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The capture of a target electron into a bound projectile state induced by the elec-
tromagnetic field of the fast moving projectile is calculated within the impulse approxi-
mation using the impact parameter description. The cross section is shown to decrease
with (In E)*/E at infinitely high projectile energies E.

1. Introduction

The high-energy treatment of electronic processes is a
problem of current interest in atomic collision theory
[1]. In the case of K-shell ionisation, theoretical
investigations were stimulated by experiments carried
out with proton beams in the GeV region [2], and
the measured increase of the cross section compared
to a nonrelativistic theory could be explained when
relativistic effects were included in the calculation.

For rearrangement collisions, in confrary to exci-
tation or ionisation processes, the cross section shows
a strong decrease with projectile energy [3], thus
making the detection very difficult at high energies.
Therefore, the investigation of relativistic effects for
charge transfer is more of theoretical interest. Es-
pecially the energy dependence of nonradiative elec-
tron capture at asymptotically high energies has been
an open question. In the present paper we shall
concentrate on this process and do not consider the
radiative capture which actually is dominating at
high velocities [4]. Using a nonrelativistic descrip-
tion, it was shown [1, 3] that the second-order term
in the Born series falls off with E~ /2, while the first-
order term behaves as E~°, thus indicating the im-
portance of higher-order effects. The impulse approx-
Imation is an adequate higher-order theory for charge
transfer in fast collisions as it contains no spurious
target-projectile overlap terms [3], and leads also to
an E-'Y2 behaviour [5] in the nonrelativistic case.
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Alternatively one might consider an eikonal-type ap-
proach (cf. Eichler and Chan [6]).

Relativistic calculations have up to now only been
carried out in the first-order Born approximation [7]
and show an asymptotic decrease with E~' [8].
Actually, there exists a classical relativistic calcu-
lation of the second-order term along the lines of the
Thomas model [8, 9], in which an E~3 decrease with
energy was found. This would lead to an asymptotic
dominance of the first-order term, in contradiction to
what is expected for rearrangement collisions. In this
paper it will be shown by a consistent relativistic
calculation within the impulse approximation, that
the dominance of the higher-order terms is re-
tained.

A relativistic description of charge transfer must take
into account the appropriate transformation of the
projectile field into the target rest frame. This leads to
an additional magnetic field which becomes impor-
tant for high energies, and which is responsible to-
gether with the (transformed) electric field, for the
increase of the cross section in the case of ionisation
[2, 10, 11]. Furthermore, the transformation of the
projectile wavefunction into the target system differs
from the nonrelativistic case due to the spinor prop-
erty of the relativistic wavefunctions. As the impulse
approximation includes interactions with both the
target and the projectile it is not possible, like in a
first-order theory, to avoid the transformation of
both wavefunctions and interaction field by the
choice of a suitable reference frame. These transfor-
mation properties are established in Sect. 2.
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Starting from the exact amplitude for charge transfer
the impulse approximation is introduced in Sect. 3,
together with an additional peaking approximation
as in the nonrelativistic case [12].

From this the asymptotic energy dependence of the
cross section is derived (Sect. 4).

2. Relativistic Formulation

Let us consider the transfer of an electron from the
target (charge Z,) to the projectile (charge Z,) in
systems where Z, <Z,. In this case the prior form of
the impulse approximation which includes an infinite
number of electron-target interactions has to be used
[5]- In the semiclassical (impact-parameter) descrip-
tion the transition amplitude for an electron initially
bound in a target eigenstate ¥,(r,f) to a projectile
bound state ¥ ,(r',t) is given by the covariant form

[13]
i e el ) T
L2 1)

where T is a spinor transformation which transforms
a wavefunction from the projectile rest system (r', t')
into the target frame (r,):

Y )=Ty(r, ). (2.2)

The wavefunction i[’f(r’, t)y=y7'(x', 1)y, describes an
exact solution of the three-particle problem, ie., an
electron in the field of the projectile and target nuclei.
The matrices y, as well as 9* in the definition of the

(—eTAWE, )T

electromagnetic potential A,= ZV”A are intro-

duced to demonstrate the invarlance of (2.1) under
the Lorentz transformation (we use the conventions

of [13])
ct ct’
AW
r r
y 0 0 9yv/le
0 1 0 0
= 2.3
A 0O 0 1 O @3)
yo/c 0 0 vy
=(1—v%/c?)~* and the z-direction is chosen along v.

This implies that the projectile moves along a
straight line with impact parameter b. The projectile
field —eA, =V30,, is simply given by the Coulomb
field V3= —Z e*/r', such that the transformed field
Ap(r,t)=TA,(r,t')T~* can be obtained by means of
(2.3):

Ve, t)= —ey,Ap= —e(d,—aA)
= —yZleZ/r’(l — 0, v/c) (2.4)

where o are 4-matrices composed of the Pauli spin
matrices, for example,

(9
“\g, 0/
The transformation matrix T for free particles is
given by [13]

1+y)% yv/c )
T=(-7Y (1 T+ 25
59 | 1, 25)

and the inverse transformation is obtained by means
of T=1=y,Ty, or equivalently T~ '(v)=T(—v). As
shown in Appendix A, (2.5) describes also the trans-
formation between any solutions of the Dirac equa-
tion, provided that the application of (2.5) is followed
by the coordinate transformation (2.3). This means
that when (2.3)-(2.5) is inserted into (2.1), the tran-
sition amplitude is still exact.

3. Impulse-Peaking Approximation
in the Relativistic Case

In the impulse approximation the exact eigenfunction
v s 1s replaced by a superposition of target Coulomb-
eigenfunctions lﬁ with momentum #hk weighted
with the momentum distribution of the bound pro-
Jectile state v

4

;0= 3 [dado, (760,000 00, )
Here, ¢, is a free state of momentum ¢ and energy
hw, (as given in (3.4)), and s=1-4 denotes the spin
and particle/antiparticle degrees of freedom. Use has
been made of the completeness relation of the spinor

4
amplitudes of ¢,, Y u/Wul?=1. The brackets (.,.)
’ s=1

denote an integration over space and time. The ad-
ditional energy integral is introduced for convenience
and can be carried out by means of the -function
from the time integral in the overlap term of ¥,
and ¢q..

The evaluation of this overlap term can be simplified
by using the representation of the projectile state .
=TY; in the projectile frame and by introducing a
complete set of free states k, such that T acts on a
free state:

4
W7, 0)T g )= Y [dkdw

A7),k (v, ) (kT (Y, 1) T, (x, ). (3.2)
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In the impulse approximation the transition ampli-
tude for charge transfer can thus be written as an
integral over the product of three terms, the Fourier
transform of the final projectile state, the overlap of
plane waves in the two different frames, and the
jonisation matrix element of the target bound state
under the projectile perturbation:

4 4
a%:% Y [dqdew, Y, JdkdowW ] k)k; Tq)
s=1 c=1

Wy (—eApY)). (3:3)

We proceed with the evaluation of these terms. The
free state is given by [14]

ki (v, t)y=uP(2n)~?exp(ikr —iwt)

L) — g +mc? (1 hcak(a))e
k 2¢, g tme*) °

(3.4)

where k(o)=k for the particle states 0=1,2 and —k
for the antiparticle states o=34. e, is a 4-dimen-
sional unit vector with the element 1 standing in
position ¢. ¢ is the relativistic energy (m’c*
+h%k?c?)%. Applying T together with the space-time
transformation (2.3) we obtain for the second term

§dedr(Th,(r', )" q,(r,1)

=(u7 @ Tul)e™*Po(yw+yvk, — o)

-0%(q,— k) 0(q, — wyv/c® =k, ). (3.5)
Thus the integrals over k and , are trivial. The first
term in (3.3) can be written in terms of the Fourier
transform ¥ (k) of the projectile state

fdrdey (e, 0k, (r,¢)

=(Q2n)E 6(E ;/h— ) F (k) 1), (3.6)
When (3.5) and (3.6) are inserted into the transition
amplitude (3.3), the integrals over k, @ and w, can be
carried out immediately. The only dependence on ¢ is
contained in the spinor amplitudes u{”, such that the
spin sum is easily evaluated by means of the com-

pleteness relation. Then the transition amplitude re-
duces to

1
A= z dq(y; (0 Tu)yes:s
,j"dtei/h(Ef/v+thz—Ei)t

g O ValY(r)) (3.7)
k,=q./y—E ;v/(hc?)

with ¥, from (2.4). The energies E, and E; of the
projectile and target bound state, respectively, are

kJ_:qJ_a

relativistic energies including the rest mass. In the
nonrelativistic limit (y— 1), k—q—mv/h and the en-
ergy phase reduces to (sf—si—%mvz—{—thz)/h where
¢, and ¢, are the nonrelativistic energies, thus yielding
the same result as obtained in the nonrelativistic
theory by means of a Galilean transformation.

The further evaluation proceeds along the lines of the
nonrelativistic theory [12]. Using the Fourier repre-
sentation of the interaction potential

1 1 .ds ‘

o[22 isur—b)+iszy(z—v1)

S=yalae (33)
and changing variables in the q integral to ¢.=gq,/y
—E v/(hc?), ¢, =q_, we obtain from the time integral
in (3.7) the momentum transferred to the electron

q,=s,—(E;—E/y)/(hv)=4,. (39

We make use of the fact that the Fourier transform
¥ {q') is a rapidly decreasing function of ¢/, and take
the jonisation matrix element and 4 outside the ¢
integral at the minimum momentum transfer ¢'=g,e,
given by (3.9). Thus we neglect the transversal com-
ponents of q in the ionisation matrix element (and
). In the nonrelativistic case this peaking approxi-
mation was found to be quite good in the high-
velocity limit [15]. Here it is even more justified be-
cause of the large projectile velocity, a large longitu-
dinal momentum ¢, is required both to reduce the
argument of Y, and to ensure momentum conserva-
tion, whereas the transverse components ¢, can be
neglected. By means of this approximation one can
carry out the integral over ¢’ analytically, in addition
to further simplifications in the evaluation of the
ionisation matrix element. From this one gets

I*(qo)=7 [ dq 7 (q)e'® [ dre™ e

=Q2n)*?/v{dre "y (R (3.10)

with R'=b+7e,. If a nonrelativistic wavefunction is

used (for a light projectile) this expression reduces to
/2

I*(q,) 41/2” (Z2 2 1(b1/22+%)ex

=", e (3.11)

for a hydrogenic projectile 1s state, where K, is a
Macdonald function and Z,=Z,e*m/h. A=1.2 de-
notes the two spin degrees of freedom. For the higher
projectile states, I¥(g,) can be expressed via recursion
relations by the functions K; und K.

It is convenient to change variables in (3.8) by means
of s.=ys,, §, =s,, and we obtain by inserting (3.8)~
(3.10) into (3.7):
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5‘114_ ZJ /’)

27t lhy & — (s v/c)2
g, €1 =2 v/c) [ih(r)>.

This is the relativistic extension of the formula for the
charge transfer amplitude from Amundsen and
JakubaBa [12]. As shown in Appendix B, also this
expression can be reduced to a two-dimensional in-
tegral which has to be carried out numerically. The
sum over s includes antiparticle states as intermediate
target eigenstates i, . (originating from the com-
pleteness relation of the spinor amplitudes) which
will become as important as the particle states when
v—c. One should note that the momentum of ¥,
given by hq,=y(hg,+E, v/c?)=—(E,/y— E)/v—i—hs
which is centered around E./Jexme for v—c. This
means that the momentum is finite for y-—>o0 and
does not increase like ymv as is expected for a
relativistic particle moving with velocity v. This
somewhat paradoxical result is due to the fact that
not only the energy of the final state, when seen from
the target frame, increases as yE, but also does the
width of its momentum distribution, so that the
required momentum transfer remains approximately
constant. The broadening of the wavefunction in
momentum space is, of course, just an effect of the
Lorentz-contraction in coordinate space. Con-
sequently one cannot take k,=0 in (3.7) as the de-
finition of ¢, in ,_, which would lead to ¢,~ymu,
and which was used as an approximation in the
nonrelativistic case [5]. Instead it is important to
choose the momentum transfer (3.9) as the defi-
nition of g, so that this divergence is compensated.
For an occupied initial subshell, the total transfer
cross section is obtained by means of (3.12)

e~ ¥ (I"(go) Tul?)

(3.12)

0
0=2njbdb2]aﬁ|2 (3.13)
0 if
where one has to sum over the electronic initial and
final magnetic substates.

4. High-Energy Limit

As the projectile energy E= M pc?y is proportional to
y the asymptotic behaviour of the transition ampli-
tude is more readily expressed in terms of y (y — o0)
than in terms of v (v—c¢). For large 7, the impulse
approximation as well as the peaking approximation
should be very good such that the formula (3.12) can
be used to study the high-energy behaviour of charge
transfer.

Using the fact that ¢, (and g,) is finite for y—co and
that (1—o,)y,(r)+=0 because the large component

dominates in y,, the ionisation matrix element is
independent of y in the limiting case. Also If(q,)
remains finite as the integral in (3.10) exists and is
independent of y. The term 7Tu{’ increases with y*
since T— (y/2)*(1+a,).

From this, the behaviour of the s'-integral can easily
be extracted. Introducing spherical coordinates ',
x=c08 9, o, we have

dS/ 2n © 1

jd(psjds jdx

R “

1

1 —(xv/c)*
and thus a further divergence at v—c since the re-
maining integrand is finite at x=+1. The contri-
bution from the singularities at x= +c/v for v—c is
In (1 —v/c) which increases like Iny. The fact that the
main contributions come from x= +1 where the
transverse momentum transfer s, is zero, is indeed
consistent with our peaking approximation. Adding
up all contributions, we obtain a,~y *Iny. This
behaviour is not affected by the integration over
impact parameter, such that the total cross section
for charge transfer decreases with energy correspond-
ing to

o~(nE)?/E, E—o. 4.2)
This logarithmic dependence arises from the be-
haviour of the Coulomb potential in momentum
space. It is not present for a screened (Yukawa)
potential. A similar logarithmic asymptotic be-
haviour is well known for ionisation (see i.e., [10]),
and since the impulse approximation, which is well
established as a high-energy approximation, contains
the same matrix element, the result is not very sur-
prising. It differs from the second-order result ob-
tained by using the relativistic Thomas model [8,9]
which decreases with E~3, and also from the 1/E
behaviour of the Brinkman-Kramers theory. It con-
firms the nonrelativistic result, that the second-order
term asymptotically decreases slower with energy
than the first-order term. Actually, this slow decrease
with projectile energy becomes only apparent for
extremely high energies (in the GeV region [8])
where the cross section has decreased by many orders
of magnitude.

It should finally be remarked that in a real experi-
mental situation the projectile charge will ultimately
be screened by the neighbouring atoms of the target.
Thus, the E-dependence will then change from (In E)*/E
to 1/E (density effect). At what energies and in which
way this change actually will take place, however, is
not clear even in the simpler case of ionisation (see
i.e., the discussion by Tawara [16]).

To conclude, we have extended the nonrelativistic
formulation of the impulse approximation by a con-
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sistent treatment of relativistic effects, including the
appropriate transformations of the Dirac spinors and
the interaction potential into the target rest frame. As
already pointed out by Shakeshaft [8] the inclusion
of relativistic effects leads to an increase of the cross
section. A rough semirelativistic estimate following
the lines of this paper suggests a ten percent cor-
rection to the nonrelativistic result at energies of the
order of 100 MeV, where the cross section is already
far beyond experimental detection. In evaluating the
relativistic impulse approximation at high energies, a
behaviour of (In E)?/E was found for the capture cross
section. Although this result differs from the nonre-
lativistic estimate, it stresses again the importance of
higher-order effects in the theory of charge transfer.

We should like to thank E. Eriksen for a clarifying discussion.

Appendix A

We prove that the matrix T in (2.5) describes the
correct transformation of any solution of the Dirac
equation from the projetile frame to the target frame
by showing that the transformed wavefunction is a
solution of the transformed Dirac equation.

Let y/(r,t') be a solution of the Dirac equation in the
projectile frame

ay(r,r) (h Z,e
rl

ih——at,—— ?con’—i—ﬂmcz—— )w’(r', t') (A1)
where for simplicity we consider only the action of a
Coulomb field on the electron. Then we claim that

the transformed function

WiE, 0= (%_y>~ (1 + f:/‘; ocz> VE.t)

(A.2)

is a solution of the Dirac equation in the target
frame:

ih

W) _ (h Z,e

3 ;caVJrﬁmcz—y v (l—oczv/c))l//(r,t)

(A.3)
To this aim we apply the space-time transformation
(2.3) to (A.3). Using 9/0t=yd/ot' —yvV, and V,=
—y(vfe?) 8/t +yV,., (A.3) turns into

oY (r, 1)
ot

ihy(l—a,v/c)

h h
= (?calel’ +?yc(ocz—v/c) V.. +Bmc?

(A.4)

_yleeZ
r

(- azv/c>) Wi 0.

Inserting (A.2) for y(r, ) and expressing the derivative
oY'(r',t')/ot' by means of (A.1) it follows after a short
calculation that (A.4) reduces to an identity, which
proves our statement.

Appendix B

In this appendix we evaluate the transfer amplitude
(3.12). We confine ourselves to a light projectile and
describe the projectile state ¥/, by a nonrelativistic
function ¢';e; (A=1,2). The initial state ¥;, however,
must be described by a relativistic function even for
small Z,, since it enters the matrix element for the
transition to a target state ,_  which is characterised
by the relativistic velocity v. Orthogonality between
initial and final states thus requires both functions,
Y,.s and ¥, to be relativistic. The relativistic Cou-
lomb wave ¥, does not exist in closed form, and
one has to describe it by means of projection on
angular momentum eigenstates x; ; ,, of momentum
k. To this aim we introduce the complete set

Z j dx iKJ'1llml> <K‘fillm1| =1

jilymy O

such that

<w,,,,s|=°(fdx ORI (B.1)

Jilimy

where /%, is a target eigenstate of angular momen-
tum j,,/; and magnetic quantum number m;. The

momentum-normalised free state x;; ,, 18 given by
[14]
Km0 =K(Q2/m)%

getme? |

Tl 1]11(167') Yj1l1m1('Q)

. . (B.2)
g, —mc”
- —2?111]13(;61’)1/}1“,“(9)

with Iy =2j, —1,. Y,,(Q) is a spherical harmonic spin-
or.

When inserting the expansion (B.1) into (3.12) the
sum over s can be carried out by means of the
completeness relation

4

Y (65 Tug) [drug O~ (1)
S=

=e; T fdre~" k. (r) (B.3)
and the overlap integral is easily evaluated if one uses
the partial wave expansion of exp(—ig,z) such that
the angular integration can be performed im-
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mediately. One finds with the help of the orthogo-
nality relation of the spherical Bessel functions

§r2drj(an)ilan=n/2q9*(qg—q):
0
ef T[dre ="k Lo

=0(lq,| —x )PZ(’Chll"’h)P (] lymy) =
(6m1,%5/1,1 +(_1)ll+%_j15m1,_%5,1,2)

Jen+ )%|/%ﬁ“~(q )“(zlzmoaé)

V”/ < (11,104 )] (B.4)

(L+y)*
drx

— 21’

where the brackets denote Clebsch-Gordan coef-
ficients. This overlap integral is only nonvanishing if
Im,1=% which can be traced back to the fact that the
momentum of g, ,(r) lies in the z-direction, due to the
peaking approximation.

It remains to evaluate the matrix element

M= Y5, (0] " (1=, 0/c) [Y;(0)) . (B.5)

As the target eigenstates ¥/(r) are given in the angular
momentum representation [14]

Jin®) sz(Q))
1g;:(r) Yy m(£2)

it is again convenient to make a multipole expansion
of exp(is'r) for the sake of the angular integration.
Characterising y,(r) by j,, I, and m, and making use
of the fact that o, mixes the large and small com-
ponents of ¥,

(o, Guto=(F) )

= (B.6)

(B.7)

one obtains
M=4zn}) YEQ,) M, (s, k)
Im

M, (s, )=F W, +iv/c

'(FI(Z)Ajlm(llla12)_F}(3)Ajlm(ll9l/2))' (B~8)
F” denote the radial integrals

FV= j r?drj(s'r)

L ,111(V)f1212(”)+g,111( ) 85,1,(r)]

= il 00,9

F(a)‘fr drji(s'n) f711,() g1,1,(r) (B9)

and the coefficients W,, and A4

angular integrals

(I;,1,) are the

jlm

jlm__fd‘Q j1llm1(‘Q)Yl( ) ]zlzmz(Q)

T i2 ! 11)(]2 ! ]1)
2+m14
B I T (AN | (R

Jlm 117 12) j.dQ Jlliml( ) (Q) o-z jzlzmz(g)
~n L, 1
moy—1— L ) 2
= (==L (0 ; N
A [ M
“\mou —m—p —ml m+u
/ 1
2 2 J2 ) (B.10)
Hoomy— My

if I, 41,41 is even, and they vanish otherwise. The
brackets denote Wigner 3j symbols and j=(2j+1)*.
Because of this parity selection rule either W,,, van-
ishes for a given [, or 4,,(l},1,) and A,,,(;,1;) be-
cause lj ,=1[, ,+ 1. However, as the transition ampli-
tude contains a sum over both / and [, the contri-
butions of the electric field (proportional to W) and
of the magnetic field (proportional to 4,,,) add co-
herently.

The radial integrals can be evaluated analytically
for hydrogenic wave functions [17]. For a 1s, initial
state, they are expressed by the real and imaginary
part of

Io=[drrt72j(s'r)e=""e™  F(y, —iv,27, +1,
0
—2iKr)
i (i')l Ty +p,+1+1)
2T+ 3/2) \2) (e +ifs — )y e rIrT
Fy(y+y, HIF LIy —iv; 2142,2y, +1;
2is’ 2i
S ) (B.11)
0o +i(s'—x)  ay+i(s'—k)

where

:V(fi"'%)z —(Z, ez/hc)za

ag=2,e*mih*, v=2Z,e’e f(h*c?K)

and F; and F, are confluent and Appell hyper-
geometric functions, respectively. F, can be further
reduced to a finite sum of hypergeometric functions
,F; [18]. One obtains

EO=No(/ 14mc*/s, V147, Im {1}
~V1-mce, V1-7, Re{e“I,})

FEP=N,V1—mc%/e, 1/ 1+7v, Re{e I }

F=—NoV1+mefe, V1-y, Im{el}  (B12)
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with

Ny=(—i)*(2m)~*Qop)? + 3 (2K) ™"
|F(y1+1+iv)|

VIQy,+1) 2y, +1)

and
€2i€= $(}1 +%)_ivmcz/81c

m— for j,=1,+3.
1

We introduce spherical coordinates in the remaining
s’ integral in the transition amplitude (3.12), accord-
ing to (4.1). Then, due to the peaking approximation,
the integral over the angle ¢, can be carried out
analytically since the matrix element M, (s’,x) in
(B.8) is independent of ¢,

2n

s d(psre—is'lu/l —x2 cosQs’ Yl:kn(Qs‘)
0

=(—i)|’”11/n(21+1)(§ )P'”(x T (DY 1=%7)
(+m)! (B.13)

where B™ is a Legendre polynomial and J,,, a Besscl
function. Thus the calculation of the transition ampli-
tude (3.12) reduces to the numerical evaluation of a
two-dimensional integral:

2Z,e*® 1 1 -
ad= "1 (4ds | dx——-——1%(q0)
KO iVnhy g i 1—(xp/c)*” °

) Z PX(q,L.j;1ymy) Zl i

Jilimi= %
(I—m)!

(2l+1)(z o

M08, 1. )
(B.14)

B (x)J(s'b Y/ 1—x?

When carrying out the sum over the angular mo-
menta, one has to keep in mind the selection rules from
the angular integrals (B.10) and that, due to the large
momentum transfer for high », only the lowest I-
values contribute appreciably.

References

1. Dettmann, K.: Springer tracts in modern physics. Vol. 58, p.
119. Berlin, Heidelberg, New York: Springer 1971

2. Anholt, R., Nagamiya, S., Rasmussen, J.O., Bowman, H., loan-

nou-Yannou, J.G., Rauscher, E.: Phys. Rev. A14, 2103 (1976)

3. McDowell, M.R.C., Coleman, J.P.: Introduction to the theory

of ion-atom collisions. Amsterdam: North-Holland 1970

. Raisbeck, G., Yiou, F.: Phys. Rev. A4, 1858 (1971)

. Briggs, J.S.: J. Phys. B10, 3075 (1977)

. Eichler, J., Chan, F.T.: Phys. Rev. A20, 104 (1979)

. Mittleman, M.H.: Proc. Phys. Soc. 84, 453 (1964)

. Shakeshaft, R.: Phys. Rev. A20, 779 (1979)

. Moiseiwitsch, B.L., Stockman, S.G.: J. Phys. B12, L695 (1979}

. Davidovi¢, D.M., Moiseiwitsch, B.L., Norrington, P.H.: J.

Phys. B11, 847 (1978)

11. Aashamar, K., Amundsen, P.A.: (submitted for publication)

12. Amundsen, P.A., JakubaBa, D.H.: J. Phys. B13, L467 (1980)

13. Bjorken, D., Drell, S.D.: Relativistische Quantenmechanik.
Mannheim: BI 1964

14. Achieser, AL, Berestezki, W.B.: Quantenclektrodynamik. Frank-
furt: Deutsch 1962 )

15. JakubaBa-Amundsen, D.H., Amundsen, P.A.: Z. Phys. A297,
203 (1980)

16. Tawara, H.: Invited Papers and Progress Reports, X™
ICPEAC. Paris. Watel, G. (ed.), p.311. Amsterdam: North
Holland 1977

17. Jamnik, D., Zupanéi¢, €.: Danske Vidensk. Selsk., Mat.-Fys.
Meddr. 31, 1 (1957)

18. Amundsen, P.A.: J. Phys. B11, 3197 (1978)

OO 0~ W A

D.H. JakubaBa- Amundsen
P.A. Amundsen

Institute of Physics
University of Oslo

Box 1048 Blindern

Oslo 3, Norway



