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The most precisevalue to date for the massof the elec-
tron is given by me = 0:00054857990929(29)(8)u [1].
This value is obtained from a comparison of an experi-
mental measuremel (rst error margin) and the theoreti-
cal prediction (seconderror margin) for the g factor of the
ground-state of hydrogen-like carbon, 2C°* [2]. Recerly,
a similar measuremen has been performed on 160" [3]
which alsois in proper agreemen with the theoretical pre-
dictions. Measuring the g factor for heavier systemsand
also having a precise theoretical value, this would allow
for determinations of nuclear magnetic momerts without
having to considerdiamagnetic shielding, for charge radii
without electron scattering, and even for a determination
of the ne-structure constart. However, for this, theoreti-
cal data at leastas good asthe experimental precisionare
required. The QED corrections of order  were improved
by one order of magnitude in the past year for the Z re-
gion of carbon and oxygen [1]. The QED corrections of
order ? and higher at presert are the largest source of
uncertainty at least for small Z. Their evaluation to all
ordersin Z still has not beentackled. For heavy nu-
clei like uranium, the uncertainty in the nuclear size(e.g.,
hr2i12(238Y) = 5:8604 0:0023fm [4]) results in an un-
certainty of the sameorder of magnitude asthat from the
QED corrections of order 2.

The recoil correction causedby the not-in nite nuclear
masstechnically can be consideredas a QED correction.
Due to the movemert of the nucleus, this cortribution is
a correction beyond the external- eld approximation in
which the pure QED cortributions can be evaluated. For-
mulaeto all ordersin Z and up to order (Me=M nycl ) Were
preserted in [5], numerical evaluations in [6]. Due to this,
the error margin resulting from the recoil contribution has
considerably beendiminished comparedto [7].

For the rst time, results for the nuclear polarization
contribution to the g factor in hydrogenlike ions were pub-
lished in 2002[8], basedon approximate considerationsof
the lowest-lying excited nuclear states. The nuclear polar-
ization accourts for virtual excitations of the nucleus by
virtual-photon exchangewith the electron. It hasto be cal-
culated in a model-like mannerand is therefore expectedto
give only an order-of-magnitude estimate of the real con-
tribution, thus ultimately limiting the total precision of
any theoretical prediction for one single state [9, 10, 11].

According to Table 1, the nuclear polarization might
limit the total theoretical precision to about 10 © for
the ground state of U . It was pointed out for the
hyper ne structure splitting [12, 13] that limitations due
to poorly known nuclear parameters may be overcome
by a combination of measuremeits on dierent charge
states of the samesystem, i.e., comparing the 1s,-, state
and the 2s;_, state. The idea behind this is that all
nuclear e ects are causedby matrix elemerns with major

Table 1. Current theoretical predictions for the g factors in
hydrogenlike oxygen and uranium [14].

16 O7+ 238 U9l+

Dirac value 1.997 726 003 1 1.654 846 173(3)
QED, 0.002 324 415 7(1) 0.003 088 8(3)
Free QED,

2to 4 {0.000 003515 1 {0.000 003515 1
bound, ? {0.000 000 002 0(6) {0.000 000 27(138)
Nucl. size 0.000 000001 6 0.001 275 0(25)
Recoil 0.0000001170 0.000 002 491
Nucl. pol. 0.000 001 4(7)
Total: 2.000 047 020 2(6) 1.659 210 1(29)
Exp eriment: 2.000 047 026 0(15)°

? preliminary [3]

contributions  from locations inside or not far from
the nucleus. The shapes of the 1s,-, and the 2s,-,
wavefunctions are nearly the same close to the nucleus
and therefore in uences from that region can be eas-
ily scaled from one state to the other by the general
normalization factor. It has been showvn that a specic
di erence of measuredvalues from both states is much
more independent of nuclear in uences than the single
measuremets but still sensitive to QED corrections of
order 2. For the g factor, details are preseried in [15]
and [16]. Therefore, in casesof limitations by nuclear
parameters, it is recommendedto measure on two or
more states of the same atom, e.g., the g factors of the
hydrogen- and lithiumlik e system with the same isotope
involved.
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High-precision measuremets of bound-electron g fac-
tors and of the hyper ne structure (HFS) in highly-charged
ions provide unique tools for probing nontrivial e ects of
bound-state QED at a similar level of accuracyasin Lamb-
shift experiments. Aiming at utmost precision this allows
to deducefundamenal parametersand to explore the in-
ternal nuclear structure via atomic-physics experiments.
In order to achieve the same level of precision in corre-
sponding theoretical calculations, one hasto accourt for
relativistic, higher-order QED, nuclear-size,nuclear-recail,
and nuclear-polarization (NP) corrections. Investigations
of QED e ects in heavy systemsare strongly restricted by
the uncertainty dueto nite-n uclearsizee ects. Introduc-
ing a speci ¢ di erence for bound-electron g factors in H-
and Li-lik e ions this uncertainty can be signi cantly re-
duced. With an apparernt accuracyof 10 ° for the bound-
electron g factor one could probe higher-order QED cor-
rections even for uranium ions, provided that NP e ects
remain negligible. A similar situation occursin measure-
ments of the HFS splittings. While the NP cortribution
is relatively small in the caseof hydrogenlike ions, it turns
out to be non-negligible for accurate theoretical predic-
tions of the HFS splittings in Li-lik e heavy ions.

In our evaluation of the NP correction to the g factor
of a bound electron [1] and to the HFS splitting in hydro-
genlike ions [2] we have employed the relativistic eld the-
oretical approach dewveloped earlier [3], where NP e ects
are treated perturbativ ely, incorporating the many-body
theory for virtual nuclear excitations within bound-state
QED for atomic electrons. For the problem under con-
sideration we accourt for the dominant NP contributions
arising from virtual collective nuclear excitations.

For a hydrogenlike ion with a spinlessnucleusplacedin
a homogeneousnagnetic eld H directed along the z-axis
the NP correction g\P to the g factor of a bound-electron
state characterizedby the standard quantum numbersn;
givesrise to the corresponding energy shift

EAP = oHm g\

Here o denotesthe Bohr magneton and m; is the z-
projection of the total angular momertum j . Results for

ghP for K- and L-shell electronsin hydrogenlike ions are
preseried in Table 1. The numbersin parenthesesare pow-
ersof ten. To calculate the NP correctionsto the HFS we
consider a hydrogenlike ion with a nonzero-spinnucleus.
The corresponding HFS energy shift due to the magnetic-
dipole interaction reads

EV(F)= JIFF+1) 10+1) G+ AY:

Here ANP is the correction to the HFS constart due to
NP e ects. The total angular momertum F results from

Table 1: Nuclear polarization correction to the g factor

dis s Pr,-..
8Kr  12( 9) 16( 10) 2:0( 12)
u2cd  6:9( 9) 9:6( 10) 2:2( 11)
1%8Gd 81( 8) 1:2( 8) 54( 10)
2py  1.0( 7) 1.6( 8 7:3( 10)
Uayp  15( 7) 24( 8) 13( 9)
%epy  1:8( 7) 30( 8) 22( 9)
22Hg 18( 7) 32( 8 24( 9
28pp  2:2( 7) 38( 8) 3:2( 9)
22Th 1.0 6) 1.9( 7) 2:0( 8)
2y 14( 6) 27( 7) 30( 8)

Table 2: Nuclear polarization correction to the HFS

| A?P ENP

s 1s
19Tp64  3=2"  2:.014  0:51( 2) 0:10( 1)
16586+ 7= 4132 031( 2) 0:12( 1)
7S g7+ 7=2"  2:2327 0:35( 2) 0:14( 1)
187TRe™*  5=2" 32197 091( 2) 0:27( 1)
203T|80+  1=p"  1:62226 0:31( 1) 0:31( 1)
20082+ o= 41106 0:11( 1) 0:55( 1)
BY 7= 0:38  0:65( 2) 0:26( 1)

the coupling of the nuclear spin | and the total angular
momertum j of an electron state under consideration. For
stateswith j = 1=2 the additional HFS splitting between
the levelswith F = | 1=2isjust ENP = (1+1=2) ANP,
Results for the NP correction to the HFS constart A}
and for the corresponding correctionsto the ground-state
HFS splitting  ENP (both givenin units of meV) are pre-
serted in Table 2 for various hydrogenlikeionswith nuclear
magnetic dipole momerts  (in units of the nuclear mag-
neton). Again the numbers in parenthesesare powers of
ten. In conclusionwe have determined the ultimate limit
of accuracyup to which bound-state QED canbetestedin
measuremets of the bound-electron g factor and in mea-
suremernts of the HFS splittings in heavy systems,even if
speci ¢ di erences of the e ects in H- and Li-lik e ions are
considered.
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Nuclear charge radii, spins, and momerts provide key
information on ground-state properties of atomic nuclei.
Atomic spectroscopy of highly-charged ions with one or
few electronso ers a unique possibility to investigate elec-
tron wave functions and, consequetly, the hyper ne HF
eld at nuclear surfacewith high precision. For laser spec-
troscopy, the lithium-lik e ions represen the optimal sys-
tems for which the few-electron wave functions and also
the nuclear ground-state properties may be tested by pre-
cisionmeasuremets. For lithium-lik e uranium, the photon
energiesrequired to pump the ground state to 2s,-, 2p;-»
transitions go up to 208eV. The short pulse front-end and
the preampli er of PHELIX represen, therefore, a laser
system well-suited for pumping these transitions [1]. In
order to obtain predictions for this measuremet, ab initio
calculations have beenperformedfor 225U%" in the frame-
work of the Dynamic-Correlation Model (DCM). (The ob-
tained hyper ne splitting (HFS) constart of hydrogen-like
ions is also an input for three-electron systems[2].) The
DCM Hamiltonian is:

H = Hpucleus + Helectr on + Vpr oton electr on (1)

whereH yceus IS the nuclear Hamiltonian, the Hejectr on iS
the Dirac Hamiltonian, and Vyroton  electr on = A(Fpr oton )

~ is the coupling interaction. The DCM basisis formed
by allowing the f;-, neutron hole to interact with 1p-1h
and 2p-2h excitations of the rest of the nucleus. The so-
lutions of the Dirac Hamiltonian are obtained by numer-
ical integration of the Dirac radial equation containing a
Coulomb-type certral potential. The remaining part of the
Hamiltonian is solved by iterations. We rst linearize the
3h-2p state, which corverts the commutator chain of the
DCM into an eigervalue problem [3] in the model space
spannedby the 1h and 2h-1p states. Inputs for diagonal-
ization are the nuclear two-body matrix elemens. With

energiesup to 2h! , the total number of matrix elemerns is
about two millions. Diagonalization of such a large dimen-
sional spaceis, however, neededfor obtaining a good calcu-
lational precision. The eigenstatesobtained from the diag-
onalization are usedto recalculate the matrix elemeris for
the subsequeh diagonalization. The corvergert solution
corresponds, therefore, to an f;-, neutron hole medium-
modi ed by its interactions with the particle-hole excita-
tions. In order to carry out variations of the model param-
etersin realistic time, a new computer algorithm hasbeen
developed. Becauseparameter derivation a ects only the
radial part of the matrix elemers, we calculate and store,
onceand all, the constart geometrical part (quasi-matrix).

Hence,the two-body matrix elemens are evaluated with a
very good precision in a few seconds. An example of the
calculated geometricalterms is givenin Tab. 1. The radial

integrals are caICLﬁated with a two-body potential of the
formV = e (§)? st VsT Pst, Where Pst denotesthe
projection operator for a two-body state with spin S and

isospin T. The value b= 2:91 fm is used. The Vst of the
particle-particle interaction is taken from [4] while that of
the particle-hole is from [5]. We must treat carefully the
angular momerta becausethe HFS is built from all possi-
ble single-particle matrix elemers. We have expandedthe
A(fproton ) in multip oles. Upon consideringthat for the va-
lenceneutron g, = 0, we obtain the following equations|[2]:

Z,
Os=0ss; f(l’)g(l’)dl’
R
r_Y 1ZR rafr r)dr:
5[2 | R (r) g(r) dr:

Our calculated low-energy levels of 21°Bi and 2°6Pb are
found to bein good agreemen with the experimental spec-
tra, giving con dence to the model. The calculated rms,
magnetic and quadrupole momerts, and the HFS constart
for hydrogen-like uranium are given and compared with
experiments in Tab. 2.

Table 1: Quasi-matrix for the geometrical part of the two
body nuclear matrix elemeris for nal J=1, S=0, T=0 and

=2ni+ 11+ 2na+ 1= 2n+ 1+ 2N+ L=3. Then, I, N, L
are the quantum numbers of the relative and the certer of
masscoordinates respectively.

n1n2|1|2 n1n2|1|2 n1n2|1|2
1010 1001 0012
nN IL
P - - — p _
0110 L2 1+ pz) L2+ pz) T e+ 4p5)
_ (R ps—~ [
1010 %)( 2+ 22) i 0 21+ 2) *= 0 25+ 1) 5)
0012 121+ 2 110+ 2 = 2(5+4 5)
Table 2: Calculated rms radius, nuclear magnetic and

guadrupole momerts, and HFS structure for the ground
state of 235U .

exp. [6] DCM Ref. [7]
rms radius - 5.8179fm
magnetic momernt -.38nm | -.3798nm
guadrupol momert 4.55 4.50
E for 1s:-, - -.80lev | -.805ev
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We considertheradiatve recombinatioRR) of a polarized
electronwith polarizedH- andLi-lik e 238U in its groundstate
asatool to studythe spin- ip contributionto RR for arbitrary
anglesof the emittedphoton. Neglectinginterelectronianter-
actionswhich are of the order1=Z comparedo the electron-
nucleusinteraction the processs equialentto therecombina-
tion with abarenucleusnto the 1s or 2s statewith onesubstate
beingblocked by the Pauli principle. If both electronandion
are polarizedin the samedirection, along or oppositeto the
initial electronmomentumthe crosssectionof the processs
completelyde ned by the spin- ip contribution. For the case
of oppositepolarizationof thetwo particles,only thenon-spin-

ip processontributesto the crosssection. Therefore,anap-
propriateinvestigatiorwith boththehighly chagedion andthe
electronbeing polarizedwould allow for a separatiorof spin-
ip and non-spin- ip contritutions by experiment. We have
evaluatedhecrosssectionf bothprocessefor variousinitial
electronenegiesandfor variousanglesof the emittedphoton.
The experimentalprecisionis not yet sufciently sensitve to
minor effects[1] andin our theoreticalevaluationwe neglect
maminal effectslik e the recoil effect causedy the nite mass
of the ion, comparedo the electron. At the kinetic enegies
of the electronunderconsideratiorhere,up to about4 mec?,
they are much lessimportantthan other neglected contribu-
tions like the electron-electrorinteraction. Relatvistic units
(h= me = c= 1)areused.

To zerothorderin 1=Z, in theion-restframethe differential
crosssectionof the procesaunderconsideratiorcanbe evalu-
atedas|2]

d 323 X X P
e = ? |I Lel 2I + 1
f P t L mg
i J(i b J( i b) 1t
CIO;(1:2) iCj iib bCLm:lq C1(t g);1q

2
Por( (i DBDYim R)Yaq (Re) = (@)
Here,K; = k;=Sjk;j is the direction of the photonmomen-
tum, jKs j ! is the enegy of the photon, denotesthe
ne-structureconstantp; = ("i;p;) and ; denotetheasymp-
totic four-momentumof the incoming electronand the spin-
projectionwith respectto its direction, b denotesthe bound
electronwith spinprojection p, and is the quantumnumber
relatedto its angularmomentum.C{? 1> andYiw (R)
denoteClebsch-Gordartoefcients and sphericalharmonics,
respectiely,and  is aphaseshift [3]. For anexplicit form of
thefunctionsP; | , we referto [4]. By thisformula,anelectron
incomingalongthe z-directionis consideredit is alsopossible
to write down a formula with respectto the outgoingphoton
propagatingn the positive z-direction[2]. Bothyield identical
resultswith clearindicationof spin-ip ( | = p) andnon-
spin-ip ( j = ) contributions.If radiatve recombinatiorof
apolarizedelectrontakesplacewith a polarizedH(Li)-lik eion
in its groundstate,andthe electronis capturednto the ground

stateof theHe(Be)-like ion, the crosssectionis completelyde-
ned by the spin- ip or non-spin- ip contribution, depending
on the directionsof the polarizationswith respecto theinitial
electroormomentumThespin- ip andnon-spin- ip differential
crosssectionshave beennumericallycalculatedoy both meth-
odsmentionedabove. Perfectagreemenin all resultshasbeen
found.

In orderto displaythe relative magnitudeof the spin- ip ef-
fect on RR with bareuranium,the spin- ip, non-spin- ip, and
total differentialcrosssectionsare presentedn Fig. 1. In this
casethe non-spin- ip part givesthe dominantcontrikbution to
the total differential crosssectionexcept for the forward di-
rectionin the electron-resframe. To identify spin-ip con-
tributionsto RR at arbitrary angles,one needsan experiment
in which a polarizedelectronrecombinesvith anH- or Li-lik e
heavy ion polarizedin thesamedirection.In thiswork, we have
presentechumericalresultsfor uranium. The argumentsgiven
above arealsovalid for all otherH andLi-lik e ions. However,
in the caseof lighter ions the electron-electrornteractionbe-
comesmoreimportant.

Supportedy the DAAD, the DFG (No. 436 RUS 113/616),
andby the RFBR(No. 01-02-04011).
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Fig. 1. Thespin- ip, non-spin- ip andtotal differentialcrosssection
for RR into the 1s stateof bareuranium.Theresultsareshavn in the
ion andthe electron-resframesat kinetic electronenegiesof 50 and
500keV, correspondingdo ion-projectileenegiesof 91.14MeV/u and
911.4MeV/u, respectiely. In theion-restframe,theanglesarede ned
with respecto the electron-motiordirection,andin the electron-rest
frame,theanglesarede ned with respecto theion-motiondirection.
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During recert years,a large number of experiments have
beencarried out at the GSI storagering in order to study
the radiativ e reconbination (RR) of free (or quasi{free)
electronsinto the bound states of highly chargedions. So
far, most of the measuremets concernedthe electron cap-
ture into the K {shell of bare projectile ions for which the
total and angle{di erential crosssectionshave beenstud-
ied in detail by Stehlker and co{workers[1]. In later years,
seweral experiments were focusedalso on the radiativ e re-
combination into the excited states of the projectile ions,
and their subsequen photon decay, sincethe angular dis-
tribution of the characteristic radiation may provide useful
information about the population of the ionic sublewelsfol-
lowing an electron capture. From the measuremen of the
anisotropic emissionof the Lyman{ 1 (2ps=» ! 1s,-,) ra-
diation, for instance, a signi cant alignment of the 2ps-,
state of hydrogen{lik e uranium was deducedrecertly [2].

Sofar, however, the angular distributions of the recom-
bination and the subsequeh decay photons have beenstud-
ied separately More information about the dynamics of
the capture processaswell asthe structure of the highly{
charged hydrogen{lik e ions can be obtained, if both pho-
tons are obsenedin a(e, 2 ) coincidenceexperiment. Ow-
ing to recert advancesin x{ray detector techniques, suc
coincidencemeasuremets are likely to be carried out at
the GSI storagering in the future.

For the theoretical treatment of such particle{particle
correlation phenomena, the most natural framework is
given by the density matrix theory [3]. Within this the-
ory, the (e, 2 ) radiativ e recomnbination is described as a
two{step processwhere,in the rst step, a free electronis
captured into an excited ion state of the projectile ion un-
der the simultaneous emissionof the "r ecombination” pho-
ton grgr. This electron capture usually leadsto the non{
statistical population of the magnetic sublewels jnyjp , >
of the residual ion. Within the framework of the density
matrix theory, the population of the ionic substatesis de-
scribed in terms of so{called "reduced statistical tensors"
Akq. In general, these tensors depend on the collisional
parameters such as the projectile ion energy T, and its
nuclear charge Z aswell ason the angle gr with respect
to the ion beam, under which the "recombination” photon
is emitted.

The statistical tensorsAyq( rr) Of the excited ion state
directly a ect alsoto the properties of the subsequen "de-
cay" photons, which are emitted in the secondstep of the
(e, 2 ) process. If we consider, for instance, the electron
capture into the 2ps-, state of bare ion, the angular distri-
bution of the Lyman{ 1 (2p3=»! 1s,-,) radiation (in the
reaction plane) is de ned by the reducedstatistical tensors
of the secondrank as:

r

1 4 X?
W( Ly; RR) / 1+§ E qu( Ly;o)
g= 2

Azq( rr) F(ELM2); 1)

1:4 v T v T v T T T T T

1,2
1,0

08

N /| T 9= 0deg | T =7 s
L - = = q.,=15deg 4
= = = g, =90deg

1

0,6

Lyman - a_ angular distribution

30 60 90 120 150
Photon Angle (deg)

o

180

Figure 1: Angular distribution of the Lyman{ ; radiation
following the radiativ e recombination of a free electroninto
the 2ps-, state of the bare U%* ion with energy T, = 220
MeV/u. Distributions are shown in the projectile frame.

wheref (E1; M 2) is called the structure function [3] which
describesthe interferencebetweenthe electric dipole (E1)
and the magnetic quadrupole (M2) transition amplitudes.

The angular distribution W( ry; rr) (1) represerts the
photon{photon angular correlation function for the elec-
tron capture into 2ps-, state and the following Lyman{ ;
decay. This function depends not only on the emission
angle of the "decay" photon but alsoon the angle grr un-
der which the "recombination” photon is detected. Figure
1 displays, for instance, the Lyman{ ; angular distribu-
tions for three dierent angles rg = 0, 15 and 90 of
the "recombination" photon. As seenfrom this Figure,
the Lyman{ ; distribution is symmetric around the angle

Ly = 90 for a forward emissionof the "recombination”
photon ( rg = 0 ) asit is expectedfrom the axial symme-
try of the overall system. In contrast, the emissionof the
"recombination” photon under any other angle( rgr 6 0
and 180 ) breaks down the axial symmetry of the system
and givesrise to an asymmetric angular distribution of the
Lyman{ 1 photonsin coincidencemeasuremets.

In the future, therefore, we expect the photon{photon
angular correlation measuremets to provide atool for de-
termining the polarization of either the electron target or
the ion beam. Moreover, sud coincidence studies may
help distinguish betweendi erent population medanisms
of the excited states, following either the direct electron
capture or cascadefeeding from the upper levels. A more
detailed analysis of such polarization and correlation ef-
fectsis currently under the way.
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In recert years, relativistic collisions of heavy ions with
low{Z target atoms have been studied intensively at the
GSI storagering in Darmstadt. For high{Z ions, for in-
stance, a number of casestudies concernedthe radiativ e
electron capture, the K{shell Coulomb excitation and ion-
ization of projectiles, electron bremsstrahlung measure-
ments and even the seart for a correlated two{electron
capture [1]. So far, howewver, most of these experiments
have dealt with both, unpolarized target atomsand projec-
tile ions. New possibilities in atomic collision physics now
arisedueto polarization measuremets in which either the
projectile ions or/and the target atoms are polarized. For
such polarization studies, however, detailed information
on the polarization of the projectile ions and the target
atoms becomeshighly desirable and, hence, it is neces-
sary to nd a "proke" collision processwhich may help
indicating their polarization properties. One such "proke"
process,as suggestedfrom a theoretical viewpoint, is the
radiativ e recombination of a free (or quasi{free) electron
into a bound state of bare high{Z projectile ions. Sud
recombination process,both into the ground state as well
asinto excited ion stateshave beenstudied experimentally
[1] and are well understood by theory [2]. However, nei-
ther the total crosssectionsof this capture processnor the
angular distributions of the recombination photons appear
(much) sensitive to the incident particle polarization.

A new and very promising possibility for determining
the polarization of the atomic target and/or the projec-
tile ion beam is given by the measuremets of the linear
polarization of the reconbination photons. In fact, suc
measuremets are possibletoday in the light of recert im-
provemerts in the x{ray polarization detector techniques.
For instance,the rst measuremeis of the linear polariza-
tion of the K {shell reconmbination photons have beendone
for the bare uranium ions by Stehlker and co{workersin
the summer 2002.

In this cortribution, we study the linear polarization of
the photons as emitted in capture of a polarized electron
into a bound state of the bare projectile ions. The most
natural framework for such polarization studies is given
by the density matrix theory [3]. Within this approact
the linear polarization of the radiation is described by two
real StokesparametersP; and P,. While the parameter P,
relatesto the intensities of light, polarizedin parallel (and
perpendicular) to the reaction plane Py = (Ig  1g0)=(lo +
l90), the parameter P, describesthe polarization at angles
45 and 135 with respect to the reaction plane: P, =
(las  l135)=(145 + l135).

The intensities of the linearly polarized light | and,
hence, the Stokes parameters can be calculated within
the exactrelativistic description by applying Dirac's wave
functions for both the initial{con tinuum and the nal{
bound electron states. Figure 1, for instance, shows the
Stokes parametersP; and P, of the photons, emitted due
to the capture of a free polarized electron into the K {shell
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Figure 1: The StokesparametersP; and P, of the photons
emitted due to the capture of a polarized electroninto the
K {shell of the bare uranium projectile ion with energy T,
= 400MeV/u. The Stokesparameter P, is shown for three
degreesof polarization of the incident electron: Pg = 30
% (- -), Pas = 60% ({ -{) and Pg = 100% ({ {). The
Stokes parameter P; (|) is independert on the electron
polarization Pg.

of U%?* projectile ion with energy T, = 400MeV/u. The
Stokes parameters are displayed for three di erent polar-
izations of the incident electron in respect with the beam
axis of Pgy = 30 %, 60 % and 100 %. As seenfrom this
Figure, the Stokesparameter P; does not depend on the
electron polarization and, therefore, can not be used in
polarization studies. In contrast, the second Stokes pa-
rameter P,, which re ects the intensity ratio of the light,
linearly polarized at angles =45 and =135 with respect
to the reaction plane, is linearly dependert on the polar-
ization of electron: P, / Pg. The strongest polarization
e ect appearsaround a photon emissionangleof = 27
where the secondStokes parameter decreasegrom the P,
= 0.42for the capture of completely polarized electron to
the P, = 0.13for the electron polarization Pe = 30 %.

While, so far, the capture of polarized electrons by an
unpolarizedion beamis considered,greater practical inter-
est may concernthe studies on the beam polarization by
meansof capture processes.Sincethe electron and beam
polarization occur rather symmetrical in the framework of
the density matrix theory, this theory can be usedalsoto
analyze the polarization of the ions. First investigations
are currently under work for this topic.
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of x-ray emission following KLL-R TE

from a hydrogen molecular gas target 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
to the projectile with a simultaneous excitation of a pro-
jectile electron. The investigation of this resonart transfer
and excitation (RTE) processhas provento be a suitable
tool to study relativistic electron dynamics and interac-
tions. Here, we presert calculations on the angular dis-
tribution of x-rays from de-excitation after the capture.
The whole processof KLL-R TE into a hydrogen-like ion
including de-excitation by two photons may be written as

Is;p+e | [252%], !

[15:,2%0, + K 751 1sf )+ K "+ K S

The rst intermediate state decays by emissionof a hy-
persatellite (HS) photon, and then the groundstate of the
helium-like systemis reached by a satellite (S) transition.
Our fully relativistic calculation employs a perturba-
tive expansion,wherewe rst obtain the triple-di eren tial
crosssection for the similar processof dielectronic recom-
bination (DR) [1, 2], in which the captured electron is ini-
tially free. Sinceelectronsbound to light targets may be
regardedas quasi-free,we employ the impulse approxima-
tion and cornvolute the DR crosssectionwith the momen-
tum density of the target electrons. Integrating over the
anglesof one photon and regarding only dipole radiation,
we arriv e at the angular distribution of the other photon

drrE

— RTE
e 0=8

4i (1+ pP2(cos));

where ETE denotesthe crosssection for a capture with
emission of the radiation D, e.g. K §, and p is an
anisotropy parameter. P,(cos ) stands for the Legendre
polynomial of degree2, being the angle betweenthe ion
beam and photon emissiondirection in the projectile rest
frame. The calculation of the crosssectionsand anisotropy
parameterswill be published in [2] and [3], respectively.
Our theoretical results may be comparedto experimen-
tal valuesof Ma et al. [4] for collisions of U®** ions with a
hydrogen molecular gastarget. In gure 1, the ratio of the
K 1 and K , HS intensities is plotted against the emis-
sionanglein the laboratory frame at anion energyof 124.9
MeV/u, where only KL 1-,L3-» resonancesortribute.
Figure 2 shaws the angular distribution of the K S ra-
diation for the sameion energy The experimental data
points have beennormalized to the measuredangular dis-
tribution of the K 3 radiation, which has beenproven ex-
perimentally to be isotropic for all resonancegroups. Our
calculations show that the K $ emissionof the RTE pro-
cesshas a strong angular dependence.However, the total
K 3 intensity is dominated by photons following radiativ e
electron capture (REC) into the L-shell or higher shells.
Neglecting interferencesand assuming an isotropic emis-
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Figure 1. Ratio of the K S and K &S intensities at an
ion energy of 124.9MeV/u (solid line: theory)

sion of these REC photons, we nd for the intensity ratio

(d =d) y w ()

(d =d) ¢ g() ETgE 1+ g sPa(cos) + EEgc.

ET?ES 1+ g wsPa(cos)

The total REC cross section EE;C' which is not acces-
sible by our current theoretical treatment, was tted to
the experimental valuesshown in gure 2 and amourts to
55.0b, whereas ET?ES = 159b. We stressthat in gure 1,
no such tting procedureis necessarysince REC doesnot

contribute to the hypersatellite lines.
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Figure 2: Ratio of the K 'S and K $ intensities at an ion
energy of 124.9MeV/u (solid line: theory)
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In a collision betweenan electron and a bare heavy nu-
cleus,the main reaction channelin awide range of collision
energiesis the radiativ e reconbination (RR). If the energy
of the incident electron in the nuclear rest frame is larger
than the ground-state energy of the corresponding He-like
ion plus the positron rest energy the incident electron can
be captured into the 1s state with simultaneous creation
of a free-positron{1 s-electron pair:

XZt+e | XEZ 2t 4 g
This process may be denoted as \negativ e-cortinuum
dielectronic recombination" (NCDR), since it is similar
to the usual dielectronic reconbination (DR) for a few-
electron atom ([1, 2, 3] and referencegtherein), exceptfor
the fact that the secondelectronis not an electron already
bound to the ion but an electron from the negative con-
tinuum (\Dirac sea") which is \lifted" into a bound state.
This is illustrated in Fig. 1. In contrast to the DR pro-
cessNCDR is not aresonart processdueto the corntin uum
structure of the spectrum at electron energies" < mc?.

It hasto be noted, that NCDR is not a unique mec-
anism for electron-positron pair creation. A lot of pre-
vious calculations were dewoted to electron-positron pair
creation, in particular for collisions of heavy ions at the
Coulomb barrier with supercritical elds involved (see,
e.g., Ref. [4, 5]). Howevwer, the processednvestigated in
those works considerably di er from NCDR, sincein ion-
ion collisions one hasto deal with electronsand positrons
in a two-certer Coulomb eld. A review on someinves-
tigations on electron-positron pair creation at relativistic
energiescan be found in Ref. [6].

The dierential crosssection for the NCDR processis
givenby (h=me=c= 1)

3in.i X X
dd_ - 2" JpiJ ( 1)P i|i+|?
f P mim, P;Fi);f;Mf
exp(ic ,+i ) 24+1
Cljii(;?élzz)mi T mi YI?;ml?( Pr=ipti)

|$m|?;(1:2)
2
PaPbil (i  "pa)i("i; ;M) "¢ fiMg)i;

where("; ; m) isthe electronwave function with energy",
angular momertum and parity determinedby , and angu-
lar momertum projection m. P is a permutation operator,
Y and C denote spherical harmonics and Clebsd-Gordan
coe cien ts, "i; pi and "¢ ; ps denote energy and momen-
tum of the incoming electron and outgoing positron, is
a phaseshift, and | is an expressionrelated to the photon
propagator [7]. Details will be published elsewhere[8].
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Fig. 1: Schematic represeration of DR (a), NCDR into
the 1s? state (b), and NCDR diagram (c). a and b are 1s
states with opposite angular momertum projections.
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Fig. 2: Dierential crosssection of NCDR in the nucleus-
rest frame for kinetic energiesof the electronsof 1200keV
and 2000keV.
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The signature of positron emissionmakesour new pro-
cesclearly distinct from all other typesof electron capture
and it will be obsenable at the next generation of heavy-
ion storagerings at GSI.
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