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S u m m a r y .  - -  Second-order effects due to magnetic resonance of sodimn 
atoms oriented by optical pmnping have been investigated by the 
transversal-beam monitoring technique. An extension of Cohen-Tannoudji 
and Lalo~ theory has been developed to include these effects and its 
implications compared with the experimentals results. 

I n t r o d u c t i o n .  

Several methods have been developed for the study of gTound-state mag- 
netic resonance of atoms oriented by optical pumping. In  particular, experi- 

ments with circularly polarized transversal light beams, monitoring the mag- 

netization in a direction orthogonM to the static magnetic field, have been 
reported (1.2). I n  resonance conditions, light absorption at the Larmor frequency 

is observed with an amplitude dependent on the intensity of the transversal 
magnetization induced by the radiofrequency field. I n  the experiments on 

Hg (a.4) the Faraday  effect at the Larmor frequency has been examined on 

the transversal beam. 

A general method has been devised by COHEN-TAI~NOUDJI and LAL0g (~) 
tha t  thoroughly accounts for these effects. However  in evaluating the intensity 

(1) H. G. DEI-IMELT: Phys. Rev., 105, 1924 (1957). 
(3) W. E. BELL and A. L. BLOOM: Phys. Rev., 107, 1559 (1957). 
(3) j.  MANUEL and C. COHEN-TANNOUDJI: Compt. Rend., 257, 413 (1963). 
(4) F. LALO~, M. LEDUC and P. )/IINGUZZI: Compt. Rend., B 266, 1517 (1968). 
(5) C. COHEN-TANNOtrDJr and F. LALOi~: Journ. Phys., 28, 505, 722 (1967). 
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of the light received by  the detector  the analysis has been l imited to the linear 
terms of the density mat r ix :  a La rmor  frequency modula t ion  is obta ined in 
alkali vapours  moni tor ing with ei ther D1 or D~ light beams.  Iqevertheless, 
neglecting mul t ip le  scattering, i t  is possible to obtain f rom the theory  tha t  
a modulat ion of the t ransversal  l ight beam at  the second harmonic  of the 
Larmor  f requency of the spin sys tem has to occur. This case is of impor tance  
when observat ion of the effects of the resonance on the moni tor ing beam is 
performed wi th  crossed linear polarizer and analyser. Such an ar rangement  
has been used b y  COR~E¥, KI]3~LE and SERIES (6) tO s tudy  the forward scat- 
ter ing in H g  and by  l~ovIKov (7) to examine the Cotton-Mouton effect in Cs 
vapour .  Modulat ion at  higher frequencies also results in mult iple-scat ter ing 
phenomena where the optical  thickness of the sample has to be t aken  into 
account  ("). 

I n  the present  investigation,  modula t ion  phenomena  due to the quadrat ic  
te rms of the densi ty ma t r ix  are examined.  An extension of the Cohen-Tan- 
noudji  and Lalo~ theory to this case is given and compared  with the experi- 
menta l  results obta ined on 57a oriented vapours.  

1. - S e c o n d - o r d e r  m o d u l a t i o n .  

Consider an oriented vapour ;  let ls~> represent,  in the vector  space of the 
polarizat ion states,  the vector  which describes the component  at  f requency ~o 
of the moni tor ing light incident in the x-direction orthogonal  to the magnet ic  
field. The vector  of the t r ansmi t t ed  wave  is 

e~,~o, t)} ==: t - -  le~j , 

where M~ is an operator  which depends on the propert ies  of the vapour.  
The explicit fo rm of M~ can be simplified by  the following assumptions:  

i) the density ma t r ix  of the vapour  in the ground state  is independent  
of the x-position, i.e. the vapour  is supposed to be uniform; 

ii) the t ime  t aken  by  the moni tor ing  light to t raverse  the vapour  cell 

is short  compared  to the evolution t ime of the a tomic system. 

Then one gets (ref. (5), eqs. (6.8) and (6.9)) 

(4) A. COI~NEY, B. P. KIBBLE and W. SERIES: Proc. Roy. Soc., A 293, 70 (1966). 
(7) L. N. NOVIKOV: ~urn. l~ksp. Teor. Fiz., Pis'ma v. Redak., 6, 11 (1967). 
(8) G. W. SEI~IES: Proe. Phys. Soc., 88, 995 (1966). 
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where 

a . , ( t )  = ~Vq-" o,z Tr,, {o"~(t)K~(t)}. 
2eot~ c 

The refraction indices of the vapour principal polarizations are propor- 
t ional to the eigenvalues of the operator G~ and are proportional to the 

ground-state density matrix. The nondiagona] elements in this matr ix oscil- 

late at different frequencies D and contribute to an oscillating par t  in the 
refraction index of the w~pour. ~he t ransmit ted light beam will contain 

sidebands at the frequencies nD (n is a positive or negative integer) whose in- 
tensity depends on (a~) I'll (*). The intensity of the t ransmit ted light depends on 

the interference anionic" the different sidebands so tha.t light beats at all fre- 
quencies ~ts9 are to be expected. 

The <, weak scattering ,> approximation implies that  only the first sidebands 

at. the frequencies -LD are to be retained in the t ransmit ted wave (~'). CoI4E5- 

n (~) -1  J 

¢')0 t~l 

/ 

i } 

). 
~9 

Fig. 1. - Schematic diagram of frequency 
dependence of the monitoring light and va- 

pour anomalous dispersion. 

TANNOUDJI and LALOE have made 

this approximation in their work, 

but in the eMculation of the trans- 

mit ted intensity they have neglected 
the interference between the side- 
bands - :  ~Q and - - ~ .  These inter- 

ference terms depend on the square 
of the density matrix and are the 

ones experimentMly observable with 

crossed linear polarizers. This can 

be shown with a simple model (~). 

Let  I(o~) be the spectral distri- 
but/on of the monitoring light bea, m: 

neglecting the diamagnetic effect, 

consider for the vapour the anoma- 
lous dispersion curve n(¢o)--1 of 

width A' centered at the frequency o>0 (Fig. 1). The Faraday  rotation of the 
polarization plane of the wave at a frequency (,) will be M:[n(co) - - l ] ,  

where M~ is the vapour  magnetization in the direction of the monitoring beam. 
I f  the ana]yser is at an angle 0 to the polarizer, the t ransmit ted light is 

f I(~,,) cos-" {0 + M,.[, (od--  ] ])do, 

(') The sidebands are the cigenwaves of the Maxwell oqugtion for the light propa.- 
gation in the medium (s). 
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and wit, h a series expansion in Mx[7t((o)--] ] 

(1) eos~Of I((~,)do)-- sin 2OMxf I((o)[~,((,))--1] do)--  

- -  cos ~O.lJ @ ( ~ o )  [,~((,)) - ] ]~ d ( o  . 

The first-order term describes the transversal Faraday effect at the Larmor 

precession frequency. The second-order term can be writ ten cos 20M2~qs, where 

f x  ~ - - / ' - "  " ( (o - -  O)o) -~ (2) q )=  ((')) ['n(°J)-- 1] ~ u ( ~ '  " t  °") - - - ~  -,-- ,2 2 do) 
J [ ( , , , - -  (Oo) -~- ~ /~] ' 

so that,  to the second order, symmetric frequencies on both sides of O)o equally 

contribute to the rotation. Owing to M~, this term contains both static and 
double frequency effects for the Fa raday  rotation and is the only one different 

from zero when 0 = .n/2. 
As already stated, modulation at harmonics of .(2 in the t ransmit ted light 

is also due to multiple scattering. 

Expanding M~ as a function of G,~ one gets 

(3) [ 

Let ,n r = IIQo} (e~° I be the polarization matrix of the incident beam. Then, 

to the second order, the matrix for the transnfitted light is 

(4) 

, 

The first-order terms have been considered in detail in (~). The second- 
2 "~Z order terms G~x I and z~iG ~ are due to multiple scattering. The term G~,xIG~, 

obtained also in the weak-scattering approximation, gives the Faraday  effect 

with crossed polarizer and analyser. I n  the following Section all these terms 

will be considered in detail in the case of alkali metals. 

11 - I t  Nuovo Gimento B, 
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2.  - A l k a l i  m e t a l s .  

Let  us consider a monitoring beam containing either D 1 o r  D~ light and sup- 
pose tha t  the hyperfine structure of the excited level is unresolved so tha t  

+ A'>>AW, A being the line width of the incident light, ~r the Doppler 
width in the vapour,  and AW the hyperfine splitting in the excited level 2pt 
or 2p~. No part icular  hypothesis is made about  the relation between A + A '  
and the hyperfine splitting of the ground state:  for Na these quantit ies are 
of the same order. Moreover, since only the transitions between Zeeman sub- 
levels have been experimental ly  examined, the hyperfine coherence will be 
ignored. 

With the previous hypothesis  the theory gives to first order the following 
results (ref. (6) eq. (5.14)): 

(5) 
6C 

_F;[B2(t), mr,]+-- iaAE'~ [B2(t), ~ , ] ,  
2 

where the indices 1 and 2 refer to the hyperfine levels of the ground state. 
Right  and left circular polarizations are the principal polarizations of the 
system and in the representat ion with this basis the eigenvalues of the matr ix  
B~(t) turn  out to be 

(6) 

<el[Bi(t)[e1> -- 1 (1) ~/31- <Ic°°'>' + ~ <~'° }' 

where <£r~)>i means TrI(PFJPFT(oq)}. Because the hyperfine s t ructure  of the 
excited level is supposed unresolved, the Bi(t) do not depend on <T~)>~. Hence 
by  monitoring the vapour  with a transversal  beam, the oscillating magnetiza- 
t ion along the x-direction can be detected observing at the Larmor  frequency 
either the absorption of circular light or the Faraday  effect. 

I f  the second-order terms are calculated in the same previous hypothesis,  
one gets 

(7) :~,__ :~ = __ ~2 [B~(t)Bj(t), :~,]+ + 
i ,J- l ,2  [ 

+ iAE~ [B~(t)Bj(t), ~,]-- qS,.¢B,(t):~,B¢(t)l , 
I 
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where 

-:ff + ~h,~.ij: [ 2J~-~-~ '_~-h ~ / (v )d  / ( v ' ) d v "  

• I((,,) d(,, (-r;/---;~,~ ~-- K . v  + i(F/2)) (~o-- ~o~,-- K.  v' + i(I')2)) ' 
(s) 

[ 2J~ + ] .~ / ( v )dv  /(v') d v "  

1 
• I ( ~ o )  d ~ , ~  : . . . . . . . .  , ~,,~ -- K ' v  - -  ~ ( F / 2 ) )  

o~,~ being the  energy separat ion between the excited s ta te  and the hyperfine 
sublcvel F , .  I t  is worth-while to emphasize tha t  the expression for the second- 
order var ia t ion of the polarization ma t r ix  implies a behaviour  of the multiple- 
scattering te rms  very  similar to the first-order ones, wi th  a commuta to r  and 
an an t i commuta to r .  On the cont rary  the interference t e r m  for weak scat- 
ter ing waves shows a completely different behaviour.  We  find to the second 
order the same operators  B~(t) already examined up to the first order and 
f rom (7) we obtain  tha t  the principal  polarizations are always the left and 
r ight  circular ones. 

For  circularly polarized light, the second-order contr ibut ion to the absorp- 
t ion of the moni tor ing beam is 

4 , 9 . 1 . 2  [o  
1 [ } 

± == [<T'o°'>, <T~">~ + <To'°% <T2%] + - <T'o%, <~'~'>, , V'6 

where the ~= signs account  for the  two circular polarizations. The first t e rm 
depends only on the hyperfine-level populat ions and does not  change in the 
magnet ic  resonance. The second t e rm  shows a behaviour  equal  to the first- 
order absorpt ion:  i t  gives an absorpt ion at  the Larmor  precession frequency 
for the two circular polarizations. The third t e rm is independent  of the polar- 
ization and contains the square of the oscillating magnet izat ion.  

Let  us now examine the F a r a d a y  ro ta t ion  of a linearly polarized monitor ing 
light by  using an analyser which is at  an a rb i t ra ry  angle 0 to the polarizer. 

For  the t r ansmi t t ed  light we have  

(10) h I = ~ 2 I  ~ {(F~'~--q55) cos20½<T~°'},(T~°'>,+ 
i , i = 1 , 2  

tI 
+ A E ,  cos 0 sin 0 x/~ ((T~°'>, --o(Tm\~J + (T0• ,0,,~ ~ ~-o/T'l'~ ~11 t 

it r 
+ (F~j cos 20 - -  ¢ ,  sin ~ 0 ) / T  ~> ( T  <1~\ \ - - 0  . i \ 0 / i ~  " 
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~he  firs~ te rm depends only on the spin popula t ions ,  q"he second t e rm is the  
ana.logue of the f irst-order rota.tion and  gives a F a r a d ~ y  effect at the  La.rmo~ 

/ 2 precession f requency.  The  th i rd  term,  dependen t  on :11~, has two par t s  of 
i !  

oppos i te  sign and  of the  same order (by (8), (/,~j is greater  t h a n  F , ) .  Then  this 

t e rm has a m a x i m u m  for  0 - -  0, a zero for 0 ~ s /4  and  a m i n i m u m  for 0 - -  ,n/2, 
the  same as for the  second-order  t e rm of (1). 

The  character is t ic  t e rm of the  second order  is propor t iomfl  to M~, t ha t  is (9) 

4tt~( z' cos t2t Z" M~ ~- sin .O.t) -~ = 

__ ,)~,2, '2 , 2 '~ Z" sin 2Y2t .n~[  z -- Z "2) 4- 2H~( Z - -  Z "2) cos2~ t  4- 4H~z'  

Then  a s tat ic  signal of the  t y p e  

~9o2~[~ (At2L)q  
( ~ )  ~ z°~ [~ + (ir.~A.o.)~-- 7~R~T~Ir_~] '-' 

and  an oscil lating signal at  a f requency  2f2 of the  type  

(t2) ~ -  Z~[1 I '  (A.QT2).a.y2H~T~T2]2cos2f2t+ 

90 T~ AgTz 
+ti~Z~ . . . .  " 2 9 t  

result .  
l~or low r.f. field H1 the s tat ic  signal depends  on /2 as an absorp t ion  curve  

whereas ,  at  s t ronger  H~ fields, it has the  shape of a square of a dispersion curve.  

!~Ioreover for s t rong H~ intensities,  the  cos 2~2t signal depends on ~2 as the 

square  of a dispersion curve,  bu t  for lower r.f. fields it tu rns  out  to be a mix- 
tu re  of t h a t  curve  wi th  an  absorp t ion  curve.  

3.  - E x p e r i m e n t a l  m e t h o d .  

A schemat ic  p ic ture  of the  exper imenta l  appa ra tu s  is shown in Fig.  2. 
A py rex  glass cell of d iamete r  10 em, placed in a oven a t  t e m p e r a t u r e  120 °C, 

con ta ined  sa tu ra ted  sod ium v a p o u r  and  a few Tor t  of Ar  as buffer  gas. D1 

p u m p i n g  l ight  was p roduced  by  a 50 MHz  rad iof requeney  exci ted N a  l amp 
fil tered by  means  of a quar tz  L y o t  filter and  circular ly  polar ized by  a quar te r -  

w a v e  plate.  The p u m p i n g  l ight  t r a smi t t ed  t h r o u g h  the  absorp t ion  cell was 

mon i to red  by  a photocel l  and  displayed on a dua l -beam oscilloscope. The  

(0) A. ABRAGAM: The Principles o/ _Yuclear Magnetism (Oxford, 1961). 
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absorpt ion cell was located at  the centre of a pair  of 50 em diameter  Helmhol tz  
coils, used to produce a static magnet ic  field parallel to the lio'ht beam. This 
field was swept  l inearly over the resonances by the sawtooth  voltage of the 
oscilloscope horizontal  deflec- 
tion plates. A second pair  of 
coils, at  r ight angles to the first, 
supplied the r.L magnet ic  field 
and was dr iven by a 3.90 MHz 
quartz  oscillator. 

The moni tor ing  t ransversa l  
beam,  of abou t  2 cmz cross- 

section, was produced by  a ra- 
diofrequency excited ~-a lamp. 
A Lyo t  filter could select the 
Da or D2 component ,  bu t  a good 
signal-to-noise rat io was ob- 

No. LQmp 
0 

po/or'/zeP 

Lye/ f//tet- 

crossed 

~ece~e:' l  I I 

Fig. 2. - Experimental apparatus in the arrange- 
ment with crossed polarizers. 

rained also wi thout  the filter (5.10). After  crossing the cell the beam passed 
through an analyser  and was detected by  a 2P2I  (RCA) photomult ipl ier .  The 
output  was amplified in a f requency bandwid th  of 13 k H z  by  a radio receiver 
tuned at  the double of the quartz  oscillator frequency. At  the input  of the 
radio a second-harmonic signal f rom the r.f. generator  was also present  so tha t  
phase detection on the radiofrequency could be achieved. 

The radio output  was finally displayed on the second beam of the oscil- 
loscope. The cross-beam light was polarized and analysed by  means of various 

linear and circular polarizers. 

4 .  - E x p e r i m e n t a l  r e s u l t s .  

Invest igat ions  have  been firstly carried out on the dependence of the 
second-order effects on the polarizat ion of the monitor ing light beam and on 
the detection technique.  Thereaf ter  the line shapes of the magnet ic  resonances 
at  the modula t ion  frequencies have  been examined for a wide range of r.f. 

power. 

1) A modula t ion  at  twice the Larmor  frequency was observed in mon- 
i toring light absorpt ion for any kind of polarizat ion of the t ransversa l  beam. 
This is due to the fact  tha t  both  the  two circular polarizations contr ibute  
equally to the modula t ion  of light beam as theoretically foreseen in the pre- 

vious Section. 

(to) A. L. BLOO-~I: Journ. Phys. Rad., 19, 881 (1958). 
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In  order to observe the transversal Faraday  effect, linearly polarized light 

has been used, the t ransmit ted light being observed through a linear analyser 

and detected by the photomultiplier. I n  particular, it must  be stressed tha t  

Fig. 3. - Transversal Faraday effect at 
twice the Larmor frequency as observed 
on the (2 , - -2 ) . - . (2 , - -1 )  transition for 

very low r.f. field intensity. 

a signal at  twice the Larmor fre- 

quency can be obtained either with 
a crossed or with a parallel anal- 

yser. As has been illustrated theo- 

retically above, the two signals have 

an opposite phase relationship, the 
intensity being weaker with parallel 

than with crossed polaroids. 

As in any case the same observa- 

bles are monitored, the effects on the 

beam can be observed in any desired 
particular arrangement.  In  the in- 

vestigations reported below, the ar- 

rangement with crossed polarizer and 

analyser was chosen, since it gives 

the best signal-to-noise ratio. 

2) Figure 3 shows the ( 2 , - - 2 ) ~  (2 , - -1)  transition line at a frequency 

2D as observed with a-  as pumping light and at very low r.f. power. Keeping 

into account that  the radio receiver acts as a phase detector, this curve fol- 
lows exactly the theoretical form as 

calculated for the cos 2Dr term at 

small values of H1. 

Figure 4 shows the whole pat tern 

of lines for stronger r.f. field as dis- 
played on the dual-beam oscilloscope. 

The upper trace reports the lines as 

obtained in observing the absorption 

on the pumping light along the H0 
direction, the lower trace shows the 

cos2Dt r.f. signals at the radio out- 

Fig. 4. - Am= 1 transitions observed in 
the intensity of the pumping light (upper 
trace) and in the double frequency Faraday 

effect (lower trace). 

put. The four lines due to the transitions between F ~ 2 sublevels are super- 

posed on those due to the F----1 ground state. The double-frequency mod- 

ulation lines show the form of a square of a dispersion signal. 
At  higher r.f. field intensities broadening of single photon lines occurs and, 

as shown in Fig. 5, more intense and narrow two-photon transitions appear. 

The behaviour of the signals in the r.f. pat tern is rather complex and can be 
described only in qualitative terms. In  the two-photon transitions with Am ---- 2, 

Zeeman coherences of the type a~.,~_~ are produced, but  owing to the fact 
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that  the B~(t) do not depend on them, these terms are not observable. ~ever- 

theless Zeeman coherenees of small ampli tude of the type a~,~_~ and ~_~.~_~ 

result (11). These terms contribute 

- A k ~ , i 

. . . .  

Fig. 5. - Am = 1 and Am = 2 resonances. 
The r.f. Faraday effect in the lower 

trace. 

of weak signals due to the two-pho- 

ton transitions. On the other hand 

Am--~ 1 transitions overlap so re- 

markably that  only a single lobe of 

to ffT~l)}~ and allow the observation 

in the monitoring transversal beam 

Fig. 6 . -  Magnetic resonance between 
Zeeman sublcvels for very strong r.f. 
field as observed in pumping light (up- 
per trace) and in the Faraday effect 

(lower trace). 

the expected r.f. curve is recognizable on the less per turbed side of the line 
pattern.  

For  an overly strong r.f. field the different Zeeman transit ion lines are 
broadened and overlap so widely 
tha t  the whole system behaves like 

a single-spin assembly:  the r.f. sig- 

nal takes again its simple form of 

the square of a dispersion curve 
(Fig. 6). 

Static Fa raday  rotat ion has been 

observed by monitoring directly on 

the oscilloscope the d.c. response of 
the photomultiplier.  Figure 7 shows 

in the lower trace this d.c. response: 
owing to the intensi ty of the r.f. 

Fig. 7 . -  The output of the photomultiplier 
directly displayed on the oscilloscope (lower 

trace). 

field, the static signal has the behaviour of the square of a dispersion curve, 

and single- and two-photon lines show the same characteristics of Fig. 5. 

5 .  - C o n c l u s i o n .  

The higher-order analysis of the polarization matr ix of a monitoring light 

beam propagat ing through an oriented alkali vapour  produces the harmonics 

(11) K. ROSI~SKI: Acta Phys. Pol., 31, 107, 173 (1967). 
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of the  L ~ r m o r  f r equenc i e s  of t he  spins.  ~ e v e r t h e l e s s  t he  l i gh t  b e a m  ulw~ys 

de tec t s  the  obserw~bles of the  first  order ,  ~ l though  t h e y  ~re c x u m i n e d  in 

d i f ferent  wuy.  

T h e  ~u thors  w i sh  to t h ~ n k  Dr .  P.  M~-GuzzI  for  rn,~ny he lp fu l  d iscussions  

on the  u r g u m e n t .  

R I A S S U N T O  

Utilizzando un f~scio di luce trasversale al c~mpo magnetico statico, sono stati esa- 
minati gli effetti del secondo ordine dovuti  alla risonanza rna.gnctica in ator~li di sodio 
orientati per mezzo del pompaggio ottico. Per tenet conto di questi effeffi la teoria di 
Cohen-Tannoudji e Lalo~ 6 stata estesa. I risultati spcrimentali sono confrontati con 
quelli teorici ottenendo pieno accordo. 

MoaysmU~L9 BTOpOFO nopH~Ka ~ H  lloHepetlHOFO CBeTOBOFO HyqKa 

IIocpe,~CTBOM MaFHIlTHOFO pe3oHaHca B opHeHTHDOBaHHbIX n a p a x  N a .  

Pe3mMe (*). - -  C r~oMombro MOH!4TOpHO~ TexH/4KH nonepeqJ~oro rty~d<a 6~i3m uccne- 
jIoBa/JBI 3d~d~eKTbI BTOpOYO nopaa~a, O6yCJIOBJleHHble MaFH-HTHblM pe3oHaJ:lCOM aTOMOB 

naTp~,  opneHTIlpoBaHHbIX Hocpe)/CTBOM OrtTHqeCKO~ HaKaqIgH. BbUIO r[poBe~eHo pac- 
m~penne xeopnn Koxena-TaH~oy:~n rI :Iano~, nTn6~I BrmOqHrb ~Xn 3~eKTbI, H ee 
npHMeHeHH.q cpaBHnBaIOTC~ C 3KcHep~MeHTaJJbHbIMT~ pe3yYIbTaTaM~. 

(') Hepeaec)eno peOaKt/ue~t. 


