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Angular distribution of hypersatellite and satellite radiation emitted after resonant transfer
and excitation into U ions
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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. 268, 042712(2003] for collisions of " ions with a hydrogen gas target.
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[. INTRODUCTION emission. Balashoet al. [4] calculated general expressions
for the angular anisotropy and correlation of cascade photons
Electron dynamics and interactions are strongly influ-emitted in the DR and RTE processes. These authors supply
enced in very heavy atomic systems by relativistic effectsnumerical results only for a low-system, and their compu-
The experimental investigation of resonant transfer and extations have not been experimentally verified yet.
citation (RTE) in highly charged ions is a suitable tool to  In this paper we present calculations for the angular dis-
study these phenomend,2]. In this process, a quasifree tributions of HS and S photons emitted during collisions of
electron from a lowZ target atom is captured into an ion U®'" ions with a hydrogen gas target. The resulting intensity
with the simultaneous excitation of a projectile electron, fol-ratios are compared to those measured byetlal.[1]. Due
lowed by the emission of stabilizing characteristic x-ray pho-to the narrow Compton profile of this target, the resonances
tons. The RTE process is closely related to dielectronic rein the cross sections have relatively small widths and can be
combination (DR), in which an initially free electron is resolved experimentally. In particular, the angular distribu-
captured. tion of the radiation is only slightly blurred by overlapping
Relativistic effects are most pronounced #LL transi- resonances. Atomic units will be used throughout.
tions, where innershell electrons are involved. For hydrogen-
like ions, the whole process including deexcitation by photon II. THEORY
emission may be written as o
A. Two-photon emission in the DR process
s;p+e” —[2121]]g,~[ 151721}, ]a, + Ka™ In Ref. [5], the triple-differential cross section for DR

with two photon emissions is found to be

—15°+KaMS+KaS. )
ds(TDR

Here, the first intermediate statig decays intad, by emis- m(wl;01,¢1,92,¢2)

sion of a hypersatellit§HS) photon, and then the ground

state of the heliumlike system is reached by a satelije 2 dobg »
transition. (For simplicity we omitted most reaction path- = (w13d1,d2) W (01,601,602, 82).
: o jk=1di.d, dog 1%
ways with emission of more than two photonglterna- ek 12
tively, the second intermediate state can also be reached ©)

by radiative electron capturéREC), that is, capture with

emission of a photon. X rays emitted following REC into the The angles ¢;,¢,)=Q, and (6,,$,)=Q, give the direc-
L-subshell levels give a sizeable contribution to the meations into which the photons are emitted. Thaxis is chosen
sured satellite intensities. in the direction of the electron beam. Expressi@his to be

A similar RTE process was studied both experimentallyunderstood in such a way that the total DR cross section is
[2] and theoreticallyf3] in the case of initially heliumlike

uranium ions, where only onK« photon is emitted. The 1 d3opR _
emission has been shown to be anisotropic due to the non-‘TDRIEJ dwldQldQZ—dwldﬂldQZ(wl’01’¢1’02’¢2)'
uniform occupation of the magnetic sublevélise so-called 3

alignmenj of the states formed by resonant capture. It was
also shown in Ref[3] that the Breit term of the electron- The summations in Eq.2) are extended over the possible
electron interaction gives an observable important contribudoubly excited ¢l;) and singly excitedd,) states as well as
tion to the parameters characterizing the anisotropy of dipolever the two possible time orders of photon emission. Note
that cross sectiofR) is differential with respect to onlgne
of the photon energies, which is labeled heresgs The
*Electronic address: zoltan.harman@theo.physik.uni-giessen.deenergy w, of the other photon is fixed by conservation of
TURL:http://service.physik.uni-giessen.de energy:
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w,=E—Ef—wq, (4) order of magnitude of the energy-differential cross section is
determined by branching ratios and capture rates, whereas
whereE is the initial energy of the total system afg de-  the shape is given by the product of two Lorentz profiles.
notes the energy of the final atomic state without photonsExpression6) has been obtained by employing a projection
We stress also that, since the two photons are indistinguisteperator formalism, which is given in Rdf5] and will be
able particles, cross secti@B) is symmetric with respect to presented in a future publication.

an exchange of both the energies and angles of the photons: The functionsW{;l" 0, in Eq. (2) give the angular depen-

dBopr dence of the radiation of the cascades. They can be expanded
_— in tensor products of spherical harmonics:
dwldﬂldﬂ (w1’61!¢1!021¢2) p p
dBopr Wy dZ( 01,1,02,¢2)
Zm(E—Ef—w1,92,¢z.01,¢1)- o
1:42>
(5) Ev v;: ﬂ(,, v )V Vl( 01!¢1)
Indeed, the variable; denotes only the energy oheof the ®Y,,(02.02)},0- (10
two photons, which is not necessarily the one that is emitted
first. . o The coefficients3 depend on the capture and radiative ma-
The partial cross sections in E@) have the form trix elements, the partial-wave phases of the incoming elec-
ik tron, and the involved angular momenta. The explicit analyti-
DR -d cal form and further details on the calculation can be found
(w1;d1,d) .
in Ref. [5].
5 An integration of Eq.(2) over the angles of the photon
27" Ai(dy,f) Ar(dladz)v (dy) with index 2 leads to the one-photon distribution
- 5 alU1
p Fdz Fdl 5 3
o (w04 [ 00T (.60 )
Ly [(2) Ly, /(2m) dwd0 """ dodadq’ O
X 1
(E—Eq)2+13 /4 (E-Eq,—w))>+ 12 /4 (11)

(6) which is of interest when only one of the photons is detected.
A further calculation shows that
wherew, is determined according to E¢). Here,p is the
momentum of the incoming eIectrol&T—,dl and Eq, are the d?

DR, .
energies of the discrete intermediate states,[ajcandI’y, dwdQ (w;0,¢)= ;1 04, do d (6,¢),

their total widths. The quantitied, are radiative transition (12)
rates between the bound atomic states, ®g(d,) is the
capture rate from the initial stateinto the stated; given by  \where

2
= ) 0)
Vqa(dy) = 223+1) MZm MEdl J dQp[(dydg Mg | W52 (0,8)=Wg’4(
XVC+VE[igM,; ,pmy)|2p; s 7) =—E V211527 (cosd) (13)

whereJ; andel are the total angular momenta of the corre-

sponding states ang is the state density at the initial state.
The interaction of electrons 1 and 2 by exchanging a virtual W3 1d (6,4)=W5" 4.(0)
photon of frequencyw is described by the sum of the Cou- 12
lomb and generalized Breit operators:

and

1
= > \/m,B?V{’(gi’z'lP,,(cosa)

. 1 1
YTl <8> 1
=0 > v+ 1,8?3’;‘;2;1'2&,(0030).
cog wr 1) cofwrqp)—1 '
Vf2= - alazr— +(a V 1)(“’2V2)—- (14
12 w r12

(9 In the last step in Eq(14), the symmetry relation

The latter accounts for retardation effects and magnetic in- d1.0,1,2_ pdp,dp2,1

teraction of the two Dirac currents. As E¢p) shows, the B(Vl’VZ)V ﬂ(szvl)V (15
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has been used, are the Legendre polynomials of degiee  The quantitiesRJgfdz describe the strengths of the resonances

We remark that Eq(12) is still invariant under the transfor- [see Eq.(26)]. The Compton profile7(q,) gives the prob-
mation w—~E—E;—w, and that the total cross section is gpjjity density to find a target electron with the momentum
obtained from Eq(2) by performing the following integra-  component, in the projectile frame. It may be calculated

tion: from 145(q’) by [7]

1 (E-Es dZO'DR
== : lo(@'(q)) 1~ lo(a’)
sz, G| d0ggg@ine. 9 J(qz>=fdqxdqy;q'(q)z:?fq/(q)d e

(21)
B. Application to the RTE process
We obtained the Compton profile for the, ltarget by inter-

The electrons bound in the target molecule may be re.%)olating values tabulated by Jeziorski and Szalevdtal.

garded as quasifree, and the impulse approximation i dy -
adopted 3,6]. Within this approximation, the effect of bind- 8]. The momentuny,” is found from the resonance energy

ing of electrons in the light target just gives rise to a momenEq, PY @ Lorentz transformatiof8,6]:

tum spread of the captured electron. In order to obtain the 5 5

cross section for RTE, the DR cross section is convoluted dy_ 7(¢*—[Epind) — (Eq, — Ei+ %)

with the electron momentum distribution in the target as seen 9= yu ' (22
from the projectile frame:

whereE,;,q is the binding energy of the electron in the target
dorre —ifmd N f dQ,d3UDR(Q(Q')) andE; is the ground-state energy of the initial hydrogenlike
Jooyd,d0,  4m ), 9910(@) | Qg5 46 da, ion.
(17) If the natural line widths for the different lines are smaller
than their energy separation, it is possible to distinguish be-
The integration is performed over the electron momenim tween the two photons. This means that the photon with
in the target frame, whereasdenotes the coordinates in the index 1 can indeed be regarded as finst photon(the hy-
projectile frame. The distribution functid(q’) is an aver-  persatellite. The angular-differential cross section is then
age over the direction of the molecule’s symmetry axis and isound to be
thus spherically symmetri7]. It is normalized to unity

dogre B 1 RTE .
( dQ )'Di(g)_EUD’i EV IBD,i PV(COSG), (23)

do@y) (=,
| a2 | Caqioar-1. a9
™4 wherei denotes the number of the photon which is detected.
Since we are only interested in the one-photon distribu- The partial cross sections appearing in E2p) are given
tion here, we need the expression by
d®ogre 1 (= d?opr(a(a’)) rre_ L 2 dy
_ ' ’ . CORVRAHA S o =— R ﬂq ) (24)
dodQ 47 ), 4910ld )J A —4paq 19 Py @, Ghep w2

instead of Eq(17). Note thatw stands for the photon energy for the first photon and

in the projectile frame. The angular-differential cross section
: R : i 1 Ai(dy,f) d

for electron capture with emission of a certain spectral line— UZR)TZE:— ———Ry, 4, A1) (25)
for example theK a5 line—is computed by integrating Eq. T W ader Tq, v
(19) over the energy of the photon and summing over the s
of pairs (d;,d,) of states, which contribute to this line. We
denote this set bp. The main contributing states are listed
in Table I.

In the specific case oKLL-RTE from a hydrogen gas
target into hydrogenlike uranium ions, the width of the
Compton profile is relatively large compared to the widihs and the effective anisotropy parameters in E2g) are cal-
andA, of the atomic states appearing in Hf). We there-  culated by

e
tlor the second photon. The resonance strengths are

27 A (dq,dy)

p2 Fd Va(dl)a (26)

_pl2 _
R, .d,7=Rd; q,
1

fore used functions instead of Lorentz profiles in this ex- 1
. . i ; i y d
pression and approximate the angular-differential cross sec Befo,l =2vr1l D Ry, 0,7(d5")
tion for RTE by (dg.dy)eD
2
dURTE) 1 - - d X D Ry g dl) didz.1,2 (27
9)= — WK (g RIK 1. dy.d, 709, B, 0y
( do D( =% j;kl (dl,;z)ep dy 0 ) Rdy 0, 77) (d.dz) <P
Ika
(20 and
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TABLE I. Intermediate statesl; and d,, their energiesE@,1 and Eq,. labeling of the photons, and
resonance strength;dl,d for the most dominant cascadé¥he dashes indicate that the emitted radiation
belongs neither to th& o' nor to theK o5 energy range.

Resonance Eq, First Eq, Second Rda,.d, Zd,Rd, .0,
group Stated; (eV) photon Statel, (eV) photon (beV) (beVv)

KLyplyo  [2S122Pp1plo  —67896 Kah®  [1sy,2s1,]; —165369 Ko 18142 18215
KaiS [1sy2py,l; —165225 KaS — 72.9

[251:2815l0 —67833 Kah® [1s2s1,]; —165369 Ka5  54.9 15924
Kab® [1sy2pipl; —165225 Ka; 15868
—  [1sy2pspl; —160783 Kaj  1.03

[25122p1p)y  —67856 KabS [1s1,2s,]; —165369 Ka5; 14158 20841
Kab® [1sy2pinl; —165225 Ka;  55.9
Kab® [1sy2piplo —165114 Ka; — 27.9
Kab® [1sy,2815lo —165113 Ka; 6599

[2p12p12lo  —67712 KabS  [1sy2s1,]l; —165369 Ka; — 32.8 6937
Kab® [1s,,2pipl —165225 KaS 6902
—  [1sy2pspl; —160783 Kaj  2.20

KLylan  [25122Psnl,  —63393 Kol  [1s2s1,]; —165369 Ka5 — 5462 5504
Ko  [1sy,2815l0 —165113 Ka;  15.1
KabS [1s;2pspl, —160857 Ka$  13.3
Kab® [1sy2psnl; —160783 Kaj  13.3

[2p12pspli  —63355 Kal'S [1sy,2py,l, —165225 Ko 334 2164
Ko™ [1sy2piplo —165114 Ka; 651
Kab® [1sy2psnl, —160857 Kaf — 984
Kab® [1sy2psnl; —160783 Kaj 195

[2p122pspl, —63339 Kal'S  [1sy,2pyp0ly —165225 Ka; 8579 19004
Ka'S [1sy2piplo —165114 Ka§ — 24.0
Kab® [1sy2psnl, —160857 Kaf 5266
Kah® [1sy2pspl; —160783 KaP 5135

[251,2p3p],  —63268 Kal'S [1sy,2s,]; —165369 Ka; 2671 8384
Ko™  [1sy,2815lg —165113 Ka; 5672
KabS [1s12pspl, —160857 Ka$  33.8
Kab® [1sy2psnl; —160783 Kaj  6.75

KLaolan  [2P32psnl. —58828 KalS [1sy,2psnl, —160857 Kaj — 3650 7351
Ko™  [1s;2psnl; —160783 Kaf 3701

[2p322panlo  —58733 Kal'S [1sy,2pspl, —160857 Kaf — 9.10 1302
Ko [1s;2psnl; —160783 Kaf 1293

A (d,,f) g -1 into account by using a two-parameter Fermi charge distri-
oy =\2v+1 ) ; DF—Rdl,dZJ(CIZl) bution. Lowest-order QED corrections are included in the
(dy.dz)e dz energies in an approximate manner.

A(d,,f) A partial-wave expansion is used for the wave function of

2R N dl)Bdl‘d2'1’2 the incoming electron with asymptotic momentymand

r dq,dy q, (PO - 8 g ymp ym
(dp.d)eD  Ldy spin projectionms:
(28)

) A 1
lﬂpms(r)zzﬂ ilemKE Ylml*(p)c(lij;m ms,u)tppw(r).
K m|

I1l. NUMERICAL RESULTS AND DISCUSSION 29)
The relativistic resonance energies, bound-state wave
functions, and the radiative transition rates are obtained witffhe partial-wave componentg,, ,(r) are calculated nu-
the GRASP multiconfigurational Dirac-Fock atomic structure merically by integrating the Dirac equation with the nuclear

code by Dyallet al.[9]. Nuclear finite-size effects are taken potential screened by the bound &lectron. This task and
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FIG. 1. Partial RTE cross sections for emissiorkef; andK «, FIG. 2. Effective dipole anisotropy parametc;t@gf;2 for HS (i
radiation in the range of théL L resonances as function of uranium =1) and S {=2) emission as function of the ion energy in the
lab energy. range of theKLL resonances.

the evaluation of matrix elements for the capture of the con- dogrre
tinuum electron are performed by the Auger code of Zim- ( o)
merer[10].

The phaseq\, in Eq. (29) ensure that the wave function
satisfies the boundary condition of an incoming plane wave =290,
and an outgoing spherical wave. They are determined by .
matching the numerical solution integrated in the interior (30

region with analytic Dirac-Coulomb functions of the exterior ] ) )
region. For the cascades via the singly excitels;,,2p5,], State,

The theory developed above will now be applied to aWhich decays firstinto the stafés,,2s,,], with a branch-
comparison with the experiment performed by Btaal.[1], N ratio of arou.nd 30%, ththlrd p_hoton is the s_atelllte. The .
who observed the x-ray emission after collisions ofy  anisotropy of this photon is also incorporated in the numeri-
ions with a hydrogen gas target. We consider here intensit9a| results. 'I_'he values of Fhe effec_nve anisotropy parameters
ratios since they are experimentally accessible with a larget the experimental energies are listed in Table Ill. At a pro-
precision than absolute cross sections. jectile energy of 116.6 MeV, which is in the range of the

Partial RTE cross sections fdfa; (2ps,—1sy,) and KI—.1/2L1/2 resonance group, th&a?s emission is strongly
Kay, (2512,2p1— 151) radiation as calculated with Eq. an'SOU_ODIC- _ _ o
(24) are shown in Fig. 1. Within the resonance groups, the N Fig. 3, the ratio of th&«; andKa, HS intensities is
single DR resonances listed in Table | cannot be resolveglotted against the emission angle in the laboratory frame at
since they are broadened by the target Compton profile. Th&24.9 MeV/u, which corresponds L/l 3, resonances.
values of the partial cross sections at the experimental enelypersatellite lines are not perturbed by the REC contribu-
gies are displayed in Table Il and are compared to the medion since the doubly excited states from which they are
surement in Table Il of the companion pagét. Note that ~€mitted can only be populated by RTE. A comparison with

the cross sections are understood with respect to one targeig. 2 reveals that th&«5® line is isotropic. This is con-

electron. firmed by the measuremen(see Fig. 8 and the related dis-
Figure 2 shows the effective dipole anisotropy parametersussion in Ref[1]). Therefore the anisotropy of the intensity
BM7=2 introduced in Eqs(27) and(28) selectively forKa;  ratio stems from th& o'® radiation. The theoretical curve is
and Ka, emission in the energy range BfLL transitions. in qualitative agreement with the experimental data from
Note that only dipole radiation was regarded in these calcuRef.[1]. However, our calculation underestimates the inten-

1
)D_<a>=Ea%ﬂﬁ1+ﬁ%ﬁazpz<cosa)]

1
1+ E,B%ffgz(3co§0— 1) .

lations, in which case Eq23) becomes sity ratios at 60° and 90°. This deviation might be removed
TABLE II. Partial cross sections’3'; for the first photon(hy- TABLE IIl. Effective dipole anisotropy parametegy’ for the
persatellite, H$ and o%TZE for the second photofsatellite, $ in first photon (hypersatellite, HB and ,B%ff'zz for the second photon
barn. (satellite, S.
Projectile energy Projectile energy
(MeV/u) Kalht® Kah® Ka3 Kas (MeV/u) Kalt® Kab® Ka? Kas
116.6 0.0299 21.7 0.0141 21.7 116.6 —0.374 —2.02x10°% -0.239 —0.0286
124.9 7.94 4.22 3.35 8.81 124.9 —0.384 51&10° -0.260 —0.206
133.1 2.90 0.0644 2.48 0.481 133.1 —0.0177 45%10°° -—0.230 -0.493
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FIG. 5. Ratio of theK o> andK a5 intensities at an ion energy
FIG. 3. Ratio of thek o}'> andK o} intensities at an ion energy  of 124.9 MeV/u. Experimental values were taken from Ref.
of 124.9 MeV/u. Experimental values were taken from R&f.

. REC__ .
by taking into account interferences between different multi-Where' stands for HS or S, and the Valm’%ai_ 556bis

pole orders of the radiation. Surzhyket al. [11] showed found. So this analysis also yields an estimate for the REC

how the interference betwedfil andM2 transitions in the cross section, showing that it indeed overweighs the RTE

Ka, decay in hydrogenlike heavy ions may modify the an-cross section of 8.8 b. With the above value, we see a rea-

gular distributions of the emitted photons when an alignmensonable agreement between experiment and theory, in par-

in the L-shell is present. The RTE process also producesicular in Fig. 4.

aligned states. Figure 6 contains the angular distribution K)szS radia-
Figures 4 and 5 show the angular distribution oflme?s tion emitted in the range of thKL sl 5, group. Here we

and K o'® radiation in theKL L 3, resonance group. The followed the same normalization procedure as explained for

experimental data points have been normalized to the meahe previous figures and found the REC cross seabiEEﬁ

sured angular distribution of tha5 radiation, which has ’

. > . =74.6 b. Comparing this to the RTE contribution of only 0.5
been proven experimentally to be isotropic for all the reso

b, we can conclude that the REC process is even more domi-

nance grgups,l even at a nor&resorﬁnt prr]Ojectrl]Ie er;(eﬂ@('j nant for the third resonance group. The agreement is again
Fig. 6 and explanations in RefL). Although we have found  gatistactory within the experimental errors.

that theK a§ emission of the RTE process possesses a strong
angular dependendsee Fig. 2 and Table )il the totalK a5
intensity is dominated by isotropically emitted photons fol- IV. SUMMARY

|°W'Sn9 REC into thel-shell or higher shells. Therefore the |, i paper we studied the angular distribution of radia-
Kea; radiation can be regarded as isotropic at the level ofjq emitted afteiK LL-RTE into WL ions. The dipole co-
experimental accuracy. In our calculation we adjusted thesficients for the radiation appearing in the expansion in
angular-independent cross sectioyl s of the deexcitation x  coupled spherical harmonics were calculated explicitly. From
rays from REC in order to fit the experimental intensity ra-hiS expansion, both hypersatellite and satellite angular dis-
tios. Neglecting interferences between RTE and REC, wdributions were obtained. We applied the impulse approxima-

have tion to compute differential cross sections for RTE in colli-
sions of uranium ions with a hydrogen-molecule gas target.
RTE i i
(daldQ) i () T [1+BKai1p2(Cosg)] The comparison of our results to experlmenFaI data §hows a
v 1 good qualitative agreement. A future extension of this work
(da/dQ),s(6) UEZ§[1+,8KasP2(cosa)]+ UEE(S:' should also account for interference effects with higher mul-
2 2 2 2 tipole orders of the radiation.
(31
0.20 0.06
0.05
0.15
0.04 %
0.10 0.03

L)
o

.02

0.05
0.01
30 60 50 150 150 180 e (de9) 30 60 50 120 150 180 O (de9)
FIG. 4. Ratio of theK o} andK o5 intensities at an ion energy ~ FIG. 6. Ratio of thek o}'® andK a5 intensities at an ion energy
of 124.9 MeV/u. Experimental values were taken from R#f. of 133.1 MeV/u. Experimental values were taken from R&f.
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The studies presented here give detailed information In summary, these investigations provide a clear interpre-
about the alignment of intermediate states afteKthie-RTE  tation of the capture process and the following photon emis-
capture into U'" and, therefore, lead to a deeper under-sions.
standing of the electron-electron interaction in the dynamics
of the capture process. In this context, we point out the im-
portance of the Breit interaction for a capture in the
KL45Llq2 resonance group. We note that our calculations The authors would like to thank the experimental col-
also help us to analyze the experimental spectra by examieagues Professor P. Mokler at GSI Darmstadt and Professor
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