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Angular distribution of hypersatellite and satellite radiation emitted after resonant transfer
and excitation into U91¿ ions

S. Zakowicz, Z. Harman,* N. Grün, and W. Scheid†

Institut für Theoretische Physik der Justus-Liebig-Universita¨t Giessen, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
~Received 22 May 2003; published 23 October 2003!

In collisions of heavy few-electron projectile ions with light targets, an electron can be transferred from the
target with the simultaneous excitation of a projectile electron. We study the angular distribution of deexcita-
tion x rays following the resonant capture process. Our results are compared to experimental values of Ma
et al. @Phys. Rev. A68, 042712~2003!# for collisions of U911 ions with a hydrogen gas target.
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I. INTRODUCTION

Electron dynamics and interactions are strongly infl
enced in very heavy atomic systems by relativistic effec
The experimental investigation of resonant transfer and
citation ~RTE! in highly charged ions is a suitable tool t
study these phenomena@1,2#. In this process, a quasifre
electron from a low-Z target atom is captured into an io
with the simultaneous excitation of a projectile electron, f
lowed by the emission of stabilizing characteristic x-ray ph
tons. The RTE process is closely related to dielectronic
combination ~DR!, in which an initially free electron is
captured.

Relativistic effects are most pronounced forKLL transi-
tions, where innershell electrons are involved. For hydrog
like ions, the whole process including deexcitation by pho
emission may be written as

1s1/21e2→@2l j2l j 8
8 #d1

→@1s1/22l j 9
9 #d2

1KaHS

→1s21KaHS1KaS. ~1!

Here, the first intermediate stated1 decays intod2 by emis-
sion of a hypersatellite~HS! photon, and then the groun
state of the heliumlike system is reached by a satellite~S!
transition. ~For simplicity we omitted most reaction path
ways with emission of more than two photons.! Alterna-
tively, the second intermediate stated2 can also be reache
by radiative electron capture~REC!, that is, capture with
emission of a photon. X rays emitted following REC into t
L-subshell levels give a sizeable contribution to the m
sured satellite intensities.

A similar RTE process was studied both experimenta
@2# and theoretically@3# in the case of initially heliumlike
uranium ions, where only oneKa photon is emitted. The
emission has been shown to be anisotropic due to the
uniform occupation of the magnetic sublevels~the so-called
alignment! of the states formed by resonant capture. It w
also shown in Ref.@3# that the Breit term of the electron
electron interaction gives an observable important contri
tion to the parameters characterizing the anisotropy of dip
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emission. Balashovet al. @4# calculated general expression
for the angular anisotropy and correlation of cascade pho
emitted in the DR and RTE processes. These authors su
numerical results only for a low-Z system, and their compu
tations have not been experimentally verified yet.

In this paper we present calculations for the angular d
tributions of HS and S photons emitted during collisions
U911 ions with a hydrogen gas target. The resulting intens
ratios are compared to those measured by Maet al. @1#. Due
to the narrow Compton profile of this target, the resonan
in the cross sections have relatively small widths and can
resolved experimentally. In particular, the angular distrib
tion of the radiation is only slightly blurred by overlappin
resonances. Atomic units will be used throughout.

II. THEORY

A. Two-photon emission in the DR process

In Ref. @5#, the triple-differential cross section for DR
with two photon emissions is found to be

d3sDR

dv1dV1dV2
~v1 ;u1 ,f1 ,u2 ,f2!

5 (
j ,k51
j Þk

2

(
d1 ,d2

dsDR
j ,k

dv1
~v1 ;d1 ,d2!Wd1 ,d2

j ,k ~u1 ,f1 ,u2 ,f2!.

~2!

The angles (u1 ,f1)[V1 and (u2 ,f2)[V2 give the direc-
tions into which the photons are emitted. Thez axis is chosen
in the direction of the electron beam. Expression~2! is to be
understood in such a way that the total DR cross section

sDR5
1

2E dv1dV1dV2

d3sDR

dv1dV1dV2
~v1 ;u1 ,f1 ,u2 ,f2!.

~3!

The summations in Eq.~2! are extended over the possib
doubly excited (d1) and singly excited (d2) states as well as
over the two possible time orders of photon emission. N
that cross section~2! is differential with respect to onlyone
of the photon energies, which is labeled here asv1. The
energyv2 of the other photon is fixed by conservation
energy:
©2003 The American Physical Society11-1
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v25E2Ef2v1 , ~4!

whereE is the initial energy of the total system andEf de-
notes the energy of the final atomic state without photo
We stress also that, since the two photons are indistingu
able particles, cross section~2! is symmetric with respect to
an exchange of both the energies and angles of the pho

d3sDR

dv1dV1dV2
~v1 ;u1 ,f1 ,u2 ,f2!

5
d3sDR

dv1dV1dV2
~E2Ef2v1 ;u2 ,f2 ,u1 ,f1!.

~5!

Indeed, the variablev1 denotes only the energy ofoneof the
two photons, which is not necessarily the one that is emi
first.

The partial cross sections in Eq.~2! have the form

dsDR
j ,k

dv1
~v1 ;d1 ,d2!

5
2p2

p2

Ar~d2 , f !

Gd2

Ar~d1 ,d2!

Gd1

Va~d1!

3
Gd1

/~2p!

~E2Ed1
!21Gd1

2 /4

Gd2
/~2p!

~E2Ed2
2v j !

21Gd2

2 /4
,

~6!

wherev2 is determined according to Eq.~4!. Here,p is the
momentum of the incoming electron,Ed1

and Ed2
are the

energies of the discrete intermediate states, andGd1
andGd2

their total widths. The quantitiesAr are radiative transition
rates between the bound atomic states, andVa(d1) is the
capture rate from the initial statesi into the stated1 given by

Va~d1!5
2p

2~2Ji11! (
Mims

(
Md1

E dVpu^d1Jd1
Md1

u

3VC1VBu iJ iM i ,pms&u2r i , ~7!

whereJi andJd1
are the total angular momenta of the corr

sponding states andr i is the state density at the initial stat
The interaction of electrons 1 and 2 by exchanging a virt
photon of frequencyv is described by the sum of the Cou
lomb and generalized Breit operators:

V12
C 5

1

ur12r2u
[

1

r 12
, ~8!

V12
B 52a1a2

cos~vr 12!

r 12
1~a1“1!~a2“2!

cos~vr 12!21

v2r 12

.

~9!

The latter accounts for retardation effects and magnetic
teraction of the two Dirac currents. As Eq.~6! shows, the
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order of magnitude of the energy-differential cross section
determined by branching ratios and capture rates, whe
the shape is given by the product of two Lorentz profile
Expression~6! has been obtained by employing a projecti
operator formalism, which is given in Ref.@5# and will be
presented in a future publication.

The functionsWd1 ,d2

j ,k in Eq. ~2! give the angular depen

dence of the radiation of the cascades. They can be expa
in tensor products of spherical harmonics:

Wd1 ,d2

j ,k ~u1 ,f1 ,u2 ,f2!

5
1

4p (
n

(
n1 ,n2

b (n1 ,n2)n
d1 ,d2 , j ,k

$Yn1
~u1 ,f1!

^ Yn2
~u2 ,f2!%n,0 . ~10!

The coefficientsb depend on the capture and radiative m
trix elements, the partial-wave phases of the incoming e
tron, and the involved angular momenta. The explicit anal
cal form and further details on the calculation can be fou
in Ref. @5#.

An integration of Eq.~2! over the angles of the photo
with index 2 leads to the one-photon distribution

d2sDR

dvdV
~v;u,f!5E dV8

d3sDR

dvdVdV8
~v;u,f,u8,f8!,

~11!

which is of interest when only one of the photons is detect
A further calculation shows that

d2sDR

dvdV
~v;u,f!5 (

j ,k51
j Þk

2

(
d1 ,d2

dsDR
j ,k

dv
~v;d1 ,d2!Wd1 ,d2

j ,k ~u,f!,

~12!

where

Wd1 ,d2

1,2 ~u,f![Wd1 ,d2

1,2 ~u!

5
1

4p (
n

A2n11b (n,0)n
d1 ,d2,1,2Pn~cosu! ~13!

and

Wd1 ,d2

2,1 ~u,f![Wd1 ,d2

2,1 ~u!

5
1

4p (
n

A2n11b (n,0)n
d1 ,d2,2,1Pn~cosu!

5
1

4p (
n

A2n11b (0,n)n
d1 ,d2,1,2Pn~cosu!.

~14!

In the last step in Eq.~14!, the symmetry relation

b (n1 ,n2)n
d1 ,d2,1,2

5b (n2 ,n1)n
d1 ,d2,2,1

~15!
1-2
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has been used.Pn are the Legendre polynomials of degreen.
We remark that Eq.~12! is still invariant under the transfor
mation v°E2Ef2v, and that the total cross section
obtained from Eq.~2! by performing the following integra-
tion:

sDR5
1

2E0

E2Ef
dvE dV

d2sDR

dvdV
~v;u,f!. ~16!

B. Application to the RTE process

The electrons bound in the target molecule may be
garded as quasifree, and the impulse approximation
adopted@3,6#. Within this approximation, the effect of bind
ing of electrons in the light target just gives rise to a mom
tum spread of the captured electron. In order to obtain
cross section for RTE, the DR cross section is convolu
with the electron momentum distribution in the target as s
from the projectile frame:

d3sRTE

dv1dV1dV2
5

1

4pE0

`

dq8I 0~q8!E dVq8
d3sDR„q~q8!…

dv1dV1dV2
.

~17!

The integration is performed over the electron momentumq8
in the target frame, whereasq denotes the coordinates in th
projectile frame. The distribution functionI 0(q8) is an aver-
age over the direction of the molecule’s symmetry axis an
thus spherically symmetric@7#. It is normalized to unity

E d3q8
I 0~q8!

4pq82
5E

0

`

dq8I 0~q8!51. ~18!

Since we are only interested in the one-photon distri
tion here, we need the expression

d2sRTE

dvdV
5

1

4pE0

`

dq8I 0~q8!E dV8
d2sDR„q~q8!…

dvdV
~19!

instead of Eq.~17!. Note thatv stands for the photon energ
in the projectile frame. The angular-differential cross sect
for electron capture with emission of a certain spectral line
for example theKa1

S line—is computed by integrating Eq
~19! over the energy of the photon and summing over the
of pairs (d1 ,d2) of states, which contribute to this line. W
denote this set byD. The main contributing states are liste
in Table I.

In the specific case ofKLL-RTE from a hydrogen gas
target into hydrogenlike uranium ions, the width of th
Compton profile is relatively large compared to the widthsG
and Ar of the atomic states appearing in Eq.~6!. We there-
fore used functions instead of Lorentz profiles in this e
pression and approximate the angular-differential cross
tion for RTE by

S dsRTE

dV D
D
~u!5

1

gv (
j ,k51
j Þk

2

(
(d1 ,d2)PD

Wd1 ,d2

j ,k ~u!Rd1 ,d2

j ,k J~qz
d1!.

~20!
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The quantitiesRd1 ,d2

j ,k describe the strengths of the resonanc

@see Eq.~26!#. The Compton profileJ(qz) gives the prob-
ability density to find a target electron with the momentu
componentqz in the projectile frame. It may be calculate
from I 0(q8) by @7#

J~qz!5E dqx dqy

I 0„q8~q!…

4pq8~q!2
5

1

2Euqz8(qz)u

`

dq8
I 0~q8!

q8
.

~21!

We obtained the Compton profile for the H2 target by inter-
polating values tabulated by Jeziorski and Szalewiczet al.
@8#. The momentumqz

d1 is found from the resonance energ
Ed1

by a Lorentz transformation@3,6#:

qz
d15

g~c22uEbindu!2~Ed1
2Ei1c2!

gv
, ~22!

whereEbind is the binding energy of the electron in the targ
andEi is the ground-state energy of the initial hydrogenli
ion.

If the natural line widths for the different lines are small
than their energy separation, it is possible to distinguish
tween the two photons. This means that the photon w
index 1 can indeed be regarded as thefirst photon~the hy-
persatellite!. The angular-differential cross section is the
found to be

S dsRTE

dV D
D,i

~u!5
1

4p
sD,i

RTE(
n

bD,i
eff,nPn~cosu!, ~23!

wherei denotes the number of the photon which is detect
The partial cross sections appearing in Eq.~23! are given

by

sD,1
RTE5

1

gv (
(d1 ,d2)PD

Rd1 ,d2
J~qz

d1! ~24!

for the first photon and

sD,2
RTE5

1

gv (
(d1 ,d2)PD

Ar~d2 , f !

Gd2

Rd1 ,d2
J~qz

d1! ~25!

for the second photon. The resonance strengths are

Rd1 ,d2
ªRd1 ,d2

1,2 5
2p2

p2

Ar~d1 ,d2!

Gd1

Va~d1!, ~26!

and the effective anisotropy parameters in Eq.~23! are cal-
culated by

bD,1
eff,n5A2n11S (

(d1 ,d2)PD
Rd1 ,d2

J~qz
d1! D 21

3 (
(d1 ,d2)PD

Rd1 ,d2
J~qz

d1!b (n,0)n
d1 ,d2,1,2

~27!

and
1-3
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TABLE I. Intermediate statesd1 and d2, their energiesEd1
and Ed2

, labeling of the photons, and
resonance strengthsRd1 ,d2

for the most dominant cascades.~The dashes indicate that the emitted radiati
belongs neither to theKa1

HS nor to theKa2
HS energy range.!

Resonance Ed1
First Ed2

Second Rd1 ,d2
(d2

Rd1 ,d2

group Stated1 ~eV! photon Stated2 ~eV! photon ~b eV! ~b eV!

KL1/2L1/2 @2s1/22p1/2#0 267896 Ka2
HS @1s1/22s1/2#1 2165369 Ka2

S 18142 18215
Ka2

HS @1s1/22p1/2#1 2165225 Ka2
S 72.9

@2s1/22s1/2#0 267833 Ka2
HS @1s1/22s1/2#1 2165369 Ka2

S 54.9 15924
Ka2

HS @1s1/22p1/2#1 2165225 Ka2
S 15868

— @1s1/22p3/2#1 2160783 Ka1
S 1.03

@2s1/22p1/2#1 267856 Ka2
HS @1s1/22s1/2#1 2165369 Ka2

S 14158 20841
Ka2

HS @1s1/22p1/2#1 2165225 Ka2
S 55.9

Ka2
HS @1s1/22p1/2#0 2165114 Ka2

S 27.9
Ka2

HS @1s1/22s1/2#0 2165113 Ka2
S 6599

@2p1/22p1/2#0 267712 Ka2
HS @1s1/22s1/2#1 2165369 Ka2

S 32.8 6937
Ka2

HS @1s1/22p1/2#1 2165225 Ka2
S 6902

— @1s1/22p3/2#1 2160783 Ka1
S 2.20

KL1/2L3/2 @2s1/22p3/2#2 263393 Ka1
HS @1s1/22s1/2#1 2165369 Ka2

S 5462 5504
Ka1

HS @1s1/22s1/2#0 2165113 Ka2
S 15.1

Ka2
HS @1s1/22p3/2#2 2160857 Ka1

S 13.3
Ka2

HS @1s1/22p3/2#1 2160783 Ka1
S 13.3

@2p1/22p3/2#1 263355 Ka1
HS @1s1/22p1/2#1 2165225 Ka2

S 334 2164
Ka1

HS @1s1/22p1/2#0 2165114 Ka2
S 651

Ka2
HS @1s1/22p3/2#2 2160857 Ka1

S 984
Ka2

HS @1s1/22p3/2#1 2160783 Ka1
S 195

@2p1/22p3/2#2 263339 Ka1
HS @1s1/22p1/2#1 2165225 Ka2

S 8579 19004
Ka1

HS @1s1/22p1/2#0 2165114 Ka2
S 24.0

Ka2
HS @1s1/22p3/2#2 2160857 Ka1

S 5266
Ka2

HS @1s1/22p3/2#1 2160783 Ka1
S 5135

@2s1/22p3/2#1 263268 Ka1
HS @1s1/22s1/2#1 2165369 Ka2

S 2671 8384
Ka1

HS @1s1/22s1/2#0 2165113 Ka2
S 5672

Ka2
HS @1s1/22p3/2#2 2160857 Ka1

S 33.8
Ka2

HS @1s1/22p3/2#1 2160783 Ka1
S 6.75

KL3/2L3/2 @2p3/22p3/2#2 258828 Ka1
HS @1s1/22p3/2#2 2160857 Ka1

S 3650 7351
Ka1

HS @1s1/22p3/2#1 2160783 Ka1
S 3701

@2p3/22p3/2#0 258733 Ka1
HS @1s1/22p3/2#2 2160857 Ka1

S 9.10 1302
Ka1

HS @1s1/22p3/2#1 2160783 Ka1
S 1293
a
i

e
n

tri-
he

of

ar
bD,2
eff,n5A2n11S (

(d1 ,d2)PD

Ar~d2 , f !

Gd2

Rd1 ,d2
J~qz

d1! D 21

3 (
(d1 ,d2)PD

Ar~d2 , f !

Gd2

Rd1 ,d2
J~qz

d1!b (0,n)n
d1 ,d2,1,2.

~28!

III. NUMERICAL RESULTS AND DISCUSSION

The relativistic resonance energies, bound-state w
functions, and the radiative transition rates are obtained w
the GRASP multiconfigurational Dirac-Fock atomic structur
code by Dyallet al. @9#. Nuclear finite-size effects are take
04271
ve
th

into account by using a two-parameter Fermi charge dis
bution. Lowest-order QED corrections are included in t
energies in an approximate manner.

A partial-wave expansion is used for the wave function
the incoming electron with asymptotic momentump and
spin projectionms :

cpms
~r !5(

km
i leiDk(

ml

Yl
ml* ~ p̂!CS l

1

2
j ;ml ms m Dcpkm~r !.

~29!

The partial-wave componentscpkm(r ) are calculated nu-
merically by integrating the Dirac equation with the nucle
potential screened by the bound 1s electron. This task and
1-4
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the evaluation of matrix elements for the capture of the c
tinuum electron are performed by the Auger code of Zi
merer@10#.

The phasesDk in Eq. ~29! ensure that the wave functio
satisfies the boundary condition of an incoming plane w
and an outgoing spherical wave. They are determined
matching the numerical solution integrated in the inter
region with analytic Dirac-Coulomb functions of the exteri
region.

The theory developed above will now be applied to
comparison with the experiment performed by Maet al. @1#,
who observed the x-ray emission after collisions of U911

ions with a hydrogen gas target. We consider here inten
ratios since they are experimentally accessible with a la
precision than absolute cross sections.

Partial RTE cross sections forKa1 (2p3/2→1s1/2) and
Ka2 (2s1/2,2p1/2→1s1/2) radiation as calculated with Eq
~24! are shown in Fig. 1. Within the resonance groups,
single DR resonances listed in Table I cannot be resol
since they are broadened by the target Compton profile.
values of the partial cross sections at the experimental e
gies are displayed in Table II and are compared to the m
surement in Table II of the companion paper@1#. Note that
the cross sections are understood with respect to one ta
electron.

Figure 2 shows the effective dipole anisotropy parame
beff,n52 introduced in Eqs.~27! and~28! selectively forKa1
and Ka2 emission in the energy range ofKLL transitions.
Note that only dipole radiation was regarded in these ca
lations, in which case Eq.~23! becomes

FIG. 1. Partial RTE cross sections for emission ofKa1 andKa2

radiation in the range of theKLL resonances as function of uraniu
lab energy.

TABLE II. Partial cross sectionssD,1
RTE for the first photon~hy-

persatellite, HS! and sD,2
RTE for the second photon~satellite, S! in

barn.

Projectile energy
~MeV/u! Ka1

HS Ka2
HS Ka1

S Ka2
S

116.6 0.0299 21.7 0.0141 21.7
124.9 7.94 4.22 3.35 8.81
133.1 2.90 0.0644 2.48 0.481
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S dsRTE

dV D
D,i

~u!5
1

4p
sD,i

RTE@11bD,i
eff,2P2~cosu!#

5
1

4p
sD,i

RTEF11
1

2
bD,i

eff,2~3cos2u21!G .
~30!

For the cascades via the singly excited@1s1/22p3/2#2 state,
which decays first into the state@1s1/22s1/2#1 with a branch-
ing ratio of around 30%, thethird photon is the satellite. The
anisotropy of this photon is also incorporated in the nume
cal results. The values of the effective anisotropy parame
at the experimental energies are listed in Table III. At a p
jectile energy of 116.6 MeV, which is in the range of th
KL1/2L1/2 resonance group, theKa1

HS emission is strongly
anisotropic.

In Fig. 3, the ratio of theKa1 andKa2 HS intensities is
plotted against the emission angle in the laboratory fram
124.9 MeV/u, which corresponds toKL1/2L3/2 resonances.
Hypersatellite lines are not perturbed by the REC contri
tion since the doubly excited states from which they a
emitted can only be populated by RTE. A comparison w
Fig. 2 reveals that theKa2

HS line is isotropic. This is con-
firmed by the measurements~see Fig. 8 and the related dis
cussion in Ref.@1#!. Therefore the anisotropy of the intensi
ratio stems from theKa1

HS radiation. The theoretical curve i
in qualitative agreement with the experimental data fro
Ref. @1#. However, our calculation underestimates the inte
sity ratios at 60° and 90°. This deviation might be remov

TABLE III. Effective dipole anisotropy parametersbD,1
eff,2 for the

first photon ~hypersatellite, HS! and bD,2
eff,2 for the second photon

~satellite, S!.

Projectile energy
~MeV/u! Ka1

HS Ka2
HS Ka1

S Ka2
S

116.6 20.374 22.0231023 20.239 20.0286
124.9 20.384 5.1831023 20.260 20.206
133.1 20.0177 4.5831023 20.230 20.493

FIG. 2. Effective dipole anisotropy parametersbD,i
eff,2 for HS (i

51) and S (i 52) emission as function of the ion energy in th
range of theKLL resonances.
1-5
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by taking into account interferences between different mu
pole orders of the radiation. Surzhykovet al. @11# showed
how the interference betweenE1 andM2 transitions in the
Ka1 decay in hydrogenlike heavy ions may modify the a
gular distributions of the emitted photons when an alignm
in the L-shell is present. The RTE process also produ
aligned states.

Figures 4 and 5 show the angular distribution of theKa1
HS

and Ka2
HS radiation in theKL1/2L3/2 resonance group. Th

experimental data points have been normalized to the m
sured angular distribution of theKa2

S radiation, which has
been proven experimentally to be isotropic for all the re
nance groups, even at a nonresonant projectile energy~see
Fig. 6 and explanations in Ref.@1#!. Although we have found
that theKa2

S emission of the RTE process possesses a str
angular dependence~see Fig. 2 and Table III!, the totalKa2

S

intensity is dominated by isotropically emitted photons f
lowing REC into theL-shell or higher shells. Therefore th
Ka2

S radiation can be regarded as isotropic at the leve
experimental accuracy. In our calculation we adjusted
angular-independent cross sectionsKa

2
S

REC
of the deexcitation x

rays from REC in order to fit the experimental intensity r
tios. Neglecting interferences between RTE and REC,
have

~ds/dV!Ka
1
i ~u!

~ds/dV!Ka
2
S~u!

5

sKa
1
i

RTE
@11bKa

1
i P2~cosu!#

sKa
2
S

RTE
@11bKa

2
SP2~cosu!#1sKa

2
S

REC,

~31!

FIG. 3. Ratio of theKa1
HS andKa2

HS intensities at an ion energ
of 124.9 MeV/u. Experimental values were taken from Ref.@1#.

FIG. 4. Ratio of theKa1
HS andKa2

S intensities at an ion energ
of 124.9 MeV/u. Experimental values were taken from Ref.@1#.
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where i stands for HS or S, and the valuesKa
2
S

REC
555.6 b is

found. So this analysis also yields an estimate for the R
cross section, showing that it indeed overweighs the R
cross section of 8.8 b. With the above value, we see a
sonable agreement between experiment and theory, in
ticular in Fig. 4.

Figure 6 contains the angular distribution ofKa1
HS radia-

tion emitted in the range of theKL3/2L3/2 group. Here we
followed the same normalization procedure as explained
the previous figures and found the REC cross sectionsKa

2
S

REC

574.6 b. Comparing this to the RTE contribution of only 0
b, we can conclude that the REC process is even more do
nant for the third resonance group. The agreement is a
satisfactory within the experimental errors.

IV. SUMMARY

In this paper we studied the angular distribution of rad
tion emitted afterKLL-RTE into U911 ions. The dipole co-
efficients for the radiation appearing in the expansion
coupled spherical harmonics were calculated explicitly. Fr
this expansion, both hypersatellite and satellite angular
tributions were obtained. We applied the impulse approxim
tion to compute differential cross sections for RTE in col
sions of uranium ions with a hydrogen-molecule gas targ
The comparison of our results to experimental data show
good qualitative agreement. A future extension of this wo
should also account for interference effects with higher m
tipole orders of the radiation.

FIG. 5. Ratio of theKa2
HS andKa2

S intensities at an ion energy
of 124.9 MeV/u. Experimental values were taken from Ref.@1#.

FIG. 6. Ratio of theKa1
HS andKa2

S intensities at an ion energy
of 133.1 MeV/u. Experimental values were taken from Ref.@1#.
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The studies presented here give detailed informa
about the alignment of intermediate states after theKLL-RTE
capture into U911 and, therefore, lead to a deeper und
standing of the electron-electron interaction in the dynam
of the capture process. In this context, we point out the
portance of the Breit interaction for a capture in t
KL1/2L1/2 resonance group. We note that our calculatio
also help us to analyze the experimental spectra by exa
ing the angular distribution of the radiation.
-
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n

-
s
-

s
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In summary, these investigations provide a clear interp
tation of the capture process and the following photon em
sions.
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