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Polarization of photons emitted in radiative electron capture by bare high-Z ions
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The linear and circular polarization of photons emitted in radiative electron capture~or, equivalently, radia-
tive recombination in the electron’s rest frame! by bare relativistic high-Z projectiles is calculated. In this paper
we illustrate for specific examples and a limited systematics the range of phenomena and the physical insight
that can be gained by measuring the polarization of photons emitted in radiative electron capture into bare ions.
In particular, we investigate the dependence of the polarization in the reaction plane on the charge and the
energy of the projectile. In specific examples, we also consider the contribution of spin-flip processes and the
polarization off the reaction plane.
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I. INTRODUCTION

In an energetic collision between a highly charged highZ
ion and a low-Z target atom, an electron may be captured
the projectile, while a simultaneously emitted photon carr
away the excess energy and momentum. Since loosely bo
target electrons can be considered as quasifree, the proc
to a very good approximation equivalent to radiative reco
bination ~RR!, that is, the inverse of the photoelectric effe
in the electron’s rest frame. Experimental total and ang
differential cross sections for high-Z one-electron system
~see e.g.,@1#! are well understood theoretically@2–4#. More
detailed information on the reaction mechanism is provid
by the strong alignment observed in radiative electron c
ture ~REC! into an excited state of bare uranium@5#, which
subsequently decays into the 1s1/2 ground state by emitting a
deexcitation photon. A detailed theory within a complete
relativistic description of this process including all multipo
orders of the photon wave function was worked out in@6#. In
order to express the alignment, it was essential to take
electron direction as the quantization axis instead of the p
ton direction, although, in this case, the multipole expans
of the photon wave becomes more complicated.

In the present work, we discuss another way to gain m
insight into the dynamics of REC or of RR, namely, by me
suring the linear or circular polarization of the emitted ph
ton. Experiments of this type are being prepared@7#, and our
aim is to provide theoretical results useful for designi
these experiments. A discussion of general electron-pho
polarization correlations can be found in the literature; s
e.g.,@8–10#. While alignment measurements are sensitive
substate populations of the intermediate level, measurem
of linear polarization are sensitive to interferences betw
right-hand and left-hand circular polarization of the photo
The basic formalism, however, is very similar. We ado
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atomic unitse5me5\51 unless these constants are d
played explicitly.

II. CROSS SECTION FOR PHOTOIONIZATION

For convenience, we start with the photoelectric effe
@9#. Let us assume we have a single electron in the s
uknmn& with the Dirac quantum numberkn combining the
angular momentumj n with parity and the angular momen
tum projectionmn . If the electron absorbs a photon wit
wave numberk and helicityl561, it may be emitted into a
continuum state with asymptotic momentump and spin pro-
jection ~on its own direction of propagation! ms56 1

2 . Fol-
lowing Ref. @6#, we here adopt the direction of emission
the electron as the quantization axis. The angle-depen
cross section for photoionization by circularly polarized ph
tons is given by

sl
ph~u!5N(

mn
(

ms561/2
z^pmsua•ûleik•ruknmn& z2,

N5
a

4k

1

2 j n11
, ~2.1!

wherea denotes the set of Dirac matrices, andûl is the unit
vector for the polarization. We are now interested in the l
ear photon polarization in the reaction plane spanned by
vectorp defining thez axis and the vectork. Let the photon
polarization be referred to anx-y plane perpendicular tok̂.
Then, in general, the unit vector of linear polarization in
direction forming an anglex with thex axis in thex-y plane,

û~x!5
1

A2
~e2 ixû11eixû2!, ~2.2!

can be expressed by the circular polarizationsû6 for l5
61. Specifically, for polarization in thex and y directions,
we havex50 and x5p/2, respectively. If we choose th
©2002 The American Physical Society16-1
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direction p̂ as thez axis, we have to perform an Euler rota
tion k̂→ ẑ between the coordinate systems with the anglu

betweenk̂ andp̂ and the azimuth chosen to bew50, so that
the x axis lies in the reaction plane. The direction of a ge
eral vectorû of linear polarization in any coordinate syste
is hence specified by the intersection of the plane perp
dicular to k̂ and the plane forming an anglex with the reac-
tion plane.

The plane photon wave rotated to the new coordin
frame

ûleik•r5A2p (
L51

`

(
M52L

M5L

i LA2L11ALM
(l) DMl

L ~ k̂→ ẑ!

~2.3!

is decomposed@11# into electric and magnetic multipol
fields ALM

(l) @6# with the phase factor of the electric pa
depending onl @see Eq.~2.5!#. The WignerD matrix rotates
the fields from thek̂ into the ẑ direction. Since we are con
sidering pure photon states, there is no need to introd
Stokes parameters explicitly.

By expanding the Coulomb-Dirac continuum wave fun
tion for the electron into partial wavesukms&, we can write
the transition matrix elements

~2.4!

whereDk is the Coulomb phase shift and (••u•) a Clebsch-
Gordan coefficient. In the general multipole matrix eleme

^kmsua•ALM
(l) uknmn&5TLL~kms ,knmn!

1 ilFA L11

2L11
TL,L21~kms ,knmn!

2A L

2L11
TL,L11~kms ,knmn!G ,

~2.5!

only the first~magnetic! or the second~electric! part contrib-
utes between specified electronic states owing to parity
lection rules. The general Dirac matrix elemen
TLL(kms ,knmn) with L5L,L61 can be expressed by ge
metrical coefficients and radial integrals. They are explic
given in Eq.~15! of Ref. @6#. By inserting the expansion~2.3!
into Eq. ~2.1!, we obtain the cross section for circularly p
larized radiation as@6#
05271
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In all cases,M5ms2mn . Because the cross section depen
only on the relative signs ofl, mn , andms and the latter two
are summed over, it is independent of the circular polari
tion. Hence, the cross sections0 averaged over photon po
larizations is

s05s15s2 , ~2.7!

assuming that the electron polarization is not detected
however, the spin projectionms56 1

2 of the electron is
specified, i.e., the summation in Eq.~2.6! is discarded, cross
sections depend on the relative sign ofl and ms , so that
sl,ms

differs from s2l,ms
.

When calculating cross sectionssx for linear photon po-
larization in the direction ofû(x), we have to use linea
superpositions according to Eq.~2.2!, which lead to interfer-
ence termssx

int between circular polarizationsl51 andl
521. As a result, we may write

sx~u!5s0~u!1sx
int~u!, ~2.8!

where

~2.9!

and Pn
2 is an associated Legendre polynomial@12#. Specifi-

cally, for linear polarization in the reaction plane, we ha
s i5sx50 and for the polarization perpendicular to it, w
haves'5sx5p/2 .

III. DEGREE OF POLARIZATION

For an experiment measuring radiative electron captu
equivalent to RR in the electron’s rest frame, one has
6-2
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POLARIZATION OF PHOTONS EMITTED IN . . . PHYSICAL REVIEW A65 052716
transform the cross section~2.8! from the projectile system
into the laboratory frame by the usual Lorentz transformat
@2,4,6,13#. With a suitable detector, sensitive to linear pola
ization, one may measure, e.g., the angle-differential cr
sections i(u) of the radiation polarized in the reaction plan
or, alternatively,s'(u).

An alternative measurement may consist in determin
the degree of linear polarization in the directionû(x) at one
or several angles. This quantity is defined as

Px
lin~u!5

sx2sx1p/2

sx1sx1p/2
5

sx
int

s0
. ~3.1!

The degree of circular polarization for a given spin proje
tion ms of the electron is defined as

Pcirc,ms~u!5
s1,ms

2s2,ms

s1,ms
1s2,ms

. ~3.2!

IV. RESULTS FOR RADIATIVE RECOMBINATION

It is the purpose of this section to illustrate the full ran
of phenomena that can be obtained by the measureme
photon polarization produced by radiative electron capt
into theK shell of bare high-Z ions. For the high projectile
energies considered, this is equivalent to radiative recom
nation (K-RR! of an electron at rest with the moving proje
tile. The calculations have been performed to high precis
the critical part being the Coulomb-Dirac continuum wa
functions, which in all cases are supplied by two independ
calculations~see Ref.@13#! allowing one to assess the acc
racy. Three-digit accuracy requires one to take into acco
multipole orders up toL517 and Legendre polynomials u
to n534 for 300 MeV/u and about twice that much for 150
MeV/u.

In Fig. 1 we show the degree of linear photon polarizat
in the reaction plane as a function of the emission angleu for
various projectile charge numbersZ. One obtains a very high
degree of polarization over most of the angular range. T
flatness of the polarization correlation~except for the spikes
in the forward and backward directions! and the weakZ de-
pendence will be more pronounced as the collision ene
decreases. Eventually, in the nonrelativistic limit, the line
polarization in the reaction planePi

lin51, independent ofZ
@8#. In a relativistic description,Z592, the softening of the
forward shoulder can be partly assigned to the contribu
of spin-flip transitions, which have a negative sign.

On the other hand, for increasing projectile energy, w
Z592 kept constant~see Fig. 2!, one obtains a ‘‘crossover’
at about 500 MeV/u, beyond which the linear polarizati
becomes increasingly negative at forward angles. This co
sponds to the ‘‘crossover’’ observed in the photoeffect@8#,
taking into account the replacementu→p2u and the Lor-
entz transformation to the atomic rest frame, which co
presses the angular distribution at forward angles. In fact,
very closely reproduce the results of Ref.@8#, where appli-
cable.

In analogy to Fig. 1, the degree of circular polarization
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displayed in Fig. 3, assuming that the incoming electron
the spin projectionms5

1
2 . At forward angles, a transition ca

occur only if the photon carries away the angular moment
l51 ~with respect to the electron direction! leaving the elec-
tron with the spin projection2 1

2 . At backward angles, the
transition is achieved byl521. Corresponding results hav
been obtained for the photoelectric effect@8#. However, for
RR we replaceu→p2u, so that the signs for the circula
polarization are reversed; see Eq.~3.2! and Fig. 3. We have
illustrated the effect of spin-flip transitions in more detail b

FIG. 1. Charge dependence of the linear photon polarizatio
the reaction plane as a function of the emission angleu for K-RR at
a projectile energy of 300 MeV/u, corresponding to a relative el
tron kinetic energy of 164.6 keV. The results are given successi
for the chargesZ518, 36, 54, 66, 79, 82, and 92. As an illustratio
the spin-flip contribution to the polarization for the case ofZ592 is
also shown.

FIG. 2. Projectile energy dependence of the linear photon po
ization in the reaction plane as a function of the emission anglu
for K-RR with Z592. The results are given successively for t
projectile energies of 300, 400, 500, 600, 800, 1000, and 1
MeV/u, corresponding, respectively, to relative electron energie
165, 219, 247, 329, 439, 549, and 823 keV. To obtain the pho
energy, one has to add 132 keV binding energy.
6-3
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separately showing the spin-flip contribution forZ592. In-
deed, in the whole range of forward angles and at extre
backward angles, the transition is completely dominated
the spin-flip contributions. Obviously, the magnetic spin-fl
effect is more pronounced here than already observed in
angle-differential cross sections@1#.

While in Figs. 1 and 3 we have confined ourselves to
single projectile energy of 300 MeV/u, we present in Fig
the energy dependence of linear and circular polarization
tween 1 MeV/u and 2 GeV/u for the fixed photon angleu
590° and the projectile chargeZ592. It is observed tha

FIG. 3. Charge dependence of the circular photon polariza
~assumingms5

1
2 ) as a function of the emission angleu of the

photon for K-RR at a projectile energy of 300 MeV/u~relative
electron energy 164.6 keV!. The results are given successively f
the chargesZ518, 36, 54, 66, 79, 82, and 92. As an illustration, t
spin-flip contribution to the polarization for the case ofZ592 is
also shown.

FIG. 4. Projectile energy dependence~bottom scale! and elec-
tron energy dependence~top scale! of the linear and circular polar
ization at the fixed photon emission angleu590° for Z592.
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linear polarization decreases at high energies while the
cular polarization increases. In both cases, spin-flip contri
tions play a minor role at this angle.

So far, we have considered polarization in the react
plane. Figure 5 shows the linear polarization in a plane til
by the anglex with respect to the reaction plane, again as
function of the photon angleu and forZ592 and energy of
300 MeV/u. Thex dependence is uniquely determined
the angular range from 0° to 45° because it follows from E
~2.9! that

Px
lin5Pp2x

lin 52Pp/22x
lin 5Px50

lin cos 2x. ~4.1!

In particular, the linear polarization vanishes forx545°.
Clearly, the linear polarization is maximal in the reactio
plane.

The differential cross section for a particular polarizati
is obtained by multiplying the overall differential cross se
tion, tabulated, e.g., in@13#, by the degree of polarization
presented here.

V. SUMMARY

Using an exact relativistic description, we have calcula
the linear and circular polarization of photons emitted in
diative recombination with bare ions. This is essentia
equivalent to radiative electron capture by high-Z projectiles
from light target atoms, for which experiments are now u
der way@7#, and which, in turn, have determined the choi
of some of the parameters considered in this paper. We h
investigated the charge, energy, and angular dependenc
linear polarization as well as the charge dependence of
cular polarization, both in the reaction plane, the angu
dependence of linear polarization off the reaction plane, a
finally, the energy dependences of linear and circular po

n FIG. 5. Linear photon polarization in a plane forming an anglex
with the reaction plane as a function of the emission angleu. The
energy of the projectile withZ592 has been taken as 300 MeV
~electron energy 164.6 keV, photon energy 296.7 keV!.
6-4
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izations at a fixed angle. The contribution of separately c
culated spin-flip processes reveals details of the reac
mechanism. In particular, the circular polarization in t
range of forward and backward angles is completely do
nated by spin-flip processes.
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