PHYSICAL REVIEW A VOLUME 36, NUMBER 2 JULY 15, 1987

Cross sections of relativistic radiative electron capture by use of the strong-potential Born calculation
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The relativistically extended strong-potential Born (SPB) formalism is applied to the radiative elec-
tron capture process caused by the bombardment of a heavy and highly stripped charged particle
with relativistically high velocity. The results are compared with those by use of nonrelativistic SPB
calculations and with those by use of the relativistic Born calculation (Sauter’s formula), which in-
cludes no distortion effects between a heavy projectile ion and an active electron. Even if the strong
distortion effects are taken into consideration, the shapes of photon angular distributions in the labo-
ratory frame still nearly depend on sin’0; (8. is the angle of the emitted photon) in the vicinity of the
angle of 90°, which is the same as the results by use of Sauter’s formula. The higher the charge of a
projectile ion becomes, however, the greater the discrepancy between the angular shape of our results
and that of Sauter’s becomes at both smaller and larger angles than at 90°. As is expected, the mag-
nitudes of the differential and the total cross sections are drastically influenced by the distortion
effects ascribable to a large charge of a heavy projectile ion such as U®2*. Our results are in good
agreement with recent experiments. In addition, the Coulomb off-shell factor introduced by the SPB
theory is found playing important roles in the case of the relativistic radiative electron capture pro-
cess because the results calculated by using the relativistic impulse approximation are too underes-

timated.

I. INTRODUCTION

The Coulomb parameter defined as v=Za /v (in natu-
ral units, Zi=c=1, and a is the fine-structure constant)
provides the criterion used to determine which approxi-
mation should be employed in the present problem of col-
lisions between charged particles. Here, Za represents
the coupling constant between an electron and a particle
with an electric charge of Ze, and v stands for velocity.
As is well known, under the condition that v <<1, the
(plane-wave) Born approximation is an excellent method
to calculate some physical quantities. In the case that
vS1 or vR 1, however, the Born approximation breaks
down and then a much superior approximation must be
introduced. The strong-potential Born (SPB) approxima-
tion! can be applied to a much wider range of the
Coulomb parameter, namely, up to vX1, than the Born
approximation. Hence, the SPB theory is thought to be a
great deal more effective for the problems of collisions
caused by the bombardment of a projectile ion with a
large electric charge as well as with high incident velocity.

The Coulomb parameters of fully stripped xenon and
uranium ions amount to no less than 0.39 and 0.67, re-
spectively, even when these ions travel at the speed of
light. In this case, it is thought that the Born approxima-
tion no longer gives accurate information about collisions
in such regions of the Coulomb parameter. However,
apart from relativistic corrections, the SPB theory can
adequately compensate for the faults ascribable to the
Born theory. In this paper, we extend the SPB approxi-
mation relativistically in order to estimate the radiative
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electron capture (REC) processes brought about by heavy
ions with high velocity. Hereafter, we use “REC process”
to mean only “REC to the K shell of the projectile atomic
states (K-REC),” unless otherwise stated.

By using the relativistic Born approximation proposed
by Sauter,? it is indicated that the shape of the photon an-
gular distribution for the relativistic REC process depends
nearly on sin%6,,> where 0, is the angle of the emitted
photon measured from the direction of the incident veloci-
ty v in the laboratory frame. The sin’0; dependence of
the REC differential cross section is thought to be com-
pletely due to cancellation between the retardation effect
of the emitted photon and the effect of the Lorentz trans-
formation from the moving frame to the laboratory
frame.>*® That is to say, the differential cross section of
the REC process estimated in the moving frame

(do /d Q) o« sin?0p (1 4B cosOp) 4 (1.1)

is transformed into the laboratory frame by virtue of the
Lorentz transformation

(do/dQr)=(1—B*)1—BcosO.) Ado/dQy) , (1.2)

and then the following photon angular distribution can be
obtained:

(do/dQ; )« sin®0; . (1.3)

In Eq. (1.1), 8y is the angle of the emitted photon in the
moving frame and B= | v| /c (c is the velocity of light).
Qp and Q; are solid angles in the moving and the labo-
ratory frames, respectively. To get Eq. (1.3), the follow-
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ing relations have been made use of:

sinBy =(1—2)""2sin6; /(1 —B cosby )
and

cosOy =(cosf; —B)/(1—LBcosb ) .

The angular dependence of the REC differential cross sec-
tion calculated by the present SPB formulation is expected
not to have so simple a form as Eq. (1.1) because the
effects of both strong distortions and retardation have
been included in a complicated manner. Hence, its angu-
lar shape in the laboratory frame will be modified to some
extent from the sin?0; dependence of Eq. (1.3). We ex-
emplify the deviation from the sin’6; dependence in the
case of both Xe***™ +Be at 197 MeV/amu and U*** 4 Be
at 422 MeV/amu in Sec. III.

In Sec. IT we provide the theory of calculating the REC
process by virtue of the relativistic SPB approximation.
The results and the discussion are given in Sec. III. Here,
the theoretical results by the relativistic SPB calculation
(RSPB) are compared with the recent experimental re-
sults.*~® Furthermore, by the comparison with the other
theoretical calculations, such as the nonrelativistic SPB
(NRSPB),’ the relativistic Born (RB),? and the relativistic
impulse approximation (RIA) calculations, it is estimated
to what extent the relativistic effects, the distortion effects
between the highly charged projectile ion and the active
electron, and the effects of the off-shell factors! introduced
by the SPB theory have an influence upon the relativistic
REC processes, respectively. The summary is included in
Sec. IV. We use the natural units throughout this paper,
unless otherwise stated.

II. THEORY

A. SPB wave functions

It is, for the sake of simplicity, assumed that the col-
lision system we are now taking notice of consists of three
particles, namely, a projectile ion labeled A, a nucleus of
a target atom B, and an electron initially bound on B as
C. Furthermore, we define a collision channel as a label
of a particle acting as a spectator. That is to say, the
direct channel, 4 4+(B-C), is represented by the label of
A and the rearrangement channel, B +( A4-C), by the la-
bel of B. Dirac’s ¥ matrices of the particle N are defined
as yV= —ifMa™ and y' =M. ™ and M are the
a and the 8 matrices of N.

The transition matrix element of the relativistic REC
process is given as®

TREC=¢(a, Wy |y\C | W, ), 2.1

where | ¥ 4 and (Vg | are the three-body wave func-
tions of the channels 4 and B, respectively, and (¥p | is
defined as (Wp | =(|¥p)) Iy 7. a® is the wave
function of the emitted photon. Hereafter, it is under-
stood that the summation and the direct product over the
three particles 4, B, and C, that is, ¥y_,pc and
Il~ = 4,8,c > are simply denoted as ¥ and ], respec-
tively, unless otherwise stated. According to the SPB for-
malism, | W ,4) and (¥ | are approximated as'

[V )=(14+GycVac) | Pa) (2.2)

and
(WB l :<‘T)B ’(1+VBCGBC) ,

respectively, where | ® 4 ) and (Dg | are the (plane-wave)
Born wave functions of the respecitive channels, and the
relativistic Coulomb Green’s functions G 4c and Gpc are
given as

Gic= [E— S Hy—Vc+in }"1
N

(2.3)

(2.4)

and

Gyc= [E— S Hy—Vpe+in ]—‘ . (2.5)
N
Here, Hy=—iVy -a™W'+MyB"™ with My the mass of
the particle N, E is the total energy of the collision sys-
tem, V4c and Vpc are the Coulomb potentials, and 7 is
the infinitesimal positive number.
Inserting the complete set {X,} into Eq. (2.2) leads to

|Wad=3 (1+GacVac) | X)X, | P 4)

=3 [YE(X @4, (2.6)
where by the subscript » we have suppressed all the states
of three particles such as spins and momenta. In the
second equality of Eq. (2.6), (14+G 4cV4c)|X,) has been
replaced by ]1&5{7). The basis function |X,) is given by
the direct product of three plane-wave functions as fol-
lows:

| X, )= T 2m) %™ ™ yup(Ky) , 2.7)
N

where Ky, xy, and uy(Ky) are the momentum, the posi-
tion, and the spinor of N. Moreover, the Born wave func-
tion | ® 4) is the solution of the differential equation

E— S Hy—Vpc || ®4)=0 (2.8)
&
and is expressed as
| @) =2m)"32 1y (K)
X (2m) 32T X8 (xpc) 2.9)

Here, K and P represent the incident momentum of A4
and the barycentric momentum of the composite particle
(B-C), respectively. ¢pc stands for the wave function of
(B-C). Xp. and xpc are defined as follows: Xpc
=7NpgXp+nNcXc and Xpc=Xc—Xp, Wwith ng=Mpg/
(Mp+Mc) and nc=1—mnpg. By using Egs. (2.7) and
(2.9), we get

(X, |P4)= [Hu;s(KN)
N

X1 4(K 4)bpc(kpe)8 (K —K 4)

X&I(P—Kpe), 2.10)
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v/ghere Kzc=Kz+Kc¢ and kac =ngKc—ncKsp.
dpc(kpc) is the wave function of the momentum repre-
sentation defined as

$Bc(k3c)=(217')’3/2fdxe“ikBCmBCbeC(ch).

Moreover, after simple calculations, |¥j"') is reduced

to
llllgrr))=(2F)—3/2e"KB'XBuB(KB)
X (27) =372 M acXac gl ) x sese ac,kac) -
(2.11)
Here, X c=84X4+EcXc, Xac=%Xc—%4, Kuc=K,
+K¢, and kyuc=&4Kc—&cK,4, with §4=M,/

(M4+Mc) and §C:1‘—§A- In Eq. (2.11),
U (X 4c;€ 40,k 4c) is the off-shell Coulomb wave func-
tion defined as

(+)
AC(X 4c3€40,Kac)

= (148 4cVac)2m) 32 1C™ 4y, (K uc(Ke) ,

(2.12)
where
W) =02m)3 3 f dKcup(Kp)p'dd(x 4c;€ac,k ac)
spins
X exp |i ¥ Ky R | exp[i(
l’v

x CXpii[MBKAc—(MA +Mc)KB]I'/M} ,

where the summation of Eq. (2.16) with respect to r has been replaced by 3, f e

gac=[eac—(hc+V4c)+in]~! (2.13)

The off-shell energy of e4¢c is given as e,c=FE—(K}

+M§)]/2—(§AG(A)'KAC+€ca(C)'KAc)—hA. h,4 and
hc are expressed as h, =iV, a'¥+M, B and
hc=—iVy .a'“"+McB'“), respectively. The second

term of the expression of €4¢ is the intermediate energy
of B and the third the translational energy of the two-
body system 4 +C. If h 4 is allowed to be approximated
as hq=—a'Pkc+M B, e4c is reduced to
eac=E— (K% +MH)"2— (K} +M3)\2, where
Eca'® K 4¢c has been dropped because it is negligibly
smaller than & a'?-K 4c. As a result, Eq. (2.12) be-
comes

u 4 (K )p'4d(x acseac kac) »

(2.14)

U (x 4c5e a0k ac)=

where

@4 (X 4c5€ 40,k ac)
=(14g4cVac)2m) 2 4y (Ke) . (2.15)

Inserting Egs. (2.10) and (2.11) into Eq. (2.6), we can get

TLy 48 (Ky) |u4(K 4)bpc(kpe)

—EaMpK 4o +M 4 Kp)-x/M]

(2.16)

- [ TIxndKy. Sins means the

summation over the spin states of all the three particles 4, B, and C. The total mass of the collision system ¥ y My has
been represented as M. In Eq. (2.16), we have obtained that K 4, =K and Kz =P—K¢ by virtue of the momentum-
conserving 8 functions. Moreover, we have had the replacements X=X 4c, r=Xpgc, and R=( 3y Myxy)/M. At this
stage, we approximate the integrand of Eq. (2.16) except for dgc(kpc) by setting kpc =0, that is, Kz =7zP and
Kc=mn¢P. Thus, |W¥ ) is reduced to

W) =2m) >3 15 'up(Kp)d'id(x;€ 4c,k ac)

spins

[ T ud (Ky) Ju4(K 4 )¢pe(r)
N

X exp EKNR exp[i(MgK—ngM 4P)-(r—& 4x)/M] . (2.17)

vac=Z 4a( ‘kACIZ
<p,4c(x k 4¢) of Eq. (2.18) is the rela-

By the way, it can be assumed that the relativistic off-
shell Coulomb wave function (p(+) of Eq. (2.15) is approx-

with the Coulomb parameter
+ME)?/ | kac |-

imated as® tivistic (on-shell) Coulomb wave function defined as
@4 (X8 ac, kac) =M 4c(v 4c,€ 40P i (x;k ac) (2.18) cp‘A%)(x;kAc)——-(1+§ACVAC)(2#)‘2/3eik‘c‘xuc(Kc) .
by following the SPB theory. Here, M 4c(v 4¢,€4¢), the (2.19)
off-shell factor, has the form

_ Here,
MAC(VAC,EAc)zewACF( 1 +iVAc )( I kAC I 2—25,4(; )'WAC (220)

gac=[(k%c+ME&)'*—(hc+V 4c)+in]l™"
X |4k 4¢ | Vac @ 4 of Eq. (2.19) can be further reduced to'®
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a’(AjLC‘)(X;kAC)—_:(277-)73/2N(VAC)eikAC-x
X[1+y O O (ke +M2)~ V4V, /2)]
XOF1(iv 40, 1;i( | kac | | x| —kac X))

Xuc(K.), (2.21)

where N(v 4c)=e" “°T(1 —iv 4¢).
By employing Egs. (2.8) and (2.9), we find that the
wave function ¢pc must be satisfied with

(E—(K2+M%)"?—[(nsP+iV.)-a'® + MppP]

—ncP-a'©—he—Vpc}dpe=0. (2.22)
Dropping iV.-a'® and 5cP-a'C because it is negligibly
small and approximating 7zP-a'®+MzB(B) to be
[(nsP)?+M3]'%, the solution ¢pc of Eq. (2.22) is re-
duced to up(ngP)@pc(r), where @pc(r) is the solution of

J

the Dirac equation for the hydrogenlike atom (B-C) given
as

(e;—hc—Vpc)ppc =0, (2.23)

with g =Mc[1—(Zza)?]'’% & is nearly equal to
E—(K*4+M)V?2—[(9gP)?+M3]"?, because E=(K?
+M)V 2+ [P 4+ (Mp+Mc —epina)’]'/?,  where  &ping
stands for the binding energy of the composite particle
(B-C). By following the same procedure as that which
lecli1 from Eq. (2.19) to (2.21), ¢pc can be approximated
as

@sc(D)=[1+yY'2Mc)" 'V, o5t (tuc(ncP) ,

(2.24)

where @ is the solution of the Schrodinger equation for

(B-C).

According to the approximations made from Egs.
(2.14)-(2.24), we can reach the objective relativistic SPB
wave function that

|W4)=02m) " ?exp [iz KyR ](217)—3/2 exp{i[(Mp+Mc)K—M 4P]-(ngr—x)/MIM 4¢(v 4c,€ 4c N (v 4¢)
N

X1+ y7 O (ke +ME) VAV /2 F1(iv ac, i | kgc | | x| —k ac X))

X147y - 2Mc) "1V, 1p%e () T] un(Ky) ,
N

(2.25)

where use has been made of [Ty X pins uy(Ky)uf(Ky) =1, with K, =K, Kp=7pP, and K¢ =7cP.
Similarly, taking the same procedure by which the resultant formula of Eq. (2.25) has been obtained, we can get

(¥p | =2m)3%exp [—i 3 Ky-R |(27) 2 exp{i[(M 4 +Mc)K' —MpP']-(£ 4x—1)/M )
N

X IT av(KV)[1+757 Q- 2Mc) 7'V 0109 ()M Bc (v, epc )N * (vpe [ 1 + 1Oy O (ke + ME) =12V, /2)]
N

X 1Filivge,1;i( | ke | | 1] +kpe 1)) .

The various notations employed in Eq. (2.26) are defined
as follows. K’ and P’ represent the recoil momentum of
B and the barycentric momentum of the composite parti-
cle (A-C), respectively. The intermediate momenta K'y,
Kjp, and K¢ are approximately given by Ky =& ,P’,
Kp=K', and Kc=E&cP’, and kjc are defined as
kzc =m3Kc —ncKjs. The off-shell factor Mpc(vpc,vac)
is provided as

e ™ (1 +ivee (k3c —2epc)”VEC | dkpe | VBC
with

vec =Zpalkgc +ME)'?/ | kpe |
and

epc=E—(K5+M3)'"?—(Kj+M3)"? .

(2.26)

f

@'95(x) is the solution of the Schrodinger equation for the

hydrogenlike atom ( A-C).
In addition, the wave function of the emitted photon a}
is given as
a* =(21T)"3/2(2a))“1/2e e —ik-(R+(M 4 /M)x+ (Mg /M)r)
(2.27)
where @ and k are the energy and the momentum of the
photon.

B. Cross section

Inserting Eqgs. (2.25), (2.26), and (2.27) into the transi-
tion matrix element TREC of Eq. (2.1), we obtain

TREC_RECSO(K 4 P_K'—P' —k) , (2.28)



36 CROSS SECTIONS OF RELATIVISTIC RADIATIVE . .. 585

where
tREC= (20, )~ V2(27) ~°"%eC 4c(v 4c )Chc(vie)
X 4(0)u 4(K)ag(K )ug(nzP)

Xuc(O)Ic(q,p,kKluc(ncP) . (2.29)

Ic(qp k)= [ [ dxdre%e {1490y [V, /(2m)]} e

In Eq. (2.29), the moving frame P'=0 has been chosen
as the frame of reference and we have defined
that Cyc(vac)=M 4c(Vac,€ac)IN(v4c) and Clclvge)
=Mpc(vpc,epc)N *(vpc). wp represents the photon en-
ergy in the moving frame. Moreover, Ic(q,p,k) has the
form

¥ (x)

X {1+ 797 O [V./(2p0)]} 1F1livee, 1;i( | p| |t | +p))ey©

X 14+7807' 9 [V /(2p0) )} (F1livae, i | p| | x| +p-x){1+ 77 O [Ve/2m) [} Re(x)

where q, q', p, and po have been defined as g=K'—7P,
q=-K, p=-nsncP-ncq =myv, and po
=(p*+mA)?=my, with m=M¢ and y=(1—v?)~12
respectively. Here, v is the relative velocity of the present
collision system defined as v=—P/[P>+(Mp +m)*]'/%

We approximate Ic(q,p,k) up to the first order with
respect to Vx/(2pg) and V,./(2m). That is to say,

Ic(q,p,K)=€A4 A4 + 7 OVE—y Y , (2.31)

where we have employed the abbreviated notations such
as @=0-7'“) (O=e, U, and V). U and V are defined as
U=B'A+CA’'and V=B A'+C’ A, respectively, where

A= [ drepf(r) Fi(r), (2.32)
B=02m)"! [ dre [Vt (n)] Fi(r) , (2.33)
C=(2po)~! [ dre o[V, Fi(r)], (2.34)
A'= [ dxe' P (x) 1Fi(x) (2.35)
B=2m)"" [ dxe' V00 (0] 1F(x) (2.36)
and

C'=(2po)~" [ dxe' I g (x)[Vy 1 F1(x)] . (2.37)

Here, we have used the abbreviations for the confluent hy-
pergeometric functions (F(X)=F(iv4c,1;i(|p]| | x|
+pX)) and 1F1(r)=1F1(iVBc, l;i( | p | | r { +pr)) A, B,
and C are quantities dependent upon one another and

connected by the identity
iqA+2mB+2p,C=0 . (2.38)

Likewise, A, B’, and C’ are connected with one another
by

iqA"+2mB' +2pyC'=0 . (2.39)

(do/dQp)=22m)* |v| ! fd(l)MCL)}Z\( qu( | tREC| 2)8(wpr —0id —v-q) .

(2.30)

Equations (2.32)-(2.37) can be estimated by virtue of
the Nordsieck integrals'?

I,= fdre"‘"'*iq"lr[ -1

X]F](iVBc,lyi( ]pl Il'| +pl'))

—2ma (g b)) (2.40)
and
= f dxe MIxI+idx) x| -1
X 1F1(iva4c, i | p| [x]| +p-X))
=2ma T VAC(g 4 by VAC (2.41)
where a =(q?+A?%)/2, b=p-q—iA|p|, a’'=(q*+1?)/2,

and b'=p-q'—iA'|p|, with A=mZpa and A'=mZ 4a.
By the use of Eq. (2.40), 4 and C are given as

A=—N(3l,/d7) (2.42)
and

C=N(2po)~'|p|(3I:/3p) , (2.43)
respectively. Likewise, we get

=—N'(3I,/3\") (2.44)

and

C'=N'(2py)""|p|(3I,/3p) . (2.45)

Here, N and N’ are the normalization constants of @k
and ¢'9¢ given by N=(A3/7)"/? and N'=(A"3/m)""?, re-
spectively. B and B’ are obtained by using Egs. (2.38)
and (2.39).

The photon angular distribution in the moving frame is
provided as follows:

(2.46)
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The factor 2 in front of the right-hand side of Eq. (2.46) is
attributed to the summation with respect to the directions
of polarization of the emitted photon. Inside the energy-
conserving & function, wyy stands for the peak energy
of the photon given as o}y =m(y&—§'), with £=[1—
(Zga)*]'V? and &'=[1—(Z 4a)*]'?, and yv-q represents
the Doppler-broadening effect of the photon spectrum.
Moreover, { | tREC[?) is defined as

<|IREC‘2>:871 Z 1tRED}2’

spins

(2.47)

where we have taken the average with respect to the initial
spin states and the summation with respect to the final
spin states of the three particles. Equation (2.47) is ex-
pressed by employing Eq. (2.29) as

([REC|12) =2m) ~%(e?/20pm) | C(v 4c,vae) | P TT I »
v

(2.48)
with C(VAC,VBC):CAC(VAC )CgC(VBC ). Here,
JA:2_1Tr[ [ > u,,(O)ﬁA(O)}

spins of 4
X [ > uA(K)ﬁA(K)H , (2.49)
spins of 4
JB:2—1TI‘[ { 2 uB(K')lTB(K,)]
spins of B
X { 2 llB(T]BP)ﬂB(T/BP)} ] , (2.50)
spins of B
and
chz—‘Tr[ l S uc(0)ic(0) ]Ic(q,p,ld
spins of C
,},lC)
><[ > uc(ﬂcp)ﬁc(ncp)] ‘
spins of C
()
(2.51)

xIt(q,p,k)" ] .

Equations (2.49)-(2.51) can be carried out by using the
Casimir operator

3 un(Kyay(Ky)=(—iKy- 7"V +Kyor{"
spins of N

+Mpy)/(2Kyg)
with Kyo=(K% +M%)"/%2. Therefore, J, and Jg are re-
duced to
J41=(Ko+M,4)/(2K,)
and
Jp=[(Mp+m)/Py]*, (2.53)

respectively, where Ko=(K?*>4+M3%)"? and Po=[P*+(My
+m)?*]"2. In Eq. (2.53), we have approximated K,
which is equal to q+7gP, to 7P by dropping q. Since
| K| <<M 4 and P= — (Mg +m)yv in the moving frame,
J 4 and Jp are further reduced to

Ji=1
and

(2.52)

(2.54)

Jp=y~2, (2.55)

respectively. After performing simple trace calculations of
Jc, we get

Jc= EzSi(q,p,k) , (2.56)
i=1,

where

Si(q,p,k)=—2(14+y Re[(e-U)e-V)*]
—[2/(my)]Im[(e-p)e-U)*A4A4"] (2.57)

and

Sa(qp,k)=[(1—y~1/2]| 4[| 4"|?
+[(1+y~H/2]|U+V|?
+(my) " "Im{[p-(U4+V)*144'} . (2.58)

Here, ncP has been replaced approximately by —p.

Re( - - -) and Im( - - - ) represent the real and the imagi-

nary parts of ( - - - ), respectively.
Inserting Eqgs. (2.54)-(2.56) into Eq. (2.48) yields the
resultant formula

([tREC12) =2m) Ba(y?ou) " | C(vac,vae) | 2

X [S1(q,p,k)+S>(q,p,k)] , (2.59)

where the fine-structure constant « is defined in the Heav-
iside unit as a=e?/47. At the sight of Eqgs. (2.57) and
(2.58), it is found that S,(q,p,k) is dominant to S,(q,p,k)
because the former includes the factor ascribable to the di-
pole radiation, namely, the factor of sin?6) with
Oy = cos '[(k-v)/(|k| |v])]. In other words, taking
the nonrelativistic approximation that |v| is allowed to
approach zero leads S,(q,p,k) to zero. Thus, apart from
the ultrarelativistic energy range, in general, S,(q,p,k) has
greater contributions to { |tREC|2) than S,(q,p,k). Sub-
stituting Eq. (2.59) into Eq. (2.46), we obtain the angular
distribution for the REC process in the moving frame.
Furthermore, we can reach the objective differential cross
section in the laboratory frame by employing the Lorentz
transformation of Eq. (1.2) and the energy of the emitted
photon in the laboratory frame w; given by wp
=y H1—|v] cosOr) lwy.

III. RESULTS AND DISCUSSION

Firstly, we investigate the angular shapes of the emitted
photon for the relativistic REC processes. The normal-
ized differential cross sections and the deviation from the
differential cross sections at 90° multiplied by sin’d; are
indicated for the collision of 197 MeV/amu Xe*** on Be
in Fig. 1 and for that of 422 MeV/amu U’** on Be in
Fig. 2, respectively. In the practical calculations, the
effective nuclear electric charge of Be is set to be 1.95 by
using the Slater rules. Thus, the magnitude of the opti-
mized orbital exponent of a Be valence electron is 0.98.
We compare the results of the present relativistic SPB cal-
culation with that of the relativistic Born calculation by
Sauter. In the case of the Xe>**-Be system, the angular
shapes of both calculations are nearly subjected to sin’6;
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FIG. 1. Angular shape of REC photons and the ratio to

sin0; normalized at 6, =90° in the 197 MeV/amu Xe***-Be
collisions. Solid lines, the present calculations. Dashed-dotted
curve, the relativistic Born calculations of Sauter (Ref. 2). Ex-
perimental results are quoted from Ref. 4.
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FIG. 2. Same as Fig. 1 for the 422 MeV/amu U®**-Be col-
lisions.

over all the ranges of the emission angles, in spite of the
fact that the maximum values of the differential cross sec-
tions are both at 91°. Our theoretical results are in good
agreement with the recent experiments by Anholt et al.,*
except for the two measured points at both 120° and 135°.
Thus, the effects of the Coulomb distortion between an
Xe>** ion and an active electron at the incident energy
197 MeV/amu seem not to play quite an important role
to determine the shape of the angular distribution of the
emitted photon. The Coulomb parameter for this case is
0.72.

In the case of the U®>*-Be system of Fig. 2, the nor-
malized differential cross section by the relativistic SPB
calculation is somewhat greater than that by the relativis-
tic Born calculation at angles both larger and smaller,
above all at larger, than 90°. At the sight of the upper
graph of Fig. 2, the deviation from the sin’9; dependence
becomes drastic as the emission angle goes from 90° to
180°, which is thought to be mainly due to the large dis-
tortion effects between an U®?* ion and an active electron.
In this case, the Coulomb parameter between the two par-
ticles amounts to no less than 0.94. Nevertheless, the an-
gular shape is still nearly dependent on sin?f; in the vi-
cinity of 90°, the contributions from which, in fact, deter-
mine the main part of the REC total cross section.

Figures 3 and 4 indicate the absolute values of
the differential cross sections for the Xe>**-Be and the
U®?*-Be systems, respectively. The differences between
the RSPB and the RB calculations are mainly attributed
to the Coulomb distortion effects of the active electron
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FIG. 3. Angular distributions of REC photons for the 197
MeV/amu Xe**+-Be collisions. Solid lines, the present calcula-
tions. Dashed-dotted curve, the relativistic Born calculations of
Sauter (Ref. 2). Experimental results are quoted from Ref. 4.
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against the highly charged projectile ion. These effects
reduce the results by the plane-wave Born calculations
at 90° by 2.3 times for Xe’**-Be and by 4.7 times for
U+ Be, respectively. The experimental results* are also
plotted in the former case.

We provide the total cross section for the Xe>**-Be and
the U®**-Be systems versus the incident velocities and the
Coulomb parameters between the projectile ions and ac-
tive electrons in Figs. 5 and 6, respectively. Several
theoretical curves are obtained by the NRSPB, the RB,
and the RIA calculations as well as by the present relativ-
istic SPB calculations. The cross section by the RIA can
be obtained by replacing C(v 4¢,vpc) of Eq. (2.59) with
N(v 4¢)N(vpe), in other words, by removing the effects of
the Coulomb off-shell factors from the RSPB cross sec-
tion. Figures 5 and 6 include two types of the relativistic
SPB calculations, one of which comes from Eq. (2.59).
We refer to it as the relativistic SPB calculation I (RSPB-
I) for convenience. The other, which is referred to as the
relativistic SPB calculation II (RSPB-II), is defined as
what is obtained by multiplying the cross section derived
by using Eq. (2.59) by y2. The factor y? is ascribable to
Jp of Eq. (2.55). In a word, the effect of the Lorentz con-
traction based on the target nucleus B traveling in the
moving frame is neglected in the RSPB-II.

Comparing the results by the RSPB-I with the NRSPB’
shows the magnitude of the relativistic effects. Likewise,
the difference between the results by the RSPB-I and by
the RB indicates the magnitude of the distortion effects.
The total cross sections by the RIA are found too un-
derestimated for both cases of Figs. 5 and 6. The
discrepancies between the RSPB-I and the RIA are main-
ly due to the Coulomb off-shell factors representing radia-
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FIG. 5. Total cross sections for the Xe***-Be collisions vs the
incident velocity v /c and the Coulomb parameter between an ac-
tive electron and the projectile ion v. Solid lines ( ), the
present calculations (RSPB-I). Dashed chain lines (— — —
— —), the relativistic SPB calculations without the Lorentz con-
traction factor based on the motion of a target nucleus in the
moving frame (RSPB-II). Dashed-dotted lines (—-—.—-), the
relativistic Born calculations of Sauter (RB). Dashed lines
(— — —), the nonrelativistic SPB calculation of Ref. 7 (NRSPB).
Dotted lines (- - . .), the relativistic impulse approximation cal-
culations (RIA). Experimental results are quoted from Ref. 5.

tive transitions from the Rydberg states of the electron-
projectile binding system into the final state of the K shell.
The SPB wave function includes the contributions from
intermediate bound states as well as from the continuum
states. The former contributions are absent in the impulse
approximation (IA) wave function. As compared with the
experimental results, it is found that the Coulomb off-
shell factors play significant roles to enhance the intensity
of the REC cross section. The RSPB-I cross sections of
the 197 MeV/amu Xe***-Be and 422 MeV/amu U+ -Be
systems are 4.5 and 6.0 times greater than the RIA ones,
respectively.

The results by the RSPB-I are, in general, rather small,
by ¥ ~2 times, in comparison with those by the RSPB-II.
The reductions of the RSPB-I results arise from consider-
ing the Lorentz contraction factor of the target nucleus
traveling at the velocity of |v| in the moving frame.
From the theoretical point of view, this factor can by no
means be neglected. As the velocity increases, the
RSPB-II cross sections get away from the RSPB-I ones
and approach the RB ones gradually. It is usually as-
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FIG. 6. Same as Fig. 5 for the U’2*-Be collisions. The exper-
imental result is quoted from Ref. 4.

sumed that the REC is the inverse process of the pho-
toelectric effects of atoms>*$ besides the Compton profile
reflecting the initial momentum distribution of a target
electron. The present RB cross sections are obtained on
the basis of such a model. According to this conventional
model, a target nucleus is regarded as playing no role oth-
er than loosely binding an active electron. Such an as-
sumption is though to be satisfactory, at least in the case
of the nonrelativistic energy range.” The effects of the
Lorentz contraction coming from the target nucleus
reduce the total cross sections of the RSPB-II by 1.4 and
2.0 times in the case of Xe>**-Be at 197 MeV/amu
(v=0.55) and U”*-Be at 422 MeV/amu (v=0.71), re-
spectively.

Finally, we mention the target nuclear charge depen-
dences of the REC total cross sections. It is well known
that the REC differential and total cross sections are in-
dependent of the effective charge of a target atom,'* which
is important only to estimate the full width at half max-
imum (FWHM) of the photon spectrum based on the
Doppler-broadening. In the general case of the REC pro-
cess, the target nuclear charge is smaller than the projec-
tile one. Thus, the Coulomb parameter vgc is usually
smaller than v 4. In the case of the collisions of 197
MeV/amu Xe**-Be and 422 MeV/amu U®’* on Be,
especially, v 4c >>vpc R 0. Hence, it is quite possible to
neglect the effects of the distortion and the Coulomb off-
shell factor caused by the target effective charge in the
range of the relativistic incident energy. However, these

effects are thought to be somewhat important in the range
of the nonrelativistic incident energy. We exemplify the
cases of collisions of a F°* ion at the velocity of 10 a.u.
on target atoms with the effective nuclear charges
Zp=27/16 (He), 1.95 (Be), and O (a free electron), respec-
tively. The ratios of the total cross sections of the F**-He
and the F°*-Be systems to the total cross section of F°*
impinging on a free electron amount to 1.6 and 1.3, re-
spectively. As is expected, such effects of the target nu-
cleus are small, but not negligible in the nonrelativistic en-
ergy region.

IV. SUMMARY

We summarize the present article as follows:

(i) The SPB wave function has been extended in the
case of the relativistic Coulomb three-body problem.
Moreover, on the basis of this wave function the cross sec-
tion of the relativistic REC process has been calculated.

(ii) The shapes of the angular distributions are nearly
subjected to the sin’d; dependence in spite of strong dis-
tortion effects caused by the projectile ions in both the
case of 197 MeV/amu Xe*** and that of 422 MeV/amu
U2+ colliding on Be. However, the absolute values of
the photon angular distributions are drastically influenced
by the distortion effects.

(iii) The total cross sections for the Xe***-Be and the
U”*.Be systems have been calculated by use of several
methods such as the nonrelativistic SPB, the relativistic
Born, and the relativistic impulse approximations, as well
as the present relativistic SPB approximation. Comparing
the results of the relativistic SPB calculations with those
by others leads to estimating the degrees of the magni-
tudes of various effects such as the relativistic corrections,
the distortions, and the Coulomb off-shell factors included
within the relativistic REC processes. Especially, the
effects of the Coulomb off-shell factors play outstanding
roles. Without them the cross sections are too underes-
timated in the comparison with the experimental results.

(iv) We have introduced the Lorentz contraction factor
based on the motion of a target nucleus in the moving
frame. This effect modifies to some extent the magnitude
of the REC cross section derived on the basis of the mod-
el that the REC is assumed to be only the inverse process
of the photoelectric effect of an atom.

(v) The effects of the Coulomb distortion and the
Coulomb off-shell factor between an active electron and a
recoiling target nucleus have some influences on the REC
process in the nonrelativistic energy region.

(vi) As a whole, our theoretical results by the relativistic
SPB calculations are in good agreement with the experi-
mental ones.
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