of volume
d3v (of the velocity space) centred around the vector v. To do this, we need to just
count the number of quantum states corresponding to dv and use the expression
for P’ obtained above. It is easier to count the number of states in the momentum
space, using the principle according to which the extension in phase-space of a
single quantum state is 43, with 4 Planck’s constant. If ) is the physical volume
available to the electrons, the number of states dN with momentum within d3p is
given by

2V
dN = ﬁcﬁp,
where the factor 2 has been introduced to take into account the two possible orien-
tations of the spin. Noting also that, for non-relativistic electrons, p = myv, so that
d3p = m3 d3v, we obtain

dIT = Be™2Pm @,
where B is a another constant given by

3
B= Wh—’;’A’.
The normalisation constant B is determined requiring that the integral of d/T over
the entire velocity space is equal to unity. Alternatively, we could have required
that such integral is equal to N (the total number of electrons), or A//V (number
of electrons per unit of volume). Obviously this would imply changing the physical
meaning of d/7. Recalling that

> 2
/ e dx =7,
—00
the constant B can easily be calculated. Finally, putting dIT = P(v) d3v, we obtain
3/2
Pv) = (ﬁ—m> e 2pmv?, (10.4)
2r

The probability P (v)dv that the electron has a velocity (in absolute value) between
v and v + dv can be obtained from this expression. Noting that d3v = 47 v? dv, we

have
3
P(v) = ;MU e—%ﬂmvz.
T

This distribution is known as the Maxwellian distribution of velocities, although
the same name is also used to describe the distribution of the velocity vector P(v)
(Eq. (10.4)).
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10.3 The Saha-Boltzmann Equation

Consider a physical system consisting of a neutral atom and N electrons contained
in a cavity of volume V that is in thermodynamic equilibrium at the tempera-
ture 7. The energy levels of the atom can be characterized by two discrete indices
r and k. With r we indicate the degree of ionisation that can assume the values
r=0,1,2,..., rmax, where rmax is 1 for hydrogen, 2 for helium, and so on. With
r fixed, k numbers the energy levels ordered by increasing energy from the ground
level of the ion, for which we assume k = 0. Each level has an energy 7, and a
degeneracy g, . We denote by I the first ionisation potential, by I, the second ion-
isation potential, and so on. In addition, we denote by E, ; the energy of the k-th
level of the atom r-times ionised and we assume that this energy is measured from
the corresponding ground level (E;.o = 0 for any r). The energy of the level (r, k),
relative to the energy of the ground state of the neutral atom, is then given by

-
Tok=Erx+ ) I (< rma),
i=0

where we have put /o = 0. Obviously, when the atom is r-times ionised, the cavity
contains (N + r) electrons.

If we apply to our physical system the fundamental principle in the form of
Eq. (2.10), the probability P that the atom is in the state (r, k) and that the (N +r)
electrons have kinetic energies €1, €2, ..., €y4, 1S given by

P = Ag, ke—ﬂTr.ke—ﬂele—ﬁez . e_ﬁ€N+r'

However, if we are simply interested in the probability P, that the atom is in the
state (r, k), but not in the particular state in which the free electrons are, we need
to perform the sum of P over all possible states of such electrons. This sum can be
performed easily only if we are far from degeneracy. In this case, in fact, the only
effect of the indistinguishability of the electrons is the reduction of the volume of
the phase space by a factor (V 4 r)! and we obtain

~ 1 e ATV [ g dD pew. ATy,
P,.=A ﬁTr,k—f Ber _f Be _/ Ben+r ,
rk= A8k SN ) S B ) ¢ h3

where dI; is the volume element in the phase space available to the i-th electron.
The integrals that appear in the right-hand side are all equal. If we consider the
nonrelativistic case in which € = p?/(2m), these integrals are of the same form as
the integral of the previous section used to find the normalisation constant of the
Maxwellian distribution of velocities. Repeating the same steps, we find that the
single integral, that we denote by Ny(T), is

3/2
Ny(T) = 1_13/(2%41) , (10.5)

where the factor 2 originates, as usual, from taking into account the spin. This in-
tegral has a precise physical meaning. It represents the number of quantum states
available to a free electron in thermodynamic equilibrium at the temperature 7. An
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order of magnitude estimate for this quantity can be obtained as follows: at the tem-
perature 7', an electron can have a maximum momentum ppax of the order of

Pmax |

2m B
Taking into account the two possible orientations for the spin, the number of quan-
tum states available to the electron is therefore given by
2Py 87V (2m\*?
h3 IRV ERW) '
The correct expression is obtained from this estimate by simply multiplying it by a

numerical factor equal to 3./ /4 >~ 1.3.
The probability P,k can then be expressed using the quantity Ng(T')

— 1 N+r
Py = Agrxe Pl —— [ Ny(T :
rk = Agrk N [Na(D)]
We see that the probability is proportional to the number of quantum states available
to all the (N + r) electrons. This probability can be rewritten in a more meaning-
ful way by including in the normalisation constant the number of quantum states
available to the N electrons (note that N is a constant). Putting

1 N
A= Am[/\/q(T)] :
we obtain
N!
— A/ —BTrx r
Pry=A'grie N1 [Ny(D]'.

If the number of particles is very large, the ratio N!/(N + r)! is equal to N~".
Denoting by N, the electron density (N. = N/V’) and recalling Eq. (10.5), we get
the final expression

2 [27m\/*"
P=A Bl [ === .
rk 8r.k€ Noh B

This equation contains both the Saha and the Boltzmann equations (or laws), and
is often called the Saha-Boltzmann equation. The Boltzmann equation is obtained
by expressing the ratio between the probabilities Py x and P, ; relative to two levels
k and j of the same ionisation degree r. We have

Prk — g’_’kefﬁ(Tr.k*Tr,j).
Pr,j 8r,j

Recalling the expression of 7} x, and introducing the temperature 7" instead of 8, we
get

Pk _ @e*(Er,k*Er,j)/(kBT)' (10.6)
Pr,j 8r,j
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The Saha equation is instead obtained by first calculating the probability P, that
the atom is in the ionisation degree r, independently of the level k. Recalling the
definition of 7} i, we have

2 (27m\**
P, —ZPrk—Au (B)e™ ﬁTrO[Nh3<7> :| )

where we have introduced the quantity u,(8), known as the partition function, de-
fined by

ur(B) ="y grre Pk,
k

If we now write the ratio between the probability that the atom is in two successive
ionisation states we obtain

Prot _ure1B) gty o102 (hm)”

P u(B) Neh3\ B

or, recalling that T, 41,0 — 7.0 = I+1, and introducmg the temperature in place of 8

Py — ur+1(T) o~ lr1/(keT) _~2_
Py ur(T)

This is the Saha equation, or ionisation equation. It was discovered by the Indian
physicist M.N. Saha in the early 1920s. It turned out to have a fundamental impor-
tance for our understanding of stellar spectra.

About the Saha and Boltzmann equations, we note that the left-hand sides of
these equations are often expressed in terms of ratios of populations, rather than in
terms of ratios of probabilities. These ratios are equal, an obvious consequence of
the probabilistic interpretation of thermodynamics. For example, the Saha equation
can also be written, with obvious notations, as

(271ka T)3/2. (10.7)

Ny41Ne _ ur1(T) ,[rJrl/(kBT)
N; B ur(T)
and noting that the right-hand side is a function only of temperature, the equation
can also be written as

= QrmksT)*?,

Nr+1 Ne

N,
In this form the Saha equation becomes a special case of a more general equation,
known as the law of mass action or equation of Guldberg-Waage, which is used,

especially in chemistry, to relate the density (or concentrations) of the reagents of a
reaction in thermodynamic equilibrium. For example, for the chemical reaction

A+ B = AB,

= K(T).

with A and B any elements, we have, in thermodynamic equilibrium
NaNB

=K(T).
Nap (1)
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Obviously, in the case of the Saha equation, we have a “ionisation reaction”, rather
than a chemical reaction, i.e. with obvious symbols

Aprt+e 2 A,

As an application of the Saha equation we now calculate the ionisation degree
of a plasma composed of pure hydrogen at the equilibrium temperature 7 and pres-
sure Py. Denoting by Ny and Ny+ the density of neutral and of ionised hydrogen
atoms, respectively, the degree of ionisation x (with 0 < x < 1) is defined by the
equation

Ny+
X=—"".
NH + Nyg+

Form the Saha equation we have

Nu+ - e~ n/kpT) 2 (2nkaT)3/2,

NH 1—x uH(T)Neh3
where Iy is the ionisation potential of hydrogen and uy(7) is the partition function
of neutral hydrogen (the partition function of ionised hydrogen is by definition 1).
The electron density can be expressed in terms of the total pressure of the gas Pg.
For a non-degenerate plasma we have

1+x
Py = kT (Ny + N+ + Ne) =kpT (Ny + 2Ne) = kpT N, o

which gives
x Py
1 +x kB_T.
Substituting this value of N, into the Saha equation, we obtain the following equa-
tion of second degree in x

Ne

x2

1—x2
where the dimensionless quantity C is given by
_ GmyPOkRTY gy
up(T)h3 Py

C
x=,—.
1+C

Substituting the numerical values of the constants in C and assuming uy = 2 (a very
rough approximation that however does not affect significantly the results) we have,
numerically,

C,

Solving the equation we find

C= 0.3334T5/2Pg_le—1-5777>< 105/7"

with T in K and P; in dyne cm~2. The numerical results obtained from the solution
of the equation are shown in Fig. 10.1.
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10.4 The Black-Body Radiation

Consider the physical system constituted by the electromagnetic radiation enclosed
in a cavity in thermodynamic equilibrium at the temperature 7. Such a physical
system is called a black body and can be realised in the laboratory by drilling a
small hole (so small as not to affect substantially the condition of thermodynamic
equilibrium) in the wall of a furnace internally lined with lampblack and brought
to high temperatures. By analysing spectroscopically the radiation coming from the
hole, one can determine the specific intensity I, of the black body radiation. This
quantity is often denoted by the symbol B,,.

As we shall see, the expression for B, can be found by using the general princi-
ples of statistical thermodynamics described in Sect. 10.1. This expression confirms
a number of properties which can be inferred classically by applying the first and
second laws of thermodynamics and which are interesting to discuss, especially for
the historical importance of the black-body radiation in the development of modern
physics.

The first statement that can be made classically about blackbody radiation is that
the function B, must be a universal function of temperature. We must have, as it can
be proved using the second law of thermodynamics, that B, = B, (T'), without any
dependencies on other parameters (such as the nature of the walls of the furnace,
any substance that is located in its interior, etc.). Still using the second principle of
thermodynamics it can also be shown that the black-body radiation is homogeneous,
isotropic and not polarised. If that was not the case it would be possible to design
a cyclic machine that could produce work at the expense of a single heath source,
something that contradicts the second principle. Another consequence of the princi-
ples of thermodynamics is the dependence of the total energy density on the fourth
power of the temperature. To show this, consider the system consisting of the elec-
tromagnetic radiation contained in a cylinder fitted with a movable piston having
its inner surface perfectly reflecting (see Fig. 10.2). For an infinitesimal thermody-
namic transformation due to the expansion of a volume dV we have, according to
the first law of thermodynamics
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Fig. 10.2 The radiation field
contained in the cylinder is
subject to an infinitesimal
expansion with exchange of ¢Q )
heat to or from the external : /
1

medium

av

dU =80 —8L =80 — PdV,

where U is the internal energy of the system, §Q the amount of heat absorbed by
the system in the transformation, § L the work done by the system on the medium
and P the pressure. If we denote by u the internal energy density, we have U =uV
and therefore, since u depends only on temperature T

av =v3ar 4 uav
AT uav.

To evaluate the §L we need to calculate the pressure acting on the piston. Taking
into account that the radiation is isotropic, i.e. that the energy density of the radiation
which propagates within the solid angle d§2 is given by u d$2/(4m) and that the
surface of the piston is perfectly reflecting, we have from Eq. (1.13)

2 T2y,
P=/ d¢/ 2— cos”6sinf do,
0 0 47'[

where 6 and ¢ are the polar angles defined in Fig. 10.2. Evaluating the integral we
obtain, with simple algebra

u
P=—,
3
hence
u
SL=—dV.
3

Substituting the expressions for dU and for §L in the equation that formulates the
first principle and solving for § Q we obtain
du 4
8Q=V—dT + -udV.
0 a7 + 3 u
We now recall that if the transformation is reversible (which implies the absence
of friction in the motion of the piston and equal temperatures between the radiation

and the heath source furnishing the § Q), the second law of thermodynamics requires
that the quantity

1) Vd 4
00 _Vdu r 2y
T T dT 3T
is an exact differential. For this the so-called Schwarz criterion needs to be satisfied,

i.e.
d (Vdu) 9 (4u
av\rdr) or\3T1)’
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from which we obtain, with simple algebra

du u

ar ~ T
Solving this differential equation we finally obtain
u= aT4,

where a is a constant of integration.
We note that the above considerations also allow us to determine the entropy of
the radiation field. Substituting in fact the expression for # we have

5 4
ds = TQ —4qVT2dT + gaT3dV,

or, by integration

S 4TV
= —d .
3

where, to fix the constant of integration, we have used the third law of thermodynam-
ics, which states that the entropy is zero at 7 = 0. For an adiabatic transformation
of the radiation field we then have

TV'/3 = const.,
or, recalling that P =u/3 =aT*/3,

pV4/3 = const.,

that is the usual law for adiabatic transformations with the exponent y = %.

Beyond the integral law that we have just derived for u, the classical theory also
allows to determine the expression of the function B, (T"). However, we will see that
this expression is physically inconsistent and not in accordance with experiments
(except in the limit of low frequencies). As we have seen in Sect. 4.3, a physi-
cal system consisting of the radiation field in a cavity of volume V is described in
quantum theory by a Hamiltonian that is equal to the sum of many Hamiltonians of
harmonic oscillator, independent of each other, one for each mode of the field. Sim-
ilar arguments as those developed there can also be made classically. In this case we
obtain that, numbering the modes with the integer index &, the classical Hamiltonian
can be written in the form

H=ZH(Pk,61k) =Zykpﬁ+3kqlz,
k k

where g is the canonical coordinate relative to the mode k, py is the associated
kinetic conjugate moment, and y; and §; are quantities that depend on the index &,
but that we do not need to further specify.> According to the fundamental principle

3Recalling the considerations of Sect. 4.2, such quantities can be expressed as a function of the
coefficients ¢, and cy, , as well as the frequency (or wavenumber).
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of Eq. (10.1), the probability dP that the variable g; is between ¢; and g1 + dq;,
the variable p; is between p; and p; + dp1, and so on, is given by

dP = Ae PHPLaDe=BH(P2.02) . o=PH (PG .. dg) dpy dgadpy - -dgedpg - -,

where A is the normalisation constant. Since all the Hamiltonians are independent
of each other, the reduced probability dI7 that the variable g; is between ¢ and
q1 + dqg and the variable p; is between p; and p; 4+ dp; can be obtained by inte-
grating over all possibilities for the other variables ¢», p», ..., gk, pk, - ... We have

dIT = AleBH(p1.q1) dgidpy,

where A’ is a new normalisation constant given by

1
= Tdqy [dpre PHGrLaD”

!/

The average energy relative to mode 1 is therefore given by

_ [dq1 [dpiH(py, q)e PH P14
T [dqi [dprePHia)

€]

and can also be expressed in the form

d
€ =—£{ln[qu1/dple_ﬁH(pl’ql)]}.

Substituting the expression for the Hamiltonian and performing the integrations we
obtain with simple algebra
! ksT
€] = — =KBI!.
B
This result, obtained for mode 1, is independent of the particular characteristics
of the mode itself and therefore applies to all modes. In other words, classically the
average energy of an harmonic oscillator is always equal to kg T, whatever the phys-
ical properties of the oscillator. By means of this property, and recalling Eqs. (4.16)
and (4.13) we obtain for the functions B, and u,

212 212
[B,(T)] = kT, [y (T)] = kT

class — class —

This result is in flagrant contradiction with experimental results at high frequen-
cies. Moreover, when integrating the function u, over all frequencies we obtain a
divergent integral, which means that the energy per unit volume of the radiation
field should be infinite. This fact is usually known as the ultraviolet catastrophe. It
was to resolve these contradictions that Planck was led to introduce his quantum
hypothesis.

We can repeat the same probabilistic arguments, still taking into account the fact
that the modes are independent, but introducing the quantum result that the eigen-
values of a generic mode k relative to the frequency v are given by nhv, with n an
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arbitrary integer. The probability I7(n) that the mode is in the state with eigenvalue
nhv (i.e. that we have n photons) is then given by

M(n)=Ale Prhv,
where A’ is a normalisation constant given by

1
Zn =0¢€ —Pnhv

The average energy of the mode is therefore

A=

) 0 —pBnhv
> o2 ynhve=hn
e(v) = gﬂ(n)nhv = W

which can be written in the form

e(v) = _% ]n|:Ze—ﬂnhV:|‘
n=0

The sum is carried out easily by recalling that, for an arbitrary number g of
absolute value less than 1 (|g| < 1) we have

)
-t
n=0

Thus we obtain, with simple algebra

_ 10.8
€(v) = v _ 1 (10.8)
from which we obtain
2m3 1 2m3 1
BV(T) = C2 eﬂhv _ 1 ’ MV(T) = C3 eﬁhv _ 1 .

These expressions are in agreement with the experimental facts and the function
B, (T) is called the Planck function (although this name is sometimes used for
u,(T), or for the associated functions By (T) and u, (T)).

The total energy density u can be calculated by simply integrating over frequen-
cies and angles the expression for u,. We have

® 2hv3 1
u=qPdse2 QT dv.
Putting x = Bhv we obtain, with a change of variable
8 / o i3
= dx.
ﬂ4h3c3 0 e — 1

The integral is equal to 7% /15 and we obtain the so-called Stefan-Boltzmann law

u:aT4, (10.9)
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where the constant a, known as the constant of the radiation density, is given by

5 14
= Slk—B =17.566 x 10°1° ergcm_3 K.
15 h3c3

As we can see, we have again obtained the expression for the radiation density,
previously derived from purely classical considerations. The quantum formulation
provides the value for the constant a that was left undetermined in the classical
theory.

If we consider the integral over frequencies of the Planck function, i.e. we con-
sider the quantity B(T) defined by

B(T) = / B, (T)dv,
0

we obtain, with a calculation similar to the previous one,

ac 4

The quantity 7 B(T) is the flux of the black body radiation, i.e. the amount of energy
flowing, per unit time, through the unit surface of a black body (in all directions and
at all frequencies). In fact, introducing a coordinate system with the polar axis z
directed along the normal to the surface, the flux F is given, with obvious notations,
by the expression

0o 2 /2
F:/ dv/ dqf)/ cosOB,(T)sin6do = B(T),
0 0 0

so we have
ac,_,

The quantity ac/4 is traditionally denoted by the symbol ¢ and is called the Stefan-
Boltzmann constant. We then have

F=oT?*, (10.10)
where
ac 213 kg

c=—="—"B_—-5670x107 ergcm_2 sTIK,
4 15 h3c?

10.5 Properties of the Black-Body Radiation

The spectrum of the black body radiation, described by the Planck function

2hv3 1

B,(T) = 2 ehv/kpT) _1°

(10.11)
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has a number of important properties that we are going to discuss. We start by con-
sidering the limit of the function at low frequencies, i.e. we suppose that
hv

— K 1.
o T <

Expanding the exponential in power series we obtain

202

This expression, known as the law of Rayleigh and Jeans, does not contain Planck’s
constant and is in fact the black body law which is obtained within the classical
theory (as we saw in the previous section). The condition zv < kg T implies that the
energy of the photons is much less than the thermal energy so that we can neglect
the quantum nature of the radiation field. In other words, the energy of the photons
behaves as a continuum and the application of the classical theory is fully justified.
In astrophysical objects, the law of Rayleigh and Jeans is generally well verified at
radio frequencies and at microwaves.
If we consider instead the limit at high frequencies, namely for

h > 1
kgT ’

the Planck equation assumes the form
3
Bu(T) = 21 emmv/thaT),
c

This expression was derived by Wien on the basis of ad hoc arguments that turned
out to be not entirely correct to describe the black body radiation at all frequen-
cies. In reality, Wien correctly demonstrated, on the basis of the Doppler effect and
of thermodynamic principles, that the black body radiation spectrum should be de-
scribed by an equation of the type (Wien equation)

3 V
B,(T)=Kv f(7>,

with K constant and f(x) an arbitrary function. Wien’s arguments were correct, but
the ad-hoc hypothesis that the f(x) function was of the type exp(—x) (instead of
the type 1/[exp(x) — 1]) was later shown to be valid only at high frequencies.

An important property of the black body radiation is the fact that, at a given
frequency, the intensity of the radiation monotonically increases with temperature.
The proof is simple, as is obtained from the equation

aB,(T) 2h%v*  ehv/ksD)
T = CZkBTz [ehv/(kBT) _ 1]2 =
As a consequence, the plot of B, (T') as a function of v (with T fixed) consists of

a curve that, with increasing T, becomes progressively higher enveloping those of
lower T as shown in Figs. 10.3 and 10.4.

0.
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Another important property of the black body radiation is related to the frequency
Vmax at which the function has a maximum (for a given T'). Introducing the reduced
variable x = hv/(kgT), Planck equation becomes

2k T3
B\(T) = Wb(x),
where
3
b(x)= .
() e’ —1
The maximum of the function b(x) is obtained by solving the transcendent equation
x=3(1-e),

that has the solution xy,x 2~ 2.82. Therefore, we have

hvmax = 2.82kpT,
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or, numerically
Vmax = 5.88 x 10'°T Hz,

where T is in K. This equation shows that the frequency of the maximum increases
linearly with increasing temperature, a law which is known as Wien’s displacement
law.

Finally, we note that, in some cases, the specific intensity of the blackbody radi-
ation is described by the function B, (T) (instead of B, (T")). The two functions are
related in this way (see Eq. (4.12))

c V2
B,(T) = ﬁBv(T) = —By(T).
c
Expressing the function in terms of the wavelength (instead of the frequency), we
have
cl 1

B (T) = 5 o0 1’

where the constants ¢; and ¢, known as the first and second constants of the radia-
tion, are given by
he
c1 = 2mhe? =3.742 x 107 ergcm2 sfl, = . =1.439 cmK.
B
As in the B, (T) case, we can also find the value of the wavelength Apax for which
B, (T) has a maximum for a given T'. Putting y = ¢/ T, we have

2377 -
B, (T) = Wb(y)’
where
5
~ y
b(y) = .
=3

The maximum of the function b(y) is obtained by solving the transcendent equation
y=5(1—-¢e7),
that has the solution ymax =~ 4.97. Therefore, we have
c2
Amax T = m ’

or, numerically
Amax] = 0.290 cm K.

It should be noted that the location of the maximum of the function By (T") does not
correspond to the point where B, (7T") has its maximum. This is not surprising, since
in one case we consider the energy flowing per unit of frequency interval, and in the
other per unit of wavelength interval. The above expressions of vp,x and Apax show
that the product vpaxAmax 1S about 0.568c.
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10.6 The Fermi-Dirac Statistics

Consider a macroscopic physical system S in thermodynamic equilibrium at the
temperature 7, composed of a very large number N, of indistinguishable, non-
interacting particles obeying the Pauli exclusion principle (gas of fermions). Sup-
pose we have numbered the single-particle states by a discrete index and denote by
€; the energy of the i-th state. Let us fix our attention on a particular single-particle
state, marked by the index k, with energy €;. According to the general principle of
Eq. (10.2), the probability pg(k) that in the k-th state there are no particles, i.e. that
the occupation number of such a state is 0, is given by the expression

po(k) = A Z e~ Blnieitnaerttnit€e1+niri€eri+-)
ni,n,..., N—1,0k+15---

where A is a constant, 8 = 1/(kgT), and where the sum is extended to all the solu-
tions of the equation

nptny4-o g1+ =N,
with the occupation numbers ny, ..., ng_1, ng+1, - . . that can only be equal to O or 1.
The probability p; (k) that in the k-th state there is one particle is instead given by

prk) = Ae Bk Z e~ Blurertnaerttni €1 +nit1 €1+
LS RULS PRIy () S Y7 S RO

where the sum is extended to all the solutions of the equation
ni+ny+-o+ngg g +ooo=N-1,

withny,...,ngk_1,nk+1, ... that can only be equal to O or 1.
Consider now the ratio po(k)/p1(k). We have

Po®) _ pe, Z(B.N)

pi1(k) Z(B.N—-1)
where Z(B, N) is the sum over the states of the (physically unreal) system S’, ob-
tained from the system S by conceptually deleting the k-th elementary state, and in
which there are N particles. Z(f, N — 1) has a similar meaning, with the difference
that (N — 1) particles are instead present in S’. Since the physical system contains
an extremely large number of elementary states, the distinction between S’ and S is
totally inessential, so the quantities Z(8, N) and Z(8, N — 1) can be considered in
all effects the sums over the states relative to the “initial” physical system S. De-
noting by x the ratio Z(8, N)/Z (8, N — 1) and taking the natural logarithm, we
have

Inx =In[Z(8, N)] —In[Z(B, N — 1)].

Furthermore, considering that N is a very large number and the values of the ener-
gies €; are fixed (which implies that the volume of the physical system is constant),
we can write

d
Inx = (W ln[Z(ﬁ, N)]>,3,v
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This partial derivative is related to the chemical potential w, defined in thermody-

namics by the equation
(&%)
n=v)
aN ﬂ, V

where F is the Helmholtz free energy. In fact, since (see Eq. (10.3))
In[Z(B, N)] = —BF.

oF
Inx = —ﬁ<m>ﬂ ) =—Bu.

we have

Recalling the definition of x, we then have
o) _ g
p1(k)

On the other hand, the average occupation number of the elementary state k is given
by the expression

_ pi1(k) 1
ot + it m®
po ! MGHR
SO we obtain
1

= Bl 1

This is the fundamental equation describing the statistics of particles that obey
the Pauli exclusion principle. It is known as the equation of the Fermi-Dirac statis-
tics. It expresses the average occupation number of the single-particle state having
energy €, as a function of the same energy and of the chemical potential . Since
the above argument can be repeated for any single-particle state, the index k can be
omitted in the previous formula so to obtain

1

ne) = PO

10.7 The Bose-Einstein Statistics

In a similar way as in the previous section, we now consider a macroscopic physical
system in thermodynamic equilibrium at the temperature 7', composed of N indis-
tinguishable non-interacting bosons (gas of bosons). Suppose we have numbered
the single-particle states with a discrete index and denote by ¢; the energy of the
i-th state. Let us fix our attention on a particular state, marked by the index &, with
energy €. According to the general principle of Eq. (10.2), the probability pj, (k)
that in the k-th state there are n particles is given by the expression

pu(k) = Ae Pk Z e Blmertnaertotni i€ npsiepri+)

ML A2 =1 T 1o
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where A is a constant, 8 = 1/(kgT), and where the sum is extended to all the solu-
tions of the equation
ny+ny+---+ngg g+ =N—n,

with the numbers n1, ny, ... that can be equal to an arbitrary integer 0, 1,2, ... (i.e.
not only equal to 0 and 1 as in the previous case for the fermions).
Consider now the ratio po(k)/p, (k). We have

P _ pe, _Z(BN)
Pn(k) Z(B,N—n)’
where the meaning of the quantities Z(8, N) and Z(8, N — n) is the same as in

the case discussed in the previous section for the fermions. Denoting by x the ratio
Z(B, N)/Z(B, N — n) and taking the natural logarithm, we have

Inx =In[Z(B, N)] —In[Z(B, N —n)],

and considering that N is a very large number and the volume is constant, we can
write

0
Inx =n(ﬁ IH[Z(ﬂ, N)]>ﬁ,v’
or

Inx = —nfu,
where u is the chemical potential. Recalling the definition of x, we then have

-

Pn(k)
or
Pnd) _ —nple—u)
po(k)
On the other hand, the average occupation number of the state k is given by
k)’

or, dividing numerator and denominator by pg (k)
Y ne B —n)
Zn e*”ﬂ(ﬂcfﬂ-) ’

The ratio of the two sums can easily be calculated following the same procedure
used to deduce Eq. (10.8). Putting z = B(ex — ), we have

e .
= = ——1 nz s
= e a2

and if z > 0, which implies © < €, we obtain

ng =

__d o 1
nk_dzln(l e )_ez—l'




10.7 The Bose-Einstein Statistics 259

Repeating the final considerations of the previous section, we finally obtain the fun-
damental equation describing the Bose-Einstein statistics

1

M= Fem 1

We note that, in the case of the radiation field, the photons behave effectively
as bosons, but their total number is not fixed, a priori. The chemical potential w is
therefore null and the previous equation becomes simpler

_ 1
This equation coincides with the formula we obtained for the average number of
photons per mode of frequency v, if we replace € with hv.



Chapter 11
Interaction Between Matter and Radiation

In the previous chapters we have provided a quantum description of the radiation
field in vacuum (Chap. 4) and of isolated atomic systems (Chaps. 5-9). We now
move on to describe their mutual interaction by introducing some general methods,
also based on quantum mechanics, with which we will be able to handle many phe-
nomena associated with the absorption, emission and scattering of radiation, typical
of laboratory and astrophysical plasmas. The combination of these methods is now
commonly referred to by the name of quantum electrodynamics and represents one
of the most successful achievements of theoretical physics, both from the point of
view of the precision of the results obtained, and the elegance of the formalism.
We will illustrate in this chapter the fundamental concepts and their simplest ap-
plications by considering only first order phenomena, i.e. phenomena involving the
emission and the absorption of a single photon. We will formally derive the equa-
tions for the evolution of the populations of an atomic system in the presence of the
radiation field (statistical equilibrium equations) and the equations for the evolution
of the radiation field in the presence of an atomic system (equation of radiative trans-
fer). The most relevant second order phenomena (where two photons are involved)
will be treated in Chap. 15.

11.1 The Interaction Hamiltonian

Consider a physical system composed of an atom, described by the quantum Hamil-
tonian H 4, and by the radiation field, described by the quantum Hamiltonian HR.
In the absence of interaction, the Hamiltonian of the system is obviously

Ho=Ha + Hr, (11.1)
where, recalling Eq. (4.9),

+ 1
Hr = Z Aoy <alLkakA + E),

ki
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with the sum extended to all possible modes of the radiation.

To obtain the Hamiltonian describing the interaction between the atom and the
radiation field we use the principle of minimal coupling described in Sect. 5.2. We
operate in the atomic Hamiltonian for each electron the formal substitution (cf.
Eq. (5.5))

€0 .
pl_>pl+?AR(rl) (l=172""’N)5

where the index i numbers the N electrons of the atom and where ARr(r;) is the
vector potential of the radiation field evaluated at the point where the i-th electron
is located. The other substitution, implicit in the principle of minimal coupling, i.e.

E; — E; +eopr(xi),

does not have in this case any effect because the scalar potential ¢r of the radiation
field is zero. If we assume for Ha the nonrelativistic expression (Eq. (7.2)), the
principle of minimal coupling produces the new Hamiltonian #/, given by

N 2 2 2

1 eo Ze €

/ — . . _— —_—
Hy = E {Zm |:pl+ CAR(I‘I):| - }+ E e

1

i=1 =
Putting
Hy =Ha+H,
with H! the interaction Hamiltonian, and noting that div Ag = 0, we obtain
i_ey ¢ v 2
H'=—% pi-Ar) + L5 ) [Ar()]. (11.2)

i=1 i=1
We are interested in obtaining a perturbative expansion of the interaction Hamil-
tonian, so we neglect the second term (quadratic in the vector potential AR).' Re-
calling the expansion of the vector potential in terms of the creation and annihilation
operators (see Eq. (4.5)), the interaction Hamiltonian is

1 €0 2mh ik-r; + i,
! i

11.2 The Kinetic Equations

Consider a physical system described by the Hamiltonian

H=Ho+H,

1 As we will see in Chap. 15, the term in A2R describes second order processes, in particular Thom-
son scattering.
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where H, is the unperturbed Hamiltonian and ! is the perturbing Hamiltonian (in
our case the interaction Hamiltonian). The system evolves in time according to the
Schrédinger equation

3
iha lv (@) = (Ho + H") [y ).

To solve this equation we use the so-called “method of the variation of the con-
stants”. Suppose that we have previously solved the stationary Schrodinger equa-
tion for Hp, finding the eigenvectors |«) and the corresponding eigenvalues E, that
satisfy the equation

Hola) = Eqla). (11.4)

We expand the wavefunction |y (¢)) in series of such eigenvectors (with the relative
temporal factor) to obtain

W)= cpn)|B)e 4/
B

The coefficients cg are function of time and are reduced to some constants in the
absence of perturbation (i.e. when H! = 0).> We then substitute this expansion into
the Schrodinger equation to obtain

Y inég)|Bre E = " cp(yH e ERR,
B B

where we have used the dot (Newton’s) notation for the differentiation with respect
to time (¢g = dcg/(dr)). We now apply a scalar multiplication of both sides by (/.
Taking into account the orthonormality property of the eigenvectors |8), we have

ihéa (1) =) " cp(t)HLge ",
B
where we have put
My = (a|H'|B).
and where we have introduced the so-called Bohr angular frequencies
Ey—Eg
PR

If we now assume that the interaction Hamiltonian does not depend on time, the
previous equation can be integrated between the initial time (¢ = 0) and the generic
time ¢. We have

Wap = (11.5)

1 . [ iwapt’
ca(t) =c4(0) + = Xﬂ:H“ﬁ/O cp (t/)el st ¢

2This fact justifies the name of the method (variation of constants) to denote the procedure followed
here for the solution of the Schrodinger equation.



264 11 Interaction Between Matter and Radiation

Fig. 11.1 The function T T I
behaves, for t — oo, as L 4sin®(c,,t/2)/ (@,,)°
2wt (way) 2

|

2m/t

e
2
=

This equation can be used again to express the coefficient cg(¢’) appearing within
the integral. In doing so we obtain the equation

Lot [ o ot
calt) = cq(0) + E;H“ﬁ /0 cp(0)e " dr’

1 4 . / t . "
+('ﬁTZH‘I"ﬁH}9V / dr’el@os! / dt’c, (¢")e ™. (11.6)
1 0 0
By

Such procedure can be repeated ad libitum and we obtain a perturbative expansion
with the n-th term containing n» matrix elements of the interaction Hamiltonian. If
we interrupt the sum at the k-th term, substituting the c(¢) coefficient appearing
in the last integral with ¢(0), we obtain a perturbative theory at the order k in the
probability amplitude.

We start by considering the particular case of the theory at the lowest order, which
reduces Eq. (11.6) to the first row. We also assume that the system is, at time t =0,
in the pure state |y). All the cg(0) are null, with the exception of ¢, (0) that is equal
to unity. Solving the integral we obtain

1 1—eow!
co(t) = o
* 7 gy
hence
: 2
2 1 1 124sin”(wgyt/2)
| ==|H _
ica( )| hz| ay| wgy

The function of time that appears in this expression behaves, at the limit for + — oo,
as a Dirac delta (see Eq. (2.9)). This fact can be rigorously proven within the theory
of distributions, and is illustrated by the graph in Fig. 11.1. We have

- 4sin’(wgyt/2)

—00 a)(,%y

= 2718 (way),
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hence
2
lea ()] = h_’;}%;y\zza(way). (11.7)

This expression shows that the square of the absolute value of the ¢, (¢) coeffi-
cient, which physically represents the probability to find the system in the state |«)
at time ¢, increases linearly with time. Obviously, at the same time the ¢, coefficient
must decrease. This feedback effect is however not contained in Eq. (11.7). To de-
termine it, it is convenient to follow a more sophisticated procedure which will lead
to the kinetic equations defining the evolution of the system. To do this, we return to
Eq. (11.6) and substitute ¢, (t”') with ¢, (0) (second order perturbative expansion in
the probability amplitude). The integrals over time can be evaluated with elementary
methods, and we obtain

iwgpt _ 1

1
Calt) = ca(0) = = Y Hipep(0) ———
B

Wap

eiwayt -1 eiwaﬂt -1
. (11.8)

1 I I
+ Zﬂaﬂ%ﬂycy(m( -
By

Wary WPy Wap Ly

When calculating the square modulus of ¢, (#) we obtain from this equation nine
different terms. Of these nine terms we only consider those that are at most quadratic
in the matrix elements of 7!, to be consistent with the second order perturbative
expansion in the probability amplitude. Taking into account that ! is a Hermitian
operator, so that (wa)* = 7-[}}0[, with some simple algebra we obtain

Wapl __ 1

1 i
e (O] = |c, 0] - - [Z HLges(0)ch (0) ——— + C.C}
5

Wap

iwgpt _ 1 e—iww;t -1

1 e
+ > HlgHScp(0)c3(0)
Bs

Wap Wy §
1 eiwayt -1 eiwaﬁt -1
+ = HOHL e (O)c*(O)( - )+C.C},
w2 [ﬁXV: BTN waywpy  wapopy

where the symbol [- - - + C.C.] indicates that we need to add to the term in brackets
its complex conjugate.

This expression can be greatly simplified if we adopt some approximations with
respect to the initial conditions of the system. The approximation that is usually
introduced is to suppose that the bilinear quantities in the ¢, (0) coefficients are on
average zero when the two coefficients refer to different states, or

(ca )¢5 0)) = (|c, (©)|*)8up-

The average that we perform on the physical system is to be understood as the
temporal average to be executed with respect to the initial time, or as a statistical
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average of many possible different realizations of the system itself.> The quantities
(lcg ()|?) then represent the diagonal matrix elements of a suitable operator, called
the density matrix, and are commonly referred to by the symbol p, (¢). This approx-
imation, sometimes called the random phase approximation, is equivalent to saying
that the system is not in a pure state but, rather, in a mixture of states such that the
non-diagonal elements of the density matrix (also known as quantum interferences,
or coherences) are zero. The random phase approximation leads to valid results for a
wide class of physical phenomena. But it is not applicable when the phase relations
between different states play an important role in the physical phenomenon under
study. A particular example is when we want to study the interaction between radi-
ation and an atomic system taking into account also the polarisation phenomena. In
this case, the phase relations become essential and the random phase approximation
is not applicable anymore but must be replaced by less stringent assumptions. A in-
depth study of this topic is discussed in Sect. 16.11 where the evolution equation for
the coherences of a physical system is derived.*

Introducing the random phase approximation in the equation for |c (r)|> and
noting that the term linear in 7! does not produce any contribution because the
diagonal matrix elements 7., are (or can be assumed to be) null.’> With the new
notations we obtain the equation

L2
pelt) = pa(©) + 2 Y[ |2W%(O)
[3 «

1 2 4sin*(wapt /2)
- ﬁ Z|Htlxﬂ | wzaﬂ Puo (O)
B of

Going to the limit for # — o0, recalling the definition of the Bohr angular frequen-
cies (Eq. (11.5)) and noting that all the terms in the right-hand side depend linearly
on time, we can write the kinetic equation for the p, quantities in the form

dne

2 2
= 0N op Ml P8 (B — Ep) = = Y pu| Ml 8B — Ep). - (119)
B B

11.3 Fermi’s Golden Rule

The kinetic equation (11.9) expresses the temporal variation of the p, quantity, i.e.
the variation of the probability to find the system in the state |«). In the equation
there are two terms: a term with positive sign that describes an increase in p, due to

3The demonstration that the two types of averages are the same is far from trivial. In statistical
mechanics, one usually refers to statements of this type by invoking the so-called ergodic theorem.

“4For further discussions on polarisation phenomena see Landi Degl’Innocenti and Landolfi (2004).

3The diagonal matrix elements ’H}m are effectively null in the applications that are considered in
the following, where the interaction Hamiltonian is the one of Eq. (11.3).
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the transitions from |8) # |«) states to the |«) state, and a negative term describing
the decrease of p, due to the transitions out of the |«) state to the |8) # |«) states.
The equation can be simply interpreted by saying that there is a transition probability
per unit time between the states |o) and |8) given by

2 2
Pyp = Pgy = 7\7—[}1“ 8(Eg — Eq). (11.10)

This formula is called the Fermi golden rule. The presence of the Dirac delta is
such that the transition probability is different from zero only between isoenergetic
states, an obvious manifestation of the principle of conservation of energy. It should
be noted that this formula is substantially already contained in Eq. (11.7) and, in
principle, it is not therefore necessary to consider the second order Eq. (11.6) to ob-
tain it. As we have already noticed, however, Eq. (11.7) is not sufficient to determine
the kinetic equations for the lack of the feedback term.

Writing the kinetic equation in terms of the transition probability per unit time,
we have

dp
d_ta :Zpﬁpﬁa _pazpaﬁa
B B
from which, summing on «, we get
d
5 2P =D _(PpPha — puPup) =0.
o (xﬁ

We then obtain the result
Z Po = COSt.,
o

as we should have obviously expected, according to the probabilistic interpreta-
tion of the py. The constant that represents the normalisation value for the sum of
probabilities is in general set to one. The Kinetic equations are a system of A/ homo-
geneous differential equations of first degree, where A is the number of states that
occur in the particular physical phenomenon that is considered. In principle, once
the transition probabilities are known, the system can be solved starting from ap-
propriate boundary conditions. In stationary situations, i.e. when we have for each
state o

dpa
a
the system of differential equations reduces to a homogeneous linear system of N
equations in A/ unknowns. The previous condition, i.e.

Z(pﬂpﬁa - ;OotPotﬂ) =0,
ap

implies that the determinant of the system is zero so the quantities p, are determined
apart from a proportionality factor that is fixed by the normalisation condition.
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Finally, we note that, for the calculation of the transition probability, the quantity
that is essential to be determined is the matrix element of the interaction Hamilto-
nian between the eigenstates of the unperturbed Hamiltonian. The calculation of this
quantity is discussed in the next section for the case we are interested in, namely the
interaction between matter and radiation.

11.4 The Matrix Element

We now apply the general considerations carried out in the two previous sections to
the interaction between an atomic system and the radiation field. The unperturbed
and the interaction Hamiltonian are given, respectively, by Eqgs. (11.1) and (11.3).
The eigenstates of the unperturbed Hamiltonian, defined by Eq. (11.4), are the direct
product of the eigenstates of the atomic system by the eigenstates of the radiation
field. We will denote the first with the symbol |u,) and the corresponding eigenval-
ues of the energy with the symbol ¢,, assuming that we have solved, for the atomic
system, the stationary Schrodinger equation

Halun) = €ulun).

We now simplify the notations for the radiation field, with respect to those used in
Chap. 4. We can think of numbering the modes with an index j which substitutes
the pair of indices (k, 1), and, neglecting the vacuum energy, write the Hamiltonian
Hr in the form

”HR=Zhvja;faj.
J

We denote the relative eigenvectors by the symbol |11, na, ..., ny,...) or, more syn-
thetically, by the symbol |{n;}). We then have, with these new notations,

He |{m}) = (Zhv,-n,-)m}).
J

Furthermore, with the new notations the interaction Hamiltonian (11.3) becomes

1_ ¢ h ‘ ikjr;, L oka—ikj
H_E; 2nvjv<aj2ijpz-eje/ +aj2i:P1~eje j )

The results we have obtained in the previous section can be applied to the case of
the matter-radiation interaction with the formal substitutions

lo) — |Mn,{l’l]}>, Pa = Pn,{n}s E, — En,{nl} :Gn"f‘ZhUjﬂj,
J
,H(Ixﬁ g <unv {nl}}HI|ul’Vl7 {n;}>'
An approximation is commonly introduced to calculate the matrix element. It is

called the dipole approximation, and consists in substituting the exponentials that
appear in the expression for H! with unity, i.e.

ki T~ oIk T
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To understand the degree of approximation introduced, we expand the exponential
in series. We have

; 1
e‘k.f'fi=1+ikj.r,-—§(kj.ri)2+..., (11.11)
so the approximation is correct when the following inequality is well satisfied
kj 3 VIR 1.
On the other hand, as an order of magnitude we have
ap
ki r~—,

where 1 ; is the wavelength of the mode we consider and ay is the radius of the first
Bohr orbit. We therefore see that the dipole approximation is well justified at the
wavelengths of the visible radiation. For example, for A ; = 5000 A, the ratio aop/hj
is about 10™*. Within the dipole approximation, putting

PZZPi,
i

the Hamiltonian of the interaction assumes the simplified form
leg—oz L(ape_|_a—"pe"‘)
m < 2, YT e n

Noting then that the a ; and a; operators act only on the eigenstates of the radiation
field, while the p operator acts only on the eigenstates of the atomic system, the
matrix element can be written in the form

(i} | H |, {7 })

h l T / *
= ;_0 ; 27‘[\).,']/[({nl}}aj‘{nl})wrl'p'um) €+ <{nl}|aj’{n1})<un|p|”m> : ej]~

We calculate the matrix element of the atomic system first. We transform it from a
matrix element of the operator p in a matrix element of the operator r. To do this,
we consider the following commutator

[Ha,r]= [HA, Zrl},
i
and assume, neglecting relativistic corrections, that the atomic Hamiltonian is that
one given in Eq. (7.2). Within these approximations we obtain

ot S R

so that

(Un|plum) = .T(un”HA» rlluy,) = 27[1 (6,, €m) (Up|T|tp).

St
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Introducing also the notations

€n —€m
Vnm = Ta T = (Un|r|y,),

we obtain
(Un|Plttm) = 2TiM Vg

The quantities vy, are called Bohr (cyclic) frequencies and are simply related to the
Bohr angular frequencies introduced in Eq. (11.5) by the relation v, = w,, /(27).
The quantity ry,, is called dipole matrix element (between the states |u,) and |u,,)),
although rigorously such name should actually be given to the matrix element of the
operator d = —eqr, that represents the dipole moment of the electron cloud.

We now consider the matrix elements of the radiation field. We recall the re-
sults obtained in Sect. 4.3 for the matrix elements of the operators of creation and
annihilation. From Egs. (4.10) and (4.11) we derive that the matrix element of the
annihilation operator ({n;}|a ; [{n;}) is always zero unless the occupation numbers
contained in the bra are all equal to the occupation numbers contained in the ket,
with the exception of the j mode, for which we must have n’j =n; + 1. In other
words, for the matrix element to be non-zero, we must have

! ! / _ /I 1 / _
nl—n1,n2—n2,...,nj_1—nj,1,nj—nj+ S =Njpls e

Given a set {n;} of occupation numbers, we denote by the symbol {n; + 1;} the set
obtained from the previous one by increasing by one the occupation number of the
J mode and keeping all the others the same. We then obtain

<{nl}|aj|{n1 +1;)=nj+1,

and with similar considerations

(tns}|a][tn = 1,3) = 5.

By substituting the results we obtained for the matrix elements of the atomic system
and for those of the radiation field, we obtain for the non-vanishing matrix elements
of the interaction Hamiltonian

. [2mh(n; + 1)
(un’{nl}|IHI|um’{nl+1j}):1vnme0 #rnm €, (11.12)
J

27Thi’lj
VjV

(n, {n} | H um, (g — 1;}) = ivameo T - €. (11.13)

The difference in the energies of the states between which the matrix element is
calculated is, respectively,

E”s{”l} - Em,{nH»Ij} =€y —€p — ]’H)j =h(vym — Uj)v

Enm) = Em.m—1) = € = ém +hvj = h(omm +v)).
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Fig. 11.2 Feynman diagrams for the elementary processes of spontaneous emission (leff) and
absorption (right). In the first case, the atomic system goes from the upper level a to the lower
level b and a photon is emitted in the mode k. In the second case, the system goes from level b to
level a and a photon is absorbed from the mode k

11.5 Elementary Processes

As an application of the formalism developed in the previous section, we now con-
sider the elementary process of spontaneous emission. As initial and final states of
the overall system (atom plus radiation) we consider the states described by the state
vectors

%) = [1a;0,0,...,0,...), |90 =[up;0,0,...,15,...). (11.14)

The initial state |¥;) is the state in which the atom is in the level |u,) of energy €,,
and the radiation field is in the vacuum state. The final state |¥) is that one in which
the atom is in level |u;) of energy €j, while the radiation field is in the state where
there is only one photon in the mode denoted by the index k.

To identify in a schematic way the process we are dealing with, it is useful to
introduce a diagram such as that one shown on the left panel of Fig. 11.2. Such
a diagram is called Feynman diagram, from the name of the American physicist
who first introduced such schematic representations of the elementary processes in
quantum electrodynamics. In a Feynman diagram, the solid straight lines represent
the electrons, while the wavy lines represent the photons. Each interaction between
electrons and photons is represented by a junction of two straight lines and a wavy
one at a vertex, which represents emission or absorption of a photon by an electron.
Thinking that “time” runs from left to right in the diagram, at the vertex the electron
“jumps” from the upper level a to the lower level b, while a photon is emitted in the
mode k.

The probability per unit time that the process of spontaneous emission occurs is
given by Fermi’s golden rule

=z

Pri = == (M| w) P8 (Er — E3).

The matrix element of the interaction Hamiltonian can be calculated using
Eq. (11.13). A simple substitution results in

2 2.2
}22 7Theo‘)z/zb|rba.ez

2
, Ef — Ei = h(vg — vap),
%

| (@ H &)
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and we obtain
8w 365 Vab

hY

It is important to clarify that the atomic levels a and b, eigenstates of the atomic
Hamiltonian, are in general spatially degenerate and need to be characterized by
some internal quantum numbers that we denote by « and f, respectively. For exam-
ple, the wavefunction of the level a that we have simply denoted by |u,) (in Dirac
notation) is in reality of the type |, J, M,), where ¢, is a collection of quantum
numbers that describe the configuration and the term, J, is the quantum number for
the total angular momentum, and M, the magnetic quantum number. Since M, can
assume any value between —J,; and J, in steps of one, the level is degenerate g,
times, with g, = 2J, + 1. The wavefunction of any of the g, sublevels of level a
can therefore be denoted by the symbol |u,y) and, similarly, any of the sublevels
of level b by the symbol |upg). Once the sublevel is also specified, both in terms of
its initial and final state, the probability of the transition per unit time (Eq. (11.15))
assumes the form

2
Pri = |I‘ba'e;§‘ S(Vk — vap)- (11.15)

87‘[36(2) Vab

2
o [opae €780k = va), (11.16)

Py =
where

I'pp,aa = (ubﬂ Ir|ugq).

We now perform an average of the squared modulus of the matrix element that
appears in Eq. (11.16) over all possible “orientations” of the atom with respect to
the unit vector e}, i.e. we consider the average over all values of the degeneracy
parameters « and 8. It is possible to show that using the Wigner-Eckart theorem the
following relation holds®

QZW aa €|’ = |rba (11.17)

where

2 2
[Tpal” = [rap|” =

1
D o Ibpaal’ =——> (uppIrlitan) - (taa|rlusg),
a8b o p 8a8b «p

so that we can conclude that, averaging over the spatial degeneracy, the probability
per unit time that the atom decays from any sublevel of level a into any sublevel of
level b and that, at the same time, a photon is emitted in the mode k is given by

87‘[36‘(2) Vab

T Tha|*8 (Vk — Vap). (11.18)

Pri =

This property is formally derived in Sect. 16.12. Intuitively, we can think of the factor % as the

result of the average over the solid angle of a factor of the type cos? 6, where @ is the angle between
the rp, vector and the polarisation unit vector.
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From this expression for Pr; we can obtain both the probability .5 per unit time
that the atom decays from level a to level b, and the probability 7 © (v, 2) per unit
time that a photon is emitted in any of the two modes (characterized by different
polarisations) of frequency v and direction 2. To obtain 7, we note that Pr; gives
the combined probability that the atom decays from any sublevel of level a into any
sublevel of level b and, at the same time, a photon is emitted in the mode k. For the
known laws of probability we then need to sum Py; over all possible lower sublevels
and all possible modes. We then have

Tab = 8b Z Pyi,
k

with the sum extended to all the possible modes of the radiation field. To perform
the sum, we recall that the number of modes with frequency between v and v + dv
and direction within the solid angle d§2 is given by Eq. (4.14), or

2Vv

dN = dvds2.

Transforming the sum over the kK modes in an integral over frequency and solid angle
and recalling Eq. (11.18) gives

© 16573 eovabv ’
nab—gbyfdsz/ s P —vap)dv. (1119)

Finally, evaluating the integral, we have
Tab = Aap,
where
4,23

64 egv,,

3hc3

The quantity A,y is called the Einstein coefficient for spontaneous emission (or
de-excitation) from level a to level b. As a memory aid we note that its expression
can be obtained by a semi-classical method. Applying the Lorentz model, we can
think of an atom as an electron oscillating at frequency v. If x is the instantaneous
amplitude of the oscillation, the magnitude of the electron acceleration is 47 2v2x

and the electron emits radiation with an average power (W) given by the Larmor
equation (3.22)

ab= 8bITpal’. (11.20)

2e}(a® ) _ 32m*edvt(x?)
3c3 3c3
where (x2) is the average of x> with respect to time. If we then assume that the

harmonic oscillator has an energy 2hv the characteristic time 7 for it to loose its
energy is given by

(W)=

’
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from which we obtain a de-excitation rate per unit time given by

4.3 2
l: 2{W) _ 64 v eo(xz)'
T hv 3hc3

As we can see, this expression coincides with that one in Eq. (11.20) if we iden-
tify the oscillator frequency v with the transition frequency v, and the classical
quantity (x2) with g |rpa|>.

We now proceed to determine the quantity 7 © (v, ), i.e. the probability per unit
time that a photon in a mode of frequency v and direction 2 is emitted. For this it is
sufficient to multiply Eq. (11.18) by the factor g; to take into account that the atom
can decay in any of the sublevels of the lower level. We obtain

83evan
RI A%

As we can see, this expression contains at the denominator the volume ) of the
cavity in which the radiation field has been quantised. This dependence on V arises
from the fact that we are considering the interaction between the radiation field and
a single atomic system, which we have supposed being in an arbitrary sublevel of
level a. If we consider the more realistic situation in which N, atoms in level a are
actually present in the cavity, and if we assume that each atom emits independently
from the others, the right-hand side of the previous equation must be multiplied by
N, and we get

7@, Q) = 2bTha|*8(V — vap).

3,2
T el — v, (11.21)
where we have introduced the quantity N, = N, /), the number density of atoms in
level a.

The results that we found for the Einstein coefficient (Eq. (11.20)) and the prob-
ability 7 © (v, ) (Eq. (11.21)) are related to the choice of the initial and final states
|¥;) and |¥r) of Eq. (11.14). We should note that these results do not change if we as-
sume that an arbitrary number of photons (instead of zero) are present in the modes
different from mode k, as long as the number of such photons is equal in the initial
and final states. This means that an elementary process as that one described in the
Feynman diagram of Fig. 11.2 (left panel) is not affected by the possible presence of
photons in modes different from k. If we assume instead that n; photons (instead of
zero) are present in the mode k in the initial state |¥;) and (ny + 1) photons (instead
of one) are present in the final state |¥r), the transition probability P; is still given
by the expression in Eq. (11.18) multiplied by the factor (nx + 1) which originates
from the square of the modulus of the matrix element of the interaction Hamilto-
nian (see Eq. (11.13)). This multiplicative factor is very important as it describes a
particular phenomenon known as stimulated emission. The presence of photons in a
particular mode “stimulates” the atom to emit photons in the same mode, and such
effect increases as the number of photons that are present in the mode increases. The

790, Q) =N,
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phenomenon of stimulated emission is the principle of operation of the laser’ and is
now the basis of many technological applications. If account is taken of stimulated
emission, the discussions that we have carried out previously to find the probabil-
ities per unit time of de-excitation of the atom m,, and of emission of a photon
n(e)(v, ©2) need to be modified and lead to additional terms. In fact, starting from
Eq. (11.19) we obtain, with the addition of the term of stimulated emission

o0
Tab = b f e / 16”320‘2“”” T2 [10(8) + 118 — vap)dv,
where we have introduced the symbol 7,,(£2) to denote the number of photons that
are present in the mode of frequency v and direction €, independently of the po-
larisation. The contribution originating from the unity term present in the square
bracket within the integral has been already evaluated and provides the Einstein
coefficient A,;. The other term is evaluated by introducing the average number of
photons per mode 7, defined by

1
n, = —fnv(ﬂ)dﬂ. (11.22)
4
We obtain

Tab = Aap(1 + i) (11.23)

The effect of stimulated emission is therefore to increase the de-excitation probabil-
ity of the atom. Similarly, when evaluating the probability per unit time of emission
of a photon including stimulated emission, we find that Eq. (11.21) must be substi-
tuted with the following one

8713681)5,;,
3h

As a further application, we now discuss the elementary process of absorption.
As initial and final states of the whole system (atom and radiation) we consider the
states described by the vectors

7®Ww, ) =N, 8o ItpaF[1+ (@] —vap).  (11.24)

i) = up; 0,0, ..., Ix, ...), [¥1) = uq; 0,0,...,0,...).

The initial state |¥;) is the state in which the atom is in the energy level |u;) while
the radiation field is in the state in which there is only one photon in the mode iden-
tified by the index k. The final state |¥f) is that one in which the atom is in the
energy level |u,) and the radiation field is in the vacuum state. The process that we
are describing is shown in the right panel of Fig. 11.2 and the corresponding prob-
ability per unit of time is still given by Fermi’s golden rule. The matrix element of
the interaction Hamiltonian between the states |¥;) and |¥f) can be calculated with

"The word laser is an acronym that stands for Light Amplification by Stimulated Emission of the
Radiation.
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Eq. (11.12) and we obtain for the transition probability per unit time the analogue

of Eq. (11.15) relative to the elementary process of spontaneous emission, i.e.

87r3e(2)vab
hy

This expression actually coincides with Eq. (11.15). Indeed, since the r operator is
Hermitian, for the matrix elements we have r,;, = rZa, hence

2
P = [rap - €178 (v — vap).

IEap - € 1> = |tpa - €]

We also note that the elementary process that we are considering is exactly the
inverse process of that one considered at the beginning of this section. We have
therefore verified the important property that an elementary process and its inverse
process have the same probability per unit time to occur. This is actually obvious,
when one considers that, according to Fermi’s golden rule, we must have Pgj = Pi.

The result we have obtained for the elementary process can be generalised to
the case when we have nj photons (instead of one) in the initial state and (ny — 1)
photons (instead of zero) in the final state. Still using Eq. (11.12) we can easily find
that the expression for the probability Pr; given above simply needs to be multiplied
by ng, so we have

8n3eévab

hY

In a similar way as we did previously, we can now calculate the probability per

unit time mp, that the atom goes from level b to level a by absorbing a photon

from any mode, as well as the probability per unit time =@ (v, £2) that a photon is

removed from a mode of frequency v and direction . Repeating similar steps as
done previously, we find

2
Pri = [Tap - €| NS (Vg — Vap)-

Tha = g_aAabflvab, (11.25)
8b

873egvap
3h

where N}, is the number density of atoms in level b.

7@, @) =N 8altha |1y (R)8 (Vap — v), (11.26)

11.6 The Statistical Equilibrium Equations

The discussion of the elementary processes that we have carried out in the previous
section allows to obtain the general equations that govern the temporal evolution of
the atomic populations in an arbitrary physical system, whether it be a laboratory
or an astrophysical plasma. Consider for this a collection of atoms, all of the same
species, and suppose, for simplicity, that each of them has only two energy levels,
an upper energy level for which we will use the index a and a lower energy level for
which we will use the index b. Suppose further that the two levels are degenerate
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and denote by g, and gj their degeneracy. We will also assume the presence of a
radiation field that, at the frequency v, corresponding to the transition between
the two levels (v, = (¢, — €p)/ h), has an average number of photons per mode
given by n,,. Denoting by N, and N; the number of atoms in the levels a and
b, respectively, (the so called populations), and taking into account the elementary
probabilities 7, and mp, that we found in the previous section, the populations
evolve over time according to the equations
dn, dNy

= —7apNg + 7Tpa Np, —— = —7paNp + map Ng.
dr dr

Substituting the values of 7, and mp, given by Eqgs. (11.23) and (11.25) we obtain
the so-called statistical equilibrium equations

dn, _ 8a —

— =—An(1+ nv,,;,)Na + _Aabnl)ahNb1
dr 8b

dNp 8a — —

— = __Aabnv,,;,Nb + Agp (1 + nva;,)Nm
dr 8b

As we can see, the two equations are redundant, because

dN, dN,
a Ta 0

This means that the total number of atoms is conserved and the equations can only
establish the ratio between the two populations.

The statistical equilibrium equations are traditionally written in a different way
by introducing, in place of the average number of photons per mode, the average
value of the intensity of the radiation field. Recalling Eq. (4.15), which links the
number of photons with the specific intensity of the radiation field, and Eq. (11.22),
which defines the average number of photons per mode, and defining the average of
the intensity of the radiation field over the solid angle as

1

J, = — f I,(R)ds2,
47

we have
3
7 2hvy, _
Vab — C2 Rygp-

With this latter quantity, the statistical equilibrium equations can be written in the
form

dN,

5 = ~AaNa = BapJv, Na + Byatu,, No.
dNy
F = —Byp, JUabNb + AupNg + BabJVabNa’

where we have put
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Fig. 11.3 Schematic representation of the various processes that contribute to the equations of
statistical equilibrium for a given level n. (1) Absorption from lower levels; (2) spontaneous emis-
sion from upper levels; (3) stimulated emission from upper levels; (4) spontaneous emission to
lower levels; (5) stimulated emission to lower levels, (6) absorption to upper levels. The wavy
lines describe processes induced by the radiation field while the solid lines indicate spontaneous
processes

2 3274 % 5
Bap = ——Aab = — 5 8bITbal ", 11.27
“* 2hv3b ab 3h%c 85Ibal ( )
2 4 2
¢ 8 g 327%e
Bba = —— =% Aab = == Bab = —5—8altpal*. (11.28)
2hv;, 8b gb 3h4c

The quantities B,;, and By, are called the Einstein coefficients for stimulated emis-
sion and absorption, respectively.

Having introduced these notations, we are now able to write the equations for the
statistical equilibrium for an atom with an arbitrary number of energy levels. For the
population of a generic level n, denoting by the index i the lower levels (i.e. those
of lower energy) and by the index s the higher levels (i.e. those with higher energy),
the evolution equation of the population becomes

d(]j\[ln = ZBZ'”JUW. Ni + ZAS}’!NS + Z BS”JVanS

1 N N
_ZAniNn _ZBnijum-Nn _ZanJumNn- (11.29)
i i s

The six terms appearing in the above equation are represented schematically in
Fig. 11.3, where the solid lines represent spontaneous transitions (proportional to
the Finstein coefficients A), while the wavy lines represent transitions induced by
the radiation field (proportional to the products of the Einstein coefficients B by
the average intensity of the radiation field J). In particular, the wavy lines end-
ing with an arrow directed upwards represent absorption phenomena, while those
ending with an arrow directed downwards represent phenomena of stimulated emis-
sion. The numbers within the circles in the figure are related to the order of the
various terms in Eq. (11.29). In other words, the terms 1 and 6 represent absorp-
tion processes produced by the radiation field; the terms 2 and 4 represent processes
of spontaneous emission; finally, the terms 3 and 5 represent processes of induced
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(or stimulated) emission. Note that processes 1, 2, and 3 contribute to populate the
level n and are preceded by a plus sign in the equation, while processes 4, 5, and 6
contribute to de-populate the level and are preceded by a minus sign in the equation.

11.7 Einstein Coefficients

The Einstein coefficients, derived in the previous sections for an arbitrary atomic
system by means of quantum electrodynamics methods, were introduced by the
famous German physicist long before the formalisation of this theory by a physical
reasoning of this type. Consider two energy levels of an atomic system and denote
by €, and €, the energies of the upper and lower levels, respectively, and by g, and
gp the relative degeneracies. Let v, be the frequency of the transition between the
two levels:

hvgp = €4 — €p.

If the atomic system is immersed in a radiation field having, at the frequency v,
the average intensity J,,,, then we have a transition probability per unit time from
the lower to the upper level given by

Tha = Bpa ]v,,bs

with Bp, independent of the radiation field. This expression is consistent with ex-
periment, since it states, being by hypothesis By, independent of the radiation field,
that the transition probability is proportional to the average intensity of the radia-
tion field, a law that corresponds to the well known phenomenon of absorption. On
the other hand, for the transition probability from the upper level to the lower one,
the laws of physics—known at the time of Einstein’s work—simply resulted in an
equation of the type

Tap = Aab,

with A, independent of the radiation field. Indeed, at the time, only the phe-
nomenon of spontaneous emission was known, and not that of induced (or stim-
ulated) emission.

Einstein pointed out that the two expressions for 7y, and 7, were incompatible
with the laws of thermodynamics. If we assume, in fact, that the atomic system is
in a cavity in thermodynamic equilibrium at the temperature 7, since the coeffi-
cients A,y and By, are independent of the radiation field, we obtain that at the limit
T — oo the ratio mp,/74p also tends to infinity, with the result that all the atoms
would be in the upper level, in clear contradiction with the Boltzmann law, which
instead states that the ratio of the populations should be equal to the ratio of the
statistical weights (see Eq. (10.6) and consider the limit for 7 — 00). To solve this
contradiction, Einstein postulated that a new term, also proportional to the radiation
field, should be added to the equation for the transition probability ,p:

Tab = Aap + BahJUah-
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With a simple thermodynamic reasoning, Einstein was therefore able to predict the
existence of stimulated emission, a physical mechanism which was not known at
the time.

By means of thermodynamic considerations, it is also possible to establish the
relations among the coefficients introduced in the previous equations. According to
these, the population of the upper level N, satisfies the differential equation

dN,
dr = _(Aah + Bava,L;,)Na + Bba-]vabNb-
In stationary conditions we therefore have

Na Bba Jvub

Ny Aap+ Bapy,

Assuming that we are in thermodynamic equilibrium, and taking the limit 7 — oo,
we obtain

& Bpa

m = .
T—oo Np  Bgp

On the other hand, from the Boltzmann equation we must have
. Ny 8a
lim — =—,

T—oo Np &b

so that one gets

8
Bpa = _aBab'
8b

In general, for an arbitrary 7', substituting for N,/ N} the value given by the Boltz-
mann equation, writing Bp, in terms of B, and recalling that at thermodynamic
equilibrium the average intensity of the radiation field is given by the Planck func-
tion (J,,, = By, (T), with B, (T) given by Eq. (10.11)), we obtain, with simple
algebra

2hv2b

Agp =
a C2

Bap.

With this thermodynamic reasoning we can then establish the correct relation be-
tween the Einstein coefficients. The above equations in fact contain the same re-
sults, already expressed in Eqs. (11.27) and (11.28), which we obtained using the
principles of quantum electrodynamics. However, we must note that thermodynam-
ics alone is not sufficient to determine the explicit expression of the Einstein co-
efficients, similarly to what we saw in the previous chapter for the constant a that
appears in the Stefan law (Eq. (10.9)).

11.8 The Radiative Transfer Equation

Referring to the same physical system that we introduced at the beginning of
Sect. 11.6, we now consider the temporal evolution of the number of photons con-
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tained in a mode of the radiation field characterized by the frequency v and direc-

tion 2. By means of Egs. (11.24) and (11.26) that express, respectively, the proba-
bility that a photon is added to or subtracted from the same mode, we obtain

dny ()

a

_n(a)(l)v SZ) + T[(e)(vv SZ)’
or
dn,(R) 8n3e(2)vab
d 3h
The time derivative that appears in this equation must be interpreted as a total (or
Eulerian) derivative, since it expresses the change in the number of photons in time
as we follow the photons in their movement. If we denote by s the spatial coordi-

nate measured along the direction of propagation and we consider that the radiation
propagates with velocity ¢, we have

d 0 d

E = E +c a .
Performing this substitution and assuming to be in stationary conditions (which is
equivalent to neglect the term d/(d¢)), we obtain

dn, () 8n3e(2)vab
ds 3k
The equation that we have found is the so-called radiative transfer equation. Con-
sistently with our hypotheses, it was obtained for an atom with two levels, an upper
level a and a lower level b.

The transfer equation is traditionally formulated in a different way by referring
to the specific intensity of the radiation field instead of the number of photons per
mode. To obtain the standard formulation, it is sufficient to recall Eq. (4.15), which
expresses the relation between these two quantities. Multiplying the above equation
by the factor (Zhv3 / cz) and rearranging the various terms, we obtain with some
simple algebra

Tpal*8 (v — vap) | —Npganv(R) + Nugs[1 +ny ()]}

ITpa|?8 (v — vap) | —Npganv(R) + Nugs[1 +n, ()]}

d

3 V@ = k1@ + K1) + €,
where the three quantities k,(,a), k\(,s), and €, respectively called the absorption co-
efficient, the coefficient of stimulated emission (or negative absorption), and the
emission coefficient, are given by

83e2v
kY = Ny = 5 8alFha "5 v = va).
. 87T3€21) b
K = No=—3, 2= 8oltpal8(v = vap). (1130)
16736204
€y :Na 3C30 ab gb|rba|25(v — Vap).

The expressions that we found for the three coefficients are valid for a two-level
atom (the “ upper” level a and the “lower” level b). Their generalisation to the case
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of an atom with many levels is trivial and is simply obtained by summing over all
possible pairs of levels. For a given level n, denoting as in Fig. 11.3 by the index
i any level with lower energy and by the index s any level of higher energy and
summing over n we have

@ 8n3egvsn 2
K :ZZM’T&“M' (v = vsn),
n N
® 87[3661),”' 2
k€ :ZZN"T&'”"' S(v—vy), (11.31)
— =

1673¢2
GU—ZZN 0 ni gz|rm| SV — vui).

We finally remark that the transfer equation can be written in the simplified form
d
—1,(R) = —k, [, (R) + ¢y,
ds
where
ky =k — k.

The coefficient k,, introduced in this way is called absorption coefficient corrected
for stimulated emission.® Putting

€y €y

S =— =,
v kv kl(}a) _k]()S)

the transfer equation assumes the form
d
aIU(SZ) = —ky[1,(R) — 5, ]. (11.32)

The S, function is known as the source function. As we shall see in the next Section,
an atomic system in thermodynamic equilibrium at the temperature 7 satisfies the
so-called Kirchhoff law

Sv = BU(T)a

where B, (T) is the Planck function.

11.9 The Absorption and Emission Coefficients

A simple dimensional analysis of the transfer equation shows that the absorption
coefficient and that of stimulated emission have the dimensions of the reciprocal of
a length and are thus expressed (in the cgs system of units) in cm~'. The emission

81t is often improperly called absorption coefficient rout court. In reality, this latter name should

be reserved for k‘()a) .
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coefficient has instead the dimensions of energy per unit volume and per unit time
and is expressed (still in cgs units) in erg cm™3 s~!. Integrating in frequency, the
contribution of each atomic transition to these coefficients can be related to the
Einstein coefficients previously introduced. Referring to the case of a two-level atom

and integrating in frequency Egs. (11.30), we have

83e2y b
kl({a)Z/k\(,a)dU =Nb#8a|rba|2,
i 83e2y
kl(;)=/k\()s)dv=./\/'aTocwgb|rba|2, (11.33)
1673e2v*
ERZ/Evdl) =N, 3C§ abgb|rba|2

Comparing these expressions with those of the Einstein coefficients given by
Egs. (11.20), (11.27) and (11.28), we have

hvgp hvgp hvgp

4 4 NaBab, R= 4
These equations express the obvious relations that should exist between quantities
that appear in the statistical equilibrium equations and the quantities that appear in
the transfer equation. Considering for example the emission coefficient, we obvi-
ously have that the energy emitted per unit time and per unit volume is given by
the number of atoms per unit of volume in the upper level A, multiplied by the
de-excitation probability of the atom per unit time A,;, and by the energy hv,p
emitted in the transition. The factor 477 in the denominator is due to the fact that the
emission coefficient is defined per unit solid angle, while the product of the three
previous terms gives the energy emitted in the whole solid angle.

In general, the coefficients of absorption and emission are expressed by a double
sum over all atomic levels (see Eqs. (11.31)). Since the levels can be either free
or bound, the contributions to the individual coefficients are, as shown in Fig. 11.4:
(a) bound-bound transitions; (b) bound-free (or free-bound) transitions; and (c) free-
free transitions. The bound-free (and free-free) transitions produce an absorption
coefficient that behaves as a continuous function in frequency. Indeed, if we consider
the contribution to the absorption coefficient due to the transition between the bound
state b and the continuum state ¢, we can transform the sum over the upper states
s that appears in the expression for k‘(,a) within Eqs. (11.31) in a sum over the free
states. Denoting by dn. the number of free states with energy between € and € + de,
we have

kl(za): NbBba: kl(QS): NaAab-

dn. = D.(¢)de,

where D.(€) is the energy density of the continuum states. For the absorption coef-
ficient at frequency v we then have

87r3e2v
60 =760 [ 4 Po(ves — vIDetee
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Fig. 11.4 In this schematic E
Grotrian diagram, the free
states are represented by the
shaded area. The possible
transitions are: T ©
(a) bound-bound transitions;

(b) bound-free transitions;
(c¢) free-free transitions

Free states

Tonisation limit

(b)

Bound states

(2)

Taking into account the Dirac delta, the integral is performed immediately and leads
to the expression

. 8m3e2v
K = Ny == Imel* De(ep + hv),
which can be written in the form
KD = o, N, (11.34)
where o, the cross section for photoionisation from level b, is given by
83 egv 5
oy = T|rbc| D¢(ep + hv).

The function o, has a continuous variation with frequency. It has a threshold at the
frequency v such that

€+ hvg=1,

where I is the ionisation potential of the atom. For frequencies v < vg the cross
section for photoionisation is zero (photoelectric effect).

For free-free transitions we obtain an expression of the absorption coefficient that
is entirely analogous to the one derived above, with the only difference that now A
represents the number of atoms per unit of volume that are present in the free level b.

Finally, regarding the bound-bound transitions, the formalism that we have de-
veloped leads to a discontinuous behaviour of the absorption coefficient of the type
of a “comb” of Dirac delta functions. This result originates from our assumption
that the atoms are isolated (i.e. are not interacting with other “perturbing” particles)
and static (i.e. are not moving). Furthermore, in our derivation we stopped at the
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second order in the perturbative expansion of the probability amplitude. As we shall
see in the next section, when we abandon these approximations we obtain that the
Dirac delta functions must be replaced by suitable line profiles (normalised to 1 in
frequency) that we denote by the symbol ¢. For example, for the transition between
the levels a and b, the various coefficients can be written in the form®

KD =k oap —v), kD =k 0w —v), €y = €erp(vap — ),
(11.35)

with
/(p(vab —v)dv =1.

With these expressions, the source function in the line can be written in the form

s €y €R
v = = .
‘()a) _ ‘()3) kl({‘) o kl(;)

and recalling the expressions for the coefficients eg , kl({i) and kl(f )
_ Na Aab
NhBha - Na Bap '

Finally, recalling the relations among the Einstein coefficients, we obtain

Sy

2hv3 1
Sy= . (11.36)
C gaNb -1
8b/NVa

At the thermodynamic equilibrium at temperature 7 the populations are given by
the Boltzmann equation (Eq. (10.6)) and the source function becomes
_2m? 1
v C2 ehvab/(kBT) —1 ’

which practically coincides with the Planck function B,(T) being v, >~ v. This
results shows the validity of the Kirchhoff law in the particular case of a two level
atom.

11.10 Profile of the Emission Coefficient

The profile of the emission (or absorption) coefficient due to an atomic transition
is not infinitely narrow because there are several causes that contribute to its broad-
ening. Excluding the effects due to the presence of any external electromagnetic

9In principle, the profiles for emission and stimulated emission can be different from each other
and different from that one relative to absorption. The hypothesis to consider them equal, contained
in Egs. (11.35), is known as the approximation of total redistribution in frequency. For an in-depth
discussion of this topic see, for example, Mihalas (1978).
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fields (Zeeman effect, Stark effect, etc.), and the effect due to hyperfine structure,
we have generally three different types of broadening, namely: natural broadening,
collisional broadening, and broadening due to thermal motions, also called Doppler
broadening.

The natural broadening is ultimately related to the uncertainty principle. Consider
for example the transition between the upper level a and the lower level b. If A,
is the Einstein coefficient for spontaneous de-excitation, the average lifetime of the
upper level is given by 1/A,. For the time-energy uncertainty principle, we then
have that the energy of such level presents a broadening A E given by

1
Aab

AE

~h,

where £ is Planck’s constant. The transition has therefore a broadening in frequency
Av given by

Ay =— A
V= ~ .
h ab

An additional broadening mechanism is caused by the fact that during the emis-
sion process the atom is perturbed by collisions with other particles. Although there
are various quantum theories that treat these phenomena in a more or less satis-
factory way, here we prefer to infer the line profiles resulting from the natural and
collisional broadening using a semi-classical, simplified argument. For this we as-
sume that the emitting atom is an harmonic oscillator of frequency vy and that its
amplitude of oscillation decays exponentially over time with the decay constant §.
If the oscillator is not perturbed by collisions, it emits an electric field of the form

E(t) = Ae P cosQmvor — @) (1 > 0),

where A and ¢ are the amplitude and the phase of the oscillation. The effect of col-
lisions with electrons (or with other charged particles present in the medium) can be
modelled considering that collisions are processes that take place instantaneously
(impact approximation) and that each collision introduces in the electric field emit-
ted by the atom a phase shift of random amplitude. As a result of collisions, the
electric field can therefore be described by the function

E(t) = Ae P cos[2mvot — ¢(1)] (1 = 0),

where ¢ (¢) is a function having a stochastic character with discontinuities at each
instant at which a collision occurs. A possible realisation of the function E(t) is
shown in Fig. 11.5.

The spectrum of the radiation emitted by the oscillator is obtained, as we saw
in Chap. 2, evaluating the Fourier transform of the function E(¢). Introducing the
frequency v in place of the angular frequency w, we have, from Eq. (2.1)

~ 1 o0 .
Ew) =— f E()e¥ ™V dr.
27 J_oo
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Fig. 11.5 Variation with time 1 LA B B I — T T T T
of the function E(¢) for a E(t)

particular realisation of the L i
collisional processes. In this r 7
particular case, there are 0.5 ]
about 10 collisions in 5 L ]
oscillation periods of the r
electric field. Both the time ¢
and the function E (¢) are L J
expressed in arbitrary units r 7

-0.5 =

Substituting the expression of E(¢) and considering only the Fourier transform at
positive frequencies, we have

A [, .
e / 62n1(u7v0)t7ﬁt+1¢(t)dt.
4 0

For the square of the modulus of the Fourier transform we thus have
A2 00 00 . .
/ dr, / drpe2Ti—0) (=) =B(t+2) il ()~ (12)]
167‘[2 0 0

The quantity A¢ = ¢ (1) — ¢ (r2) has a stochastic character. If during the time in-
terval between #; and #; (or between #, and 1) no collision occur, A¢p = 0 and we
have

Ew) =

Ew|* =

et — 1,

If instead many collisions occur within the same interval, taking into account the
fact that the phases introduced by individual collisions are random, we obtain, by
averaging over all possible “collisional histories”,

it = 0.
Denoting by f the frequency of collisions (number of collisions per unit time), we

can reasonably assume that the following approximation holds
eldd _ o= fli—n2|

Substituting this expression in the integral we thus have

A2 0 0 .

/ dry / 1=t =t) =Bl +i2)~ fln—1a]
167‘[2 0 0
The double integral appearing in this expression can be computed by distinguishing
in the (¢, #2) plane two regions, A and B, as illustrated in Fig. 11.6. Noting that the
integral relative to the region B can be obtained from that one relative to region A
by changing sign to the quantity (v — vp), we obtain

Eo)[*=
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Fig. 11.6 Region A is that t

one where | < tp, while in
region B we have 1, < 11

t

|Ew)[?=A+B,

where
2

00 oo )
_ f dr, / 1 2Ti—0) (=) =Bt 1)~ f 2 =11)
167T2 0 131

and where B is obtained from A with the substitution (v — vg) — (vg — v). The
double integral is calculated with elementary methods, and adding B to A4, we get

o2 AT B+ f 1
E = .
P =t (v —v0) + (52

The quantity g is in general expressed in the form § = y /2, so that y represents the
decay constant of the square amplitude of the dipole oscillation and can therefore
be interpreted as the inverse of the average lifetime of the upper level (y = Ayp).
Introducing y we then have

2
N 2 A Y + 2f 1
[Ew)] ~ 64n? 24 (¥F2fy2°
7 Yo (v—v)+ ()
and, putting
2
r=r+2r
4
we obtain the expression for the line profile, normalised in frequency
1 r
¢(v—wo) =

TW—1)2+ 12
This function that describes the variation of the profile with frequency is called the

Lorentz function (or Lorentzian function). The quantity I”, called damping constant,
contains both a natural and a collisional contribution. It can be written in the form

I'=rI,+1Ig,

where
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As we already stated, there is a further cause of broadening of the emission (or
absorption) coefficient due to the thermal movement of the atoms. We denote by
P(w)dw the probability that the component of the velocity of the atom along the
direction of the emitted radiation is comprised between w and w + dw. By means
of Eq. (10.4), this probability can be expressed in the form

1 2
P(w) = e~ (w/wr) ,
==
where we have introduced the thermal velocity wt defined by the equation
2kgT
M

M being the atom mass. Because of the Doppler effect, an atom moving with a ve-
locity component w has (at the lowest relativistic order) an emission profile centred
around the frequency v, given by

vé:v()(l—l—%).

The emission profile due to the collection of atoms is then given by

(v —1g) = /oo ! r ! e~ W/’ gy,
—0o T (V—vp—vow/c)2+ I'? J/mwr

This expression is commonly simplified by introducing the quantities

wr =

’

wT r Vv — g
Avp =vp—, a=—-", v= )
c Avp Avp
which represent, respectively, the Doppler width of the emission coefficient (in fre-
quency units), the reduced damping constant, and the distance in frequency from
the center of the line normalised to the Doppler width. With the change of variable

y = w/wr, the above integral can be put in the form

1
@(U—Vo)zmH(v,a), (11.37)

where the function H (v, a), known as the Voigt function, is defined by
a [ e’
HWw,a)=— ——dy.
o= /—oo w—y2+a "

The Voigt function has some properties which can be deduced from its general
expression:

o0
[ HWw,a)dv =4/, lim H(v,a):e‘”Q,
—00 a—0

. 1 a
lim H(v,a) = —
a— o0

JT v+ a?’
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Fig. 11.7 Plot of the Voigt R
function H (v, a) fora =0 1 -H(v.a) ]
(full line), a = 0.2 (dotted i ]
line) and a = 1 (dashed line) L i
0.8 — —

06 ]

02 i
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The first property allows one to show with simple algebra that the profile ¢ (v — vp)
is normalised to 1 in frequency

o
/ o(v —vg)dv=1.
—00

The other two properties show that, in the limiting case of negligible damping, the
Voigt function takes the form of a Gaussian. In the opposite limit, in which thermal
broadening is negligible, the Voigt function degenerates into a Lorentzian. In gen-
eral, the Voigt function is similar to a Gaussian around v = 0 and to a Lorentzian in
the wings. Typical examples are shown in Fig. 11.7.



Chapter 12
Selection Rules and Line Strengths

The results presented in the previous chapter show that, due to the effect of the inter-
action with the radiation field, the transition probability between two energy levels
of an atomic system is, in first approximation, proportional to the square of the mag-
nitude of the dipole matrix element evaluated between the atomic eigenfunctions
relative to the levels themselves. In this chapter we will see how this property leads
in a natural way to the various selection rules that we presented previously, and we
will discuss their limits of validity. We will also see how we can evaluate in a quan-
titative way the relative strengths of the various lines belonging to a fine-structure
multiplet that originates from the transitions between two terms. In Sect. 12.5 we
present an application regarding the physical principles that justify the presence of
forbidden lines in the spectra of some astronomical objects of particular relevance
(solar corona, gaseous nebulae, planetary nebulae, etc.).

12.1 Selection Rules for the Quantum Numbers

The transition probability between two quantum states described by the state vec-
tors |u,,) and |u,) is proportional, within the dipole approximation, to the squared
modulus of the matrix element! (u,,|r|u,). Whenever such matrix element is null
we have a so-called forbidden transition.

On the contrary, if the matrix element is not null, we have a so-called allowed
transition. In almost all cases (with the exception of the Paschen-Back effect) the
atomic eigenfunctions can be written in the form |oJ M), where « indicates a set of
quantum numbers specifying the configuration and other internal physical quantities
(such as the L and S values in the case of L-S coupling, or the j values of the single
electrons in the case of j-j coupling), J is the eigenvalue of the total angular mo-
mentum (of the electrons), and M is the magnetic quantum number. The calculation

ISince | (um ||un)|? = |(n|r|tm )|, the transition probability does not depend on which of the two

quantum states appears in the bra or in the ket.
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of the matrix element between two such states can easily be done if we consider,
instead of the Cartesian components of the vector r, its spherical components, de-
fined in Eq. (9.3). By applying the Wigner-Eckart theorem in the form of Eq. (9.4)
we have

/ _ J+M+1 JoJ 1
(@I MrglaJ'M')= (1) «/2J+1<_M Y {adlrlle’J"),

where (o J||r|a’J’) is the reduced matrix element of the dipole operator. The matrix
element is not null (hence the transition is allowed) only if the triangular inequality
between the angular momenta of the first row in the 3-j symbol is satisfied, and if the
sum of the symbols in the second row is zero. These selection rules must therefore

apply
AJ =+1,0, J=0-»J =0, AM = +£1,0.

Whenever the atomic states are described in the L-S coupling scheme, the matrix
element that needs to be calculated is

(«LSIM|rgla’L'S' J'M').

Changing the basis, the eigenvectors |« LSJ M) and |a’L’S’J’M') can be expressed,
through suitable Clebsh-Gordan coefficients, in the form

wLSIM)= Y (LSM_Mg|LSJM)|LSMMs),
My Mg
LS M )= (L'S'MyMGIL'S' T M')|o' LS M M),
M} My
Substituting we obtain
(«LSIM|rgla’L'S S M)
- Z Z (LSM;Mg|LSJM)
My Ms M; My
x (L'S'MyMg|L'S'J'M')a LSM Ms|ryla’L'S' M} MY). (12.1)
The operator r,; acts only on the orbital coordinates and not on the spin. The matrix
element of r, in the right-hand side is then given by the expression
(0 LSM Mg|rgloa’L'S' M} M)
= (L Myrgle'L' M} )(SMs|S'Mg) = (a LMy |rgle’ L' M} 3558 y1501;,
and, using again the Wigner-Eckart theorem,

(@LSMpMg|ryla’L'S’ M} M)
, L L
= (—D)EFMAL AL 1 )
-M; M|

Substituting this expression in Eq. (12.1), we see that the matrix element is not zero
only if these selection rules are satisfied

AL=%41,0, L=0-»L'=0, AS=0, AM;==+1,0, AMg=0.

1
q)(aL||r||a/L/)55S/5MSM/S. (12.2)
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Finally, for an atom with hyperfine structure, we need to consider the matrix
element

(@ JIFMp|rgla J'TF M)
With similar steps as described above, we easily obtain the selection rules

AF =+£1,0, F=0-»F =0, AMp ==1,0.

12.2 Selection Rules for the Configurations

Consider two distinct configurations of a given atom. As we have seen in Sects. 7.1
and 7.6, one of the g degenerate states of a given configuration can be described by
a wavefunction of the type detailed in Eq. (7.1), i.e.

1
vAar, az, ..., aN) = i D (=D Py (1) Yay (¥2) -+ Yray ()],
P

where (ai, as, ...,ay) is a set of quantum numbers that specify the single particle
states. The dipole matrix element between two given states (the first belonging to a
configuration and the second to the other) is therefore given by

<l1/A(a1,a2,...,aN)|r|lI/A(a/1,a/2,...,a;\,))
N
1
DD NI
P Q i=I

X (P[Yay (xD)Wa, (¥2) -+ Yay W) 16 1 Q[ W (1) Vi (x2) - War (x)]).
This sum contains N x (N!)? terms. The generic term is proportional to the product
(Wa W W | -+ (W i W)+ (W [ ).

being (a1, as, ...,ay) a given permutation of the set (a1, a2, ..., ay) and (a;, @),
...,dy) a given permutation of the other set (ai,d},...,a)). This term is zero
unless all the sets a are equal to the corresponding a;, except for a;, which can be
different from a;. So we must have

- -/ = —/ - —/ = —/ = —/
ay=ap,aa=dy,...,ai—1 =4a;_1,dj+1 =ai+1,...,aN =day.

In order for the matrix element (¥ (a1, az, ..., ay) |r|l1/A(ai, as, ...,ay,)) to be dif-
ferent from zero, we must then have that (N — 1) of the sets belonging to the en-
semble (aj,az, ...,ay) coincide with (N — 1) of the sets belonging to the other
ensemble (aj,aj, ..., ay). This implies that if k is the index for which the a; set
does not have the corresponding one among the a}, the wavefunction of the second
state must have the form

WA(ai,aé,...,a;\,) =:I:'1/A(a1,a2,...,a,'{,...,aN),
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where the sign factor + is related to the number (even or odd) of exchanges that

are needed to order the set (a{, aj, ..., a)) in the required form. We therefore have
(when the matrix element is not null)
(lI/A(al,ag, ...,aN)|r|lI/A(ai,aé, .. .,ai,))
=x(War,....ak, ...,aN)It|¥ (a1, ..., a},....ay))
| N
— _1\P+0
=+ XP:XQ:;‘( )
i=

X (P[Way (1) -+ Y () -+ - Yray () ]I |
O[Va, (x1) -+ V) (Xk) - Yay (xn)])-

In order that the single summand of this sum is not zero, we must have that Q is
the same permutation as P and also that, for a given i, the permutation is such as to
bring the two unmatched sets of quantum numbers, ax and a;, at the i-th position.
By so doing we obtain N(N — 1)! = N! terms all contributing the same amount, and
we have

(whar,az, ..., an)Ir|W A (a), a5, ... ap)) = (Ve () Ik Wy (),

a formula which shows that the matrix element between the two configurations is
simply given by the single-particle matrix element evaluated for the single electron
that “jumps” from the state a; to the state a;. The dipole transitions are therefore
possible only between two configurations that differ in the quantum numbers of one
and only one electron. In addition, for the transition to be allowed, it is necessary
that, denoting by (n, 1, m, mg) and (n’, ', m’, m}) the sets of the quantum numbers
of such electron in the initial and final states of the transition, we must have Z £ 0,
where

T =bmm, / Yt (OT Y (1) &P

Recalling the expression of the single-particle wavefunctions (Eq. (7.10)) and
Egs. (9.3), the spherical components Z, of this integral are

Iy = Smym, /0 Pt (r) Py (r)r dryg Y (0, 8) Y1 (0, ) fy (6., ¢)dS2,

where f,(g =—1,0, 1) are the three spherical components of the unit vector di-
rected along r, i.e.

1
f-1 = —=sinf(cos¢ —ising), fo=cos0,

V2

fi= b sinf(cos¢ +ising).

V2

To calculate the angular part of the integral, we recall the explicit expressions of the
spherical harmonics Y14 (0, ¢) (cf. Eq. (6.13)), for which we have

4
£ =,/?”qu(9,¢>,
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and we use the Weyl theorem (Eq. (8.8)) which expresses the integral over the solid
angle of the product of three spherical harmonics. Recalling also the conjugation
property of the spherical harmonics (Eq. (6.11)), we obtain

yg Y 6, 0) Y (0, 8) f4(0,¢)d2 = (=)™ /2L + 1)(2I' + 1)
I 1 U1
“No o o)\ —m w q)’
hence
Iq=8m5m§(—1)”‘,/(2l+l)(2l/+1)<(l) i) é)(_lm ;i/ ;)73

where R is the radial integral given by

oo
R= / Py (r) Pyyp(r)rdr.
0

The equation that we have obtained contains all the selection rules for transitions
between configurations. In fact, if we recall the property of the 3-j symbol regarding
the inversion of the sign of the quantum numbers appearing in the second row (see

Eq. (7.19)), we have
I 11
<0 0 0> =0,

so that, from the Kronecker delta and the 3-j symbols contained in the expression of
1,, we obtain the selection rules

Al = =1, Am==1,0, Amg =0.

The dipole transitions are therefore possible only between configurations that differ
in their quantum numbers / and !’ by one and only one electron. These quantum
numbers must in fact obey the relation Al =1 — 1" = +1.

If we consider the parity P of the two configurations, we see that, being P =
(—1)2ili the parity of the two configurations for a dipole transition must be differ-
ent. We have then obtained Laporte’s rule

even — even, odd —» odd.

Laporte’s rule is very general, because it also applies when configuration interaction
is present. In such cases a state of the atomic system is described with an eigenfunc-
tion that is a linear combination of eigenfunctions of the type 'I/A(al ,a, ..., 04y),
all of the same parity. Laporte’s rule is therefore valid also when configuration in-
teraction is present.

12.3 Forbidden Transitions

The selection rules that we determined in the previous section apply, all and only,
for electric dipole transitions. Any atomic system has, however, other types of elec-
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tromagnetic multipoles (magnetic dipole, electric quadrupole, etc.) that we have ne-
glected within the formalism developed in Chap. 11. Recall that, in addition to the
dipole approximation (that is to perform the substitution T — 1), we introduced
two other approximations, by assuming for the atomic Hamiltonian its nonrelativis-
tic expression (a first time to obtain the interaction Hamiltonian via the minimal
coupling principle, and a second time to relate the matrix elements of the operator p
to those of the operator r). Since these two approximations neglect the relativis-
tic corrections to the atomic Hamiltonian, it is to be expected that the higher-order
multipole contributions play a more important role in complex atoms than in simple
atoms.

To estimate these multipole contributions to the transition probability, we start
by calculating the order of magnitude of the Einstein coefficient for spontaneous
emission for an electric dipole transition. Recalling Eq. (11.20), we introduce two
dimensionless quantities, £ and ¢ by putting

2
€

2hagy

In this way, the dipole matrix element is expressed in terms of the radius of the
first Bohr orbit, while the frequency of the transition is expressed in terms of the
frequency that corresponds to the ionization of the hydrogen atom. With simple
transformations we obtain

2 2 2
[rpal” =& ay, Vap =¢

0‘4C32 9.3.2 1

where « is the fine structure constant. Since the dimensionless factor £3£2 that ap-
pears in this equation is generally less than or of the order of 0.1, the Einstein coeffi-
cients for the spectral lines that fall in the visible region of the spectrum are typically
of the order of 107-10% s~

When the dipole matrix element between two states is null, the matrix ele-
ment of the magnetic dipole can be non-zero, or the matrix element of the electric
quadrupole can be non-zero, and so on. In these cases the transition is forbidden
and the Einstein coefficient, which would be zero in the dipole approximation, is
much lower, by some orders of magnitude, than the corresponding coefficient for an
allowed transition. Without going into a formal derivation, but recalling the classi-
cal results that we obtained for the multipolar expansion in Sect. 3.10, we simply
mention the fact that the Einstein coefficient for a magnetic dipole transition can be
obtained using the same formula valid for the electric dipole, with the substitution
of the electric dipole operator epr with the magnetic dipole operator w. It follows
that, as an order of magnitude, we have (with obvious notations)

A 2 2
Amd. (M0 ) _ @ 331 % 1075,
Aed. epao 4

where g is the so-called Bohr magneton defined in Eq. (5.17). Magnetic dipole
transitions therefore have Einstein coefficients that are about 10° times lower than
those of electric dipole transitions.
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Regarding the electric quadrupole transitions, if we recall the series expansion of
the exponential T in Sect. 11.4 (in particular Eq. (11.11)), we have

Ae.q. [ 90 z

Acad. B < A ) ’

where A is the wavelength of the transition. In the visible region of the spectrum,
electric quadrupole transitions have Einstein coefficients that are about 10% lower
than those of electric dipole transitions.

The selection rules for magnetic dipole and electric quadrupole transitions are
different from those of electric dipole transitions. For the first ones, for example,
the AS = 0 selection rule is not valid anymore, as is Laporte’s rule. For the electric
quadrupole transitions, it is the selection rule on J that changes, since in this case we
have AJ =0, =1, £2, with the exclusion of the transitions 0 — 0,0 — 1, 1 — 0,
and % — %, which are forbidden.

12.4 Semi-forbidden Transitions

The transitions that violate some of the selection rules that we have seen in the previ-
ous sections (12.1 and 12.2) due to the fact that the spectroscopic denomination that
is assigned to one of the states (or both) is approximate are called semi-forbidden
transitions. Consider for example a transition between two atomic states, the first of
which is rigorously described by the L-S coupling scheme, while the other by the
intermediate coupling scheme. The first state is then described by an eigenvector of
the form |a’L’S’J’'M'), while the second is described by an eigenvector of the form
(see Eq. (9.12) and the related discussion)

e M) =CrysoleLoSoI M)+ Y CrslaLSIM),
LS#LoSo

where Lo and Sp are the values of L and § of the (approximate) spectroscopic
denomination and where the coefficients of the expansion are such that

|CLS| < |CL()S()| ~1.
If one of the selection rules on L or on S is violated, i.e. we have
AL=Ly—L #%+1,0, or AS=S8y—S #0,

or if both are violated, the transition could be (naively) considered a forbidden
transition, as it would effectively be when also the second state could be rig-
orously described in L-S coupling. Indeed, if we calculate the matrix element
l{a’L’'S'J'M'|r|ocJ M)|?, we find that it can be non-zero since in the series expan-
sion of |« J M) there can be one or more state vectors |« LSJ M) for which we have

AL=L—-L =4+1,0, AS=S-58=0.
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Fig. 12.1 Schematic 1

Grotrian diagram for the So

ground configuration

1522522 p? of doubly ionised

oxygen. The configuration

has three terms, 'S, 'D and

3P (see Table 7.4), the last 1

being split into three D,

fine-structure levels. The two N, __ _N,

N and N spectral lines are A 5007 14959

the so-called forbidden P,

transitions of “Nebulium” 3Pl
3P0

The matrix element is proportional to the corresponding quantity |Cy s|? and there-
fore is, in general, much smaller than the matrix element relative to an allowed tran-
sition. Typical values of the Einstein coefficients for such semi-forbidden transitions
are of the order of 103106 s~

Similar considerations, developed here for the case of a state for which the in-
termediate coupling applies, can be repeated, regarding the selection rules for the
configurations, for states in which there is configuration interaction.

12.5 Forbidden Lines in Astronomical Objects

Some forbidden lines belonging to elements cosmically abundant are particularly
prominent in the spectra of various astronomical objects, such as the solar corona,
gaseous nebulae, planetary nebulae, H 1 regions, etc. A typical example are the two
N and N> lines of the [O 111] spectrum,® which are shown in the schematic Grotrian
diagram of Fig. 12.1. The two lines are both forbidden because they violate the
selection rule on configurations (which states that the initial and final configurations
must differ for the quantum numbers of one electron), the Laporte’s rule, and finally
also the AS = 0 selection rule.

The fact that these lines are particularly prominent in the spectra of nebulae is
intimately related with the very low density of these astronomical objects (from
10720 to 1077 gem™3) and can be adequately explained on the basis of a sim-
plified model of the atom, such as that shown in Fig. 12.2, which reproduces the
essential points of the physics of atomic excitation in nebulae. The atom can be ex-
cited to a higher energy level (level a) from its ground state (level b) by absorption
of radiation (typically ultraviolet radiation due to one of the hot young stars that
light up the nebula). From level a, the atom can then return to the ground state or
can decay to a metastable level m via an allowed transition, both processes taking

2The symbol [O 111] is commonly used to indicate the spectrum of forbidden lines of twice ionised
oxygen. This convention of encompassing the symbol of the element by a square bracket applies
to the spectrum of forbidden lines of any element or ion.
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a

3 ,

Fig. 12.2 Schematic atomic model showing the possibility to observe forbidden lines in nebular
objects. The forbidden line originates from the transition between the metastable level m and the
ground level b (dashed line). The atom is pumped by the radiation field into level a, from which it
can spontaneously decay towards either level b or level m

place by spontaneous de-excitation. Finally, from level m, the atom can return to
the ground state still by spontaneous de-excitation, but via a forbidden transition.
Note that this simple model neglects the processes of stimulated emission and the
absorption processes in the forbidden line and the subordinate line. This is justified
as in nebulae the radiation field due to the hot central star is very diluted and, in
addition, it is much more intense in the ultraviolet than in the visible.

By applying the statistical equilibrium equations (Eq. (11.29)) to the temporal
evolution of the population of level a, we obtain, in stationary conditions, the fol-
lowing equation

dnN,
dr

where we have introduced, with obvious notation, the Einstein coefficients for the
single transitions and the average intensity of the radiation field at the frequency of
the transition between levels a and b. By solving the equation we get

= NthaJval, - Na(Aab + Aam) = 07

_ Bba Jvab Y
¢ Aab + Aam )
For the evolution of the population of level m we have, still in stationary conditions
dn,
d—lm = NgAam — NmAmp =0, (12.3)
from which we obtain
A
Ny =—"N,
Amb

Since the transition between levels m and b is forbidden, we have A, > A,
hence N, > N,, i.e. the population of the metastable level is much larger than
the one of the excited level a. The number of photons emitted per unit time in the
transition between levels m and b is given by N, A5, while the number of those
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emitted in the transition between levels @ and m is given by N, A,;,. Denoting by
‘R such ratio, we have

Ny Amp
NaAam '

and taking into account the previous equation, we see that /R = 1. This means that
the number of photons emitted in the forbidden transition is equal to the number of
photons emitted in the allowed transition.

A more accurate calculation can be performed by taking into account the absorp-
tion in the subordinate line. This implies modifying Eq. (12.3) which assumes the
form, with obvious notation

dn,
d—tm = aAam - Nm(Amb + Bma-]vam) =0.

Solving for the N,, /N, ratio and substituting the result into the definition of R we
obtain

R =

Buadv,, )‘1
Amb ’

or, taking into account the relations between the Einstein coefficients

Aam 8a _ )_1

R:(l+

R:(l-l—

where n,,,,, is the averaged number of photons per mode at frequency vy,
Consider a hot star that illuminates with its radiation a nebula. The averaged
number of photons per mode at the distance d from the star is given by

i _ (R’
Ny = Nx 7 s

where 71, is the similar quantity at the surface of the star and where R, is the stellar
radius. Substituting, the expression for R can be written in the form

R=[1+|~— )
() ]
where the “critical distance”, d, is given by

Aam g(l

d.=R .
¢ * n*Ambgm

For example, if the central star has an effective temperature of 2 x 10* K, at typical
frequencies of the visible one has 7z, ~ 0.3, and assuming a ratio of 108 between the
two Einstein coefficients, we get d. ~ 5 x 103 R,. At distances greater than about
5000 stellar radii, the ratio of photons emitted in the two spectral lines is practically
equal to unity, as we obtained in the simplified case considered previously.

The above considerations cease to be valid when there are other types of pro-
cesses, in addition to the radiative ones, that populate or de-populate the atomic
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levels. As we shall see in the next chapter, collisional processes (here neglected be-
cause of the very low density of the medium) cause a drastic decrease in the popula-
tion of the metastable levels. In laboratory plasmas and stellar atmospheres, where
densities are orders of magnitude higher than those of nebular objects, the emission
in forbidden lines is actually much lower than the emission in allowed lines, so the
forbidden lines are essentially absent in the spectra.

From an historical point of view it is important to note that the interpretation of
the two Nj and N lines was for a long time a real puzzle so that these lines, in
the absence of an appropriate explanation, were attributed to a hypothetical element
called “Nebulium”. Their identification as lines of the [O I1T] spectrum was due to
the American astronomer Bowen in 1928 (Bowen 1928).

In a similar way, the so-called auroral lines, the green line at 5577 A and the red
line at 6300 A, responsible for the brightness of the sky in polar aurorae, were
subsequently identified as forbidden lines of the neutral oxygen spectrum [O1].
These lines are due respectively to the transitions 1Sy - 1Dy and 'D, — 3p, oc-
curring within the terms of the ground configuration of neutral oxygen® 1522522 p*.
A similar situation occurs for the various lines observed in the spectrum of the so-
lar corona (also initially attributed to a hypothetical element, called “coronium”).
These lines correspond to forbidden transitions between the lowest terms of vari-
ous highly-ionised ions such as Fe X, Fe X1, Fe X111, Fe X1v, Fe Xv, Ni X1I, Ni X111,
Ni xv, NixvI, Caxil, Caxiil, Caxv, ArX, ArXIv, etc. The presence of forbid-
den lines in the auroral and coronal spectra is due to a physical mechanism com-
pletely analogous to that seen for the nebular spectra, with the only difference that
the pumping mechanism from level b to level a is due, in the first case, to the ex-
citation of the atoms of the upper atmosphere by the high-energy charged particles
streaming from the Sun (solar wind), and, in the second case, to the excitation of the
atoms by the electrons that, in the corona, have kinetic temperatures of the order of
10% K. The interpretation of the auroral lines was given by McLennan (1928) and
that of the coronal lines by Edlén (1942).

12.6 Relative Strengths Within Multiplets in L-S Coupling

Consider a fine-structure multiplet of spectral lines due to the transition between
two terms, both in L-S coupling. The total spin of the terms is S and the total orbital
angular momentum is L for the lower term and L’ for the upper term. Starting from
the considerations set out in the first section of this chapter, it is possible to relate
the dipole matrix elements relative to transitions between any of the lower levels,

3Remember that the configurations p2 and p*, being complementary, give rise to the same structure
of terms (see Table 7.8). The Grotrian diagram of the ground configuration of neutral oxygen is
therefore structurally equal to that of Fig. 12.1, apart from the obvious differences in the separations
between the levels and from the energy reversal in the three J =0, 1, 2 levels of the 3P term, due
to the third Hund’s rule.
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characterized by the total angular momentum quantum number J, to those relative
to any of the higher levels, characterized by the quantum number J'. Returning to
Egs. (12.1) and (2.12) and introducing the 3-j symbols in place of the Clebsh-Gordan
coefficients (Eq. (7.15)), we have for the dipole matrix element

(«LSIM|rgla’L'SI'M')
= > (=DM 4

MLM/LMS

, , / l4
X(L S _JM)(—l)L—“M 2J’+1(L S J)

M; Mg M/L Mg —M

’ /
x(—l)L+ML+1«/2L—|—1< L L ;)(aLHrHo/L’).

-M, M

On the other hand, applying directly the Wigner-Eckart theorem to the same matrix
element we have, through Eq. (9.4)

(@LSIMIryla’L'ST'M')

, /
:(—1)J+M+1«/2J+1(_JM 1{4/ ;)(aLSJHrHa’L/SJ’).

Using these equations we can find a relation between the reduced matrix elements.
With simple transformations we obtain

: VAR
(—1)’+M“<_M ot q)(aLSJnrua’L’SJ/)

o L s J
_ _ L4+M—-M"+Mjp+1 7

= Y 1 \/(21 +1)(2L~|—1)<ML s _M>
M M) Mg

L s J L L' 1 .y
><(M2 M _M,)(_ML M, q)(aL||r||aL>.

We now multiply both sides for the following 3-j symbol

(J J' 1)
-M M gq)°

and sum over M and M’. Recalling the property of the 3-j symbols of Eq. (7.18),

for which we have
Z J J 1 2 . l
-M M q) 3

MM

we obtain
1
g(aLSJ||r||o/L/SJ’)
_ Z (_I)L—J’—M/+ML

MM' My M) Ms
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x\/(21/+1)(2L+1)<_JM AJW ;)(1\2 A“;S _‘;/[>

L s J L L 1 o
X(M,L M _M,)(_ML A q)(aLnrnaL).

The sum over the four 3-j symbols that appears in the right-hand side can be ex-
pressed using the Racah coefficients, or the equivalent 6-j symbols of Wigner (which
are related to the Racah coefficients by a simple sign factor). Such quantities arise
naturally within the theory of angular momentum in relation to the addition of three
angular momenta.* The sign factor that appears in the previous equation, multiplied
by the product of the four 3-j symbols, is just the Racah coefficient W(LS1J'; JL)
multiplied by the factor %, SO we obtain

(LS TIrlle/L'ST") = \/(ZJ’ +1)QL+ DHW(LS1J; JL)(aL|r]a’L’).

Alternatively, in terms of the 6-j symbols, taking into account the definition

W (abedef) = (—1)e+b+erd {Z lz ; } ’

we have

<aLSJ||r||a’L’SJ’)=\/(21’+1)(2L+1)(—1)L+S+J’+1{L 5 J}

J' 1L
x (aL|rlle’L’).
Given a transition between two arbitrary levels, the line strength (or strength of
the transition) is defined as the quantity’

S=e2J + )|(aJlirlle’ J')|*.

Taking into account the Wigner-Eckart theorem and the properties of the 3-j symbols
we can easily show that the line strength is symmetric under the exchange of the two
levels, being

@J + D|(a/lrlle 7)) = 27 + 1) | I Iela ).

Using the previous results, the strength of a line belonging to a multiplet can there-
fore be expressed by the following equation

Syy =€} 2J + )|(aLSJ|rlle'L'sJ")|?

L S J

2
J' 1L ’

2
=e§(2J + 120 +1)2L + 1){ } [(«Llirle’L)
or

Sy =577 Smult;

4See for example Brink and Satchler (1968).
5The line strength is proportional to the quantity |rz;|? = |rpq
in Sect. 16.12, we have S = €3(2J, + 1)(2J, + D|rap /.

2 introduced in Chap. 11. As shown



304 12 Selection Rules and Line Strengths
where Spyt is the strength of the multiplet

Smute = &L + Dl{aLrfle’L)|

and where the relative line strength s/ is given by

L L 1}2

Sjj/:(2J+1)(2]/+1){j/ J S

Taking into account the following relation valid for the 6-j symbols

a b k a b k
;(2k+1)(2f+1){c j f}{c y g}=8fg,

we obtain

2J+1 2J +1
ZSJJ’: L+1 ZSJJ 2L/+1

These two formulae express the sum rule, discovered empirically by Ornstein,
Burger and Dorgelo, which states that “the sum of the line strengths of a multi-
plet that originate from a given lower level is proportional to the statistical weight
of such level and, similarly, the sum of the strengths of the lines that originate from
a given upper level is proportional to the statistical weight of the level itself.”

The relative strengths of the different lines of a multiplet can be easily determined
by knowing the relevant 6-j symbols or the Wigner coefficients. Often, the definition
of the relative strength is slightly modified, noting that

2J +1 2L+ 1)(25+1
o=y _QL+DES+1)

= = =25+1.
n 2L +1 2L +1

JJ'

The normalised relative strength (s ;/)norm can therefore be defined by

QI+DRIS+D) (L L 1) .
(SJJ/)norm: 25+ 1 J 7S , with E (SJJ/)nomzl.
JJ'

The above formulae for the relative strengths of the transitions within a multiplet
are known as the Kronig, Sommerfeld, and Honl formulae. They were originally
obtained using the correspondence principle. As an example, consider the multiplet
relative to the transition 3P — 3D of Fig. 9.3. The lower term is composed of three
fine-structure levels having J = 0, 1, 2, while the upper term is composed of three
levels with J" =1, 2, 3. In total, we have six lines corresponding to the transitions
J— J' oftheform 00— 1,1—1,1—2,2— 1,2 — 2 e 2 — 3. The other three
transitions are forbidden by the selection rules on J. To obtain the relative strengths
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Table 12.1 Normalised — : -
relative strengths of the Transition Normalised relative strength

transitions within the 3P—3D
multiplet 3P—*D)
3P1 _3D1
3P1 _3D2
3P2_3D1
3P2—3D2
3P2—3D3

Sl g S e
(=1

of the transitions within the multiplet we need to calculate the relative 6-j symbols.
This can be done using the following formula (Racah 1942)

a b ¢
d e f
= A(abc)A(aef) A(dbf)Adec) Y (—1)*(z + 1)!

x[z—a-b-0lz—a—e— Hlz—d—b—f)iz—d—e—c)!
x@+b+d+e—lb+ctet+f—Dla+c+d+f-2
where the A(abc) symbol is defined in Eq. (7.17). With simple algebra we obtain
12 1|_1 12 1]_1 2 1]_ 1
1 0 1|3 11 1| ¢ 2 1 1 2/
12 1|_1 2 1]_ 1 12 1]_1
1 2 1) 30 2 2 1) 10 32 1 5
From these values the relative strengths, given in Table 12.1, are obtained and the
sum rules can be easily verified.
Very similar formulae exist for the multiplets of hyperfine structure. These can

be obtained from the corresponding formulae holding for fine structure multiplets
by means of the formal transformations

L—J, S—1, J— F.

The relative strengths of the lines of a hyperfine structure multiplet are therefore
given by the equation

QF + HQ2F +1)

oo
20+ 1 FF T[> with Z(SFF/)norm=1~
FF’

(SFF)norm =



Chapter 13
Non-equilibrium Plasmas

In laboratory and astrophysical plasmas, the conditions of excitation of the atoms
are determined not only by their interaction with the electromagnetic field, but also
by collisional processes between the atoms and the particles of the plasma. In this
chapter we show how it is possible to describe this type of processes and what is
their impact on atomic populations.

13.1 The Kinetic Temperature of the Electrons

We have seen in Chap. 10 that at thermodynamic equilibrium the electrons of an
electrically neutral plasma have a velocity distribution described by a Gaussian
function (the so-called Maxwellian distribution of velocities). The condition of ther-
modynamic equilibrium is, however, an idealized condition that, in practice, can be
realized only with a certain degree of approximation. Both astrophysical and labora-
tory plasmas that are commonly observed for spectroscopic applications must—just
for the fact that they are observable—emit radiation towards the external environ-
ment, which necessarily implies a situation of non-equilibrium, at least for their
more exterior layers. In such situations, the concept of temperature loses its mean-
ing, as do all the laws of thermodynamic equilibrium. For example, the distribution
of the populations of an atomic species between the different states of ionisation and
excitation cannot be determined anymore by the Saha-Boltzmann law but must be
determined by solving the statistical equilibrium equations. In principle it is there-
fore to be expected that under non-equilibrium conditions the distribution of the
velocities of the electrons differs from the Maxwellian distribution.

However, there is a wide range of physical conditions in which, despite an overall
non-equilibrium, the velocity distribution of the electrons is effectively Maxwellian.
This is due to the fact that the collisional processes, which cause the redistribution
of kinetic energy between the various electrons and therefore tend to establish a con-
dition of equilibrium, are much more effective than the processes that are opposed
to the establishment of the condition of equilibrium.
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The processes of the first type are the elastic electron-electron collisions (and
also the elastic electron-atom collisions that are, however, less effective). The pro-
cesses of the second type are the inelastic electron-atom collisions, in which an
electron transfers part of its kinetic energy which is converted into internal energy
(excitation or ionisation) of the atomic system, or the superelastic electron-atom col-
lisions in which the inverse processes occur (the electron gains kinetic energy due to
de-excitation or recombination of the atom). Without pretending to give a rigorous
proof of this fact, we simply develop some order of magnitude considerations to
show that, in general, the mean free times between two successive processes of the
first type are much shorter than the mean free times of the processes of the second
type. This justifies, albeit not quite rigorously, that the velocity distribution of the
electrons can be considered as Maxwellian to within a good approximation.

Denoting by N, the electron density and by og the cross section for elastic
electron-electron collisions, the mean free time between two elastic collisions tg
is given by

1
(520
Neogv’

where v is the typical velocity of the electrons. Similarly, denoting by N, the density
of the atoms and by o4 the cross section for inelastic (or superelastic) electron-atom
collisions, the mean free time between two collisions of this type is given by

1

Naoav'

TA

From the two previous equations we obtain

g Nyoa
A Neog

The cross section o can be estimated in the following way. Suppose that an electron
having kinetic energy € approaches another electron at rest. We can assume that the
two electrons collide only if the incident electron will have a distance from the other
electron less than a critical value b, given by the equation

e

be
In this case, in fact, the energy due to the Coulomb repulsion becomes comparable
to the kinetic energy and we have an appreciable exchange of energy between the
two particles. Solving for b; and averaging over the energy of the particles we get

€.

4 4
O =~ b2 ~ 8—0 ~ 6—0
e (e?

Now we introduce the parameter T, the kinetic temperature of the electrons (or
electron temperature), with the relation

(€) ~ kpTs.
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By substitution we obtain, as an order of magnitude,
N eg N —6—2 .2
O‘E_W_Z.SX 107°7, “ cm”,
Be
with T; in K. If we consider for example a temperature range typical of stellar atmo-
spheres (4 x 10K <T, <2 x10* K), the cross section og varies between 10713
and 10~1% cm?. The actual calculation of the cross section oo is more complex and
has to be performed by means of a quantum-mechanical approach. The result is
that, for the same temperature range, the value of o is approximately of the order
of 10721 or 1072? cm?. We therefore obtain, as an order of magnitude
E o8t
TA Ne
and even in the presence of a weakly ionised plasma with Ne/N, = 1074, we still
obtain a value of the order of 10~ for this ratio.

We can conclude that an electron undergoes a large number of elastic collisions
before suffering an inelastic (or superelastic) one, so that such collision will not be
able to alter appreciably the Maxwellian distribution of velocity. The above consid-
erations lead us to the conclusion that at a given point of a typical stellar atmosphere
we can uniquely define a parameter 7. (kinetic temperature of the electrons) that
characterizes the velocity distribution of the electrons. This parameter maintains a
well defined operational definition, unlike the thermodynamic temperature 7 that
completely loses its significance in non-equilibrium conditions.

13.2 Electron-Atom Collisions

Consider the collision between an electron having kinetic energy € and an atom of a
given atomic species. If the atom is, before the collision, in the energy level |up), it
could be excited by the collision with the electron to the level |u,) of higher energy.'
For this process to occur, it is necessary that the relation € > (e, — €p) is satisfied.
After the collision, the electron is found to have a kinetic energy ¢’ given by

€ =¢e— (e, —€p).

Obviously, the inverse process can also occur, i.e. the collision is followed by the
de-excitation of the atomic level |u,) to the level |up). In this case, the energy of the
colliding electron is given, after the collision, by

€' =€+ (g —€p).

The processes of the first type are called inelastic electron-atom collisions, while
those of the second type are called superelastic electron-atom collisions (although
some authors prefer to speak of collisions of the first and of the second kind, respec-
tively).

!As in Chap. 11, we use here the index a to denote the upper level and the index b to denote the
lower level.



310 13 Non-equilibrium Plasmas

O ®

i

Fig. 13.1 Schematic representation of the collisional processes that contribute to the statistical
equilibrium equations of a given level (the intermediate level in the figure). (1) Inelastic collisions
from lower levels; (2) superelastic collisions from higher levels; (3) superelastic collisions to lower
levels; (4) inelastic collisions to higher levels

The effect of the collisions on the atomic populations can be conveniently de-
scribed by means of statistical equilibrium equations similar to those which we in-
troduced in Chap. 11 for the interaction of an atom with the radiation field. For the
population of a given level n, denoting by the index i the lower levels (i.e. those with
lower energy) and by the index s the upper levels (i.e. those having higher energy),
the equation describing the evolution of the system, if there are only collisions, is
written in the form

dn,
=" =3 NCP + 3 NCE =S NCY =S TN (13.1)
i N i N

The four terms appearing in this equation are shown in the diagram of Fig. 13.1.
The quantities Cl(;s‘) and C;i) appearing in this equation are called collisional rates.
They are due, respectively, to inelastic and superelastic collisions. These quantities
are obviously proportional to the density of the colliding particles. They also depend
on the velocity distribution of the particles and on atomic properties related to the
wavefunctions of the two levels between which the transition occurs. For electronic
collisions, the rate for inelastic collisions from level b to level a can be expressed
by means of the cross section

o
A
ci = e [ anu f e,
v
where N, is the electron density, f(v) is the velocity distribution of the electrons,
and o, (v) is the cross section for collisional excitation relative to the velocity v.
The limit of integration vy is the threshold velocity, i.e. the minimum electron ve-

locity for the electron to be able to excite the atom from level b to level a. It is given
by
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Similarly, the rate for superelastic collisions is given by

o0
Cfi) :Ne/ oqp (V) f(V)vdv,
0

where o, (v) is the cross-section for collisional de-excitation.

13.3 The Einstein-Milne Relations

When the velocity distribution of the colliding electrons is Maxwellian, it can be
proved, by means of thermodynamic considerations, that the two collisional rates
introduced in the previous section are simply related. These thermodynamic consid-
erations, due to Milne, are very similar to those previously developed by Einstein
to determine the relations between the coefficients involved in the statistical equi-
librium equations for the interaction between atoms and radiation (Einstein coeffi-
cients, see Sect. 11.7). For this reason, these relations are called Milne or Einstein-
Milne relations.

Consider an atom consisting of only two levels, a and b, subject to collisions by
a plasma of electrons with density N,. If the system is in thermodynamic equilib-
rium at the temperature 7', we can invoke the so-called principle of detailed balance
to assert that the number of collisional transitions (due to the electrons) that occur
between level a and level b are exactly balanced by the number of collisional tran-
sitions (also due to the electrons) that occur between level b and level a. In other
words, at thermodynamic equilibrium conditions, a perfect balance must hold for
any process that contributes to populate or de-populate the atomic levels regardless
of the number and of the characteristics of the physical processes that are simultane-
ously in operation (radiative processes, collisional processes still with electrons, but
among other pairs of levels, collisional processes with other atomic species, etc.).
Otherwise, in fact, it would be possible to construct an ideal machine, working in
cycle, which could produce work at the expense of a single source, which would
contradict the second law of thermodynamics. If we denote then by N, and N}, the
populations of the levels a and b in thermodynamic equilibrium, we must have,
writing the evolution equation for the population of level a,

0= d% =Ny — N,

Solving this equation and using the Boltzmann equation to express the ratio Ny / N,
(Eq. (10.6)), we obtain, in thermodynamic equilibrium at the temperature 7,

© 5
Cab _ No _ 85 (ca—er)/knT)

On the other hand, the two collisional rates depend only on atomic factors and on
the velocity distribution of the electrons. The result that we have obtained thus con-
tinues to be valid even outside thermodynamic equilibrium, as long as the velocity
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distribution of the electrons is Maxwellian. If we are under these conditions, far less
restrictive than the thermodynamic equilibrium, and if we denote by 7, the kinetic
temperature of the electrons, we obtain the Einstein-Milne relation

®)
Cab _ 8b (eamer)/GnTe) (13.2)
cA T g,

ba

13.4 The Two-Level Atom in Non-equilibrium Conditions

Consider a two-level atom that interacts with a radiation field having, at the fre-
quency v corresponding to the transition, the mean intensity J,. Let the atom be
subject to collisions with a population of electrons having kinetic temperature 7.
Taking into account both collisional processes (Eq. (13.1)) and radiative processes
(Eq. (11.29)), the statistical equilibrium equation for the population of the upper
level is

dn,
dt“ = —Nu(Aab + Bapdy +C)) + Np(Bpady + CLY).

In stationary conditions, solving the equation we obtain

S

& _ Agp + BapJy + C;b)

Na Bpadu+Cjy
We now substitute this result into the expression for the source function given by
Eq. (11.36). Taking into account the relations between the Einstein coefficients
(Egs. (11.27) and (11.28)) and the Einstein-Milne relations between the collisional
rates (Eq. (13.2)), with some algebra we obtain
. Jy + B, (Te)
B I+e¢

where B, is the Planck function and where we have introduced the quantity ¢ de-
fined by

Sy , (13.3)

B CS;)(I _ e—hv/(kBTe))
B Aab

Apart from a correction factor of the order of unity, ¢ represents the ratio between
the number of de-excitations of the upper level due to superelastic collisions and
the number of de-excitations due to spontaneous emission. The general expression
that we have found for S, allows us to write, inverting Eq. (11.36), the ratio of the
populations N/ N, in the form

&

N, 2hv3
2o _ 8 (Y ).
Ny 8a CZSU

If we introduce 71, = J,c¢?/(2hv?) as the average number of photons per mode at
frequency v, and 71, (T.) = B,(T.)/(2hv3) as the average number of photons per
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mode relative, at the same frequency, to the blackbody radiation of temperature 7,

we obtain

N, 1

Ny _ g_b<$ + 1). (13.4)
N, 8a \ 1y +éeny(Te)

The above expressions (Eqs. (13.3) and (13.4)) assume a special form in three
limiting cases of particular importance.

(a) The first case is when ¢ > 1. Substituting in the expressions for the source
function and for the ratio between the populations we get

S, = By (Ty), & — &e/’“)/(kBTe)'
a 8a
In this case the collisions are extremely effective and are able to thermalise
the atomic populations at the kinetic temperature. For the ratio of populations
we obtain the Boltzmann equation (Eq. (10.6)), while for the source function
we obtain the Planck function, both relative to the temperature 7. This limiting
case is known as local thermodynamic equilibrium (LTE).
(b) The second case is when ¢ < 1 and, at the same time, € B,,(T¢) < J,,. Substitut-
ing in the same equations we get

sma Mom(ly)

No  8a \7y
This time the collisions have a completely negligible role and the source func-
tion is just the average over the solid angle of the incoming radiation. The atom
simply behaves as a scattering centre of the radiation. For the atomic popula-
tions, defining a suitable “radiation temperature” T; through the equation

1
= /sy _ 1’

ny

we obtain

No _ 85 w/twTy)

Ny 8a ’
which shows that the atomic populations are in equilibrium with the radiation
temperature. The parameter 7; that we have so defined is however a completely
ad hoc parameter. Indeed, for an arbitrary radiation field, there is a different 7;
value for each frequency.

(c) Finally, the third case is when the inequalities ¢ <« 1 and ¢ B, (T¢) > J, hold.

Again substituting we obtain

N, 1
Sy =eBy(T), —b:g—”( _ +1).
Ny 8a eny(Te)

This is an intermediate case in which, although the collisions are not very ef-
fective in de-populating the upper level, the kinetic temperature is so high and
the radiation field is so diluted that actually the collisions (and not the radiative
processes) are populating the upper level.
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The three cases that we have schematically described here are suitable to de-
scribe, in a qualitative way, the conditions of excitation of an atom which is located,
respectively, in the photosphere, in the chromosphere and in the solar corona. For
laboratory plasmas, the most common physical situations are those described by
case (a) (plasma with high densities, as discharge lamps) or by case (b) (plasmas of
low densities, for experiments of optical pumping with lasers).



Chapter 14
Radiative Transfer

The radiation that propagates in an extended medium is subject to continuous emis-
sion and absorption processes that modify its intensity and spectral distribution.
These phenomena are governed by the equation of radiative transfer that we have
formally obtained in Chap. 11 from the principles of quantum electrodynamics. By
solving this equation, it is possible to relate the observed properties of the radiation
emerging from an extended medium with the intrinsic properties of the plasma re-
sponsible for its emission. In this chapter, we explore this issue by analysing in detail
the prototype case for which the theory of radiative transfer was developed, namely
the case of stellar atmospheres. The considerations presented here can be easily ex-
tended to deal with specific problems encountered in the analysis of the propagation
of radiation in non-astrophysical environments, such as laboratory plasmas or the
Earth’s atmosphere.

14.1 Formal Solution of the Radiative Transfer Equation

In Sect. 11.8 we have seen that the equation of radiative transfer for the specific
intensity of the radiation field that propagates, at frequency v along the direction £
inside a plasma takes the form (Eq. (11.32))

d
alv(g) = _kv[lv(sz) - Sv]y

where s is the spatial coordinate measured along the direction 2, k,, is the absorp-
tion coefficient (corrected for stimulated emission) and S, is the source function.
In general, k, and S, are function of the coordinate s and, if we assume that these
quantities are known, the radiative transfer equation can easily be solved.

We now introduce, in place of the geometrical coordinate s, the so-called specific
optical depth (function of v) by the equation

dr, = —k, ds.
As shown by the equation, the optical depth is defined in the direction opposite
to that of the propagation of the radiation, which reflects the point of view of an
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Fig. 14.1 The radiation (3]

propagates along the direction

from point P; to point P;. T,

The spatial coordinate is

measured starting from point 7@
v

O while the optical depth is
measured starting from point
A in the direction opposite to
that of the propagation

S2

S1

observer receiving the radiation. Considering the plasma contained within a fixed
geometrical thickness, for example between the points Py and P, of Fig. 14.1, char-
acterized by the coordinates s; and s> (with 51 > s7), the corresponding optical
thickness is, by simple integration of the above equation

51
7, (P, Pp) = / ky(s)ds.
852

The optical thickness depends on frequency. A fixed geometrical optical thickness is
defined as being optically thin when 7, < 1 or optically thick when 7, > 1. From a
physical point of view, a medium is optically thin at the frequency v when a photon
of that frequency has a negligible probability to be absorbed as it travels across it.
Conversely, if the medium is optically thick, the photon has a probability practically
equal to unity to be absorbed within the medium.

For a fixed direction 2, we can simplify the notations by omitting such argument
in the notation for the intensity. Dividing the transfer equation for k, and changing
the sign, we have

dal, I—s
d‘L’U — 1y Ve
To solve this equation we multiply both sides for the e~* factor. We obtain
d’,
e L =e "I, —e ™S,
dr,
or
d

T (e™™1) =—e""5,.
Y

With reference to Fig. 14.1, we integrate this equation between the points P, and P,

that have corresponding optical depths rlfz) and 151), with r]fl) < rlfz). We obtain

) [©) o
e ™ (M) —e T I, (r?) = —/(2) Sy(Ty)e” ™ dry,
Ty
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or
@
) @)@ —1Y) i —m—t"
L(tg))=1L(c?)e™ ™ 7™ )+ o Sy(r)e = Jdr,. (14.1)
Ty

This result is easily interpreted in the following way. The intensity at P; is given by
the intensity at P, (the boundary condition) multiplied by the attenuation factor due
to the absorption between points P and Py, with in addition the contribution due to
the emission within the interval between the two points. The contribution due to the
infinitesimal optical depth element dt, centred at the generic point P is multiplied
by the relative attenuation factor due to the absorption between points P and P;. In
particular, if we consider the radiation emerging from a plasma and we put rlfl) =0,
the previous equation can be written in the form

Ty ,
1,0) = I(r)e™ + / S(z))e ™ de!.
0

In many cases, especially in astrophysics, we have to deal with plasmas that
are practically infinite in one direction (consider, for example, a stellar atmosphere
where we are interested in expressing the emerging intensity as a function of the
local properties of the atmosphere itself). In such cases, one must consider the limit
of the above equation for t,, — 00, and, assuming that we have

lim I,(t,)e ™ =0,
Ty—>00
we obtain
o0
1,(0) =/ Sy (t,)e” dr,. (14.2)
0

The above mathematical limit is in practice always met because otherwise one
would obtain the absurd result that the intensity emerging from the medium has
an infinite value. Equation (14.2) expresses in all generality the intensity emerging
from a semi-infinite medium, i.e. from a medium that is undefined in the direction
opposite to that of the emerging radiation. This equation is the basis of the quanti-
tative interpretation of stellar spectra.

14.2 Radiative Transfer in Stellar Atmospheres

To determine the specific intensity of the radiation emitted from a stellar atmo-
sphere, a number of approximations are generally introduced. They are used to
simplify the problem from a mathematical point of view in order to obtain cer-
tain analytical results that are valid as a zero order approximation. The first of these
approximations consists in neglecting the curvature of the surface layers of the star
due to its spherical shape. This approximation is in general well justified because
the thickness of the atmosphere (defined as the surface layer from which the ob-
served radiation originates) is much smaller than the radius of the star. For the Sun,
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Fig. 14.2 Schematic z
representation of a Q
plane-parallel atmosphere in /
which the physical properties

depend only on the height z

and the radiation field onlyon 0

zand onthe angle 6 (the oo
heliocentric angle)

for example, the thickness H is less than or of the order of a thousand km, so we
have (R is the radius of the Sun)

H _ 10° km

Ro ~ 7 x 10° km
We next assume that the physical properties of the atmosphere depend only on the
height z (measured from an origin that we do not need to specify at the moment) and
not on the other two coordinates x and y. The radiation field, which in stationary
conditions depends on the frequency, on the point P and the direction 2, in this
case depends only on the height z and on the angle 6 (called the heliocentric angle
in the case of the Sun), defined as in Fig. 14.2. When we introduce this further
approximation we say that we are dealing with a plane-parallel atmosphere.

Denoting by 1, (z, i) the specific intensity of the radiation that propagates along

the direction identified by the angle 6 (with u = cos®), the transfer equation be-
comes

~1.4x1073.

d
,u«d_zlv(zv W) = _kv[lv(zs W) — Sv]7

and if we assume that we are in Local Thermodynamic Equilibrium (LTE)

d
po e ) = —ky[1(z, ) — Bu(T)],

where B, (T) is the Planck function, which only depends on the local temperature.

The transfer equation can be formally solved by introducing the specific optical
depth ¢, measured along the vertical in the sense of increasing depth (note that this
quantity differs from that defined by the symbol 7, in the previous section which
refers to the optical depth measured along the beam). Putting

dt, = —k, dz,
and using the results of the previous section we have that the emergent intensity is

given by

©© dt,
1,00, p) = / By (T)e W/H—2, (14.3)
0 g
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This expression can be conveniently approximated in order to obtain some qualita-
tive results. If we assume, for example, that the Planck function is linear in #,, i.e.
that

B, (ty) =ay + byty,
with a,, and b, constants, we obtain with simple integrations

L0, u) =ay + by = By(t, = ).

The so-called Eddington-Barbier approximation consists in assuming that this iden-
tity is valid in general (although, rigorously, it is only valid when the Planck function
is linear in #,). With this approximation we thus have

5,0, u) = By (ty = ).

If we assume that the temperature in the stellar atmosphere is a given function of
the geometrical height z, i.e. T = T (z), to determine the emerging intensity using
the Eddington-Barbier approximation it is sufficient to calculate the height z for
which 7, = u and we obtain

I,0,w) = B,[T ()]

Since in general the temperature decreases with z in a stellar atmosphere, we should
expect two different phenomena:

(a) for a fixed frequency, the intensity emitted by the star is greater at the center
(n =1) than at the limb (i« — 0). This phenomenon, known as limb darkening,
is observable only on the Sun (as it is impossible with current technologies to
spatially resolve the radiation from other stars). This phenomenon is due to the
fact that, when observing at the center of the Sun, we can penetrate into deeper
layers of the solar atmosphere. When observing at the limb, instead, we observe
the outer layers, which are cooler (and therefore less bright).

(b) For a fixed u, since the absorption coefficient is a function of frequency, we
have a lower intensity at those frequencies for which the absorption coefficient
is higher and a higher intensity at the frequencies for which the absorption co-
efficient is lower. Obviously, “lower” and “higher” are here to be understood in
a relative sense, i.e. with respect to an “average” Planck function not specified.
In other words, one can think that a stellar spectrum is constituted by a “modu-
lated” Planck function with an increase at the frequencies where the absorption
coefficient is small and a decrease at those where the absorption coefficient is
large. In this way, we can readily explain the discontinuities in the continuum
spectrum which are observed at the limits of the series (typical is the sudden
decrease in the continuum at wavelengths shorter than 3647 A, the so-called
Balmer discontinuity). Similarly, the absorption coefficient has a rapid variation
within a frequency range centered around a spectral line, with a very high value
at the center of the line and a much lower value in the wings of the line. This
explains, qualitatively, the presence of absorption lines in stellar spectra and
suggests that, when emission lines are observed instead, the temperature should
increase with height (stellar chromospheres).
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Fig. 14.3 The radiation
emitted by the stellar surface
element identified by the
angle 6 is inclined by the
same angle with respect to the
local vertical

To the observer

Regarding stars other than the Sun, as we said, it is not possible to observe the
variation of the intensity with . What is observed instead is the average intensity
of the radiation on the stellar disk 7, defined by (see Fig. 14.3), with R, the stellar
radius

_ /2 2
anlvzf d@/ d¢1,(0,0)R? cos B sin,
0 0
or
_ 1
IV(O)=2/0 1,0, wypdpu.

Substituting in this equation the above formal solution and inverting the order of the
integrations, we obtain

00 1
1'”(0)=2/ dtUBU(T)/ e M/ dp.
0 0

The integral in du can be expressed in terms of known functions. With the substitu-

tion w = 1/ we have
1 00 1
/ e Mhdp = / e ¥ — dw.
0 1 w?

Recalling the definition of the exponential integral functions

oo e—xt

E,(x) =f dt (n>1), (14.4)
11
we obtain
1
/ e h/m du =Ea(1),
0
so that

I, = 2/00 By (T)Ea () dty. (14.5)
0
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We obtain the analogue of the Eddington-Barbier approximation by assuming that
B, (T) is a linear function of ¢,. In this case, taking into account that

/ E,(x)dx = —, / xE,(x)dx = ——,
0 n 0

n+1
- 2
IUZBU tv=§ .

The Eddington-Barbier approximation for the mean intensity emitted by a stellar

atmosphere is then
- 2
IU ~ BU ty = g .

14.3 The Grey Atmosphere

we obtain

Consider a plane-parallel atmosphere in local thermodynamic equilibrium. As
shown by Eqgs. (14.3) and (14.5), the emerging intensity can be expressed with an
integral that involves the knowledge of the Planck function (i.e. of the temperature)
at the different optical depths. When the variation of the temeparature with depth is
known (together with the variation of other physical quantities such as the pressure),
we say that we have a “model of a stellar atmosphere”.

More or less sophisticated models of a stellar atmosphere can be constructed,
depending on the amount of physical information that is introduced in the descrip-
tion of the atmosphere itself. The simplest of these models (and also the first from
the historical point of view) is the so-called model of the grey atmosphere. In this
model we consider, as a starting point, a plane-parallel atmosphere in local thermo-
dynamic equilibrium and radiative equilibrium. With regard to the latter concept,
we note that energy can flow through a stellar atmosphere by means of three distinct
physical mechanisms: radiation, convection, and conduction. The third is in many
cases negligible. A stellar atmosphere is said to be in radiative equilibrium when the
energy flows only via radiation.

Consider a given height z in the stellar atmosphere. The net energy flowing per
unit time through the unit surface at frequency v is given by

1
Fy(z) =2m / wly(z, w)du.
—1

The quantity F,(z) is called monochromatic flux. The radiation coming from the
interior contributes to it with a positive sign (i > 0), while the one coming from the
exterior contributes to it with a negative sign (i < 0). The monochromatic flux at
the surface is related to the quantity 7,,, previously introduced, by the relation

F,(0)=m1,.
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The condition of radiative equilibrium implies that the integral of the monochro-
matic flux over all frequencies is constant, i.e. is independent of z. In formulae,
defining the total flux F by the equation

00 00 1
F =/ F,dv =2n/ dv/ wl,(z, w)du, (14.6)
0 0 —1
the radiative equilibrium hypothesis implies
dF
—=0.
dz

The value of F is in general parametrised through the effective temperature Tcgr,
defined by the relation (see Eq. (10.10))
F=o Te@f ’

where o is the Stefan-Boltzmann constant. It represents the temperature that a black-
body should have to irradiate the same flux as the star. The flux is also related to the
luminosity L, and to the stellar radius R, via the relation

— L*

47 R%
For the Sun, for which

Lo =3.845 x 10 ergs™!, Ro = 6.9626 x 100 cm,

we have

F =6.312 x 10'° erg cm™?2 s_l, Tess = 5776 K.

The further hypothesis which is introduced in the model of the grey atmosphere
(which justifies its name) consists in assuming that the absorption coefficient k,, is
independent of frequency. This assumption greatly simplifies the problem from a
mathematical point of view but is not at all realistic from a physical point of view.
Obviously, the model that is obtained in this way must be considered as a sort of
zero order model for a real stellar atmosphere.

In the grey atmosphere we can define, instead of the specific optical depth ¢#,, a
“universal” optical depth ¢, and the transfer equation becomes

d
pgp v =L@, 1) = By(0).

Integrating the transfer equation in dv and defining

I(t,,u)=/ I(t, p)dv, B(t)=/ B, (t)dv,
0 0
we obtain
d
MEI(I,M)=I(LM)—B(I)-

As we can see, the hypothesis that the absorption coefficient k,, is independent of
frequency allows one to write a single transfer equation for the quantities integrated
in frequency. This is the fundamental simplification of the grey atmosphere.
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From I(z, i), the intensity integrated in frequency, its various moments can be
defined by integrating over the solid angle. The moment of order n, M,,(¢), is defined
by
1 n 1 ! n
My()=-—Qul@t,wd2= [ w'I@ wdu.
4 2 -1

The zero-order moment is the mean intensity of the radiation field and is denoted by
the symbol J (¢)

1

1
J(t):Mo(t)zifll(t,u)du. (14.7)

The first-order moment is proportional to the flux of radiating energy. In fact, we
have, recalling Eq. (14.6)

1
F(t) =47 M () = 2nf wl (t, 1) du.
—1

Finally, the second-order moment is proportional to the radiation pressure and is
denoted by the symbol K (¢)

1
w2 (t, 1) du.
1

k(=m0 =3 [
2/
Integrating in du the transfer equation divided by 2, we obtain
1 dF(t)
47 dr
and using the hypothesis of radiative equilibrium (F = const.) we have

J(t) = B(). (14.8)

=J() - B@),

Multiplying the transfer equation by 1 /2 and integrating in du we have
dK (1) F
dr 4w’

which, once solved, gives
Ft
Kt)=—+C¢C,
4

where C is a constant to be determined using the boundary conditions.

We note that for r — o0, i.e. at the base of the atmosphere, we would expect
the radiation field to become isotropic. Under this hypothesis, and even under the
less restrictive hypothesis that the intensity varies linearly with u according to the
expression

I(t, p) =a(t) + b)),

with a(t) and b(¢) independent of u, the quantities J and K can be related to each
other, being

1
K@0)=37).



324 14 Radiative Transfer

If we assume that this relation is valid for any value of ¢ (and not only for t — o0)
we adopt the so-called Eddington approximation, so that the problem of the grey
atmosphere can be solved analytically. In fact, using the previous relations, we have

B(t)=J(t) =3K(t) = %Ft +C,

with C’ = 3C. To determine the constant C’ we use the boundary conditions relative
to the surface of the star (f = 0). If the star is isolated (i.e. does not belong to a double
or multiple system), the flux at the surface can be calculated using the equation
(obtained from the formal solution of the transfer equation)

F = Zﬂf wl O, n)ydu = 27-[/ d/ML/ B(t)e_t/ﬂ—.
0 0 0 n

Substituting the expression for B(¢) and performing the calculation we obtain

, F
=5
so that we have for B(r)
B = 3_F<t+ %).
4 3
Finally, recalling that
B(t) = %T“(t), F=oTh,

we obtain the law expressing the dependence of the temperature on the optical depth
for the grey atmosphere (in the Eddington approximation)

/3 2
T (1) = Tefr | 1 (t + §>. (14.9)

In particular, we see that at the surface of the atmosphere we have
T (0) =0.841T.g,
_2

and that, for r = 5, we obtain T = Teft.
The centre-to-limb variation of the emerging intensity can also be determined
from the expression of B(t). We have, in fact,

X 3F 2 dr 3F 2
10, w=| (e+Z)enrE 2T (0e2).
©-m) ./0 4n(+3>e P 4n(“+3>

Defining the limb darkening ratio (1) by the equation

r )_I(O,M)
M=To.1)
we obtain
3u+2
r(p) = 5

This limb darkening variation can be compared to the results made available by solar
observations. The difference between the theoretical and observed value of r(u) is
always within 5 % (see Fig. 14.4).



14.4 The Hopf Equation 325

Fig. 14.4 Comparison VN L L
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14.4 The Hopf Equation

The model of the grey atmosphere can be solved exactly from the mathematical
point of view, although this implies the numerical solution of an integral equation.
The exact solution is obtained by writing the function B(¢) in the form

3F
B(t)="—[t+4q®)], (14.10)
4r
where ¢ (t) is a suitable function, known as Hopf function. We should expect that
this function has a small variation centred around the % value, which is obtained
from the Eddington approximation.
We fix a specific value of ¢ in the atmosphere and express separately the inten-
sity of the radiation for beams propagating upwards and downwards. Recalling the
formal solution of the transfer equation (Eq. (14.1)), we have

o0 / dr’
Haw = [ B 0,
t

t , dt/
I(t,u)=/0 B(z’)e*(’*f)/““)_—ﬂ (n <0).

Using these expression we can find the mean value of the intensity of the radiation
field over the solid angle J(¢), as defined in Eq. (14.7). Recalling that in the grey
atmosphere B(t) = J (t) (see Eq. (14.8)), we obtain

I (e dt[° " (N =) 4
B(t):E du B(t )e —+ du B(t )e — .
0 t 2 -1 0 M
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Table 14.1 Values of the
Hopf function ¢(t) for a 4 q(®) ? q(®) 4 q(®)
selection of values of ¢

0. 0.577 0.3 0.663 1.5 0.705
0.01 0.588 0.4 0.673 2.0 0.708
0.03 0.601 0.5 0.680 2.5 0.709
0.05 0.611 0.6 0.686 3.0 0.710
0.1 0.628 0.8 0.694 5.0 0.710
0.2 0.650 1.0 0.699 00 0.710

This equation can be transformed by exchanging the order of integration and apply-
ing the substitution w = 1/ in the first integral, and the substitution w = —1/u in
the second integral. By doing so, we obtain

1 o o _nd ! © nd
B(t)=—|;/ dt/B(t’)f G —t)_w_l_f dt’B(t’)/ e—w(z—t)_w]’
2L 1 w - Jo 1 w

from which, recalling the definition of the integro-exponential functions given by
Eq. (14.4), we obtain

1 oo
B(t) = 5/0 B(t')E (|t —1'|)dr".

‘We now introduce the Hopf function (Eq. (14.10)) and we find the following integral
equation, known as the Hopf equation

1 o0
t+q(t)=§/0 [t +q(t")JEi(|r = ¢']) dr’.

This equation can be solved numerically to obtain the results shown in Table 14.1.
As we can see, the Hopf function is monotonic and increases from the 0.577 value
(for t = 0) to the 0.710 value (for t — 00). It effectively differs very little from the
% value, obtained by means of the Eddington approximation.

The exact solution for the function 7 (¢) of a grey atmosphere can be expressed
using the Hopf function. Repeating the steps that led to Eq. (14.9), we easily find
that such equation must be substituted by the following one

3
T(t) = Teiry) Z[r +q®)].

This function is plotted in Fig. 14.5 (full line), together with the function of
Eq. (14.9) (dashed line), obtained through the Eddington approximation. The two
curves differ very little, with a maximum percentage variation of 3.5 % at t = 0.

14.5 Realistic Models of Stellar Atmospheres

The model of the grey atmosphere that we have discussed in the two previous sec-
tions is a rough approximation for a stellar atmosphere since the absorption coeffi-
cient is actually a variable function of frequency and can be assumed constant only
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Fig. 14.5 Variation of the L I T R
temperature as a function of ¢
in a grey atmosphere. The full

line is the exact solution 1.1
while the dashed line is the
solution obtained with the
Eddington approximation

0.9
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in reasonably narrow frequency intervals. The advantage of the model is only to
provide an analytical (or semi-analytical) approximation of the physical structure of
the atmosphere. From this point of view it can be compared to the polytropic models
of stellar interiors.

With the advent of modern computers it has been possible, since the end of the
1950s, to build more realistic models of stellar atmospheres. These models involve
the self-consistent solution of a set of differential equations and are based, in gen-
eral, on the usual approximation of the plane-parallel atmosphere in local thermody-
namic equilibrium. Together with the equation of radiative transfer for the specific
ntensity

d
Md_zlv(za n) = _kv[lv(zs W) — BV(Z)]v

the equation of radiative equilibrium, that of hydrostatic equilibrium, and the perfect
gas law are considered, namely

dF d [™ 1
L / Wz, ) dpt =0,
-1

dz - dz Jo

dp

—— =—p8. P= _LkBT-
dz amy

In these equations, P is the pressure of the gas in the stellar atmosphere, p is its
density, g is the gravity at the stellar surface, & is the mean molecular weight and
my is the unit of atomic weight. Considering P and T as independent variables, and
assuming that we know how k,, and i are related to P and T (see the next section
for the expression of k, as a function of these two variables), we can numerically
solve the equations by taking into account the suitable boundary conditions. Such
conditions are the following ones

F=0T4,
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which sets the value of the radiation flux;
1,0, 0 <0)=0,

which means that the star is isolated, hence not externally illuminated.

From the solution of the equations one obtains the model of the stellar atmo-
sphere, i.e. a table of P(z) and T (z) values. The model depends explicitly only on
three parameters: the effective temperature T, the gravity at the stellar surface g,
and a set of numbers {A;} which characterise the chemical abundances of the el-
ements. The dependence on this latter parameter is contained in the k, (P, T) and
(P, T) functions.

14.6 The Continuum Spectrum

For the analysis of stellar spectra it is often necessary to calculate, as a function of
frequency, the specific intensity that emerges from a stellar atmosphere described
by an appropriate theoretical model.! Once the functions P(z) and T'(z) are given,
the integrals appearing in the r.h.s. of Eq. (14.3) or (14.5) need to be evaluated. The
greatest difficulty in the calculation is in expressing the relation between the optical
depth and the height, i.e. in finding the function

th =1t(2).
Since this relation is derived from the integration of the differential equation
dry = —ky(2) dz,

the problem is ultimately reduced in finding the expression of the absorption coeffi-
cient k, for a given height z.

In the spectral regions where no line is present, the absorption coefficient (also
called opacity in astrophysics) is solely due to the bound-free, free-free and scat-
tering processes. The processes that contribute most to the opacity in stellar atmo-
spheres are the following ones:

(a) photo-ionisation of the hydrogen atom. An hydrogen atom in a bound state ab-
sorbs a photon and becomes ionised. Such process can schematically be written
as a “reaction” of the type H+ hv — HT +¢~;

(b) free-free transitions between states of positive energy of the hydrogen atom, i.e.
processes of inverse Bremsstrahlung: H™ +e~ +hv — HT +¢e™;

(c) photo-ionisation of the negative hydrogen ion: H~ +hv — H+e¢7;

(d) processes of the type (a) and (b) for the helium atom and any other element
relatively abundant in stellar atmospheres (O, C, N, Si, Mg, Ne, Fe, etc.);

!In the case of the Sun, given its close proximity and the possibility to perform very detailed obser-
vations. appropriate empirical models are also available. These models explicitly take into account
the fact that the atmosphere is not strictly in radiative equilibrium. For an in-depth discussion see
Landi Degl’Innocenti (2008).
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(e) Thomson scattering on free electrons and Rayleigh scattering on atoms or ions.

The contribution to the absorption coefficient for each process can be computed
using the general methods described in Sect. 11.9, with the exception of the pro-
cesses related to step (e) for which the classical results of Chap. 3 can be used.
Without analysing in detail all the processes, we explicitly consider here only the
contribution to the absorption coefficient due to the H™ ion. This can be regarded
as the prototype of the various processes and in any case it is the most important for
the atmosphere of the Sun and the stars of solar type.

As we have already noted in Sect. 7.5, a hydrogen atom and a free electron can
“combine” to produce a stable negative ion having a binding energy of the order
of 0.75 eV. The resulting state, in analogy to the ground state of helium, is a state
of the type 1s2'So. The stability of this ion was predicted theoretically by Bethe
(1929) by means of a variational calculation similar to that described in Sect. 7.5
but containing a greater number of free parameters. The value currently accepted
for the binding energy of the H™ ion is equal to 0.75416 eV. A photon having a
wavelength less than the threshold value of 1.6438 um is able to ionize the H™ ion
and the relative absorption coefficient is given by Eq. (11.34), or

k‘()a) = UUNH_ s

where Ny is the density of the H™ ions (number of ions per unit volume) and o,
is the cross section of the process. The theoretical calculation of the cross section
implies, as we have seen, the evaluation of the dipole matrix element between the
initial and final states of the transition and this, in turn, implies the knowledge of
the eigenfunctions of the bound state and of the free states of the H™ ion. Detailed
calculations performed by Chandrasekhar and collaborators in the 1950s give for o,
the values plotted in Fig. 14.6. The cross section shows a maximum of about 1.4 ag
(ag being the radius of the first Bohr orbit) around 8500 A and is slightly lower than
this value throughout the whole visible spectrum (the region where the intensity of
the radiation field is maximum for solar-type stars).

Once o, is known, the problem of finding the value of the absorption coefficient
becomes the problem of determining the density of the H™ ions in an atmosphere
characterized by given values of P and T. This is in turn a very general problem
that, as we shall see, involves the ionisation balance of all the elements present in
the atmosphere. The details of the calculation, developed in the following, can be
considered as a characteristic example of similar calculations that need to be carried
out to determine the density of all the chemical species that are present in a stellar
atmosphere.

Suppose we know the abundances of all the elements relative to hydrogen, and
denote these abundances with the symbol Ay for helium, and Ay, for the generic
element characterised by the index i. If we also suppose, for simplicity, that in the
atmosphere the maximum degree of ionisation of helium and of all other elements
is 1, and we neglect the contribution of the “minor” species (such as molecules and
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Fig. 14.6 Photo-ionisation T \ \
cross section of the negative L5~ g(a 02)
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the H™ ion itself, which is generally a good approximation),> we have by Dalton’s
law of partial pressures

P = Pe+ (Pu+ Pu) + (Pte + Pyet) + ) (Put, + Pyo),

where P, is the electron pressure, Py the pressure due to the neutral hydrogen atoms,
Py+ the pressure due to the ionised hydrogen atoms, and so on. On the other hand,
since the plasma is neutral, we must have

Pe = Py+ + Pye+ + Z Pyp+.
i
We now introduce the ionisation ratios for the single species
PM?—
A M; + Pypr ’

PH+ PHe+
X = —_, = _,
P+ P+ Y= Pre + Pror

Zi

that, according to the Saha equation (Eq. (10.7)), are known functions of 7 and P..
Substituting in the previous equations and introducing the abundances relative to
hydrogen we have

P=Pe+(PH+PH+)<1+AHe+ZAM[>,
i

Pe=(Pyq+ PH+)<X + yAge + ZZiAM,-),
;

2 An exception are the stars of late spectral type (cool stars) for which the molecules play an im-
portant role.
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from which, eliminating (Py + Pyg+), we get

1+A - AM.
P:Pe<1+ + He+zl M; )
X —i—yAHe—i-Zi Zi Awm;

Regarding this equation, we note that since all the abundances are negligible with
respect to those of hydrogen and helium, the sum over i at the numerator can be
omitted. The analogous sum at the denominator cannot be omitted, however, since,
due to the low ionisation potential of the metals, some of the z; may be close to
unity while x and y are nearly null. For this reason P is a function of P that is
very sensitive to the Ayj, abundances, something that is intuitive from a physical
point of view. Returning now to the above equation and recalling that x, y and z;
are functions of 7" and P, we have

P=P(T, P.).

This equation can be inverted numerically to obtain
P.= P.(T, P).

Once P, is known, the partial pressures of the single species can easily be obtained.
For example, the partial pressure of neutral hydrogen is

P— P,
14+ Ape + Y, Am;

Finally, we can determine, using the Saha equation, the ratio r between the partial
pressure of the H™ ion and the partial pressure of neutral hydrogen. We have

Py- _ r Py _ r(l —x) P— P
kT ksT  kpT 1+ Ape+).; Am,

It should be noted that this result was obtained by assuming that the density of the
negative hydrogen atoms was much less than the densities of the neutral or ionised
hydrogen atoms (otherwise the explicit contribution of the partial pressure of the
H™ ions should have been included in the starting equations for P and P.). This
approximation is fully justified for stellar atmospheres where the fraction of H™ ions
is negligible compared to the total hydrogen (in the solar atmosphere, for example,
the ratio Ny /Ny varies between 10~° and 1077).

We have therefore solved the problem of determining the contribution of the H™
ion to the absorption coefficient k,,. In reality we also need to take into account the

Pu=(0—x)(Pu+ Pg+)=(1—x)

H-

fact that the absorption coefficient we have calculated is k,(,a) and not k,, = kl(,a) — kl(,s) .
However, when in LTE, we simply have

ky = k@[1 — e~/ aT)],

so that the correction due to the stimulated emission is easily introduced. All the
other contributions to k, can be obtained with similar calculations, and the absorp-
tion coefficient then becomes determined as a function of 7 and P, i.e. as a function
of height z. This allows us to solve the transfer equation and determine the contin-
uum spectrum of the radiation emitted by the star.



332 14 Radiative Transfer

14.7 Spectral Lines in Local Thermodynamic Equilibrium

Around a spectral line in local thermodynamic equilibrium, the transfer equation
assumes the form

Mg%?ﬂ=—Mw+@ﬂv—wﬂU@40—Bxﬂ}

where kR is the line absorption coefficient corrected for stimulated emission and in-
tegrated in frequency,’ and where ¢ (v — vp) is the profile (normalised in frequency)
given by Eq. (11.37). The continuum absorption coefficient k,, is practically con-
stant around a spectral line (the width of a line is typically a fraction of an A while
k, varies on a scale of the order of hundreds of A). We can therefore put k, = k,
with k. independent of frequency. We then define the optical depth in the continuum
t. by the equation

dte = —kcdz.
With this definition the transfer equation assumes the form
dr (v, u)
n—gq— =1 +n0H o[, ) = Bu(D)],
C

where we have put
0= ke ﬁ Avp

This equation can be solved numerically for a given atmospheric model. The
calculation of the quantity no can be done in a similar way to what was done in
the previous section for the calculation of the continuum absorption coefficient. It
is just necessary to calculate the density of the absorbing atoms (ionized atoms of
iron, for example, in the case of a line belonging to the spectrum of Fe 11) and de-
duce, using the Boltzmann equation, the fraction of these atoms in the lower level of
the transition. The knowledge of such a quantity, together with that of the Einstein
coefficients for the transition, and to that of k. and Avp, allows one to obtain 7g
at all heights. Regarding the Voigt profile, i.e. the function H (v, a), it is then nec-
essary to know the value of the reduced damping constant a and the value of the
Doppler width Avp. In general, these quantities also vary with z because both the
pressure (and therefore the frequency of collisions) and the temperature vary. The
Voigt profile is therefore a function of z and this should be taken into account in the
numerical calculation.

Although the quantitative analysis of spectral line profiles requires, in many
cases, a numerical solution of the transfer equation, an analytical solution can be
found by introducing a number of simplifying assumptions. These assumptions, al-
though not strictly verified in stellar atmospheres, can give a qualitative idea about
the mechanisms that contribute to characterize the shapes of the line profiles ob-
served in stellar spectra. Suppose then that:

3 Atlocal thermodynamic equilibrium we have kg = kl({al ) {1 —exp[—hvo/(kgT)]}, with kl(f ) defined
in Eq. (11.33).
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(a) the ratio 1o between the absorption coefficient in the line and the absorption
coefficient in the continuum is constant with the optical depth ¢;

(b) the Voigt profile H (v, a) is constant with #;

(c) the Planck function B, (T) is a linear function of ¢,

B\(T) = Bo(1 + ptc),

with 8 constant. When we introduce these assumptions we are dealing with a
so-called Milne-Eddington atmosphere.

Substituting the expression of B, (7T') in the formal solution of the transfer equa-
tion we obtain for the emerging intensity

1+noH (v, a)
We note that, far from the centre of the line, the function H (v, a) tends to zero and
the intensity to a constant value (which represents the intensity of the continuum
next to the line) given by

1,(0. M):Bo[1+ﬂ4“].

I = Bo(1+ Bu).

Conversely, if we consider the limit of a very strong line (ng — 00), the intensity
around line center tends to a saturation value (which is a lower limit) given by

Iy = By.

We can therefore define a sort of “universal profile” r,, by subtracting the saturation
value from the intensity and then normalising to the continuum intensity. We have

_LOw—I _ B 1

I L+ Bul+noH (v, a)
The B/ (14 Bu) factor is related to the thermodynamic characteristics of the atmo-
sphere (through g) and the value of the heliocentric angle (through w). The remain-
ing factor gives the form of the line profile. It depends on frequency only through
the parameter v (recall that v = (v — vg)/Avp). Denoting such factor by p(v), i.e.
putting

Vv

1
1+noH(v,a)’
we note that for weak lines (o < 1) we have, by a series expansion

p(v) =

p(w)~1—noH(v,a).

in this case we are far from saturation and the line profile is a sort of “negative” of
the profile of the absorption coefficient. For strong lines (1o > 1), instead, we obtain
that p(v) tends to zero for a whole range of values of v such that noH (v, a) > 1.
In this case we have extreme saturation. The line profile is very different from that
of the absorption coefficient, having a nearly flat central profile (in the so-called
core of the line) and very extended wings (that depend strongly on the value of the
damping constant a). Figure 14.7 shows the shape of the profile p(v) for different
values of the line strength 7 and for a = 0.1.
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Fig. 14.7 Graph of the
profile of p(v) as a function p(v)
of the reduced wavelength v,
for different values of the line

; 0.8
strength ng. The plot is
obtained for a damping

constant a = 0.1
0.6

0.4
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14.8 Spectral Lines in Non-equilibrium Conditions

The local thermodynamic equilibrium hypothesis allows one to determine with a
certain simplicity the line profiles once a model stellar atmosphere is known. This
hypothesis is however not always verified because the strongest lines are formed
in the outer layers of a stellar atmosphere, where the density is lower and the col-
lisions with the electrons in the plasma are not sufficient to thermalise the atomic
populations (chromosphere). In the case of the solar atmosphere, for example, the
hypothesis of local thermodynamic equilibrium cannot be applied for the calcula-
tion of the profiles of the Ca 11 H and K lines, of the spectral lines of hydrogen (such
as e.g. H «), of the Na1 D lines, and several other spectral lines in the visible and
in the ultraviolet. In these cases the transfer equation is the same as that written in
the previous section with the difference that, in place of the Planck function B, (T),
one must consider the source function S,,. However, as shown by Eq. (13.3) for the
two-level atom case, the source function depends on the radiation field itself and
the formal solution of the transfer equation is not sufficient anymore to solve the
problem.

In these cases we resort to more complex calculations which involve the so-called
non-LTE theory.* Simplifying as much as possible the method, the problem can be
addressed as follows. Suppose that we know, as a function of the height z, a zero
order approximation for the populations of the levels of a given atomic species (for
example the populations of the levels of the ionised calcium atom, if we are inter-
ested in calculating the profiles of the Call H and K lines). One could start, for
example, from the populations obtained from the Saha-Boltzmann equations using
the values of P and T given by the model atmosphere. Once the populations are
known, we then locally compute the coefficients appearing in the radiative transfer

4For an in-depth discussion see, for example, Mihalas (1978).
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Equations of statistical

equilibrium are solved

are written

Atomic
populations

Intensity of the
radiation field

are solved Equations of

radiative transfer

are written

Fig. 14.8 To solve the coupled equations of the statistical equilibrium and radiative transfer we
follow the auto-consistent loop method shown here

equation (written for each direction in the stellar atmosphere). Solving with numer-
ical methods the transfer equation, we can then determine the radiation field present
at any point of the atmosphere (as a function of frequency and direction). At this
point we consider the statistical equilibrium equations for the atomic populations
taking into account both radiative and collisional processes. These equations form,
for each height z, a system with known coefficients (since the radiation field is
known) and the system may be solved with appropriate numerical methods. This
gives a first-order approximation for the populations and the process is repeated un-
til we reach convergence of the solution as exemplified in Fig. 14.8. The solution
for the radiation field at the surface of the stellar atmosphere provides the profiles
of the spectral lines of interest.

Although this method is, in principle, simple and direct, it requires the knowl-
edge of a number of numerical techniques on which we cannot delve here. Such
techniques have been developed since the early 1950s and are still evolving.



Chapter 15
Second Order Processes

We have shown in Chap. 11 how one can describe the quantum interaction between
the radiation field and material systems. We used an appropriate theoretical frame-
work, known as quantum electrodynamics, to obtain, with an expansion at the lowest
perturbative order, a number of results about the more elementary processes that oc-
cur in the interaction between radiation and atomic systems, namely the processes
of absorption and emission (spontaneous and stimulated) of photons. Quantum elec-
trodynamics has however a much wider scope. The purpose of this chapter is to
deduce further consequences, obtained by extending the perturbation theory to the
second order. These consequences affect the interaction of radiation with electrons,
free or bound, either non-relativistic or relativistic. In particular, we will analyse
the scattering processes of free non-relativistic electrons (Thomson scattering), of
bound non-relativistic electrons (Rayleigh and Raman scattering) and of relativistic
electrons (Compton effect). The study of this latter effect will lead us to obtain the
properties of the cross section (equation of Klein-Nishina) and of the polarisation
of the emitted radiation. We will also develop some considerations with respect to
the exchange of energy between photons and relativistic electrons, which are the ba-
sis of the inverse Compton effect. The topics covered in this chapter are a valuable
complement to the ones we already developed in Chap. 3 using exclusively classical
(non-quantum) electrodynamics.

15.1 Introduction

Within the framework of quantum electrodynamics we discussed in Sect. 11.5 the
elementary processes of interaction between radiation and material systems. In that
section we saw how the interaction Hamiltonian between an atomic system and
the radiation field leads to the appearance of particular transitions described by the
Feynman diagrams of Fig. 11.2. These diagrams refer to the processes of absorption
or emission in which a single photon is involved and, for this reason, are rightly
called processes of the first order. The probability of transition per unit time is given
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by Fermi’s golden rule (Eq. (11.10)) and is null if the conservation of energy be-
tween the initial the final state of the transition is not verified.

The conservation of energy, and the fact that a single photon can be involved in
the process, considerably limits the number of physical phenomena that can be de-
scribed by first-order processes. If we consider, for example, the interaction between
photons and free electrons, we easily see that first order processes are not possible.
Consider in fact the hypothetical absorption of a photon by a free electron and, in
the first instance, let us assume that the energies involved are non-relativistic. When
we evaluate the transition probability per unit time, the matrix element is not null
only if the conservation of the momentum is verified (see Sect. 16.13). Therefore
we must have

pr=pi+ Ik,

where p; and pr are, respectively, the initial and final momenta of the free electron,
and where Kk is the wave vector of the absorbed photon. On the other hand, for the
conservation of energy, implicit in Fermi’s golden rule, we must also have

2 2
pio_pl
2m  2m

where w = ck. Substituting the conservation of the momentum in this equation and

introducing the angle 6, formed by the directions of the vectors p; and k, we obtain
the following kinematic relation

hw = 2mc? I—M .
mc

+ hw,

The result we have obtained with our non-relativistic hypothesis is however not
acceptable, as the energy of the photon results in being of the order of the rest
energy of the electron, which is in contradiction with our assumption. We can then
try to drop this hypothesis by using the relativistic formula for energy conservation,
namely

\/czp% +m2ct = \/czpiz +m2c* + ho.
Substituting again, after a few algebraic steps we obtain the equation
P12 sin2@ +m2c* = 0,

that cannot in any way be satisfied. The example we have considered clearly il-
lustrates the implicit limitations in quantum electrodynamics, when only first order
processes are accounted for.

Another example is the interaction of a photon of a given frequency with an
atomic system whose energy levels have energies €, (n =0, 1,2, ...). If we assume

for example that the atom is initially in the ground energy level, having energy ¢,
and if the frequency w is such that none of the following relations is satisfied

hw=¢,—¢ (nn=1,2,..),

then the atom is completely “transparent” to the radiation itself, since no absorption
process that preserves energy is possible.
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In the previous examples, it is possible to assess the consequences of the interac-
tion between the atomic system and the radiation field by considering, in the spirit
of perturbation theory, processes of order higher than the first. We can for example
consider processes of the second order, which imply the presence in the amplitude
of the transition probability of two operators of the type! AR, or we could consider
processes of the third order, and so on. Obviously, the transition probability de-
creases as higher orders are considered. Also, the corresponding processes involve
an increasing number of photons (as many as the order of the process that we are
considering). In this chapter we will focus on the processes of the second order. We
note that within the non-covariant theory we developed in Chap. 11, there are two
different possible ways to take into account these processes.

The first possibility consists in recalling that the interaction Hamiltonian contains
two terms, one linear and one quadratic in the operator AR. The quadratic term was
systematically neglected in Chap. 11, because in that case we were only interested in
first order processes. This quadratic term is given by the expression (cf. Eq. (11.2))

2 N
I € 2
Hquad = Imc2 Z[AR(ri)] > (15.1)
i=1
wherer; (i =1,..., N) is the coordinate of the i-th electron of the atomic system.

The transition probability per unit of time for the physical processes induced by this
term is given by the usual Fermi golden rule (Eq. (11.10))
2 1 2
Pap = = |(Mquaa) gl 8 (Ee = Ep).

The second possibility is to consider in the interaction Hamiltonian only the term
linear in the operator AR, but expand to the second order the probability amplitude.
In this case we go back to Eq. (11.6) and assume that the first-order processes do
not contribute and that, at the initial time ¢ = 0, the physical system is in the state
ly) (cy(0) =1). By simple integration we get

eia)wt -1 eia)aﬂt _ 1)

1
Nn=—=Y H  H! -
) h? Zﬁ: o ﬁy( Doy DBy Wap®py

The first of the two terms in brackets is by far the dominant one when we consider
final states « such that wg, — 0, i.e. states iso-energetic with the initial one. We can
therefore write

1 elver! — |
Ca(t):ﬁMayTw’
where
HL HL
My, = op Py 15.2
ay ; gy (15.2)

IRecall that Ag is the quantum operator associated with the vector potential of the radiation field.
Its explicit expression in terms of operators of creation and annihilation is given by Eq. (4.5).
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If we consider now the squared modulus of ¢4 (¢), i.e. the probability that at time ¢
the system is in the state |«), we obtain

1 4 sin%(wgy1/2)
|ca (D)) =ﬁ|MW|ZT“V.
ay

On the other hand, as we have often seen in this volume, we have

4 sin? t/2
lim *‘”/) = 27118 (W),
—>0o0 a)ay

SO we obtain a probability per unit time for the transition from the state |y) to the
state |«) given by

27
Py = ?MwFa(Ea —E,)), (15.3)

where the matrix element M., is given by Eq. (15.2) or, through a more significant
expression, by

H! H!
af "By af " "By

Moy = =) . (15.4)
Y o Ea—Ep 4 By — Eg

Equation (15.3) can be regarded as a direct generalisation of Fermi’s golden rule
to second-order processes. Again, the presence of the Dirac delta function means
that the transition probability is different from zero only between states having the
same energy. Considering the structure of the equation, and in particular that one
of the matrix element M,,,, we can interpret the transition process as a succession
of two subsequent events. We have first a transition in which the system goes from
the initial state |«) to the intermediate state |8). In such state the energy is not
conserved, and the state must be considered as a kind of “virtual state” in which the
system can exist only for a very short time interval Az (according to the uncertainty
principle we have that AtAE ~ h, with AE equal to the energy difference between
the initial or the final state and the intermediate state). Subsequently, the physical
system goes into the final state |y). We can therefore think that the transition occurs
“via” the intermediate state. In the following, we will refer to Eq. (15.3) with the
name of the generalised Fermi golden rule.

Before we can move on to applications, we have to see how the formalism intro-
duced in Chap. 11 needs to be modified in order to study the processes of interaction
between radiation and relativistic electrons. The only difference consists in the fact
that, to obtain the interaction Hamiltonian, we must apply the principle of minimal
coupling (Eq. (5.5)) to the Dirac Hamiltonian for the free particle instead of the
Schrodinger Hamiltonian. Recalling that the Dirac Hamiltonian Hp is given by (see
Eq. (5.1))

’Hchoc-p+ﬂm62,
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denoting the new interaction Hamiltonian with the symbol 7—[%61 and considering the
interaction of the radiation field with a system of N electrons, we have

N
Hyg=eo Y o Ar(r)), (15.5)
i=1

where « are the Dirac matrices and r; is the coordinate of the i-th electron.

15.2 Thomson Scattering (Quantum Approach)

Consider a photon of frequency w interacting with a free electron at rest and suppose
that the photon energy 7w is much lower than mc?, the rest energy of the electron.
As we will see in more detail later on, when we discuss Compton scattering, under
this limit the process of scattering takes place in a coherent way, i.e. the scattered
photon has the same energy as the incident photon and the electron undergoes a
negligible recoil. We are interested in calculating the cross section for the process in
which a photon having wavenumber k (with k = w/c) and polarisation characterised
by the unit vector e (in general complex) is scattered by an angle @, producing a
photon with wavenumber k', frequency «’, and polarisation characterised by the unit
vector € (also generally complex). To do this, we calculate the transition probability
per unit time using Fermi’s golden rule in the form
P = W 0) 5 i — Ep),

qua

where |¥;) and |¥f) are, respectively, the initial and final eigenstates of the whole
system formed by the electron and the radiation field and ’Hauad is the “quadratic” in-
teraction Hamiltonian given by Eq. (15.1), for the case of a single electron (N = 1).
Taking into account the expansion of the vector potential AR (r) in terms of creation
and annihilation operators (Eq. (4.5)), the Hamiltonian is
I ”heg 1 ikr | T % —ikr
H quad Y %: %: Joxaw [ar, €™ + a6 7]
The initial and final states of the transition are the following: from the point of view
of the electromagnetic field, in the initial state we have a photon of frequency w,
wavenumber k (with w = ck), and polarisation characterised by the unit vector e,
while in the final state we have a photon of frequency «’, wavenumber kK’ (with
' = ck’), and polarisation characterised by the unit vector €¢’. From the point of
view of the atomic system (a single electron) we suppose that in the initial and final
states the electron is described by the wavefunctions ¥;(r) and ¢(r), respectively.
Using the formalism introduced in Chap. 11, we have

%) = |¥i(r); 0,0, ..., Ixe, ..., 0,...),
1) = [¢(r); 0,0,...,0, ..., le, ...).
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Considering the form of the state vectors and the expression of the interaction
Hamiltonian, we see that, among the infinite number of terms of the double sum

that appears in the expression of ’Hauad, only two provide a non-zero contribution

to the matrix element (leI"HauadWi). The first term is the one containing within the
first square bracket the operator of annihilation relative to the mode (ke) and in
the second square bracket the operator of creation relative to the mode (k’e’). The
second term is the one where the order of the same operators is inverted. In other
words, to calculate the matrix element we can apply to the Hamiltonian Héuad the
following formal substitution

nhe(z) [
i ———|q.ee
N

The matrix element can now be easily calculated. Taking into account Eqs. (4.10)
and (4.11) to evaluate the matrix elements of the operators of creation and annihila-
tion, we obtain

ik- il —ik'r

ik’-r ik~r]
k/e/ .

r /5% ¥ Ik —
~dy,.,€ e —i—ak/e,e [ 01 e€e

I
Hq

2
21 heo

mY~ wow'

We now need to evaluate the matrix element on the wavefunctions of the electron.
In the case of a free electron, such wavefunctions have the form of plane waves, i.e.

(Wi HL g l¥) = (e &) (wr(0) [ KX [y ().

qua

1 1 .
(r) = R r) = elprr/h

where p; and pr are the momenta of the electron in the initial and final states, re-
spectively. We therefore obtain

; / 1 . -
(W@ [ * Oy 0)) = > / el(Pr/Ark=kpi/h)r g3y

This integral is equal to V if the final momentum of the electron pr is such that the
total momentum of the system is conserved, i.e. if

pr=pi + ik — hK',

and is equal to zero otherwise. We have therefore obtained (as one would expect)
that in the scattering process the total momentum is conserved. On the other hand,
the electron is initially at rest (p; = 0) and the energy of the photon is much less
than the rest energy of the electron. Therefore, the effect of the variation in the
momentum of the electron Ap = pr on the conservation of energy (hence on the
final frequency of the photon) can certainly be neglected. More formally, we can
think that the electron does not change its status during the scattering, so that we
have ¥¢(r) = v;(r), and using the dipole approximation for which

ei(k—k’)-r ~ 1’
we obtain

() [ ER0T | (1)) 2 (i (1) | MK T () = (i (0) |91 (0)) = 1.
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These last arguments could be repeated for the case of a bound electron in an atom
or molecule. In this case we need to impose that the final state of the electron is the
same as the initial one. We therefore obtain, for either a free or a bound electron

2mhe} e
VA

and, for the transition probability per unit time

(P Hyaal ¥1) =

873 heo

m2ww'V?

We now need to obtain from this expression the cross section for scattering of the
initial photon. We start with the usual procedure of dividing the transition probabil-
ity per unit time by the flux of the incoming particles. Since we have only one photon
in the normalisation volume V, the flux is given by ¢/V. We then need to perform
a sum over the final states. This sum depends on the cross section that we intend to
define. We are interested in the cross section with fixed polarisation o (O, e, €') for
the scattering of a photon in the solid angle d§2 centred on the direction 2 which
forms an angle ® with the direction of the initial photon. The number of final pho-
ton states having direction within d§2 and angular frequency within o’ and o’ + do’
is given by the right-hand side of Eq. (4.3) divided by 2, i.e.

Pri = | e |28 (ha) — ha)/).

Y
dN = % dw’ d$2,
8m3c3

SO we obtain
’ heé 7|2 / ’ ’
0(0,e,€)d2 = T|e-e |"d2 | &'8(hw — ho') dw
m=c*w
The presence of the Dirac delta has the obvious consequence that o’ = w so0 we
obtain the final expression for the differential cross section

/ 0 %2
o(0,e¢€)=

0 /
2.4 le- e[,
or, recalling the definition of the classical radius of the electron (Eq. (3.26)),
|2

o(0,e,¢€)=r2e e~ (15.6)

As we can see, the differential cross section depends explicitly only on the direc-
tion of the polarisation unit vectors and not on the direction of the final photon,
the dependence on the latter parameter being implicitly contained in the same unit
vectors.

The formula can be used to obtain the polarisation characteristics of the scattered
radiation (the radiation diagram) and the total scattering cross section. All the re-
sults are consistent with those obtained from classical electrodynamics in Sect. 3.5.
For example, we now show how the previous equation can be used to obtain the
cross section o (@) for the scattering of the photon in the angle @ independently
of the polarisation properties of the initial and final photons. To obtain this quantity
we must perform a sum over the final polarisations and an average over the initial
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polarisations. We introduce then two real unit vectors of polarisation e; and e, per-
pendicular to the direction of the initial photon and perpendicular to each other, and,
similarly, two real unit vectors €| and €, perpendicular to the direction of the final
photon and perpendicular to each other. We have

o (O) == ZZ o(0,e.¢€;) = gs,

1—12] 1,2

§=2 )

i=1,2j=12

where

To evaluate this sum, we first note that, given two arbitrary vectors v and w, and
their dyadic product T = vw, we have

Tr(T) = Z(VW),‘,’ = Z Viw; =V-W.

Given this property, the sum S can be written in the form
S=Tr[(e1e1 +e2e2) - (€e]€] + €3€5)].
Introducing the unit vectors u and w’ parallel to the direction of the initial and final

photons, respectively, it follows that (e;, e>,u) and (e, €}, u’) are two Cartesian
orthogonal triads. We have, therefore,

eje; +eep Fuu="0U, eje] +ese, +un =0, (15.7)

where U is the identity tensor (U;; = §;;). Substituting in the expression for S and
taking into account that Tr(U) = 3, we have

S=Tr[(U-uu)- (U—u'v)]
=Tr(U) — Tr(uw) — Tr(u'v’) + (u- ') Tr(uw') = 1 + cos* O,

and substituting this result into the expression for o (®)

2
a(@)——( +cos? ©). (15.8)

Finally, by integrating over the solid angle, we obtain the same classical result of
Sect. 3.6

8
fa((—))d[? = ?”rcz =oT.

15.3 The Rayleigh and Raman Scattering (Quantum Approach)

We now discuss the Rayleigh and Raman scattering. We consider an atomic system
that in its initial state is described by the wavefunction® ¥;(r). A photon of fre-
quency w, wavenumber Kk, and polarisation characterised by the unit vector e is in-
coming on the atomic system. The photon is scattered, producing a new photon with

2To simplify notations, we assume that the atomic system is composed of a single optical electron.
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frequency ', wavenumber k’, and polarisation characterised by the unit vector e’.
The state of the atomic system is described, after the scattering, by the wavefunc-
tion ¥¢(r). If the final state is the same as the initial one, or, more generally, if the
energies of the final and initial states are the same, we have Rayleigh scattering. On
the contrary, if the energy of the final state is different we have Raman scattering.
In any case, denoting by ¢€; and ¢f the energies of the atomic system in their initial
and final state, the frequency of the scattered photon is related to that one of the
incoming photon by
/ € — €f

o =w+ n
Obviously, o’ = w for Rayleigh scattering, while for Raman scattering @’ can be
either larger or smaller than w. If @' < @ we have the so-called Stokes transitions,
while if @’ > @ we have the so-called anti-Stokes transitions.

The transition probability of the process can be calculated using the generalised
Fermi golden rule (Egs. (15.3) and (15.4)). Denoting as usual by |¥;) and |¥f) the
initial and final states of the whole physical system (the atomic system and the
radiation field), and by |¥;) an arbitrary state of the same system (intermediate or
virtual state), the transition probability per unit time is given by

2
Pri = ?|Mfi|25(Ef - Ey),

where

N () (2 )
Mo=2 =5,

n

The initial and final states of the whole system are described by the state vectors
|#) = |¥i(r); 0,0, ..., Ixe, ..., 0,...),
W) = [¥r(1); 0,0,...,0,..., Iess ..}

Recalling the expression of the interaction Hamiltonian, we obtain that the only
intermediate states that contribute to the sum are of the type

) = [¥n(0);0,0,..., Oke, - .., Okrer - . ),

or
@) = |¥n(): 0,0, ..., Ike. ... lwers - ),

where |y, (r)) is any state of the atomic system, whose energy is denoted by €.
As we have seen for the Thomson scattering, also in this case we have that the
radiation field can have two intermediate states, corresponding, respectively, to the
annihilation of the photon (ke) from the second Hamiltonian and the creation of
the photon (k’e’) from the first Hamiltonian, as well as the opposite case (when the
actions of the two Hamiltonians are inverted). The differences in the energies that
appear in the denominator of the expression for My are given, in the two cases, by

Ei—Epn=¢—en+hw, and E;—E,=¢ —e, — ho'.
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The matrix element can now be calculated directly from the expressions of the in-
teraction Hamiltonian and of the operator Ar(r). Using the dipole approximation
for the matrix elements relative to the atomic system, we have

_ 2mheg Z[wmp~e/*|wn><wn|p-e|wi>
N ~ € —€n + ho
<wf|p-e|wn><wn|p~e’*|wi>}

€ — €, — ho!

M

+

The calculation of the cross section then proceeds according to the scheme pre-
viously followed for Thomson scattering. The transition probability per unit time
must be divided by the flux of the incoming photons and then the sum over the final
photon states must be carried out. The differential cross section depends now also
on the initial and final electronic states (as well as on the directions and the polari-
sation of the photons), and therefore requires in its definition the additional indexes
f and i. We have, after simple transformations

23/’l Z[ (Yelp - €*|Wn) (VP - €]9)
m

o1i(0, e, €) =r; e e+ ho

2

w
n

L

Vilp - €[Ym) (Ynlp - €™ |¥1) ]

€ — €y — ha'

(15.9)

This equation is referred to as the Kramers-Heisenberg equation and describes
both Rayleigh and Raman scattering. In the case of Rayleigh scattering, where the
final and initial electronic states coincide, (and therefore the frequency w coincides
with the frequency «’), a second contribution that originates from the quadratic
interaction Hamiltonian Hluad needs to be added. This contribution is exactly the
same as the one we have calculated for Thomson scattering (Eq. (15.6)), so the
Kramers-Heisenberg equation becomes

v L L (relp - €™ [Ym) (Ymlp - €l¥i)
(e'e )5f1+m2n:|: pE——
2

[Gfi (@’ €, e/)]Ray = rcz

+

(wf|p~e|1//n>(1/fnlp~e’*llﬁi>] (15.10)

€ — €y — ha'

The Kramers-Heisenberg equation is very general, but considering the approxi-
mations we introduced to obtain it, it can be used only far away from resonances.
These occur for particular values of w (and ') such that one of the denominators
of the fractions contained within the square brackets of Egs. (15.9) and (15.10) is
null. For such values, the equation diverges. This is due to the fact that we have
neglected damping phenomena. In classical terms, we have neglected the damping
force due to the reaction on the atom of the emitted radiation. A coherent intro-
duction of these phenomena within quantum electrodynamics is a complex topic,
beyond the scope of this volume. We also note that near resonances one of the two
summands in the square brackets clearly prevails over the other (and also over the
term in (e - €*) of Eq. (15.10)). In the most common case where the initial atomic
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electron

interaction

incident photon

scattered photon

Fig. 15.1 Geometry of the Compton effect. A photon of frequency w incident on an electron at
rest is scattered, at frequency «’, along the direction defined by the angle ©. The electron suffers
a recoil and gains kinetic energy. The plane containing the three directions is called the scattering
plane

state is the ground state of the atom, the first term in the square brackets prevails and
the Kramers-Heisenberg equation can be written in the following simplified form

12 @ |~ (VP - €* W) (Yulp - el¥) |
(O, e, nN_'ec® n n 1 )
01i(©, e, ¢) mzw‘; pp—

15.4 Compton Scattering, Kinematic Aspects

Having analysed the scattering processes in the non-relativistic case, we now turn
to the relativistic case. Consider a photon interacting with a free electron at rest.
If the photon has sufficient energy, part of this energy is transferred to the electron
and its frequency decreases. At the same time the photon is deflected by an angle ®
with respect to the initial direction, as shown in Fig. 15.1. The kinematic relations
among the various quantities involved can be easily determined from the momentum
and energy conservation. We denote respectively by k and @ the wavenumber and
frequency of the photon before impact and with k’ and ' the same quantities after
the collision. We also denote by p’ and €’ the momentum and energy of the electron
after the collision. Obviously, we have

w = ck, o =ck, € =/c2p? +m2cA.

According to the conservation laws we must have, since the electron is initially at
rest,

hk=HhK +p/, fiw 4+ mc® = ho' + €.
Eliminating ¢’ and squaring we obtain
Ap?=n? (a) — w’)2 + chzh(a) — a)’),

while getting p’ from the equation for the momentum conservation and squaring we
have

A p? =1 (0* + 0? — 200 cos O).
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From the last two equation we obtain, with simple algebra

/ mC2 /
ww (l—cos@)zT(a)—a)), (15.11)
s0 we can express @’ as a function of w by the equation
o mc?

w  mc+ ho(l —cos®)’
The kinematic relation between ' and w is usually written in a more meaningful
way. Dividing both sides of Eq. (15.11) by the product wa’ we have

1 1 h

— — —=—+(1—co0s®), (15.12)
® o mc?

and introducing instead of the angular frequencies w and «’ the respective wave-
lengths A and 2/, defined by

2me 2mc

;7

we obtain
N —A=xc(l —cos®),

where the quantity Ac, referred to as the Compton wavelength of the electron, is
given by

h —10
Ao=—>2426 x 107" cm.
mc

As we can see, the increase of the photon wavelength AL = A" — A is always lim-
ited between 0 and 2Ac, independently of the wavelength of the incoming photon.
The relative variation Ax/A is of the order of 5 x 10~° for visible radiation and
is therefore difficult to observe. In this limit of long wavelengths, the scattering
is practically coherent, as we anticipated in Sect. 15.2 when we discussed Thom-
son scattering. The relative variations become significant only at short wavelengths,
where the photon energy becomes comparable to the rest energy of the electron.
Indeed the Compton effect was discovered by irradiating X-rays onto electrons.

Finally, we note that the electron, initially at rest, during the collision gains form
the photon an energy AE given by

AE =€ —mc? =h(a)—a)/),
which can also be expressed with simple algebra in the form
hw(l —cos®)

AE = hw .
mc? 4+ ho (1 — cos ®)

15.5 Compton Scattering, Dynamic Aspects

In the previous section we have discussed the kinematics of Compton scattering.
In this section we examine the same phenomenon in the framework of quantum
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electrodynamics. We will obtain the laws of conservation of momentum and energy,
and determine the general expression for the cross section of the process. Recalling
the considerations developed in the introductory paragraph of this chapter, we use
the generalised Fermi rule (Eq. (15.3)) to express the transition probability per unit
time from the initial state |¥;) having energy Ej, to the final state |¥r) with energy
E¢. Furthermore, since in this case relativistic phenomena play a crucial role, we
use for the interaction Hamiltonian the relativistic expression of Eq. (15.5). The
probability per unit time is then given by

27
Pri = ?Mmza(a — Ey), (15.13)
where
fHI fHI R
Mii = ZW (15.14)
1 n

n

The matrix elements of this equations are given by

() = WG W), (HL), = (WalHl190),

rel

where |¥;) is any intermediate (or virtual) state of the whole system and the sum
is extended to all possible intermediate states. We will use this equation to evaluate
the cross section for the Compton effect in the general relativistic case, in which the
energy of the photon is comparable with that of the electron at rest. We have seen
that in the non-relativistic case, previously discussed, the total cross section for the
process is o, the Thomson cross section.

We begin by calculating the probability per unit time that a transition occurs be-
tween the initial state which contains, from the point of view of the radiation field, a
photon of frequency w, wavenumber k (with w = ck), and polarisation characterised
by the unit vector e, and the final state, which contains a photon of frequency o/,
wavenumber kK’ (with @’ = ck’) and polarisation characterised by the unit vector e’.
From the point of view of the atomic system (composed in this case by a free elec-
tron) we assume that in its initial state the electron has momentum p, energy €, and
spin characterised by the index r, while in its final state has momentum p’, energy
€’ , and spin characterised by the index s. Obviously, we have

€ =+/c2p? + m2ct, € =/c2p? +m2c.

The initial and final states are therefore described by the state vectors
|l‘pi) = }wlgr)(x);()’ O""’ 1ke7"'70"">’
) = [y (%);0,0, ..., T, -, 0, ...),

where wl(,r) (x) and wl(,f)(x) are eigenfunctions of the Dirac Hamiltonian relative,
respectively, to the electron in the initial and final state, of the type of the spinors
introduced in Sect. 5.1. The interaction Hamiltonian is given by Eq. (15.5), that,
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considering the case of a single electron and recalling the expression of the vector
potential operator given by Eq. (4.5), becomes

27 h . :
1 _ ik-x T oox —ikx
Hpe = 2 Vvl (@ 6™ ™ +ay, e e ™),
KA @k

where a are the Dirac matrices. The energies of the initial and final states are given
by

Ei=¢+ hw, Er=¢€ + ho',

and the presence of the Dirac delta in the expression for the transition probability
ensures that energy is conserved.

We are now going to consider what are the possible intermediate states that con-
tribute to the sum, namely those states for which the matrix elements (’H%el)fn and
(/Hiel)ni are non-null. Regarding the radiation field, since the interaction Hamilto-
nian is linear in the operators of creation and annihilation, we see immediately that
there are only two photon states that are contributing to the sum, namely

10,0, ..., Okes - Orers o)y 10,0, .., Tkes o vy Lty o).

In the first case the second Hamiltonian (that one that first operates on |¥;)) annihi-
lates the photon (K, €), while the first one creates the photon (kK’, €'). In the second
case, on the contrary, the second Hamiltonian creates the photon (kK’, €’), while the
first one annihilates the photon (k, e). Taking this into account and recalling the
formulae of the matrix elements of the operators of creation and annihilation, we
obtain for the matrix element My; of Eq. (15.14)

27reg 25,

My =
"y Voo

(A+ B),
where

A=Z(Wl§f)(x)|(a-e’*) —ik'x |W(t) )764_50)_6(1

< (Y )] (e - @)™ [y (%),
B=) (v ™ e[y ®)—
qt

/
ha' — €q

% (‘/f((;) (X)i(“ .e/*)efik"xwlgr)(x))‘

We now take into account the fact that the normalised wavefunctions of the free
electrons are of the form

1 .
w(}’) elp-X/E Wr (p)7 w(Y) —
Vv ﬁ

1.
lﬁm = Wequ/ﬁwt (@,

1p x/hW (p)
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where the quantities W are the spinors introduced in Sect. 5.1, and that we rewrite

here as
€q + mc? 0 ,
0 €q +mc
w =C , W, (q@=C| 1
(@ cq; >, (@) cq—
cq+ —Cq;
—cq; —cq-—
_ —Cq+ _ cqz
W3(q)_c 6q+m62 k] W4(‘l)—c 0
0 €q+ mc?
with

1
C=—r €q =1/ c2q? +m>ch.
\/2€q(€q + mc?)

We recall also that W, (q) and W, (q) are positive-energy spinors, while W; (q) and
W, (q) are negative-energy spinors.

The integrals in dx over the wavefunctions, implicitly contained in the matrix
elements, are trivial and lead to the conservation of momentum. The sum over q
that appears in the term A provides a non-zero contribution only if q = (p + 7k)
and also q = (p’ + hk’), while the similar sum that appears in the term B gives a
non-zero contribution only if q = (p — 7Kk’) and also q = (p’ — /ik). In any case, one
must have

p+hk=p +RK.

In what follows we will use the symbols g and h to indicate the momentum of the
electron in the intermediate state corresponding, respectively, to the terms A and B.
We then put

g=p+ 7k, h=p- Ik’ (15.15)

The corresponding energies of the electron in the intermediate states are given by
+e€g € tep, where

6g=\/cz(p+ﬁk)2+m2c4, ehz\/cz(p—hk/)z—i—mch', (15.16)

and where the sign £ must be chosen depending on whether states with positive
(t =1, 2) or negative (t = 3, 4) energy are considered. It is easy to verify that, in any
case, in the intermediate state energy is not conserved. As we have seen previously,
the intermediate state must therefore be considered as a virtual state in which the
electron exists only during an extremely short time A¢ such that At AE >~ h, where
AE = E; — E, is the energy difference between the initial (or final) state and the
intermediate state. Sometimes, and especially in quantum electrodynamics, we refer
to virtual states as those states that do not conserve energy and which are therefore
outside the so-called energy-shell. The physical processes that we are analysing
here are conveniently illustrated by the two typical Feynman diagrams of Fig. 15.2.
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Fig. 15.2 Feynman diagrams for the Compton effect. Diagram (a) describes the process where the
photon of momentum K is absorbed (destroyed) and that one of momentum Kk’ is emitted (created).
Diagram (b) describes the process where the same phenomena occur in the reverse order. In the
intermediate virtual state, the electron has momentum g in case (a) and h in case (b)

Returning to our problem, and noting that the integrals in d°x of the exponentials
are equal to VV when momentum is conserved, the expression for My is

) 1
My = neoc <Z W{ (') (e - ™) W, (g)szT(g)(oc &)W, (p)
g

1 .
+ZW e -e)W, (h)ﬁW,'(h)(a'e’*)Wr (p)),

hw
(15.17)

where, in front of the factors € and €y, we must take the minus sign for r = 1,2
and the plus sign for r = 3,4. At this point it is important to note that the sum
over the virtual states must be extended to the negative-energy states, although these
states are fully occupied, according to the hypothesis of the Fermi sea. Referring, for
example, to the first Feynman diagram and the case where ¢ = 3, 4, the intermediate
state is in effect one in which the photon (k, e) is absorbed by an electron in the
Fermi sea, which creates a virtual electron-positron pair. In the intermediate state
we therefore have two electrons (the original and the “new” one) and a positron. In
the transition to the final state, the original electron decays into the hole of the Fermi
sea, annihilating the positron and emitting the photon (K’, €'). The end results are the
same either if the sum over the intermediate states is extended to the negative-energy
electronic states, or if we introduce as intermediate states also the positronic states
(which, however, would require a formally more in-depth discussion, well beyond
the scope of this volume).

We now perform the sum over the spin states of the intermediate electron. Re-
ferring to the first of the two terms, one must evaluate the matrix S given by the
sum

1 |
s=Y"w, —WT W, (g)——Wi(g).
1—21:2 ® 5 t(g)+t§4 t(g)eJrhahLEg Y@

To write this matrix in a more convenient form, we define the matrices P4 and P_,
called projection operators, by the equations

Pi=Y) W, @W (@ P-=) W@W® 1518

t=1,2 t=3,4
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Using these matrices we can write

Py P_
S= + . (15.19)
etho—¢e e+ho+e

We also note that, since the spinors are the normalised eigenvectors of an Hermitian
matrix, we have

P+ P_=1.
On the other hand we also have
HgPy =€ Py, HgP_ = —€gP_,
where Hg is the Dirac Hamiltonian corresponding to the momentum g, i.e.
Hy =ca - g+ ,Bmcz.
By summing the previous equations we get
Hg(Py + P_) =€g(Py — P_),

from which we obtain, being Py + P_ =1,

H,

Py —P_=—.

€g
This equation, together with the one for (P4 + P_), can be used to write the two
matrices P4 and P_ in the form

€+ Hg
- 2eg

_H
o op =l (15.20)
2eg

+

By substituting this result into Eq. (15.19), after some simple algebra we can express
the sum S, usually called in quantum field theory the “propagator”, by the equation

. Hg+€+ﬁa)
B (€ +hw)? — e}

Following similar steps for the sum over the spin states in the second term of
Eq. (15.17), we can write the matrix element Mjy; as

Znegczh

Mg = W7 Rei, (15.21)
where
N Hy; + ¢+ ho
— g
Rit =W () (o €)@ W @
Hi — ho'
W)@ o Y (W ). (1522)

(e — ho')? — eﬁ

The expression that we have found for Myj is very general and, evaluating its
square modulus, we can determine the transition probability for any combination
of kinematic parameters, spin states, and polarisation states of the initial and final



354 15 Second Order Processes

electrons and photons. Before proceeding any further, it is however important to
point out a fundamental property of the above quantities. This property is related to
the invariance of physical phenomena under gauge transformations. If we perform
the transformation

a-e—>a-e+Cla-u—1),

where C is an arbitrary constant and u is the unit vector pointing along the direction
of the initial photon (u = k/k), the quantity Rs; does not change. Similarly, if we
perform the transformation

a-e*sa-e*+C(a-u—1),

where C’ is another arbitrary constant and w’ is the unit vector of the direction of
the final photon (v’ = k'/k’), the quantity Ry; does not change. This property is
demonstrated in Sect. 16.14.

Returning to the evaluation of the quantity My; of Eq. (15.21), we note that
the spin states of the electrons are quantities that, in general, are of minor physical
interest. It is therefore appropriate to calculate, in the square modulus of the matrix
element, the sum over the spin states of the final electron and the average over
the spin states of the initial electron. To calculate this quantity, later denoted by
(IMg;]?), it is convenient to introduce two matrices, .A and B, defined by

H; + € + hw
_ el g .
A=(o-e )7(6  ha)? _égz(ot e),
/ (15.23)
Hp+ € — ho .
B:(a-e)—z(ove )-
(€ —h')? — e
With these definitions, the matrix element Mj; becomes
My 2rege’h W) (p')(A+ B)W, (p)
"= Ylew P r P
SO we obtain
47.[2 4 4h2 K
(M) = Z W (p)(A+BW, (W, (p) (A +B7)W, (p).

To calculate the sums over r and s we can use the results about the projection opera-
tors that we obtained previously (see Egs. (15.18) and (15.20)). Taking into account
that

/
/ Tl €+ HP/
Z W (P)W P = Z VVS (p)VVS (P)— 2¢/

r=1,2 s=1,2

€+Hp

and using the definition of the trace of a matrix (by which a scalar product of the
form WTXW can be written in the form Tr(W W' X), with X" an arbitrary matrix),
we get

47tzegc4h2 1

V2pw' 8ee’

(IMyil?) = T, (15.24)
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where
T =Ti[(¢ + Hy)(A+ B)(e + Hp) (A" + B)]. (15.25)

The calculation of this expression is, in general, rather complex, even though it
does not present any particular conceptual difficulty. Some formal simplifications
can be obtained using the formalism of the quadrivectors and of the so-called y
matrices, as shown in Sect. 16.15. Without introducing this formalism, we will see
in the next section how the trace 7 can be computed in the simplified case where
the electron is assumed initially at rest. We will then obtain the well-known Klein-
Nishina equation.

15.6 The Klein-Nishina Equation

Consider the case where the initial electron is at rest. To further simplify the calcu-
lation, we also assume that the polarisation unit vectors e and €’ are real. Recalling
Eq. (15.15), for the various terms appearing in Eq. (15.25) we have

€ =mc?, e’:mcz—i—h(w—w’), g = hk, h=—hK/,

from which, considering Eq. (15.16), we obtain the expressions appearing in the
denominator of the matrices A and B of Eq. (15.23), that is

(€ + hw)? — eé =2mc*ho, (e — ha)’)2 — el = —2mc*ha.
Considering the explicit forms of Hy and Hp, we obtain

(o - K)he + (1 4+ Bymc? + ho

A= (a . e) 2mc?hw (@-e),
(o - K)lic — (1 + B)ymc? + ho! ,
b=@-9 2mc?ho' (ot ' )

Noting that Hy = Bmc? (since the electron is initially at rest, hence p = 0), the trace
of Eq. (15.25) is

T =Tr[(¢' + Hy)(A+ B)(1 + pymc* (AT + BT)]. (15.26)

We can now simplify the previous relations by noting that the quantity (1+ 8)mc?
in the numerator of the expressions for A and B (and of their adjoints) can simply
be omitted. This is because the & matrices anticommute with the matrix 8, so we
have, for an arbitrary vector v

A+ B) - V(A +B) = (- V)1 = B)(1+ ) = (- V)(1 — p7) =0,

where the last step is due to the fact that 82 = 1. Considering then the sum A + B
and taking into account this simplification we have, with simple algebra

A+B=

1
se-e)@ we o+ @ o v )]

+ 53 [(or-€)(a-€)+ (- e)(a-€)],
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where u and u’ are the unit vectors directed, respectively, along k and k’. On the
other hand, for the anticommutation properties of the a matrices, we have

(a-€)(a-e) + (a-e)a-e)=2(e"e),

SO we obtain

1
A+B=—2(2a+5+.7:), (15.27)
2mc

where we have introduced the quantities
a=¢e e, E=(a-€)(a u(a-e), F=(o-e)(a u)(a-e). (1528

Taking into account these results and writing for convenience the matrix (¢’ + Hyy)
in the form

€+ Hy=mc*(b+p+a-d), (15.29)
where the dimensionless quantities b and d are defined by
ho — ho! h , ha ha'
b=1+——5—, d:—(k—k):—zu——2u, (15.30)
mc mc mc mc

we obtain, by substitution of Egs. (15.27) and (15.29) in Eq. (15.26)

1
T=;T{b+p+a - QQa+E+F)(1+p)(2a+E +F)).
‘We now consider the product P defined by
P=Qa+E+F)(1+B)(2a+E +F.

Taking into account the anticommutation properties of the Dirac matrices, it can be
transformed in the following way

P=Qa+E+F)(2a+E +F)+p2a—E—F)(2a+E" +F)
=4a* +2a(ET+ FI +E+ F)+ EET+ FFI 4+ 7T + FeT
+Bl4a* +2a(E"+ FT - - F) - €T -~ FF' - £F - FET).
We now note that the two products E€T and FF' are both equal to the unit matrix.

This result is obtained from the anticommutation properties of the o matrices by
which, if v and w are two arbitrary vectors, we have

(@ v)(e-v) =02, (15.31)
(- -v)(o-w)=—(a-W)(a-V)+2v-Ww, (15.32)
so that, for example, applying three times Eq. (15.31)
EET=(o-€) (@ w)(a-e)(e-e)(a-u)(a-e)
=(a-€)-w(x u(e-e)=(x-€)(a-e)=1.
Taking into account this result, we have that the trace 7 is given by
T = %Tr{(b—l—ﬂ—i—a-d)[4a2+2+2a(5T +FIHE+F)+EFT + FET]
+(b+B+a-dp[da’ —2+2a(ET+F - - F)-cF - FeL
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We now note that the traces of matrices obtained from the product of o and f ma-
trices are all zero, unless such product does not contain an even (or null) number
of o matrices and an even (or null) number of 8 matrices. Taking into account this
property, as well as the fact that the £ and F matrices are obtained from the product
of three o matrices, and that /32 =1, we have

T = %Tr{4(b +Da*+ B -2+ EF + FET)
+2a(e-d)(ET+F +E+F)).

We now need to recall a few properties of the trace of a matrix. Given an arbitrary
matrix M we have Tr(M) = [Tr(M™)]*, and for any M and N matrices Tr(M N) =
Tr(N M). If we now also recall that the @ matrices are Hermitian, that the trace of
the unit matrix is 4, and that the quantities » and d are real, we obtain

T =40+ 1)a* + %(b — D{4 +Re[Tr(EFT)]} +aRe|Tr[(a - d) (€T + FT)]}.
(15.33)

We now calculate the traces of the matrices that are left in this expression. Recalling
Egs. (15.28), we have

Tr(EF) = Tr[ (- €) (e - u) (ot - €) (e - &) (- u') (e - ©)].

Taking into account that the unit vector u is orthogonal to the unit vector e, that the
unit vector u’ is orthogonal to the unit vector €, and recalling Eq. (15.32), we have

Tr(EFT) = Tr[ (o - €) (ot - €) (o - ) (o - u') (o - €) (e - ©)]
=Tr[ (- €)(c-€)(-€)(x-e)(e-u)(a-u)]

where we have used successively the cyclic property of the trace. We now apply to
the first pair of scalar products the substitution

(- €)(a-e)=—(a-e)(a-€)+2a,

where we have used Eq. (15.32) (again) and the definition of a given by Eq. (15.28).
Using also Eq. (15.31) we obtain

Tr(c‘f}""') =2aTr[(a-€)(a e)(a -w(e )] —Tr[(a wle -u)]. (15.34)
We now calculate the other trace. We have
Tr[(e - @)(ET + F')] = Tr[(@ - d) (@ - ) (e - u) (e - ¢') ]
+ Tr[ (ot - d) (e - €') (e - 0') (e - ©)].
Recalling the definition of the vector d (Eq. (15.30)), we obtain four terms
Tr[(e - d) (&7 +FT)] = %{Tr[(u “w)(er-e) (e - w) (e - €) ]
+ Tr[ (ot - ) (e - €') (e - ') (e - ©) ]}
h /
- mczz {Tr[ (o - 0') (o - €) (e - w) (e - €)]
+ Tr[ (o - 0') (o - €) (e - 0') (e - ©)]}.
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Using Eq. (15.32) and taking into account the cyclic property of the trace and the
orthogonality of the polarisation unit vectors with respect to the direction of propa-
gation, we obtain

. ho! —h
Tr[(e - d) (&7 +FT)] = TZ”{Tr[(oc e)(a-¢)]

+ Tr[ (e - €) (o - ) (e -w) (- w')]}.  (15.35)

We can now finally evaluate the expression of 7. Recalling the definition of b
(Eq. (15.30)) and substituting Eqs. (15.34) and (15.35) into Eq. (15.33), we obtain,
with some algebra, that

ho — ho'

1 /
T=84 "] {4a2+2— ! Re{ (o w(er-w)])

—aRe{Tr[(a-e)(e-€)]} }
Considering that, for two arbitrary vectors v and w, we have
Tr[ (e - V) (@ - W) =4v - w,
we obtain
Tr[ (e - w) (e - w') ] =4 cos O, Tr[(ec - e) (o - €')] =4e - € =4a,
where @ is the angle defined in Fig. 15.1 and where we have used the definition of
a (Eq. (15.28)). After simple substitutions of these results, we get
ho — ho'
T =84 + ZLZQ)(I —cos @).
mc

Finally, noting that, according to the kinematic relations, the quantity (1 — cos @)
can be written in the form (see Eq. (15.12))

mc? (1 1
l—cos@=—~\(———,
h )

and recalling that a = e - €/, the expression for 7 can be written in the more mean-
ingful form

/

7‘=2|:£/+3—2+4(e~e/)2:|.
o o

To finish the calculation of the transition probability, the expression for 7 needs
to be substituted into Eq. (15.24). Recalling that € = mc?, we have

<|Mfi|2> 7'[26362;7,2 [w o' ]

—_— — — . /2
+ ~ 2+4(e-¢)

Vimow'e' | o
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Recalling Eq. (15.13), the transition probability per unit time is
273 eéc2 h

Pi=— 0 —
T V2 mow'e’

/
[3, +Z _244(e- e/)z}susi — Ep.
o

The calculation of the cross section proceeds according to the method that we
have already used in Sect. 15.2 to find the Thomson cross section and in Sect. 15.3
to obtain the Rayleigh and Raman cross sections. The transition probability per
unit time must be divided by the flux of the incident photons, given by the usual
expression ¢/V. We then need to sum over the final states. The interesting quantity
is the cross section at fixed polarisation (i.e. at e and €’ fixed) o(©, e, &) for the
scattering of a photon in the solid angle d§2 centered around a direction £ which
forms an angle ® with the direction of the initial photon. The number of final photon
states with direction contained in the solid angle d§2 and angular frequency between
' and o’ 4 do'’ is given by the right hand side of Eq. (4.3) divided by 2, or

dN = % do’ dS2.

8m3c3

‘We therefore obtain

4 ’ /
esh
o (6. e.¢)d2 = 0 d.Qf DL L2 oy afe-) |5(E - Epdo.
dmccw €l o

The presence of the Dirac delta has the obvious consequence that all the quantities
within the integral need to be evaluated in such a way that energy is conserved.
Moreover, the presence of the delta introduces a multiplicative factor, given by the
change of variable from o’ to E¢, which results in

o' | 1

dEf|  |0Ef/dw|’

On the other hand, being

€ = \/m?c*+c?p? = Vm2c* + R2o? + Rw? — 2h2ww’ cos O,

we have

Er=ho' +€ =ho' + Vm2c* + R2w? + R — 2R2ww’ cos O,

so that
0E¢ g R (o' — wcos O) :he’—i—ha)’ — ha)cos@.

o' € €

Recalling the kinematic relations, according to which

€ + ho' =mc? + ho, mcz+fw)(1—cos@)=m

we obtain
9E;  hmcw

;=

ow o
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Substituting this result and recalling the definition of the classical radius of the elec-
tron (ro = e% /(mc?)), we finally obtain the Klein-Nishina equation

2.2 /
0(0,e¢€)= 222[w+——2+4(e e)2] (15.36)

In many cases, we are interested in the cross section o (@) for the scattering of the
photon in the angle @, independently of the polarisation property of both the initial
and the final photon. To obtain this quantity we must sum over the final polarisations
and average over the initial polarisations, following the same procedure that we have
already used in Sect. 15.2 to obtain the Thomson cross section. We introduce two
real unit vectors of polarisation e; and e;. They are perpendicular to the direction
of the initial photon and perpendicular to each other. Similarly, we introduce two
real unit vectors €} and e}, perpendicular to the direction of the final photon and
perpendicular to each other. We need to calculate the quantity

(@)=~ ZZ (©,e,¢]

1_1 2j=12

The result of this sum (see Sect. 15.2 for the calculation of the sum over i and j of
the quantity (e; - e’j)2) leads to a new expression for the Klein-Nishina cross section
which is independent of the polarisation properties of the photons

2 72 /
reo” (o o )
0(@)="<—(=+——sin’O). (15.37)
2w\ o
In this expression (as in the previous one), the dependence on @ is effectively con-
tained also in the @’ /w and w/w’ ratios, which, recalling the kinematic relations, are
given as a function of ® by the expressions

o 1

1)
_— —=14+¢e(l —cos®), 15.38

w 1+e(l —cos®) o' e ) ( )
where we have introduced the quantity ¢, the energy of the initial photon, written in
terms of the rest energy of the electron

g=—s. (15.39)
mc

Figure 15.3 illustrates, by means of a radiation diagram, how the cross section
varies as a function of ® for various values of the parameter €. As shown by the
figure, the cross section for forward scattering remains constant with varying photon
energy, while the cross section in the other directions decreases significantly (and
monotonically) with increasing energy. At the limit for very high energies, the cross
section is more and more “focused” around ® = 0.

Obviously, the two ratios w/w’ and o’ /w tend to 1 for € — 0, and Eq. (15.37)
reproduces exactly the result we have obtained for the Thomson cross section, ei-
ther classically (Sect. 3.5) or within quantum mechanics, but in the non-relativistic
approximation (Sect. 15.2, Eq. (15.8)).
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Fig. 15.3 The diagram L B L L I
shows how the cross section \

o (®) varies as a function of

®, for various values of the
parameter €. Each curve
corresponds to the ¢ value
indicated next to it. The cross

0.5

section in the direction 0 /
indicated by the angle @ is
proportional to the segment
that connects the origin of the 05 0
diagram with the curve
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15.7 The Total Cross-Section for Compton Scattering

Using Egs. (15.38), we can rewrite the Klein-Nishina equation for the differential
cross section (Eq. (15.37)) by explicitly introducing the dependence on the angle &

1 |
0)=~r?
o) = e T e — cos O

1
—+1 1 —cos®) —sin® O |,
X[1+e(1—cos@)+ +&(1 —cos®) —sin i|

where ¢ is the energy of the incoming photon divided by the rest energy of the
electron. We are now interested in calculating the total cross section, i.e. the integral

T
ac=y§ a(@)dsz=2n/ o(®)sin O d6.
4 0

Substituting the expression of ¢ (@) and introducing the variable

x=1+¢&(l—cos®),

1142 171 —1\? —1
Uc=7TVgg/ ;[;+x+<x8 )_2)58 :|dX,
1

or, with some simple algebra

we obtain

1 14+2¢ 1 1 82
2 2
ocznrc—83/1 [1+(s —28—2);+(28+1)x—2+x—3]dx.

The integrals that appear in this expression are simple and can easily be calculated.
We obtain

4 20 4+¢e) &*—2¢-2
_ 2
oCc=Tr; |:8—2 + ) + 3 In(1 + 25)],
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Fig. 15.4 Total cross section 1
of the Compton effect, i o ]
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(Thomson cross section), as a L ]
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L Loge ]
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and, normalising the cross section to its non-relativistic value (Thompson cross sec-
tion) given by o1 = 87rrC2 /3, we have

oc =orA(e),

where

1 1+e¢ g2 —2¢ —
A(e) =3| —
©) [252 tiit2er T 8

A(€) is a monotonically decreasing function of its argument. It is shown in
Fig. 15.4. Its series expansion for low energies (¢ < 1) is

2
In(1 +28):|.

26
A(8)=1—28+?82+-~-.

On the other hand, for high energies the function tends asymptotically to zero as

3 3
~—[1 In2+ — ).
A(e) 88<n£—|— n2+ 16>

A numerical computation shows that the critical value . for which the cross section
is equal to half of its non-relativistic value is given by &, = 0.69016.

15.8 Polarisation Properties of Compton Scattering

Consider the Klein-Nishina equation for the cross section at fixed polarisation
0 (O, e, ¢) given by Eq. (15.36)
2 72 /
rs w w w 2
O,ee)=S—|—4+——2+4(e-€)"|.
7(0.0¢) =52 [ 212 Sapate-e]
We want to analyse the polarisation properties of the scattered photons assuming
that the incoming photons are a “natural” mix by 50 % of photons polarised along
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the real unit vector e; and by 50 % of photons polarised along the real unit vector ey,
orthogonal to the previous one. The scattering cross section now only depends on
the polarisation of the scattered photon. Denoting such cross section by the symbol
on(0,€), we have

2 72 ’
r;. @ w w
on(O,¢) :ZCE<J+; —2+4S>,

where

i=1,2

The quantity S can be calculated with a procedure similar to the one adopted in
Sect. 15.2. We have
1 2
S=—-[1-(¢- .
0= ()]

Now, we write the polarisation unit vector €’ as a linear combination of the two real
polarisation unit vectors €} and €, defined in a way that €| is perpendicular to the
scattering plane while € is in the scattering plane (see Fig. 3.7).3 We put then

e =cie] + €,
with
c]2 + c% =1.
Noting that €| - u =0 and that €} - u = —sin @, we obtain

S= %(1 —c3sin’ 0).

The scattering cross section for a photon that is polarised in a direction perpendicu-
lar to the scattering plane (c% = 0) is therefore given by

2 72 ’
r, w w w
U P A I
Un(@y e]) = 4 wz (0)/ + w)v

while that one for a photon polarised along the scattering plane (c% = 1) is given by

on(0, &) = %Z—j(% + % - 23in2(~)>.
The scattered radiation is therefore linearly polarised along the direction perpendic-
ular to the scattering plane. The polarisation is given by
0n(0,€)) —0n (O, €)) sin®> ©
P @ ) ton@.6) 212 e

3Note that the notation of the unit vectors in Fig. 3.7 is inverted, with respect to the one used here.
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Fig. 15.5 Variation of the linear polarisation of the radiation scattered by Compton effect in the
case of incident radiation that is not polarised. The horizontal axis shows the energy of the incident
photons in terms of the rest mass of the electron. The curves refer to various values of the scattering
angle ®. For values of & between 90° and 180° the curves (not shown in figure) decrease more
rapidly, with increasing &, compared to the curves corresponding to the supplementary angle (with
which they coincide for ¢ < 1)

The variation of p as a function of the parameter ¢ (for different values of the scat-
tering angle) is shown in Fig. 15.5. The linear polarisation of the scattered radiation
decreases monotonically with increasing energy of the incident photon and tends to
zero for € — oo.

To perform a more detailed analysis of the polarisation characteristics of the
Compton effect we need to drop the assumption, introduced at the beginning of
Sect. 15.6, that the polarisation unit vectors e and €’ are real. In the more general case
of complex unit vectors, it can be shown that the cross section at fixed polarisation
(Eq. (15.36)) needs to be replaced by the following expression (which of course
coincides with Eq. (15.36) for e and €’ real)

2 72 /
o(@),e,e/) = %a)_[(g + % —2)(1 + |e-e/*|2 — |e-e/|2) +4|e.e/*|2].

One can use this equation to show that the Stokes parameters of the scattered radia-
tion are related to those of the incident radiation through a matrix that is a general-
isation of the one we obtained for Thomson scattering (Eq. (3.27)). This matrix, in
the usual geometry of Fig. 3.7 and with the usual conventions for the definition of
the Stokes parameters, is given by

%—i—% —sin2 ® sin2 ® 0 0
sin2 ® 1+ cos?® 0 0
0 0 2cos ® 0

0 0 0 (Z+2)cos®
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One can easily verify that in the non-relativistic limit (o’ = ) this matrix co-
incides with the one of the Thomson scattering. The structure of the matrix shows
that the circular polarisation, which can exist in the scattered radiation only when it
was already present in the incident radiation, still persists for large values of €. This
property is related to the conservation of angular momentum.*

15.9 Energy Exchange Between Photons and Electrons

In the process we have analysed in detail in the previous sections, the electron, ini-
tially at rest, undergoes a recoil and acquires kinetic energy. The energy acquired by
the electron can be easily calculated taking into account the expression for the cross
section o (®) of Eq. (15.37) and considering that this energy is equal to i(w — ').
Denoting by the symbol o the cross section for the transfer of energy from the
photon to the electron, this quantity is expressed by the integral

_1 o
UE_ha) 4ﬂa(@)h(a) a))d.Q.

Recalling Egs. (15.37) and (15.38), introducing the variable ¢ (Eq. (15.39)), and
applying the change of variable x =1 + (1 — cos @), we obtain

L1211 —1\* _x-1 1
aE:nrcz— —|-+x+ u 27 1 ——)dx,
s Ji x2 | x & g X

or, with simple algebra

21 1+2¢ ) 1 ) 1
e=mre s | 1+ (e —28—3);—(8 —48—3)x—2

2
+(s2—2s—1)xi3—i—4]dx.

By executing the integrals, and normalising the cross section to the Thomson cross
section, we obtain

og = o1& (e),
where
9+5le+93¢2 +51e3 —10e* 3 )
= — —(34+2& — &) In(1 + 2¢).
4e2(1 4 2¢)3 883( tae—e ) n(l +2¢)

The behaviour of the function £(¢) is shown in Fig. 15.6. The asymptotic expansions
are: for e < 1

E(e)

21
5(8)=8—?82—‘r---,

4For a discussion see, for example, Fano (1949).
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Fig. 15.6 Cross section for T
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from the photon to the

electron (initially at rest) in

Compton scattering. The

maximum of the curve
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The variation of og(¢) as a function of ¢ is easily interpreted by observing that,
for small &, in practice the photons bounce elastically on the electron without any
energy transfer. Conversely, for large values of ¢, the electron becomes practically
“transparent” to the photon. From these considerations, we deduce that the function
og must have a maximum. This maximum occurs for ¢ ~~ 1, i.e. when the photon
energy equals the energy of the electron at rest.

In the case of the electron at rest, the transfer of energy is always from the photon
to the electron. However, when the electron is in motion, energy transfers can occur
in both directions, depending on the kinematic parameters. In particular, when the
kinetic energy of the electron is large compared to the energy of the photon, the
energy is transferred from the electron to the photon. This phenomenon is commonly
called inverse Compton scattering.

15.10 The Inverse Compton Scattering

We now determine in an approximate way the average energy that is transferred
via inverse Compton scattering by an electron moving at velocity v to a set of pho-
tons that we assume being monochromatic and isotropic. We start by performing
a Lorentz transformation from the laboratory reference system, where the photons
have frequency wq and direction distributed isotropically and the electron has veloc-
ity v, to the reference system where the electron is at rest. In this system the photons
are not isotropic and monochromatic anymore. Their frequency distribution is ob-
tained by recalling the formula of the Doppler effect

w=woy(l —Bcosa),
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Fig. 15.7 Distribution function of the photons in the rest frame of the electron (a), and distribution
function of the scattered photons in the laboratory system (b). Before the scattering, the distribution
function in this system is a Dirac delta at the frequency wg. The distributions refer to the case
=07

where 8 =v/c, y = (1 — B2)~1/2, and « is the angle between the directions of the
electron and the photon, in the laboratory system. On the other hand, the hypothesis
of the isotropy of the photons in the laboratory system implies that

1 1
fw)dw = —d2 = = sina de,
4 2
4

and since
dw = woy B sina da,

defining the frequencies w; and w, by the equations

1-8 1+8
W =00,/ 7> w2 =0, 7>

1+

one obtains, for w; <w < wy

f(@) Yo0rf
The result is an uniform distribution of w values in a finite interval, as shown in
Fig. 15.7, panel (a).

Suppose now that the frequency wq is sufficiently low, in such a way that the
whole interval of w values in which the function f(w) is different from zero falls
within the regime of Thomson scattering. The f(w) distribution is not altered dur-
ing the scattering process because each photon maintains its frequency. If we also
neglect the dependence of the Thomson cross section on the scattering angle (i.e.
we assume that Thomson scattering is isotropic), we obtain the result that, after the
scattering, the photons are distributed isotropically also in the rest frame of the elec-
tron. In this case we can then perform a new Lorentz transformation to return to the
laboratory frame. The result for the frequency distribution of the scattered photons,
f/(w), is illustrated in Fig. 15.7, panel (b). The distribution is zero anywhere except
in the interval

w_<w=<wy,
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where
1-8 1+5
w()m, a)+=w0]_,3.
The function increases linearly for values of w that are between w_ and wy, has a
maximum for w = wy, and then decreases linearly for w between wg and w,. The

mean value of the distribution, (®), is obtained by evaluating the abscissa of the
barycentre of the triangle of Fig. 15.7, panel (b). We have

1
1+ 382
1—-p2°
The fraction of the energy transferred on average from the electron to the photons
for a single scattering event is therefore

w_ =

1
(w) = g(w— + ot + o) = wp

(@ —wo 38 4,

2

oy C1-p 3P
An electron that propagates in a medium in which photons are present therefore
behaves as if it were emitting electromagnetic energy. In reality, this is not a real
emission but only the fact that the photons gain energy because of the impact with
the electron. To calculate the power “emitted” in this process, we observe that, ac-
cording to the previous formula, the relative gain of photon energy is independent
of wo. If we denote then by upne the energy density of the photons (energy per unit
volume) before the impact, and recall that in the limit that we have considered the

cross section is o, we can express the power emitted in the form

W—é—l 2,2
= zcory B Uphot-

We can then use this formula to define the cross section for the inverse Compton
scattering oél). Taking into account that the electron is moving with a velocity v =
¢B and that its cross section sweeps per unit time the photon energy cBuphot, We

obtain

o4
o¢) = §V2/3(7T-



Chapter 16
Appendix

16.1 Units of Measurement for Electromagnetic Phenomena

The units of measurement relative to electromagnetic phenomena have been intro-
duced through a long and complex historical process. Without going into the details
of this process, we try here to summarise the fundamental points in light of a mod-
ern vision of the phenomena themselves. We stress that these notes are aimed at a
reader who is already familiar with the basic phenomenology of electromagnetism.

Within electrostatics, the fundamental law is Coulomb’s law which is written, in
vacuum, in the general form

F= kcq]—g2 Versr,
r

where F is the force that a point charge g; exerts on the point charge ¢, placed at
the distance r = r, — ry, and where kc is a constant that implicitly defines the unit
of measurement of the charge (assuming, of course, that the units of measurement
of the mechanical quantities have already been set). We note that kc can be chosen
to be dimensional or dimensionless. The electric field vector E is defined in an
arbitrary point using the equation

F

E=—,

49p
where F is the electric force exerted on the “test” charge g, placed at the same
location. From this definition and Coulomb’s law we can deduce the expression of
the electric field due to a point charge ¢, which is

E=kc % Versr,
r
from which the Gauss theorem (in its integral form) follows

@ (E) =/ E - ndS = 47kc O,
X
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where Q is the charge contained within the surface X. In its differential form, we
have

divE =4mkcp,

where p is the density of the electric charge (the charge contained within the unit
volume).

Regarding the definition of the electric field vector, we note that it is not the only
possible one, since we could have defined the electric field created by the charge g
as

E= kcéi2 Versr,
r

with § an arbitrary constant (possibly dimensional), as long as the electric force that
the field exerts on the test charge g, is written in the form

1
Fortunately, the constant § has (historically) always been set to unity. The same is
not true for magnetic phenomena.

Regarding magnetostatics, we have equations that are similar to those of electro-
statics. In these equations, for historical reason, the fictitious concept of “magnetic
mass” (or “magnetic pole”) is introduced. The equations corresponding to those pre-
viously written are the following ones (the symbol m denoting the magnetic mass):

Gilbert’s law! (analogous to Coulomb’s law)
mimy

1
72

F=kg VErsr.

Definition of the vector of the magnetic induction generated from the magnetic
mass m

m
B= kGy—2 Versr,
r

where y is an arbitrary constant (possibly dimensional).
Force acting on the test magnetic mass m,,

1
F=—m,B. (16.1)
14

Equivalent of the Gauss theorem (integral form)

@ (B) =0,

IThis law is not universally attributed to Gilbert. In fact, this law was discovered experimentally
by Coulomb himself and could therefore be rightly called the “second Coulomb’s law”. William
Gilbert (1564-1603) was an English physician who lived well before Coulomb. He is remembered
for his studies on the terrestrial magnetism and by the fact that he realised that the magnetic force
should increase with decreasing distance.
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since isolated magnetic masses (magnetic monopoles) do not exist.
Equivalent of the Gauss theorem (differential form)

divB =0.

The first quantitative relations between electric and magnetic phenomena were
established with experiments based on electric currents.” The intensity of the elec-
tric current i flowing in a conductor is defined by the simple equation

_dq
dt

3

from which we can define the current density j as a vector directed along the direc-
tion of motion of the (positive) charges of magnitude

j==
o
where o is the cross-sectional area of the conductor. The experiments performed
during the first half of the nineteenth century especially by @rsted, Ampére, and
Faraday, led to the idea that electric currents create magnetic fields in their sur-
roundings and that, at the same time, a magnetic field is able to exert a force on
electric currents. During the same period, a new idea clearly emerged: that per-
manent magnets contain, at the microscopic level, a large number of elementary
electric currents. These currents would be responsible, ultimately, for magnetostatic
phenomena.
In modern terms, the magnetic properties of the currents can be summarised by
a single law that is expressed by saying that, in stationary conditions, the current
element of an elementary circuit (microscopic or macroscopic) i1 d€; acts on the
current element of another elementary circuit, i» d€,, with an infinitesimal force dF
given by

. . versr
dF:kAlzdfz X <l]d€1 X ) ),
r

where ka is a new constant (which cannot be independent of those already intro-
duced), and where r is the radius vector that goes from the current element i d£;
to the current element iy d€;. This law allows the introduction of the magnetic in-
duction vector. The definition of this vector is somewhat arbitrary and it is assumed,
in general, that the current element i d£ creates the elementary induction vector dB
given by (first law of Laplace or Biot and Savart’s law)

Versr
r2

dB = kaBi d€ x (16.2)

2These experiments were made possible thanks to the discovery of the electric battery by Alessan-
dro Volta.
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and that a current element i d€ is subject, in the presence of an induction vector B,
to a force dF given by (second law of Laplace)

1
dF = —idf¢ x B.
B

The quantity 8 introduced in these equations is arbitrary.
Let’s see the mathematical consequences of Eq. (16.2) for a closed circuit. The
magnetic induction vector is given by

. versr
B:kAﬂfldeX 5
C r

where C is the curve describing the closed circuit. Using standard mathematical
methods, one finds the following equations

divB =0,
which confirms the analogous equation for magnetostatics, and
rotB = 4mkaBj,

where j is the current density.

This equation, known as Ampere’s law, applies only to stationary phenomena.
As shown by Maxwell, it can be transformed into a more general equation that is
also valid for phenomena that are variable in time. To do this we observe that, taking
the divergence of both sides, we have

divj=0,
while, in general, the continuity equation must hold

ap
divj+ — =0,
V] + Py
p being the charge density. In order to rearrange things, we take the derivative (with
respect to time) of the differential expression of Coulomb’s law
ap 1 0

— =———(divE),
dt  4mkc ot

so that in general the following equation holds

div(j+ ——22\ o
v —— | =0.
I dxke ot

The second term in parentheses is the so-called displacement current density. With
its introduction, the equation for rot B, corrected to include non-stationary phenom-
ena, is

kap OE

tB — —— — =47kppj.
ro ke 9t kaB]
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Finally, we need to consider the phenomena of magnetic induction. The law that
describes them can be deduced, at least in a particular case, from the second law of
Laplace. We have

so that, in summary, the laws governing the electromagnetic phenomena can all be
enclosed in the following four Maxwell’s equations

divE = 4kcp, divB =0,
kaB OE )

(B— AP 4rkaBi. rotE+ —— =0.
rotB = o~ kbl 8 ot

We now consider Maxwell’s equations in vacuum. Taking the curl of the third
equation and substituting the fourth, we obtain the wave equation

ka 9°B
vig=-222
kc at?

On the other hand we know that electromagnetic waves propagate in vacuum with
velocity c, so that we must have

kA_ 1
ke 2’
or
kc
ka=—,

that is, a relation between the quantities k5 and k¢ that is independent of the unit
system under consideration.

Let’s see how we proceed in the two more common systems of units, the cgs sys-
tem of Gauss (sometimes also called the Gauss-Hertz system) and the International
System of Units (SI). In the cgs system, we assume kc = 1, so that the unit of charge
is defined as the charge that repels an equal charge, at a distance of one centimeter,
with the force of one dyne. Such unit of charge is called Franklin or statcoulomb.
Since kc = 1, it follows that kp =1 /c2. Within this system we also assume that
B = ¢, so that Maxwell’s equations are written as

divE =4np, divB =0,
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Moreover, the first and the second law of Laplace, together with the law that sum-
marises them, can be written in the form

dB="dex 28 dF=-d¢xB,
c r C
i i1 versr
dF:—dex(—dli]x k )
c c r

Within the International System, instead, two new constants are introduced. They
are the vacuum permittivity (also called dielectric permittivity of the vacuum) €p and
the vacuum permeability (magnetic permeability of the vacuum) 11, such that

o — 1
0M0 = c_z
Using these quantities, we put
kc= : ,
dmeg
so that we have
kc 1 1o

kA = — = — = —,
2 4dmegc?  4m

Within this system we also put 8 = 1, so that Maxwell’s equations are written as

dvE=", divB =0,
€0
9B
| 9E _
{B— — = woj, rotE+ — =0.
A= 2% ~H ot

Moreover, the first and the second law of Laplace and the law that summarises them
are written, respectively, in the form

o versr

dB=—id{¢ x , dF=id¢ x B,
47 r2
Versr (16.3)
aF = 22 de, < iy de, x .
47 r2

With respect to the numerical values of €y and po, the Ampere (unit of measure-
ment of the current) is defined as the current that, flowing along an infinite straight
wire of negligible thickness in vacuum, attracts an equal wire, located at a distance
of one meter, with a force per unit length equal to 2 x 10~/ Nm~!. Using Eq. (16.3)
we deduce that in such a geometry the force per unit length that acts on one of the
two conductors is attractive and has a magnitude given by the following expression

dF_2uoi2
dl ~ T4m oy’
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so we must have’
po=4r x 107 NA™2 =1.256637 x 107 NA~2,

and then, recalling that the Coulomb is the charge transported in one second by a
current of one Ampere

€= =8.854188 x 10712 C2N"'m~2.

poc?

Finally, it remains to analyse the relation between magnetic masses and currents.
We can infer from Laplace’s laws that a filiform planar circuit of area o and current
i behaves, at distances much larger than its size, as a magnetic dipole directed along
the unit vector n perpendicular to the plane of the circuit. The direction of n is
specified by the rule of the corkscrew (or the right screw). This is the so-called
Ampere principle of equivalence, which is expressed by the formula

n = kpion,

where kp is a new constant to be related to those previously introduced. To estab-
lish this relation, we evaluate, for example, the moment of the forces acting on an
elementary dipole located at a point in space where the field B is present. Using
Eq. (16.1), we have

1 1
M= —u x B=—kpion x B.
14 14

Instead, from the second law of Laplace we have
I
M:E‘(ﬁzrx(dle),

which can be rewritten as
1
M= —ion x B.
B
Equating the two expressions for M we have

kPZE.

Finally, considering the force exerted between two infinitesimal circuits, treated in
the first instance as elementary dipoles and then as coils carrying a current, we
obtain the relation

kcks = ka,

3With the introduction of capacity and inductance, together with their units, the Farad (F) and the
Henry (H), the units in which 110 and ) are expressed are, respectively, Hm~! and Fm~".
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which allows to write kg in the form

ka _ kcp?

kc = — .
G K2 2y?

In the cgs system, since kc = 1 and B = ¢, and assuming y = 1, we obtain
1
kp=—, kg =1.
c
Ampere’s principle of equivalence is therefore
i
= —on,
¢
and Gilbert’s law

mimj
72

F= Versr.

In the International System, instead, since kc = 1/(4mwep) and 8 =1, assuming4
¥ = o and recalling that > = 1/(eouo), we obtain

1
kp = o, kg = .
47 o
In this case Ampere’s principle of equivalence is
R’ = poion,
and Gilbert’s law is
1 mumo
= Versr.
Ay 12

Finally, we note that, besides the two systems introduced here, there are other
ones that have been used for the electromagnetic phenomena. In particular, it is
worth mentioning the electrostatic cgs system, the electromagnetic cgs system and
the cgs system of Heavyside.

16.2 Tensor Algebra

In this volume, we often need to deal with vectors and tensors, together with their
differential expressions such as divergences, curls and gradients. It is therefore use-
ful to give a brief introduction to this topic in order to make the reader familiar

4This convention is not universally accepted. Some authors prefer to assume y = 1 also in the
International System. In this case Ampere’s principle of equivalence is written as g = ion while
in Gilbert’s law the factor jiq is to appear in the numerator rather than in the denominator.
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with a compact formalism that allows to easily deduce a series of vector and tensor
identities, as well as various transformation formulae.

The traditional definition of a tensor that is commonly given in physics is based
on the generalisation of the definition of a vector. In a Cartesian orthogonal reference
system, the vector v is defined as an entity with three components (vy, vy, v;) (or
v1, V2, v3) Which, under an arbitrary rotation of the reference system, are modified

according to the law
Ul{ = Z Cl‘j Vj,
J

where the coefficients C;; are the direction cosines of the new axes with respect
to the old ones. In close analogy, we define a tensor T of rank n as an entity with
3" components (7;, ; with i, ..., j =1, 3) which, under a rotation of the reference
system, are transformed according to the law

T ;= Z Cik-+-CjiTk....
kol

The tensor most commonly known in physics is the stress tensor that characterises
inside an elastic material the force dF that is exerted on a surface dS with normal n.
In components we have

dF, =) Tijn;ds.
j

In addition to the stress tensor we can also mention, for their importance in various
fields of physics, the deformation tensor, the inertia tensor, and the dielectric tensor.

A particular tensor of rank two is the so-called dyad that is obtained from two
vectors u and v when the direct product of their components is considered. The dyad
is indicated simply by the symbol uv, and we have by definition

(uv)jj =ujv; (@,j=1,2,3).

Obviously, in general
uv # vu.

A scalar quantity is, by definition, a tensor of rank zero, while a vector is, by def-
inition, a tensor of rank one. Tensors of higher rank may be obtained by considering
the direct product of tensors of lower rank. For example, by the direct product of
two tensors of rank two a tensor of rank four is obtained.

The tensor algebra covers all operations that can be performed on tensors. We
now provide some definitions

1. Given two tensors T and V, the first of rank n (n > 1) and the second of rank »n’
(n’ > 1), we define the scalar product (or internal product) of the two tensors
a tensor of rank (n + n’ — 2) obtained by a sum (or saturation) which operates
over the last index of the first tensor and the first index of the second tensor. For
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example, if n and n’ are both equal to 2, defining W as the tensor obtained by the
scalar product, we have that W is also a tensor of rank two defined by

Wij = ZTikap
k

2. Given a tensor of rank n (with n > 1), the divergence of such tensor is a tensor
of rank (n — 1) obtained by saturating its first component with the formal vector
V (called “nabla” operator or “del” operator) defined by

a 9 0
V= —, —, — ).
<8x ay 81)

For example, for a tensor T of rank two, div T is a vector whose components are
given by

0
(divT); = Z ETJ»,- =(V-T),.
F .

3. Given a tensor of rank n (with n > 0), the gradient of such tensor is a tensor of
rank (n + 1) obtained by applying to it the formal vector V in such a way that
the first index of the resulting tensor is the “derivation one”. For example, for a
tensor of rank 1, i.e. for a a vector v, we have

(gradv),-j = (VV),']' = Vj.

ax;

It should be noted that this convention is not universally adopted. Some authors
prefer to indicate with the symbol grad v the quantity

ad
(gradv);; = in.
J

The reader should therefore pay attention to the conventions used by each author
before using the vector identities that are found in different books. For example,
using our conventions, we have

av; av;
Xi:uia—xi=(u.gradv)j, Xi:uiﬁ;z[(gradv).u]j.

Using the formal vector V, the quantities in the right-hand side can also be writ-
ten, respectively, as

[(u- V)v)]j, [(VV) -u]j.

4. Given atensor of rank n (n > 1), the curl (also known as rotor) of such a tensor is
a tensor of the same rank n with the first component being obtained by saturating
the first component of the given tensor with the completely antisymmetric tensor
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(known as the Ricci, or Ricci-Levi Civita tensor) and with the component of the
formal vector V. For example, for a vector v we have

oV
(rotv); = ZéijkBTj = (V xv);,
jk
and for a tensor T of rank two

(I‘O'[T)l'j = ZQH% =(V x T)ij-
ki

The antisymmetric tensor of rank three €;j, introduced in these expressions,
is defined by the equation ¢;;; = 0 if at least two of the three indices i, j, k are
equal; by the equation €;; = 1 if the ordered triad (7, j, k) is an even permutation
of the fundamental triad (1, 2, 3); and by the equation €;j; = —1 if the ordered
triad (i, j, k) is an odd permutation of the fundamental triad (1, 2, 3). Ultimately,
only 6 of the 27 components of the tensor are different from zero. Note that the
usual vector product between two vectors can be conveniently expressed through
the antisymmetric tensor. If w =u x v, we have

w; = Ze,-jkujvk.
jk

Note also that the vector product operation and the curl operator (which involve
the antisymmetric tensor) imply a choice about the chirality of the Cartesian
orthogonal system in which the components of the vectors (and tensors) are de-
fined. The convention that is now almost universally accepted (and that we use)
is to choose a right-handed triad, i.e. to suppose that, if the axes x and y are di-
rected respectively along the thumb and index finger of the right hand, the z axis
is directed along the middle finger.

The antisymmetric tensor has a number of properties. The first concerns
the permutation of its indices. For an even permutation the tensor remains un-
changed, while for an odd permutation the tensor changes sign. In formulae

€ijk = €jki = €kij = —€jik = —€ikj = —€kji-

In addition, the following saturation properties hold

Zeijkfzmk =018 jm — Simb 1,
k

Zéijkézjk =25,
jk

Zéijkéijk =0,

ijk
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where §;; is the so-called Kronecker delta, i.e. the symbol defined by
gij=1 ifi =}, 8;j =0 ifi#j.

The above definitions and properties can be used to obtain a number of vector
identities that are listed below. In these equations, the quantities f and g are scalars,
a and b are vectors, and T is a tensor of rank 2.

e div(fa)=a-grad f + fdiva. (16.4)

In fact we have

div(fa) = Z —(fa,) ~ Za,— + fZ gz

o grad(fg)=ggrad f + fgradg. (16.5)

In fact we have, for the i-th component

9
[grad(fg)], = —(fg) = g—f + f—

0X;

e rot(fa)=grad f x a+ frota. (16.6)

In fact we have, for the i-th component

ad
rot(fa) Zeljk_(fak) Zele[( ) k+f§:| =
J

= [(gradf) x a], + f[rota];.
e div(axb)=D>b-rota—a-roth. (16.7)

In fact we have

9 da; dby
div(a x b) = —( 6-~a-b)= € [(—’)b +a~<—>i|
Xi: 8xi Xk: ik Pk Z ijk ax,- k / ax,-

ijk
—Zbkeku Zaje/,k Zbk(rota)k—Za/(rotb)/
ijk ijk
e grad(a-b) = (grada)-b+ (gradb) - a. (16.8)

In fact we have, for the i-th component
361./ 31)./
[grad(a- b) <Za, ) ;(E)bj—i_;aj(B—xi)

=[(grada) - b], + [(gradb) - a],.
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e rot(axb)=b-grada—a-gradb+adivb —bdiva. (16.9)
In fact we have, for the i-th component

[rot(a x b)], Zeljk (a x b = Z €ijkEkim 5 — (albm)
]

Jjkim

3611 by,
= (Git8jm — 8imbj1) 7y ) +01E

jlm
=Z<bj%—bi%+aiab ,8b>
T 0x; 0x; 0x; 0x;
= [b-grada]; — b;diva+a; divb — [a - grad b];.

e grad(fa)= (grad f)a+ f grada. (16.10)

In fact we have, for the i j-th component

T = (grad f);a; + f(grada);;.

a
[erad(fa)];; = —(fa,)—< ! )

e div(ab) =bdiva+a- gradb. (16.11)

In fact we have, for the i-th component

)= 3t S (2
[d]v(ab)]i = Z gj(a]b;) = Z[(axj)bz +aj axj]

J J

=b;diva +[a- gradb];.

e axrotb=(gradb)-a—a-gradb. (16.12)

In fact we have, for the i-th component

by,
[a x rotb]; = Ze,]ka] (rotb); = Z €ijk€kImAj ——— ox)
Jjk Jjkim
= 2(51l8]m - 51:1181[)“]
jlm

= Z( abl ) = [(gradb) - a], —[a- gradb];.

o div(fT) = (grad f) - T+ fdivT. (16.13)
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In fact we have, for the i-th component

. 0 Bf) aTj,}
div(fm], =Y —(fT;i) = .
[div(/T)], §j:axj(fj> %:[(ax, i S

=[(grad f) - T], 4 f(divT);.

e rot(rota) = graddiva — Va. (16.14)

In fact we have, for the i-th component

d 0
rot(rota) Zfzjk (rota)k = Z €ijk€kim 75— ox; a_a’"
Jjklm A
= Z((Sllajm (Szmajl) Bx 3xl

jlm

2,. 2q;
J

3x]‘axi ijaxj

There are also other vector identities that apply only in integral form. They result
from the theorems of Gauss and Stokes-Ampere, which we recall now.

Gauss theorem: If X is a closed surface enclosing the volume V and if n is the
normal external to the surface, Gauss theorem is expressed by the equation

° /a~ndS=/divadV,
x 1%

where a is an arbitrary vector that is a function of the position.
Stokes-Ampere theorem: if £ is a closed circuit and if X is a surface that is
leaning on this circuit, the Stokes-Ampere theorem is stated by the equation

° %aodll:/ rota-ndsS,
¢ b))

where n is the normal external to the surface. We note that the validity of this equa-
tion implies a convention about the direction of integration along the circuit, which
in turn depends on the implicit convention in the definition of the curl operator.
When the (x, y, z) system used to define the vector components is a right-handed
system, then the direction of integration along the circuit follows the corkscrew (or
the right screw) rule, for which the direction of n coincides with the direction of
advancement of the corkscrew.

Various identities can be obtained from the Gauss and Stokes-Ampere theorems.
Some of them are collected below.

ffdl:/ n x grad fdS.
14 X
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This identity can be proven by noting that, if ¢ is an arbitrary constant vector, we

have
c-%fdl:%(fc)-d@,
l 4

and, applying the Stokes-Ampere theorem

c~¢fd£=/ rot( fc) -ndS.
¢ b

Recalling the vector identity of Eq. (16.6), and taking into account that ¢ is a con-
stant vector, we have

c'¢fd€=/. [(grad f) xc]-ndS:c-/ n x grad f dS.
¢ z z
The identity therefore follows, because ¢ is an arbitrary vector.
With entirely similar procedures and taking into account the vector identities
demonstrated previously, we obtain the additional identities

. %axdﬂ:/[ndiva—(grada)-n]dS.
¢ >

° /nxadS:/rotadV.
v

=
° fndS:f grad fdV.
b 1%

In particular, if we put f = 1 in this last identity, we get

° /ndS:O,
X

which is an important geometrical relation valid for an arbitrary closed surface.

16.3 The Dirac Delta Function

The Dirac delta function, traditionally indicated by the symbol §(x), can be thought
of as a function which is null for any value of x, except for an infinitesimal interval
centered at the origin where the function has a very high peak which tends to infinity,
but such that the integral of the function in dx is equal to 1. Obviously, it is not a
function in strict mathematical sense, but can be thought of as the limit of a family
of functions depending on a suitable parameter. For example, if we consider the
family of functions f(x, a)

L for x| <

f(x,a)={“

0 for |x| >

’

[NSTESTE SIS

)
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we have that
d(x) = lim f(x,a).
a—0

Similarly, if we consider the family

e w/a?
wa

glx,a)=

we also have
8(x) = lim g(x, a).
a—0

There are endless possibilities to represent the Dirac delta as the limit of suitable
families of functions. The most common representations in mathematical physics
are the following ones

. 1 sin(£2x)
§(x)= lim — ,
2—00 T X
_ 1 sin?(2x)
§(x)= lim —————.

20w x2

The fundamental property of the Dirac delta is summarised in the following ex-
pression, which constitutes its formal definition

oo
/ F(x)8(x)dx = F(0),
—00
and from which, by means of simple changes of variable, the following two relations
are found

/00 F(x)5(x — x0)dx = F(xp),

—00

/OO F(x)8(ax)dx = |611—|F(0),

where a is any real number different from zero. From these equations we can get an
important generalisation concerning the Dirac delta whose argument is an arbitrary
real function g(x). Denoting this quantity by the symbol §[g(x)] and denoting by
x; the zeroes (if any) of the function g(x), we have

o0 1
f F(0)8[g)]dx =Y WF()C[),

- i

where g’(x) is the derivative of the function g(x) with respect to its argument. Fur-
ther generalisations to the case of the three-dimensional Dirac delta are described
directly in the text (see Sect. 3.2).
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Finally, we can give a meaning to the derivative of the Dirac delta function, §'(x),
defined by the usual relation

S(x + Ax) —6(x)
Ax '

8 (x) = lim
Ax—0
Using this definition we have, for an arbitrary function F (x)

foo F(x)8'(x)dx = lim * F(x)(S(X + Ax) —8(x) "
Ax—0 00 Ax

’

—0o0
from which we obtain

/OO F(x)8'(x)dx = lim FEAO—FO —F(0).
Ax—0 Ax

—00

16.4 Recovering the Elementary Laws of Electromagnetism

In Chap. 3, starting from the Liénerd and Wiechart potentials, we calculated the ex-
pressions of the electric and magnetic field at an arbitrary point in space, due to a
single moving charge. The results are contained in Egs. (3.19) and (3.20). We are
now going to show how the basic equations of electromagnetism valid for station-
ary phenomena can be derived from these equations in the non-relativistic limit.
The purpose of this appendix is a simple consistency check, since it is obvious that
the equations from which we start, being a consequence of Maxwell’s equations,
must already contain those results that, even historically, are the basis of Maxwell’s
equations themselves.

Consider a particle with electric charge e, moving within an electric conductor
having a constant transverse section. Its velocity is much lower than the velocity of
light. To fix ideas, we can think that the velocity is of the order of 1072 cm s~ !,
which represents the order of magnitude of the drift velocities of electrons inside
a conductor in a typical macroscopic electric circuit. The corresponding value of
B is of the order of 107!2, so that the approximation 2 < 1 is certainly verified.
Furthermore, the effects of the curvature of the conductor (causing very small accel-
erations) can certainly be neglected so that we can assume that the electric field is
given only by the Coulomb term of Eq. (3.19). Neglecting terms of the order of 42,
such field is written in the form

E(r, 1) = (n—B),

K3R2

where «, R, n are the quantities introduced in Chap. 3 and that need to be calculated
at the retarded time ¢'. The magnetic field is then given by Eq. (3.20), i.e.

B(r,t) =n x E(r, t).
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Fig. 16.1 We want to
evaluate the electric field in
the point P at time 7. P; is the
position of the particle at the
same time, while P, is the
position of the particle at the
retarded time

P

Pz’ ER ’ Pt

We can immediately notice that, if we put § = 0 (i.e. we consider an electric
charge at rest), obviously we do not need to consider the difference between real
time and retarded time, so we obtain, being x = 1

Em=2" B@m=0.
R2

These are the ordinary equations of electrostatics which represent, in terms of fields,
Coulomb’s law.

We are now going to see what we get at first order in 8. With simple consid-
erations it can be shown that the electric field E(r, t) is exactly equal to what one
would calculate using Coulomb’s law and assuming, hypothetically, that the velocity
of light were infinite (i.e. neglecting the difference between real and retarded time).
In fact, referring to Fig. 16.1 and denoting by a single quote the quantities measured
at the retarded time ¢’ and without superscript the same quantities at time 7, we have

/!
f=t——, R' =R+ (t—1)v=R+R'B,
¢
from which it follows, dividing by R’

R
n’—ﬂzﬁ. (16.15)

Introducing the new notations in the expression for the electric field and recalling
that B is constant we obtain

eR

€ /
E(I‘, t) = kB R"2 (n - ﬂ) = KkPBR3

On the other hand we have by definition that

K'=1-8-1,
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and applying Carnot’s theorem to the triangle PP,/P;

R=R\/1-28-0 +p2. (16.16)

Substituting in the expression of the electric field, we obtain the result we antici-
pated. In fact we obtain, apart from terms of the order of 82

eR(1 —2B-n"+ %32  en
E(r, 1) = Fi—puy S m

It remains to evaluate the contribution of the magnetic field. We have

en’ xn

/
B(r,t)=n" x E(r,t) = 72

On the other hand, also apart from terms of the order of B2, we have, from
Egs. (16.15) and (16.16)

n=8+n(l-p8 n),

so that

ef xn
R2

B(r, 1) =

Now we apply this equation to the case of an element of a conductor, of length d<.
Denoting by N the number density of the moving charged particles and with S the
transverse section of the conductor, the element contains a number of particles given
by NS d¢ with velocity v = c¢f parallel to d€. There is an equal number of fixed
particles of opposite charge, so the resulting electric field is null for the property
previously demonstrated. For the magnetic field we have instead

NS
Ve x &

B(r,t) = .
( )ec 72

On the other hand, if we denote by i the intensity of the current flowing in the
conductor

i=eNSv,
so that the equation for the magnetic field is written

B Laex 2
(r,t) = . X 7k
This is just the Biot and Savart law expressing the magnetic field generated by a cur-
rent element. As is clear from our deduction, although electric charges move within
the conductor at very low speed, they are nevertheless able to create a relativistic
effect which is manifested by the presence of the magnetic field.
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16.5 The Relativistic Larmor Equation

Within the radiation zone, Egs. (3.18) and (3.20) provide the expressions for the
electric and magnetic field due to a moving charge

E(r, 1) = ﬁn x[m—p)xal, B@)=nxEr0),
where e is the value of the electric charge, ¢ is the speed of light, n is the unit
vector along the direction of R, the vector that goes from the charge to the point of

coordinates r, 8 = v/c is the velocity of the charge in units of the speed of light, a
is the acceleration, and « is defined by the equation

k=1—n-p.

We recall that the quantities R, «, n, 8, and a that appear in the previous equations
must be evaluated at the retarded time ¢/, related to the time 7 by the equation

R
t=t——.
C

Expanding the double vector product, we obtain
e
E(r,t) = m[(n -a)(n — B) — «a).
On the other hand, we know that the Poynting vector is given by
C 2
S(r,t) = —E“(r, t)n,
4

and expanding the square of the electric field we obtain with simple algebra

2 2 ) e
S(r,1) = e [a 2(n~a)(ﬂ.a) _(1=pHm-a) :|n.

4w c3R? | k4 K3 K©

This expression shows that, in the general case, the angular distribution of the emit-
ted radiation (i.e. the radiation diagram) is quite complex. The special cases where
the acceleration is either parallel or perpendicular to the velocity have been dis-
cussed in the text. Here, it is sufficient to emphasize the fact that, for any velocity
and acceleration, there are always two directions where the Poynting vector is zero.
This can be shown simply from the expression of the electric field. The electric field
is obviously zero along the directions characterised by those unit vectors ng such
that the vector ny — f is parallel to the vector a. The same holds for the Poynting
vector. The directions ng are then contained in the plane defined by the vectors
and a, and are given by the solutions of the equation

(mg—B) xa=0.
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Denoting by « the angle between the velocity and the acceleration vectors, the unit
vectors ng are defined by the angles 6+ (which start from the acceleration vector
and increase in the same direction as «) given by

04+ = arcsin(f sinc), 0_ = — arcsin(f sina).

For example, if « =45° and 8 = 0.8, we have 6 = 34°.45 and 6_ = 145°.55.
Let us now move on to the calculation of the power. We note that if the integral

I:ygS(r, 1) -nR*d$2, (16.17)

were simply executed over a sphere of radius R centred on the position of the charge
at the retarded time (¢t — R/c), we would obtain the ratio between the energy that
flows across the sphere in a time interval d¢ and the dr itself. This quantity is how-
ever of not much interest. It is more interesting to obtain the power emitted by the
charged particle. In order to do this, we need to take into account the fact that the
energy that flows across the sphere in a time df was emitted by the particle in the
time dz’ which depends on the direction and is related to ds by

dt =« dt’.

To find the power W emitted by the charged particle we therefore need to calculate
the integral

dr
w =}§S(r, 1) - n@Rz do = 7{ S(r, 1) -nkR2dS2.

Substituting the above expression of the Poynting vector, we find

" 4n 3 K3 K4 K3

_e %[a_z+2(n-a)(ﬂ~a)_(1—ﬂ2)(n-a)2}d9.

To calculate this integral, we introduce a system of polar coordinates (i, x) with
the polar axis directed along the velocity vector and the azimuth y measured from
the plane containing the velocity and the acceleration. With obvious notations, the
three vectors 8, a, and n in this system of coordinates are given by

B = Bk, a=a i+ gk, n = sin cos xi—+ siny sin xj + cos ¥k,
so that the integrand can be written in the form

aﬁ—i—af_ siny cos xay + cosya
(1 —Bcosy)’ (1 —Bcosyr)*
| ) sin® ¥ cos? Xai + 2sinyr cos Y cos xa a) + cos? 1//aﬁ
_( _'B) (1 — Bcosyr)d

+ 2,361”

’
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and df£2 is given by siny dys dx. By integrating in d within the interval (0, 27),
the factors that do not contain any function of x result in 27, those containing cos x
produce zero, while the factor containing cos” x gives 7. In summary we have

e T aﬁ + ai 28 cos waﬁ
— 23 Jo [(1—ﬂcosw>3 (1— Beos )
% sin? wai + cos? l/faﬁ

2
—(1=F) (1 —Bcosy)’

] sinyr dir.

The integrals in dys appearing in this expression are simple and can be evaluated
either by integrating by parts or by changing the integration variable from ¥ to
x =1 — Bcosyr. We obtain

1

T 1 . 1
5/0 (A= peosyy VW =" pp

l/”%siwdw:ili
0

2 (1 — Bcosyr)* 3(1—p23
Lm_sinty 2]

E/o (0 peosy) VW =30
1 (T  cos’y . 114582
5/0 10— Boosy)ys VW =30 g

Substituting these expressions and grouping separately the terms in aﬁ and in ai,

we get
2

e, 1 8 B2 1 1+582
_2_63{61'[(1—/32)2+5(1—ﬁ2)3_5(1—/32)3}

N 11
+“L[(l —2 30 —ﬂ2>2]}’

w

or, expanding,

2 2
262 |: a n aj i|

T33a-p T a-pp
Recalling the definition of the relativistic factor y
1
y = —

J1-p2
the expression for the power emitted by a relativistic charge in accelerated motion

can also be written in the more representative form

W_2_e2 62, .42
T 363 (J/ a”—i-y aJ-)‘
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This formula is a generalisation of the Larmor equation (3.23) to the relativistic

case. Obviously, for y = 1 we find Larmor equation since aﬁ + ai =a?.

To conclude, we note that, if we had executed the integral of the Poynting vector
on the sphere without taking into account the difference between the d¢ and the d¢’
(i.e. the integral Z of Eq. (16.17)), we would have obviously obtained a different
expression. Taking into account that

%[m“‘””d‘”:%%’
[ npay = 1S

we have, in fact, that

2¢2 1 2
1= 3%[]/8<1 + g"gZ)alzl + )/6<1 + gﬂz)ai}

This difference between the power emitted by the particle (W) and the power
received on the sphere (Z) is a simple kinematic effect and has nothing to do with
relativity. A similar effect occurs in the case of acoustic waves emitted, for example,
by an airplane travelling at a speed close to the velocity of sound. While the power
emitted by the plane into acoustic waves is fixed, the received power can be very
large and, at the limit, almost infinite if the plane travels for a long time at exactly
the speed of sound (the so-called sonic bang is precisely due to this phenomenon).

16.6 Gravitational Waves

The equations that we have obtained for the radiation of electromagnetic waves
can also be applied, with some slight modifications, to treat gravitational radiation.
Obviously, this is not rigorous, since the laws of gravitational radiation should be
derived from the general theory of relativity. The approach followed here is however
sufficient to describe the fundamental properties of the mechanisms for the gener-
ation of gravitational waves and leads to formulae that are substantially correct (as
can be verified a posteriori).

We start by performing a formal transformation to the equations for electromag-
netic radiation described in Sect. 3.10

e —> m; (i=1,...,N),
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i.e. we replace, for each particle, the charge with the mass. Furthermore, in the
equations that express the Poynting vector (i.e. in those which express the radiated
power), we multiply the right-hand side by the universal gravitational constant G.
We note, incidentally, that in these equations the dimensional factor [€2] is replaced
by the dimensional factor [Gm?] having the same dimensions. The various quan-
tities introduced in Sect. 3.10, i.e. the electric dipole moment D (Eq. (3.31)), the
magnetic dipole moment M (Eq. (3.32)), and the symmetric tensor of order two (re-
lated to the electric quadrupole moment) @ (Eq. (3.33)) are transformed in as many
quantities for which we use, respectively, the symbols Dg, Mg, and Qg, i.e.

N N
D= E e,'Si—>DGz E m;sS;,
i=1 i=1
N N
1 1
M=—E eis,-xvl-—>Mg=—E m;S; X v;,
2c “ - 2c “ .
1= 1=

N N
Q = Zeisisi - QG = Zmisisi.
i=1 i=1

We now note that the quantity Dg, the analogous of the electric dipole, is, by
definition, the coordinate of the centre of mass of the system of N particles rg
multiplied by the total mass. We therefore have

N
DG = Zmisi = Mrg,

i=1

where

N
M szi.
i=1

We then have, for an isolated system,

2

.. d
Dg=M

@I’G =0.

Furthermore, the analogous of the magnetic dipole, the quantity Mg, is proportional
to the total angular momentum of the system J, since

N
ZCMG = Zmisi X V; =J.

i=1

We then obtain, for an isolated system,
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and therefore also
Mg = 0.

According to our analogy, we can then conclude that for gravitational waves there is
neither the analogue of electric dipole radiation, nor the analogue of magnetic dipole
radiation. It therefore only remains the analogue of the electric quadrupole radiation
(in addition, obviously, to the radiation due to higher multipoles). The tensor Qg
is traditionally denoted by the symbol Z, because it is essentially an inertia tensor.
It is however not to be confused with the ordinary inertia tensor Z that is used to
describe the dynamics of a rigid body, and that is defined as

N

I= Zmi(si2U —§iSi),

i=1

where U is the unitary tensor. We have, obviously,
1
I=-TI+ E(TrI)U,
since, recalling the definition of the trace of a tensor

TeZ=> mi(3s] —x} —y} —27)=2) ms}.
i i

The two tensors Z and Z differ by a quantity which is proportional to the unitary
tensor. This property is strictly analogous to the one that exists between the tensors
Q and @ in electrodynamics. Therefore, within our analogy, the power emitted in
gravitational waves at the lowest order (of the multipolar expansion) can be obtained
from Eq. (3.34) and is given by

G N
Wo =3, Zk(z I
J

This formula is correct in all respects, aside from the numerical factor. The cal-
culations based on general relativity produce a similar result, where the factor % is

replaced by the factor % Intuitively, one can justify this multiplication by a factor of
four noting that an electromagnetic wave is described by two vectors E and B that
are not independent and are perpendicular to the direction of propagation, say z.
Only two components of one of the two fields, such as Ey and Ey, are sufficient
to describe the wave. A gravitational wave is instead described by two independent
tensors also perpendicular to the direction of propagation. If we denote these tensors
by the traditional symbols e™ and e, the wave is described by the eight components
(el el el el el el exX

x . . .
Tys €3 Eyys €xs Exys €55 €5). The factor of four is therefore associated with,

say, the degrees of freedom of the polarisation. The correct formula for the power
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emitted in gravitational waves is then
G o
Wg = 53 Zk(I K
J

Finally, we note that if we change the origin of coordinates putting
s;=b+s;,
with b a constant vector, we obtain that the new inertia tensor Z’ is
T' =T+ M[(2b-rg + b*)U — bb — brg — rgb],
so that, for an isolated system,
7 =7,

and, all the more so, 7 = 7. This equation allows to calculate the inertia tensor
in a coordinate system having an arbitrary origin in order to determine the power
emitted in gravitational waves.

16.7 Calculation of the Thomas-Fermi Integral

Some applications of atomic physics based on the Thomas-Fermi model require the
calculation of the following integral

% (] 32
z:f Li%é—m,
0 X

where y (x) is the solution of the Thomas-Fermi equation

xl/ZX// — X3

/2
which satisfies the boundary condition
x(0)=1, lim x(x)=0.
X—>00
The integral is split into the sum of two integrals

IT=T71+1, (16.18)

where

oo ,,3/2 oo ,,5/2
L=/ £ dx, b=/ X dx.
o x/ 0o X
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The first integral is trivial since, taking into account the Thomas-Fermi equation and
the boundary conditions of the function y, we have

o
7 =/ ¥/ dx = —x'(0). (16.19)
0

The calculation of the second integral is more complex. It can be done in the fol-
lowing way. On one hand, we have

00 4 5/2 o
Iz=/0 de:/o xx dx,
and, integrating by parts and taking into account that x (0) =1
o0
L=~ [ 1P (16.20)

On the other hand, considering the quantity x~!/?>dx as a differential factor, by
integrating again by parts and recalling the Thomas-Fermi equation, we obtain

00 X5/2 00 00
Izzf 7 dx:—S/ x1/2X3/2)(’dx=—5/ xx'x” dx.
0o X 0 0

Now we note that the product x’x” can be expressed in the form

/ //:ld)(/2
2 dx’

and integrating again by parts we get

5 * 2
I=- x'“dx.
2 Jo

Comparing this expression with Eq. (16.20), we obtain
o 2 5
/ X2dx==2x'0), or, Ty=—-2x0).
0 7 7
Finally, recalling Eqgs. (16.18) and (16.19) we get

(1 3/2 12
I:/ %dx:__x/m). (16.21)
0 X / 7

16.8 Energy of the Ground Configuration of the Silicon Atom

As an application of the results obtained in Chap. 8, we evaluate the energy of the
ground configuration of the silicon atom, i.e. of the 15225>2p%3523 p? configuration.
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Before performing these calculations, we need to evaluate some 3-j symbols. By
means of the analytical formula given in Eq. (7.16), we have

0 0 0\ _, o1 1)’ 1 112\ 2

0 0 o0 7 0 0 0/ 3 0 0 0/ 15
The configuration contains four closed subshells and one open subshell. We start
by evaluating the degenerate contribution to the energy. The Hamiltonian Hy (de-
fined in Eq. (7.3)) and the F part of the Hamiltonian #; (defined in Eqgs. (8.2)

and (8.3)) produce five terms, one for each subshell (open or closed). The corre-
sponding energy (that we denote by &) is obtained from Eq. (8.7) and is given by

£ = 2Wo(1s) + 2Wo(2s) + 6Wo(2p) + 2Wo(3s) + 2Wo(3p)
1 20(1s) +212s) + 61 2p) +21(3s) + 21 3p),

where W is defined by Eq. (7.11) and I (n, [) is the integral defined in Eq. (8.6). The
energy of the Coulomb interaction (i.e. the part G of the Hamiltonian H1) resulting
from closed subshells contributes four terms. Denoting by & the corresponding
energy, we have, using Eq. (8.17),

6
& =F(1s, 1s) + F°(2s,25) + 15F°(2p, 2p) — §F2(2p, 2p) + F°(3s, 3s),

where the quantities F k (ngly, nylp) are defined in Eq. (8.9). Considering the en-
ergy of the Coulomb interaction between different closed subshells, we have six
contributions, as many as the number of the distinct pairs that can be formed with
the four closed subshells. Denoting by &£ the corresponding energy, we have, using
Eqgs. (8.14) and (8.16)

& =4F"1s,2s) —2G (15, 25) + 12F°(1s,2p) — 2G' (1s,2p) + 4F°(1s, 3s)
—2G%1s,3s) + 12F°(2s,2p) — 2G' (25, 2p) + 4F°(2s, 3s) — 2G°(2s, 3s)
+12F°2p, 3s) —2G' (2p, 3s),

where the quantities G*(ngly, nyly) are defined in Eq. (8.10). Finally, we need to
evaluate the contribution of the Coulomb interaction between the open subshell 3 p
and the four closed subshells. Denoting by &4 the corresponding energy, we have,
using Eqgs. (8.13) and (8.15),

2 2
E4=4F(s,3p) — gGl(ls, 3p)+4F°(2s,3p) — §Gl(zs, 3p) +12F°(2p, 3p)
0 4 2 0 2 1
—2G"(2p,3p) - gG (2p,3p) +4F"(3s,3p) — §G (3s,3p).

The four contributions to the energy that we have calculated are degenerate with
respect to all the states of the configuration. For the degenerate part of the energy of
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the ground configuration of the silicon atom, £, we then have
E=E14+E+E+E.

What remains to calculate is given by Eq. (8.11), with the sum extended to the only
pair of electrons belonging to the open subshell 3p. The explicit computation is
done in Sect. 8.6. The two 3p electrons give rise to three terms that, in order of
increasing energy, are >P, 'D, and 'S. The ratio between the intervals (1S — 'D) and
(D —3P) is equal to 3/2.

16.9 Calculation of the Fine-Structure Constant of a Term

The calculation of the constant ¢ (¢, LS), which characterises the fine-structure in-
tervals of the terms belonging to a given configuration, can be carried out with a
process based on the diagonal sum rule. A similar process was followed in Sect. 8.1
to determine the energy of the terms. The starting point is Eq. (9.8) which, in the
case of diagonal matrix elements, is

Z(WLSMLMS|§(’”1‘)£1' “Sila LSMp Mg) = ¢ (o, LSYM M.

i

On the other hand, for any eigenstate of the configuration of the form JIA(al ,an,
...,ay) of Eq. (7.1), the diagonal matrix element of the same operator is given by

Z(‘I’A(Cll Lay, .. an)[EGDL - si [P ar ar, . an)) = Z Snil;mimsi,
i

i

where ¢,,;; is the quantity defined in Eq. (9.10).

We now consider the particular case of the pf configuration which, as shown in
Table 7.3, gives rise to the six terms Ip 1F 1G, 3D, 3F, and 3G. We start from a
state having the highest values of the quantum numbers My and Mg, i.e. M| =4,
Mg = 1. This state can only originate from the 3G term. Considering instead single
particle states, this state is of the type m1 = 1, my) = %, my=3,ms = %, where the
indices 1 and 2 refer, respectively, to the p and f electron. Using the same notations
as in Sect. 8.1 we can write the equality’

[4,1]1=(1%,3%),

5The symbol [M}, Ms] means the sum of the diagonal matrix elements of the Hamiltonian of the
spin-orbit interaction over all the states ¥ for which M; and My are the eigenvalues of L and S;,
respectively. Similarly, the notation (mli, mzi) is used to denote the diagonal matrix element of the
same Hamiltonian on the state where the electron 1 has the magnetic quantum number m and spin
quantum number +1/2 or —1/2 and, similarly, the electron 2 has the magnetic quantum number
my and spin quantum number +1/2 or —1/2.



398 16 Appendix

that, according to the previous equation, is®

1 3
4;(3(;) = Eé‘np + Eé‘nf
We therefore obtain the result
1 3
§(3G) = gé‘np + g{nf

We then proceed by lowering the value of M (maintaining Mg = 1). We obtain the
equations

3, 11=(0",3")+ (17,2%),  [2,1]=(=17,3)+ (0%, 2%)+ (17, 17),

from which we have, noting that the combination [M} = 3, Mg = 1] can originate
from the 3G and 3F terms, and that the combination [M} =2, Mg = 1] can originate
from the 3G, 3F, and 3D terms,

3 1
3[206) +£CF)] = 2tur + 30 + oy

1 3 1 1
2e(6) +¢CF) + 5 (D)] = =5 up + 607 + Gy + 5600 + 500

By solving the system, we arrive at the following expressions (which can also be
obtained from Eq. (9.11))

3 1 11 5 1 2
é‘(F)=ﬁ§”P+ﬁ§”f’ é‘(D)z_gCnp'i_gé‘nf
In principle, we could also consider the values of Mg = 0. For example,
[4,00= (17.37) + (17.3%).

However, in so doing we obtain equations of the form 0 = 0 and the value of ¢ ('G)
is undetermined. This is entirely consistent, since the singlet states do not have fine
structure and the constant ¢ is not defined.

The cases of the configurations of equivalent electrons are also interesting, be-
cause, by repeating the same arguments, we obtain directly the third Hund’s rule.
For example, consider the configuration p2 which produces, as shown in Table 7.4,
the three terms 1S, !D, and 3P. For the singlet terms, the fine structure constant
remains undetermined, as usual. For the triplet term we have instead

[1,1]= (0", 17),

SWe note that even if there are electrons in the closed subshells they do not produce any contribu-
tion to the equation.
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from which we obtain
1
§(3P ) = Efnp-

If we consider the complementary configuration p*, we get the same structure of
terms. This time, to find the fine structure constant of the 3P, term, we need to
consider the equation’

[1,1]= (1", 17,07, —1%),

and we obtain

1
§(3P) = _Eé‘np,

i.e. a value that is exactly the same (but opposite in sign) to the one of the con-
figuration p2. These arguments can be repeated for any configuration of equivalent
electrons and for the corresponding complementary configuration and lead to the
third Hund’s rule. In the particular case of configurations that fill half of a subshell
(such as p3, d®, and f 7), the configuration coincides with the complementary one,
and the fine structure constant is zero for all the terms.

16.10 The Fundamental Principle of Statistical Thermodynamics

Consider, in all generality, a macroscopic physical system. We suppose that the sys-
tem is in thermal equilibrium with an ideal heat reservoir having temperature 7
(canonical ensemble). We also suppose to identify with the index i all possible mi-
croscopic states of the system and we denote by E; the energy of the i-th state.
Macroscopically, the system is in a steady state. On the other hand, from the micro-
scopical point of view, we can think that it constantly evolves from one microscopic
state to another. We can then introduce a statistical description denoting by p; the
probability that the system is in the i-th microscopic state. The following normali-
sation property should obviously be valid

Zlﬂi =1L
i

We now need to relate the probability p; with the energy E;. To do so, we give a
definition of the entropy by putting, according to an hypothesis originally due to
Boltzmann

S=—kg ) pilnp;.
i

TThe quantity (17,17, 0", —17), relative to the configuration p4, is obtained from the correspond-

ing quantity (0F, 1), relative to the configuration p2, taking the “complementary” of the latter,
ie. (=17, —17,07,17), and then changing sign to all the values of m and m;.
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where kg is the Boltzmann constant.

This definition can be justified by considering that the entropy of a system mea-
sures the amount of “disorder” contained in the system itself and noting that the
function defined above has the mathematical property of assuming its maximum
value when all the probabilities p; are equal to one another, and take the minimum
value (which is equal to 0) when a single p; is equal to 1 and all the others are equal
to 0. The proof of the second property is trivial. To prove the first property we note
that giving an arbitrary variation §p; to the probabilities, the corresponding change
8§ of the entropy is

85 =~k ) _(Inpi +1)spi.
i

On the other hand, being
2_opi =0,
i

it follows that if In p; is constant (i.e. independent of i), 4 is null and therefore the
entropy presents an extreme. It is then easy to verify that such an extreme is actually
a maximum, since

1
— =—kg— <0.
dpi Pi
Having justified the definition of the entropy, we now take into account that the
internal energy of the system is given by the expression

UZZPiEi-
i

If we consider an infinitesimal thermodynamical transformation of the system, the
internal energy will vary, in general, because both the probabilities p; and the ener-
gies E; change. We then have

U =) (6p)Ei+ ) piSEy).

If, however, the external conditions of the system are not varied, the quantities E;
remain fixed to the initial value and the second term of the right hand side is null.
On the other hand, to keep constant the external conditions of the system means that
the system does not accomplish mechanical work on the ambient medium, so we
can write, according to the first principle of thermodynamics

SU = Z(Sp,-)E,- =80 =TS5S,

1
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where 6 Q is the heat exchanged with the reservoir, and taking into account that

8§ =—ks ) (8pi)Inp;.
i

we obtain the equation

> 8pi)Ei =—ksT Y (8pi)Inp;.

This equation must be satisfied for an arbitrary thermodynamic transformation (as
long as no work is done). The following relation therefore must hold

E; = —kpT In p; + const.,

which leads to the relation
pi = Ae_ﬁ Ei ,
where A is a constant and where we have put

1

P=taT

The constant A is determined by imposing the normalisation condition. Since we

must have
Zpi = ZAe_’SE" =1,
i i

it follows that
A=—,
Z

where the quantity Z, known as the sum over states, is given by
Z= Z e PEi.
i

The expression of p; can therefore be written in its final form

l e_ﬁEi
e BE —

—= == 16.22
Z Z] efﬂE,i ( )

pi =

This expression, often referred to as Gibbs principle, is of extreme generality
and can rightly be considered the basis of all statistical thermodynamics. It can
be written in an alternative form by assuming that the microscopic states of the
system are not discrete (and therefore countable) but are identified by the rep-
resentative point in the phase space of the system having dimension 2\, where
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N is the number of degrees of freedom of the system itself. In this case, denot-
ing by dP the probability that the representative point of the system is in the cell
dI' =dqidgs ---dgandp1dps - - -dp s of the phase space centered around the val-
ues (gi, pi), and denoting by H(g;, p;) the Hamiltonian of the system, we have

—BH (qi,pi)
dp = LeBH@pygp . &0 dD
Z fe—ﬂH(qi,p,-)dr’

(16.23)
where the integral is over the entire volume of the phase space available to the
system. Equations (16.22) and (16.23) coincide, respectively, with Eqs. (10.2)
and (10.1) which we have assumed as the basic principles for the deduction of the
various laws of thermodynamical equilibrium in Chap. 10.

16.11 Transition Probability for the Coherences

In Chap. 11, we have introduced the so-called random phase approximation and
we have determined the kinetic equations for the diagonal matrix elements p, of
the density matrix operator of the physical system. The result that we found is the
kinetic equation (9.11), which is interpreted by introducing the transition probability
per unit time between different states of the system. This probability is given by
Fermi’s golden rule, expressed by Eq. (11.10). We now want to generalise these
results by determining the kinetic equations for the so-called coherences, i.e. for the
non-diagonal matrix elements of the density matrix operator.

We start again from Eq. (8.11) and introduce the hypothesis, less restrictive than
that of the random phases, that in the physical system there might exist coherences,
even if only within pairs of states, |«) and |a’), having the same energy eigenvalue
(degenerate states) and such that the matrix element of the interaction Hamiltonian
between them, H(Iw,, is zero. Taking into account this approximation, when evalu-
ating the product ¢y (t)c}, (t) we obtain, considering only the terms that are at most
quadratic in the matrix elements of HE,

(D165 (1) = ¢4 (0)5 (0)
1 eiwaﬂt -1 e_iwﬂt/ﬁ’t -1
N
BB’

a)a/ﬂ/

1 eiwayt -1 eia)aﬁt -1
+ 13 [Z HipH, c, (O)C;,(O)( —~ )
By

Way @y Wap WPy
+C.C.(x < a’)},

where the symbol [--- + C.C.(a <> «)] means that we need to add to the term in
brackets its complex conjugate (with the exchange of the indices o and o).
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We now need to recall the approximation we have introduced in that the states
between which coherences exist are iso-energetic. As regards the second line of the
previous equation, this implies that wyg = w,g and so the two temporal factors are
one the complex conjugate of the other. Regarding the third line, we can consider
the limit (wy, — 0) and the temporal function between round brackets, which we
indicate with F(¢), is equal to

eiwayt -1 eiwalgt -1 it eiwaﬁt -1
F() = - -
Doy BBy Wap WLy Waf Wyp

_ 2sin’(wept/2) L iSin(@apt) — wapt

2 2
Wyp Wyp

We now proceed by evaluating the statistical average over the physical system. We
introduce the notation of the density matrix by putting8 Pac’ = {Cq (), (1)). Chang-
ing the index of the sum y in &, the Kinetic equation for the coherences becomes

1 45in* (wapt /2)
e () = Pat O) + 15 3 HiggHyr o (O 5=

BB op

1
+ [} Hig M Parar OV F (1) +C.C.(a <> o/)i|. (16.24)
ﬂ()l//

We consider the limit of this equation for + — o0o. As we have seen on various
occasions within the text (cf. Fig. 11.1)

. 4sin®(wgpt/2)
lim ———"——

—00

= 2718 (wap) = 27 t8(Eq — Ep),
a)aﬁ

where we have used the definition of the Bohr frequencies in terms of the energies
of the states of the physical system. Regarding the function F(¢), while its real part
produces again a Dirac delta over the energy, the imaginary part behaves, at the limit
of t — 00, as shown in Fig. 16.2. It can rigorously be shown within the distribution
theory that we have

1 i
lim F(t) = —ntd — itPP— = —mht|§(Ey — E —PP— |,
Jim F() = —m1d(wap) — i oup T [(a /3)+n Eo:_Eﬂi|
where the symbol PP means the Cauchy principal value.
We are now able to write the kinetic equation that generalises Eq. (11.9), valid

for the diagonal elements of the density matrix, to the case of coherences. Starting

8We note that in Chap. 11 we only introduced the diagonal elements of the density matrix, denoted
for simplicity by the symbol p, instead of pyq .
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Fig. 16.2 The imaginary part S : \ 7
of F(t) is plotted as a :
function of weg for a fixed
time z. As ¢ increases, the
behaviour of the function
becomes more and more
similar to that one of the
function —t/weg (dotted
line), except in the origin
where it is zero

—t*/nF

ap

with Eq. (16.24) and noting that all the terms in the right hand side behave linearly
with ¢, we can write, for t — 0o

d
apaa’ = Z Taa’ﬂﬂ’pﬂﬁ’ - Z(Rota”pa”a’ + Rz/aﬁpaa”)» (16.25)
5ﬂ/ a//
where Ty g, the rate of transfer from the coherence pgg: to the coherence pyq, is
given by
2w
Toa'pp = ?H}xﬂHl o8 (Eq — Ep),

and where R, the relaxation rate that relates the coherence p,, to the coherence
Pa’a’ s 18 given by

i I Al i 1
Ryyr = - Xﬂ:HtxﬂHﬁa” [S(Ea — Ep) + ;PPE}.

It is easy to show that Eq. (16.25) coincides with Eq. (11.9) in the case of the
random phase approximation, i.e. when we consider only the diagonal elements of
the density matrix. We have, in fact,

21 12
Taaﬂﬁ: ?|Ha/3| 5(Eot _Eﬂ):Paﬂ’
where Pyg is the transition probability per unit time between the states |o) and

|B) (or between the states |8) and |«)) given by Eq. (11.10) (Fermi’s golden rule).
Similarly,

2
Raw + Riy = % N Ml 8B — Eg) = Pap.
p g
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Equation (16.25) can therefore be rightly considered the generalisation of Fermi’s
golden rule to the case of coherences. It is important to stress the presence of the
imaginary factor in the relaxation rates. Such factor is responsible for some phenom-
ena typical of the interaction between material systems and the radiation field such
as, in particular, the anomalous dispersion phenomena that occur in the propagation
of polarised radiation in an anisotropic medium (Faraday effect, Macaluso-Corbino
effect, etc.).

16.12 Sums over the Magnetic Quantum Numbers
Here, we want to prove Eq. (11.17). That is, we want to show that, for any polari-

sation unit vector e, having defined the averages of the square moduli of the dipole
matrix elements A and A" over the magnetic quantum numbers by the equations

Z I*p8, a0 e|

gag

2
= |rba| =

1
= Z(Mbﬁlﬂuaa) : (uua|r|ubﬁ>v
8a8b «p

we have
1
A=-A.
3

The indices a and b in the previous equations denote any two energy levels of the
atomic system while the indices « and 8 denote the respective magnetic sublevels,
which are degenerate with respect to the energy. To demonstrate the equation, we
need to introduce a more detailed notation which takes into account the fact that
the atomic levels are normally characterised not only by a set of internal quantum
numbers y (which specify the configuration and the term), but also by the quan-
tum number for the angular momentum J and the magnetic quantum number M.
Applying the formal substitutions

[ae) = [VaJaMa), lupg) = Vo IpMp),
8a—>2J,+1, gpr —> 2Jp + 1,

we obtain

A=Y |V T M| - €] a Ja Ma)|*
(2Ja +D(@2Jp+ 1)

’

Z (Yo Jo Mpr|YadaMa) - (YaJaMal¥X|vsJp Mp)

A= 2Ja + DQ2Jp + D)

My My
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To calculate A we apply the Wigner-Eckart theorem, noting that the scalar product
r - e can be expressed in terms of the spherical components of the two vectors. We
have in fact (cf. Eq. (9.5))

re=Y (-Dirge,.
q

Using Eq. (9.4) we have

(VbeMbqulquaMa>
J; Jo 1
= (=DMt /20, +1 (_ M, M q) (VoI Il Ya Ja)
a

and we obtain

A=Y (DT e_g(e_g)*

qq’

(P e (e RALAAL
MMy M, M, gq -My, M, 4 2J,+ 1 ’

The sum over M, and M}, of the product of the two 3-j symbols can be calculated
using the property of the 3-j symbols of Eq. (7.18). We have

b Ja 1 /A A | 1
Z -M, M, g)\-My, M, q - 58‘14/’
My My,

and we obtain, being ) g€a(eq)* =1

|V bl Ve Ja)

1
A=~
3 2J,+1

To calculate the quantity A’ we proceed in a similar way first noting that
(YaJaMalx |y JpMp) = (ybJp Mp|r|ya Ja My)*. We obtain

B Jo IN{ T T U\ 1 Iblrlyada)l?
A/: a a ,
S (o o) ) e

q MaMb

and using the same property of the 3-j symbols and summing over g we arrive at the
result that we wanted to prove, i.e.

(VoI ITll Ve Ja)

A =
2J,+1

=3A.

The above results can be used to express the quantity |rp,|? that we introduced

within the text in terms of the reduced matrix elements of the spherical tensor r.
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Since |rp,|*> = A’, we have

2 |V bl Ve Ja) I
2 = B¥edbliliVatail

T
It 27, +1

On the other hand, being |ryq|> = |rap|?, we obtain by symmetry

e = [y 2 = 72T da) . Hya Taliellys Jo)
ba ab 2/, + 1 2+ 1

an equation that relates the reduced matrix elements under the exchange of the bra
with the ket.

In spectroscopy, the concept of line (or transition) strength is commonly used.
Such quantity is invariant with respect to the exchange of the lower and upper level,
and is defined by

2 2
S =g|(voIplldlvala)|” = ga|(vatalldllys o) |,
where d = —er is the electric dipole operator. The quantities introduced in the text
are therefore related to the line strength via the relation
S
Itpal? = [rap|* = 5 ——.
€ 8a8b

These relations can then be used to express the Einstein coefficients in terms of
the line strength instead of in terms of the dipole matrix elements. For example,
recalling Eq. (11.20), the Einstein coefficient A, can be written in the form

4.3
64"V,

8aAap = W

An alternative quantity that is also used to characterise the strength of a line (or a
transition) is the so-called oscillator strength. This quantity is introduced in the fol-
lowing way. The absorption coefficient of a plasma of “classical” atoms, described
by the Lorentz atomic model and integrated in frequency is given by

2
(a) e,
[kRa ]class = m_CO’

where N is the number density of atoms. Comparing this expression with that one
for kl(f ) obtained in Sect. 11.9 (Eq. (11.33)), we see that the two quantities coincide
if we identify A" with A, and multiply the classical expression for the dimensionless
quantity fp,, known as the oscillator strength of the transition, given by

2
8T myyyp |2

Joa = 3 8alrpa
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The oscillator strength may be considered as a parameter measuring the effi-
ciency of the transition, since it represents a sort of “‘equivalent number” of classical
oscillators. Typically, it is a relatively small number that can reach values of the
order of unity only for the strongest spectral lines. The relations between oscilla-
tor strength, line strength, and Einstein coefficients are easily obtained using the
previous relations. For example, we have

2,2,2
87 2mvgp 8 eqvyy

= S, Agp=—75%
ghfba 3h€g 8aAab mes gbfba

16.13 Calculation of a Matrix Element

We wish to calculate the probability per unit time that the following elementary pro-
cess occurs: a non-relativistic free electron of momentum q undergoes a transition
to a free state of momentum q’ due to absorption of a photon with wave vector k.
According to Fermi’s golden rule, repeating the arguments presented in Sect. 11.4
but without introducing the dipole approximation,® such probability is proportional
to the squared modulus of the matrix element M given by

M = (us|e™"p - e|us),
where |u;) and |ur) are the eigenvectors of the atomic system (in our case of the free
electron) in the initial and final state, respectively, e is the polarisation unit vector
of the absorbed photon, and p is the momentum operator of the electron. Within the

representation of the wavefunctions, where the operator p is given by —if grad, the
matrix element M is

M =—ihe- / l/fii“(r)e““‘r grad[wi(r)] &r

On the other hand, the eigenfunctions v and y; are of the type of a plane wave, i.e.

lq T/h 1qr/h
Yr(r) = ﬁ , Yi(r) = ﬁ

where V is the normalisation volume. Substituting in the integral we have

M= eyq /e—i(q’—hk—q)~r/h Pr.

9The dipole approximation is appropriate when considering the interaction between radiation and
electrons that are bound in an atom. For free electrons, described by eigenfunctions of the type of
a plane wave, the approximation cannot be applied.
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The integral is null unless the argument of the exponential is zero. This leads to the
equality q' = (7k + q) which represents the conservation of momentum. In such
case, the integral is simply equal to ), so we obtain

M=e-q=e-(q — k).

16.14 Gauge Invariance in Quantum Electrodynamics

Consider the quantity R¢; defined in Eq. (15.22) of the text that we rewrite here in
the form

Rti=P+ 0,
where

Hg + €+ ho

P=W/0)lee) o a
g

(ax-e)W, (p),

Hy + ¢ — ho'

g}@ZgWeWm»

Q=W (p))a-e

We want to demonstrate that Ry; is invariant with respect to the transformation
a-e—>a-et+Cla-u—1), (16.26)

where C is an arbitrary constant and where u is the unit vector of the direction of
the initial photon (u = k/ k). Performing such transformation, the quantities P and
Q are transformed according to the equations

P—>P+CP, 00— 0+CQ,

where

Hy, 4+ €+ M
e T [ w — 1]W, (@),

(e +hw)? — €

Hy + € — ho'
hni_a @I @)
h

P =W, (p)(a-e*)

s

Q' =W (p)[(e w)—1]

We multiply the two quantities P’ and Q' by the product chk and note that
chk[ (e -w) — 1] = ch(et - k) — ho.

Recalling the kinematic relations of the Compton effect and noting that the quanti-
ties g and h, contained respectively in P’ and Q’, are given by (see Eq. (15.15))

g=p+ 7k, h=p -7k’ =p' — 7k,
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we can perform the following substitution in the expression of P’
hk=g—p,

and in the expression of Q’
hk=p —h.
Substituting, and recalling also that € — fiw’ = ¢’ — hiw, we obtain

Hg + € + ho

/I _ T (! L al*
chkP = W] (p')(a e )—(e+ha))2—6§

[coe - g —ca-p— holW, (p),
Hy+€ —ho

Cth/ = W;(p’)[cot 'p/ —ca-h— hw]m

(- €)W, (p).

Within the square brackets, we add and subtract the factor ,Bmc2 and recall that an
expression of the type (ca - q+ Smc?), with q arbitrary, is the Dirac Hamiltonian Hy.
We obtain

Hg + €+ ho
chkP' = W/ (p')(e- e’*)m[flg — Hp — hw]W, (p),
g
Hy+ ¢ — ho

chkQ' = W (p')[Hy — Hp — Tiw] (o - €)W, (p).

(€ — hw)? — &
Now, noting that
HpW, (p) = €W, (p), wi (p)Hy = ewl ).

we have

Hg + € + ho

’r_ T/ L al*
chkP' = W/ (p')(a e )—(6+hw)2_6§

[Hg — € — hw]W, (p),

I
Hh +€ hwz ((x . e/*)Wr (p).

hkQ' = w!(p)[e — Hp — ho|——————
c Q S(I))[E h ](6/—560)2—611

Finally, taking into account that
[Hg + € + hol[Hg — € — ho] = € — (€ + hw)?,
[¢' — Hh — ho][Hy + € — ho] = (¢' — hw)2 — €,
we obtain

chkP' = —W] (p) (- €)W, ().  chkQ' =W, (p)(a-€*)W, (p).

N
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from which it follows that (P’ + Q') = 0. This shows that the quantity Ry; is invari-
ant with respect to the transformation (16.26). In all similarity, it can be shown that
Ryi is also invariant with respect to the transformation

a-e*>oa-e*+C(a-u 1),

where C’ is an arbitrary constant and where u’ is the unit vector of the direction of
the final photon (u' =K'/ k).

An alternative way to express these invariant properties is to formally consider
the quantity R¢j as a function of the matrix (« - e), or, alternatively, of the matrix
(e - €*). From the above proof it follows that

Reifa-e — o -u} = Reifor - e — 1},
(16.27)
Riife-€* —> a-u'} =Ryi{a-* — 1}.

16.15 The Gamma Matrices and the Relativistic Invariants

The relation between energy €, and momentum p of a relativistic particle of mass
m is
2

€= c2p2 + m>c*.

In particular, for a photon (m = 0) we have

€p=cp, with p=p|,
or, in terms of frequency and wavenumber

hw = chk, withk = K|.

Such relations may be formally simplified if we adopt a unit system in which
h = ¢ = 1. The introduction of this convention is equivalent to define the unit time
interval as the time needed by light to travel the unit of length. With this definition,
the energy, the momentum, and the mass (and similarly for a photon, the angular
frequency and the wavenumber) all assume the dimensions of the reciprocal of a
length (or a time). The relation between momentum and energy is written, in this
system of units, in the form

2 2 2
=0 +m~, or € —p =m",
and for a photon
ep=p, or w=k.

We now introduce with the symbol P, (u =0, 1, 2, 3) the quadrivector momentum-
energy of the particle. It is an entity with four components that are defined in this
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way
Po=€p, P1=p1=px, P2 = p2=py, P3 = p3=pz,
or, in a more compact form

P = (ep, P)-

Defining the metric tensor g, as

the scalar product of two quadrivectors P and Q is

(PQ) = Zguvpugv =€p€q—P-q.

v

In particular we have

P’=(PP)=) guPuPu=¢—p =m".

v

These quantities (the scalar product of two quadrivectors defined by the above met-
ric tensor and, in particular, the square of a quadrivector) are relativistic invariants,
i.e. do not change under Lorentz transformations. We are now going to show how
the probability amplitudes of Compton scattering can be expressed in terms of these
invariants.

Consider the quantity R¢; defined in Eq. (15.22). This quantity is composed of
two terms that we denote by P and Q. For the first one we have, taking into account
the system of units we have introduced (c =h=1)

Hy+e+ow
P=w (p) (o &) ———(a-e)W, (p),
s(p)(o‘ )(€+w)2—6§(a YW, (p)
where
Hy =0 -g+ pm,
with

g=p+Kk, 6g=\/82+m2.

Recalling that the square of the Dirac matrix § is unity, we can write

s He+e+ow

2
mﬂ (- €)W, (p).

P =W/ (p)(x-¢")p
If we now also recall that the Dirac matrix 8 anticommutes with any of the a matri-
ces, we obtain

ﬁ(Hg+€+w)

P=Wi ()l e) T 0
g

Bla-e)fW, (p).
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We now define the matrices y, (u=0,1,2,3)

v =2, y1 = Bai, V2 = Bay, v3 = Bas.

The fundamental property of these matrices regards their anticommutator which is
(as easily derived from the properties of the & and § matrices)

{J//L7 )/u}=)/m/u + nvu =Zg,uu’ (16.28)

where g, is the metric tensor that we have previously defined. Moreover, given an
arbitrary quadrivector V, we define by the symbol Y the matrix

V = ZV}LVW

With these definitions, the quantity P can be written in the form

g—i-m

P =W )" S

£voW,(p), (16.29)

where the quadrivectors G, £ and £’ are given by
G=(w+e,g), E=(0,e), &'=(0,¢).
We note that the quadrivector G can also be written in the form
G=P+K,
where

K= (w,k).

If we now consider the quantity P*, complex conjugate of P, we need to proceed
carefully because the y matrices (except yy) are not Hermitian. We have in fact

J/J =p"=B=m,
vi =) =T =0 p=—po; =~y (=123
These properties can be summarised in only one relation
Vi = vovuo.
which implies, for an arbitrary quadrivector
Y =n¥*n.
We therefore obtain

Vo@)fo +m

mE g voW; (p').

P* =W, (p)yorod* 1o
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or

g+

P* =W/ (p)¢* . Zzéf’yows (p'). (16.30)

Similar considerations can be repeated for the other term Q of Eq. (15.22) de-
fined by

0= Wi(p)a- e>%(w W, ),
where
Hy=o -h+ Bm,
with
h=p-K. ea=vh2+m?.
We have
LA V¢35 %+ zsi”*yoW (), (16.31)

where the quadrivector H is defined by
H= (e—a)’,h) =P-K/,
being
K = (o', K).

Still in analogy to what discussed before, we also have
+
0 =W/ (p W' # 2¢ oW, (). (16.32)
We can now evaluate the square of the modulus of the quantity Ry;. It is
[Reil* = (P + Q)(P* + Q) = PP*+ PQ* + QP* + 00",

where, using Egs. (16.29)—(16.32), the four terms are given by

W) o gy m L AOLATA Jym "W, (0).

g/%

PQ* =W,/ ®)¢" 5 g 2¢yow ® W, () 2¢ oW, (p),

g+

255t W, (p)WT(p)éf* mzi’yoWs (p).

()N“+

QP
gl

00* =W/ (p) zg/*VW(P)WT(P)sz/%—I_ 2728 oW (P).
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These expressions can be simplified when one considers the average over the
initial spin states of the electron and the sum over the final spin states of the elec-
tron. Taking into account the results we have obtained in Sect. 15.5 (Egs. (15.18)
and (15.20)) we have

€p + H, €y + Hy
W eWie =" Y W ()W (p) =
r=1,2 26p s=1,2 2€p/

and defining the quadrivector

P =(ep,p), P = (Gp/’p/)’

we obtain
. P+m ; P +m
> W)W, (p) = Ty > W (p) Wi (p) = Y
r=1,2 s=1,2

By denoting with the symbol (- --) the average over the spin states and using the
definition of the trace of a matrix, according to which a scalar product of the form
w X W; , with W, and W, arbitrary spinors and A" an arbitrary matrix, can be

written in the form Tr(W, WITX ), we have

(PP*)= Z Z P P*

r 1,25=1,2

o (4 )

Q-f-m

TP g g”’ﬁf}

SEP »

with similar expressions for the other three terms (P Q*), (Q P*), and (Q Q*).

This last result can be greatly simplified if we sum over the polarisation states of
the final photon and we average over the polarisation states of the initial photon. The
average over the polarisation states of the initial photon, for example, is obtained by
applying to the previous formula the formal substitution

gP+mgt 3 3 £OP+mp®,

i=1,2

where
g — (07 e(i)),

e (i =1, 2) being two unit vectors that we can assume real, perpendicular to each
other and perpendicular to the direction of the initial photon. Taking into account
the invariance under gauge transformations described in Sect. 16.14 and, in par-
ticular, recalling Eq. (16.27), the sum can be modified by extending it to a third
“unit quadrivector” (that we denote by £®)) and subtracting then the contribution
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from another unit quadrivector. According to special relativity, this unit quadrivec-
tor, which we denote by £©), is of the purely temporal type. Defining

E® =(0,e?), £9=q,0),

where e is an unit vector directed along the direction of the incoming photon
(e® =K/ k), and recalling the definition of the metric tensor, we apply the following
transformation

3
gP+mg* — %S, where § = — Z giidOP +mgW.

i,j=0
We note that the sum S can also be written in the form
S==n@+my+ (v V)P +m)(y-e?)
+ (v €)@ +m)(y-e?)+ (v eD)P+m)(y-e?),

where p is the formal vector defined by ¥ = (y1, 2, ¥3). The right-hand side can
then be transformed to get

3

(1 ) @, 3,06
S=-n@+my+ Y Vi@ +myy;[e! )eﬁ. ) 4o )eﬁ- ) 4o )eg. .

i,j=1

On the other hand, taking into account Eq. (15.7), the quantity in square brackets is
equal to the Kronecker delta §;;, so we obtain

3
S=—n@+myo+ Yy viP+myi=—)_ guvu®+mn.
J7)

i=1

Finally, we take into account the properties of the y matrices. From Eq. (16.28) we
have

YuVv =—VVu + 28uv.
Moreover, it is easy to verify that the following relation holds
Zg/w)/u)/v =4,
v
and that, given the properties of the metric tensor,
Zguvgup =dup,
N

so that

Zguvgup)’v =Yp-
uv
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Taking advantage of these properties, we get after some algebra
S=2(P —2m).

Summarising the foregoing, the average on the states of polarisation of the initial
photon is obtained by performing the formal transformation

gP+mg*—P—2m.

Similarly, the sum over the polarisation states the final photon is obtained by per-
forming the formal transformation

gP +m)g™"— 2P —2m).

Now we denote by the symbol (P P*)) the quantity obtained by taking the average
of (P P*) over the states of initial polarisation and the sum of the same quantity
over the states of final polarisation.'? We have

Tr{(?’—Zm)M<¢—2m> AL }

€p€p’

At this point it is necessary to briefly discuss the traces of the products of the
y matrices. It is easy to verify that the trace of the product of an odd number of y
matrices is null. When instead the number of y matrices is zero or even, the result
is different from zero. Denoting by a an arbitrary constant, with A, B, C, and D
four arbitrary quadrivectors, and recalling the definition of the scalar product of
quadrivectors, we have

Tr{a} = 4a, Tr{AB} = 4(AB),
TI{MW} = 4[(.AB)(CD) — (AC)(BD) + (AD)(BC)].

The first relation is obvious. For the second one we have

TriAB) = Tr{yuyv}Au By,

v

and using the anticommutation property of the y matrices
Tr{VpLVU} =8guv — Tr{yu)/u}-
From the cyclic property of the trace it then follows that

Tr{yuy} =4guv,

10Recall that the first average, (P P*), has a similar meaning with respect to the spin states of the
electron.
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which proves by simple substitution the second relation. For the third relation we
have

T ABEPY = Y Tr{vuno¥p¥o ) AuBuC,o D,

nvpo

and, for the anticommutation property of the y matrices,

Te{yuno¥p Yo} =28 Telypve } — Tr{ivvvuvo Vo
=280 Tr{yp¥o} — 2810 Trlvv Vo } + Te{nu o vuvo}
=280 Tr{yp¥o} — 2810 Tr{vu Vo } + 28ue Tr{nv v}
= Te{yvyp Vo vul-

Using the cyclic property of the trace we then have

Tr{yu)’v)’p)’a} = g/wTr{VpVa} — 8up Tr{yvye) + 8uo Tr{)/v}/p}v

and using of the result previously obtained

Tr{yuvvvoeve} =48uv8po — 48uo8&vo + 4810 up-

The third relation is then finally obtained by simple substitution of this identity.

The result obtained for (P P*)) shows that the trace contained in this quantity
can be expressed exclusively in terms of scalar products of quadrivectors, i.e. in
terms of relativistic invariants. Similar considerations can then be repeated for the
other quantities (P Q*)), (Q P*)), and {{Q Q*)), which, once calculated, allow one
to obtain the transition probability per unit time and the cross section. Obviously, in
the particular case in which the electron is initially at rest, one finds again for the
cross section the Klein-Nishina equation in the form of Eq. (15.37), which refers to
the average over the polarisation states of the initial photon and the sum over the
polarisation states of the final photon.

The formalism of the y matrices presented in this chapter is very powerful and
elegant. It allows one to deal with relative ease even with the most complex problems
in quantum electrodynamics. In any case, we emphasize that the formalism that we
have used in the text to deduce the Klein-Nishina equation, which does not make
use of the y matrices, was the first to be used in the applications.

16.16 Physical Constants

The constants are expressed in the cgs system of units with at most six significant
digits.
Constant of gravitation: G = 6.67428 x 1078 cm3 g~!s72

Velocity of light in vacuum: ¢ =2.99792 x 10'% cms~!
Planck constant: 1 = 6.62607 x 10727 ergs
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Reduced Planck constant: i = h/(2) = 1.05457 x 10~% ergs

Boltzmann constant: kg = 1.38065 x 1071 erg K~!

Charge of the electron (absolute value): eg = 4.80320 x 10719 esu

Electron mass: m = 9.10938 x 10728 g

Reduced electron mass: m, = mMp/(m + Mp) = 9.10442 x 10728 ¢

Atomic mass unit (amu): my = 1.66054 x 107%* g

Proton mass: M =1.67262 x 10724 ¢

Proton/electron mass ratio: M,/m = 1.83615 x 103

Avogadro constant: Ny = 6.02214 x 102 mol ™!

Fine-structure constant: o = eg /(hc) =7.29735 x 1073

Reciprocal of the fine-structure constant: 1/« = hc/e(% = 137.036

Classical radius of the electron: r, = eé / (mc?) =2.81794 x 10713 cm
Compton wavelength of the electron: Ac = h/(mc) = 2.42631 x 10710 cm
Radius of the first Bohr orbit: ag = hz/(me(z)) =5.29177 x 10~% cm

Rydberg constant: R = meé/(4nch3) =1.09737 x 10° cm™!

Rydberg constant (hydrogen atom): Ry = mreg /(@mch?) =1.09677 x 103 cm™!
Bohr magneton: po = egh/(2mc) =9.27401 x 10~21 erg G!

Thomson cross section: ot = 87r2/3 = 6.65246 x 1072 cm?
Stefan-Boltzmann constant:!! o = 5.67040 x 1075 ergcm™2s~! K=*
Radiation density constant:'' ¢ =7.56577 x 10~ ergem™—> K~
First radiation constant: ¢; = 2whc? = 3.74177 x 107 ergem? s~
Second radiation constant: ¢c; = hc/ kg = 1.43877 cmK

1

1. _ 27k 4o _ 8Tk

T 15K3e3

St T
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