i ,
Li(x)=— 3 0;2(2, X)z=c.

, 3. Notice that the regularization scheme we discuss coincides with the method of (2]
for the particular case when the set of fields #A consists of only one field ¢, and corre-
sponds to considering only one differential operator D(x, y) = D(8x, x)8(x — y) in our
scheme. In the general case, the problem of computing the generalized f-function (z, x,
x') of Eq. (18) can be reduced to solving the eigenvalue problem for a system of integro-
differential equations (7), which is much more complicated from the mathematical point of
view than a similar problem for the system of differential equations (10). It may be pos-
sible to simplify the solution of Egs. (7) and (10) when Dgg = 0 (or Dgb = 0), or when Dab
and Dyp are partially or completely diagonal. :

LITERATURE CITED

§. W. Hawking, Commun. Math. Phys., 55, 133 (1977).

G. M. Galatin, J. Math. Phys., 25, 629 (1984).

M. De Witt, in: General Relativity, an Einstein Centenary Survey, Cambridge (1979).
E. S. Fradkin and G. A. Vilkovisky, Phys. Rev. D8, 4241 (1973).

F. A. Berezin, Introduction to Algebra and Calculus with Anticommuting Variables [in
Russian], Moscow State University, Moscow (1983).

Ul B W N

EXCITATION OF ATOMIC NUCLET AND ATOMS BY RELATIVISTIC CHARGE
PARTICLES BOUND IN A ONE-DIMENSIONAL POTENTTIAL

A. N. Almaliev, I. 5. Batkin, and I. V. Kopytin UDC‘539.12.04

The process of exciting atoms and atomic nuclei by relativistic electrons and
positrons bound in a one-dimensional potential is investigated theoretically.
It is shown that a pole corresponding to the emergence of a virtual photon on
a bulk surface occurs in the matrix interaction element under definite kinemat-
ic relationships. It is obtained that the probability of the excitation pro-
cess depends on the lifetime of the level being excited, the virtual photon,
and the charged particle in a definite energetic state. An estimate of the
magnitude of the excitation section of low-lying nuclear states yields a value
exceeding by several orders the section obtained for charged particles in the
absence of a binding potential.

1. In a number of physical problems the particle motion turns out to be confined to
one direction, for instance, during charged particle motion in a one-dimensional permanent
magnetic field, between charged plates, along a charged plane or filament, in artificial or
natural channels, etc. The properties and characteristics of the radiation of charged parti-
cles bound in a one-dimensional notential were studied theoretically and experimentally with
sufficient completeness by many authors [1-3] and in [3] it was proposed to use it to excite
atomic nuclei. It is here assumed, however, that the radiation is first formed completely,
while the activation process itself penetrates because of photoabsorption. It can be con-
sidered that we deal here with a two-stage excitation mechanism for the atomic nucleus. Such
a mechanism is not unique, and excitation of a quantum system (atom or atomic nucleus) direct-
ly by charged particles bound in a one-dimensional particle can be considered. We call this
a single-stage mechanism. In this paper we perform a quantum study of a single-stage mechan-
ism. Our purpose’ is to obtain the excitation probability for quantum systems (atoms or atom-
ic nuclei) by relativistic charged particles (electrons or positrons) with transversely con-
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strained motion. Let us note that it is necessary to deal with a mechanism analogous to

ours even in the classical formulation when problems about radiation properties in an absorb-
ing medium are examined. The macroscopic solution of such problems is presented in the book
[4] without taking account of quantum effects.

2. The matrix element of electromagﬁetic charged particle interaction with an insulated
quantum system can be represented in the following form in first-order perturbation theory

[5]:

: 4 [ d (< F|jO(r) e (>
< F, Hull, i> = ——
< T ] czjwn)sl  — K3 2

_paXFle(r)e|l>
3

X < flJe=ixr i >

< floe—ie | >}. (1)

c is the speed of light; Fex, = EF — ET = E{f — Ef; EI, EF (Ei, Ef) are the initial and final
state energies of the quantum system (particles); J = iecy; p(®) = ey, (Y, y, are Dirac ma-
trices and e is the particle charge); p(r) and j(4) are the charge density and current of
the quantum system under consideration, respectively (see, e.8., [51). TheAsuperscript t

denotes the transverse component of the total current j® =g X (j ,’.\;) ‘and K = K/K.

We shall perform the examination in a laboratory coordinate system. We assume that the
charged particle moves in a one-dimensional potential V(x) while the motion along the y and
z coordinates is free. Then the wave functions of the initial and final particle states have
the form

{l > = L(_’_le-i(ltyi)"f'l(zil)inl >: If> — L(—)—]e“i("yf)'-i"f‘.fz) lnf >, (2)

where |n> is the solution of the Dirac equation with potential V(x); n is the quantum num-
ber governing the state of one-dimensional motion; L, is the normalizing length; and xi ;=

piy B, where P is the particle momentum. Integration with respect to «y and kz in (1) with
(2) taken into account is elementary in execution and we obtain the following expression

= " ik K rt) B
<F, fiH ], i> =12—2{d5 Kr<FlJ”(r)e > A (k) 1

wi+ (K — &3
< Flo(r)e e+ 1S B (xe,)
Ky +(K")?

+c‘o
o+ ! K,

}z_fw L, (3)
e
We here introduced the following notation

—~in

Ae) = <nlealn,>; B(r)=e<nle ™" n,>, ()
a —}.jf.._.a_ a-i£pl KE! ““K‘i“KH
Y OE ox ESY L i
For an arbitrary vector q;the projection on the (y, z) plane is denoted by nt. It was as-

sumed that fcky, « Eji in obtaining (3). We will consider motion of a particle with rest mass
m along the x axis direction to be nonrelativistic. In this approximation the particle ener-
gy has the form E ~ El + ¢, where El = [c2(p!)2 + m2¢*]2/2 while the energy of the trans-
verse motion € is determined from the equation [6] :

[— h2c2 d?

QEnEE-F V(x)}i”->=snfﬂ>- _ (5)

We limit ourselves henceforth to consideration of symmetric potentials V(x) for which V(x) =
V(—x). Under definite kinematic relationships the denominators of the integrands in (3) can
vanish. Using the energy conservation law, conditions for the existence of pole singulari-
ties in the integrals I%t) and I(%) can be obtained in the ultrarelativistic limit:

bery <2 (20, — s,,f) (E;/mc*)? for the integral [, (6)

hc’fozsni ~— &, for the integral /¢/. (7)
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Furthermore, we consider the case of exciting quantum systems for which Ef - EI =
fickg > enj — enf. Under this condition, existence of a pole is possible here only in the
integral 1(t), which corresponds to the emergence of a virtual photon on the bulk surface.
We also assume henceforth that the quantum system being excited is outside the limits of
the localization domain for the wave function of the transverse motion of the bombarding
particle (|x| = d, where d is the characteristic width of the localization domain). After
integrating with respect to «x in (3), this permits separating the variables x and x'. Con-
sidering the condition (6) satisfied, using the standard rule for bypassing the poles in the
photon Green's function and assuming x > 0 for definiteness, we obtain

10 = __%’_‘i<F[J\t)(,-)e:Kr11>A(u) (8)

Laj(u p(r) el > BKY), (9)

where '
K=(x K!), Q= (iK', K!), x =+ 18, & =Tx{"hcx,
k® =Rex,, I'llic=Imx, %, = [(#{")’ — (K' ]2

Introduction of the width I' = I'N + Ty + e is specified by the finite lifetime TN of the
quantum system in the excited state (I'N = A/TN), the finite path length of the virtual photon
2w(Tw = Ae/2w) and the finite lifetime Te of the bombarding particle in a definite quantum
state of transverse motion (Te = H/Te).

As a rule, the wave functions |I> and |F> are determined in a coordinate system coupled
to the center of gravity of the quantum system. We introduce the coordinate of the center

of gravity of the system R = :innrg :Slni (ri are the position coordinates of individual
i {

particles of the system, and mj is the particle mass), and the relative coordinates §,=r,—R.
We will consider that the motion of the quantum system as a whole does not influence the

characteristics of its internal excitations. Then the wave functions of the quantum system

are factorized, for instance |I> = |I:&><|a; R > (§ is the whole set of variables £i). The

function |a;R > characterizes the system motion as a whole, and o are quantum numbers charac-

- terizing the motion of the center of gravity. It is understood later that all the computa-

tions are executed in the variables (£ and R).

3. Using the known expansions of plane and transverse plane waves in multifields and
the standard technique of angular moment algebra (see, e.g., [5]), after summing over the
magnetic quantum numbers we obtain for the differential probability of quantum system exci-
tation per unit time:

O

dW:_“\<F’f!Hlntl[ ) _nCK(o,)__
=d4dW® - g W, (10)
=c? 2JF + 1 A
dW“) = w¢ F A 2 ___ 2y <
Qb x3 L2 (21 +1 ) Pl A F —1KA () 1
X|<a’; R|e®R[a; R > [*dKf3(E, — E; — hexld); (11)
8n? 2+ 1
awi = V N, Y2 B 1
B(K1)2L2 2J;, + 1 ‘_‘! r-r(Q: C )‘ JB(EKY) P X
X]<1’ R‘e‘oklly R>| dK/B(EI—»Ef._hc,{@)' (12)

Here Iy = AWy, where Wy is the probability of a y-transition of the quantum system |[F> >
|I>; the presented matrix elements NI»F are defined in [5]; JI, JF are the total spins of
the corresponding states; and 1( KK.

As follows from (10), the excitation probability of a quantum system dW is determined
by two components, one of which (aw(t)) can provisionally be considered long-acting while
the other (dW(%)) is short-lived. The first component is due to exchange by real vector
photons and the corresponding interaction damps out at distances on the order of Re/T. In-
teraction in the second component is realized at distances s(x,(°))~!. 1In a real situation
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it is possible to consider T « ﬁcxa(°). Since the wave function of the particles and the
quantum system we took in our model are localized in different domains of space the contribu-
tion of the short-range term to the total probability can be considered negligible. Let us
note that analogous deductions about the exponential smallness of dw(?) were made in the
monograph [2]; however, the effects due to the exchange by real vector photons were not con-
sidered in the work mentioned. ,

We limit ourselves henceforth to consideration of dW(t). By using the vector A(x) it
is possible to express dWw(t) in terms of the probability per unit time dw(x, 5, of the spon-
taneous electromagnetic radiation of a charged particle bound in the potential V(x) (A is
the momentum of an emitted photon). Using wave functions in the form (2) and taking account
of the requirement fiw « Ei (w is the radiation frequency), we obtain

dWn = (QJF +1 )' [; (@@ (K, Kp) do)er X
b2, L3 \ 2/,+1 ‘
X| < RIe"R|a; Ri> ' =AW | <a's R|eR|z R>F. (13)

which yields the excitation probability for an isolated quantum system. If there is an en-
semble of N quantum systems and the excitation of a given quantum state is considered in at
least one of them, where the final state of the motion of the system center of gravity is
not fixed, then the appropriate probability can be found in the following manner:

AW = dweo. EEI <2 Ry ™R |2; Ry> 1M, (14)
R, a
j

For definiteness, we will consider excitation of quantum systems located at the sites of a
crystalline lattice with coordinates Rjj("). Using the approximation of completeness for
execution of summation over a' and considering the mean deviation of the atoms from the equi-
librium position to be considerably less than the interstitial distance, we obtain

- (0}
aWw o =awp. 3 [e*Rip, (15)
(V]
Ry

Summing over Rj(") with the periodicity condition. taken into account, we find

v =

2x, e+ 1\2 - ,
I dw(x, r;)d =K, 16
e | 1) T (e ) e 1o

where ¢ is the lattice constant.

As is seen from (16), the maximal value of the probability dW(t) will be reached when
the condition 8d « 1 is satisfied. Then

WO — nic 2Jr 41
(®)2a® \2/,41

The expression obtained for dW(t) has a simple physical meaning. Introducing the photon
pathlength 2 = cR/T = cT and the resonance absorption section or = 41/(x,(°))2, it is pos-
sible to represent dW(t) in the following form (to the accuracy of a nonessential factor):

)2 Ir:‘l (dw (x, Kf)ldo)e=x- (17

AW =a,-nyl-Py, . (18)

where ny = 27% is the density of the quantum systems per unit volume, and Py = F™'Ty(dw/
dw)k=Kk. Such a form of dw(tg permits treatment of the process under consideration in the
form of the following sequence of elementary processes: The charged particle emits a photon
with the probability Py in a spectrum band of width I'y which is then absorbed by the crystal
in the pathlength £. Let us note that the expression for dW(t) (16) remains valid even for
gaseous, liquid, or amorphous media, except in this case a is the mean spacing between parti-
cles of the medium (& « L,, understandably).

4. Let us estimate the total probability W(t). As an illustration, we consider excita-
tion of nuclei during passage of a beam of channeled positrons with 150 MeV energy through
a monocrystal. We select the following values for the parameters Fck,(°) =~ 1, Iy = 1073 MeV/
eV (these values are characteristic for the transitions 2,* - 0* in even—even atomic nuclei
with the mass number 2100); d ~a =~ 4-10"% em, [ » I'y. Computation of (dw/dw)k=K performed
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by formulas from [6] yields the value 5-107%. Finally, we obtain the value 2.5:10° sec™!

for the probability E(t). We find the absolute excitation probability of at least one nu-
cleus by a positron during planar channeling proceeding through a monocrystal of thickness
L, = 1 mm: p(t) »~ W(t)Ly/c » 8-10°%. Using this value, we obtain for the magnitude of the
effective section of quadrupole excitation of an atomic nucleus o = P(t)/n,L, = 5-10~27 cm2.
Let us note that such a-section exceeds the characteristic excitation sections of low-lying
nuclear levels by free relativistic electrons by several orders [7]. We considered the ex-
citation of an atomic nucleus. Estimation of the quantity W(t) in the case of atom excita-
tion can be performed in an analogous manner [8].
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INVERSE SCATTERING PROBLEM IN THE RELATIVISTIC QUASICLASSICAL
APPROXIMATION

I. L. Solovtsov and Yu. D. Chernichenko UDC 539.12

We apply the quasipotential approach of quantum field theory to solve the in-
verse scattering problem in the relativistic quasiclassical approximation. We
obtain expressions for reconstructing the quasipotential from the phase shifts
and consider both nonrelativistic and ultrarelativistic cases.

Today there exists a number of approaches to the problem of determining the interaction
potential of elementary particles. The phenomenological approach, wherein the potentials
are chosen are to contain variational parameters and are then fit to experimental data, has
gained wide acceptance (see, for example, review article [1]). Another method of reconstruc-
ting the interaction potential is based on the solving the inverse problem (IP). The litera-
ture on solving the various formulations of the IP is quite extensive, as are the applica-
tions of the results (see, for example, [2-5]).

A distinguishing feature of these and other solutions of the IP is that, notwithstand-
ing the diversity of approaches, they are all based on the nonrelativistic Schrodinger equa-
tion. At the same time our analysis indicates that relativistic effects could play a major
role in a number of cases.

The inverse problem was considered by Malyarov and coworkers [8] within the relativistic
quasipotential approach [6] by using the differential quasipotential equation proposed by
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