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Polarization of photons emitted in radiative electron capture by bare highZ ions
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The linear and circular polarization of photons emitted in radiative electron cafiyrequivalently, radia-
tive recombination in the electron’s rest frany bare relativistic high 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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[. INTRODUCTION atomic unitse=my,=%=1 unless these constants are dis-
played explicitly.
In an energetic collision between a highly charged high-
ion and a lowZ target atom, an electron may be captured by Il. CROSS SECTION FOR PHOTOIONIZATION
the projectile, while a simultaneously emitted photon carries _ . .
away the excess energy and momentum. Since loosely bou d{or convenience, we start with the photoelectric effect
target electrons can be considered as quasifree, the proces?? Let us assume we have a single electron in the state
to a very good approximation equivalent to radiative recom] %ntn) With the Dirac quantum numbet, combining the
bination (RR), that is, the inverse of the photoelectric effect @gular momentuny, with parity and the angular momen-
in the electron’s rest frame. Experimental total and anglefUm Projectionyu,. If the electron absorbs a photon with
differential cross sections for high-one-electron systems Wave numbek and helicityh == 1, it may be emitted into a
(see e.g.[1]) are well understood theoreticallg—4]. More ~ Continuum state with asymptotic momentynand Spin pro-
detailed information on the reaction mechanism is providedection (on its own direction of propagationns=+ 3. Fol-
by the strong alignment observed in radiative electron caploWing Ref.[6], we here adopt the direction of emission of
ture (REC) into an excited state of bare uraniJii, which the electr(_)n as the qqan_tlza_tlon axis. The angle—_dependent
subsequently decays into the,} ground state by emitting a €70SS set_:tlon for photoionization by circularly polarized pho-
deexcitation photon. A detailed theory within a completelyons is given by
relativistic description of this process including all multipole
orders of the photon wave function was worked oulitdh In =N, X [pma-0,e | kpmn)l?
order to express the alignment, it was essential to take the bn Mg==1/2
electron direction as the quantization axis instead of the pho-
ton direction, although, in this case, the multipole expansion a1
of the photon wave becomes more complicated. N= 1K 2j,+1’
In the present work, we discuss another way to gain more

insight into the dynamics of REC or of RR, namely, by mea-wherea denotes the set of Dirac matrices, andis the unit
suring the linear or circular polarization of the emitted pho-yector for the polarization. We are now interested in the lin-
ton. Experiments of this type are being prepdrédand our  ear photon polarization in the reaction plane spanned by the
aim is to provide theoretical results useful for designingyectorp defining thez axis and the vectok. Let the photon

these experiments. A discussion of general eIeCtron'phOtOBolarization be referred to axy plane perpendicular t&.

polarization correlations can be found in the literature; S€€Then. in general, the unit vector of linear polarization in a

e.g.[8-10. Wh'l.e allgnmenF measurements are sensitive y; o o forming an anglg with thex axis in thex-y plane,
substate populations of the intermediate level, measurements

of linear polarization are sensitive to interferences between 1
right-hand and left-hand circular polarization of the photon. U(x)= —=(e X0, +e'Xu_), (2.2
The basic formalism, however, is very similar. We adopt 2

(2.7

can be expressed by the circular polarizations for A =
*Electronic address: eichler@hmi.de +1. Specifically, for polarization in th& andy directions,
"Electronic address: ichihara@bisha.tokai.jaeri.go.jp we havey=0 and y= /2, respectively. If we choose the
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directionp as thez axis, we have to perform an Euler rota-
tion k—z between the coordinate systems with the argjle

betweerk andp and the azimuth chosen to lge=0, so that
the x axis lies in the reaction plane. The direction of a gen-

eral vectoru of linear polarization in any coordinate system

is hence specified by the intersection of the plane perpen-

dicular tok and the plane forming an angjewith the reac-
tion plane.

The plane photon wave rotated to the new coordinate

frame

N

L=1 M—*L

it\V2L+1.4%) DY,

(k—2)
2.3

is decomposed11] into electric and magnetic multipole
fields LA [6] with the phase factor of the electric part
depending o\ [see Eq(2.5)]. The WignerD matrix rotates

the fields from thek into the z direction. Since we are con-
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T (O)=2aN D, 2 (—DMFLLL

Mp>ys LI
L v
M

0

XNQ2L+1)(2L+1),

v

-M

L [ |v
A —NIO
A
x(Pms|a (}\)|K,,,U/,,> <Pm |d AE[&|K"M">*
X P (cos 8). (2.6)

In all casesM =m¢— u,,. Because the cross section depends
only on the relative signs of, u,,, andmg and the latter two
are summed over, it is independent of the circular polariza-
tion. Hence, the cross sectiarn, averaged over photon po-
larizations is

(2.7

Og=0,.=0_,

sidering pure photon states, there is no need to introducassuming that the electron polarization is not detected. If

Stokes parameters explicitly.

By expanding the Coulomb-Dirac continuum wave func-
tion for the electron into partial waveégmg), we can write
the transition matrix elements

AN K i) = Ez Lo u\Jam(21+1)

ol

X {(km a- Al

(pm| a-

! J

mg

L
2

0 my,

Ml Kbt (2.4)

whereA . is the Coulomb phase shift and-(-) a Clebsch-
Gordan coefficient. In the general multipole matrix element

<Kms| a- A(L)\l\zllKnMn> =T (kMg,Kknin)

L+1
mtzld_,Lfl(KmsaKn/U«n)
L
- mﬂ,ul(Kms,KnMn) :

(2.9

+iN

only the first(magneti¢ or the secondelectrig part contrib-

utes between specified electronic states owing to parity say| =

lection rules. The general Dirac matrix elements
Toa(kmg,kpun) With A=L,L+1 can be expressed by geo-

metrical coefficients and radial integrals. They are explicitly

given in Eq.(15) of Ref.[6]. By inserting the expansiof2.3)
into EqQ. (2.1), we obtain the cross section for circularly po-
larized radiation a$6]

05271

however, the spin projectiom,==*3 of the electron is
specified, i.e., the summation in EQ.6) is discarded, cross
sections depend on the relative sign)fand mg, so that
oy, m, differs fromo_ .

When calculating cross sections, for linear photon po-
larization in the direction ofu(x), we have to use linear
superpositions according to E@®.2), which lead to interfer-
ence terms(r'”t between circular polarizations=1 andA
—1.Asa result, we may write

o (0)=0o(0)+aY'(0), (2.8
where
a_mt(e) WNE E E( )M+1l~Lfiefi2}\X
Bping A=21 f
L L |v
@z, L,
X (2L+1)(2L+1)ZV [
><(L L ’ V) AW
AN 2) <Pms|a' LM|KmU’n>
- (v=2)!
(2.9

and Pi is an associated Legendre polynorniia2]. Specifi-
cally, for linear polarization in the reaction plane, we have
o,-o and for the polarization perpendicular to it, we

haveo, =0, 1.

IIl. DEGREE OF POLARIZATION

For an experiment measuring radiative electron capture,
equivalent to RR in the electron’s rest frame, one has to
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transform the cross sectid@.8) from the projectile system 1.0 -
into the laboratory frame by the usual Lorentz transformation z=18
[2,4,6,13. With a suitable detector, sensitive to linear polar- 0.8t
ization, one may measure, e.g., the angle-differential cross s 7=92
sectiono(#) of the radiation polarized in the reaction plane ‘§ 0.6l
or, alternatively,o, (6). 5
An alternative measurement may consist in determining g K-RR at 300 MeV/u
the degree of linear polarization in the directifm() at one £ 041
or several angles. This quantity is defined as © oz
8] .
int 5y
pin(g)= 2 Txrm2_ Tx (3. " oo -
UX+ Ox+ml2 0] ' \\\ ///,/"'—
~~———""Z=92 spin flip
The degree of circular polarization for a given spin projec- 0.2 s s s s s
tion mg of the electron is defined as 0 s 60 90 120 150 180
angle 6 (deg)

T+ m,~ 00— mg

FIG. 1. Charge dependence of the linear photon polarization in
the reaction plane as a function of the emission addler K-RR at
a projectile energy of 300 MeV/u, corresponding to a relative elec-
tron kinetic energy of 164.6 keV. The results are given successively
for the chargeZ =18, 36, 54, 66, 79, 82, and 92. As an illustration,

. . . . the spin-flip contribution to the polarization for the cas&Zef92 is
It is the purpose of this section to illustrate the full range o Fs)howr[: P

of phenomena that can be obtained by the measurement o

photon polarization produced by radiative electron Capturedisplayed in Fig. 3, assuming that the incoming electron has

Into thEK shel_l of bare h'g.hz lons. For the h'g.h _prOJectlle the spin projectiom= 3. At forward angles, a transition can
energies considered, this is equivalent to radiative recombi-

nation (K-RR) of an electron at rest with the moving projec- occur only if the photon carries away the angular momentum
tile. The calculations have been performed to hi hg Fr)ecjision)‘: 1 (with respect to the electron directibieaving the elec-

S . P : 'gh p tron with the spin projection- 3. At backward angles, the
the critical part being the Coulomb-Dirac continuum wave

. T : \ ransition is achieved by = — 1. Corresponding results have
functions, which in all cases are supplied by two mdependenttt)een obtained for the zhotoelectric efaéej. H%wever for
calculations(see Ref[13]) allowing one to assess the accu- RR we replaced— 7— 6, so that the signs for the ci’rcular

racy. Three-digit accura_cy requires one to take into accounrt)Olarization are reversed: see EA.2) and Fig. 3. We have
multipole orders up td. =17 and Legendre polynomials up illustrated the effect of spin-flip transitions in more detail by
to v=34 for 300 MeV/u and about twice that much for 1500

MeV/u.

In Fig. 1 we show the degree of linear photon polarization
in the reaction plane as a function of the emission afdta
various projectile charge numbeZsOne obtains a very high
degree of polarization over most of the angular range. The
flatness of the polarization correlatidexcept for the spikes
in the forward and backward directionand the wealZ de-
pendence will be more pronounced as the collision energy
decreases. Eventually, in the nonrelativistic limit, the linear
polarization in the reaction plarié""”=1, independent oZ
[8]. In a relativistic descriptionZ=92, the softening of the
forward shoulder can be partly assigned to the contribution
of spin-flip transitions, which have a negative sign.

On the other hand, for increasing projectile energy, with
Z=92 kept constantsee Fig. 2, one obtains a “crossover”
at about 500 MeV/u, beyond which the linear polarization
becomes increasingly negative at forward angles. This corre-
sponds to the “crossover” observed in the photoeffigi FIG. 2. Projectile energy dependence of the linear photon polar-
taking into account the replacemefit>m— 6 and the Lor- jzation in the reaction plane as a function of the emission afgle
entz transformation to the atomic rest frame, which com+or K-RR with Z=92. The results are given successively for the
presses the angular distribution at forward angles. In fact, wgrojectile energies of 300, 400, 500, 600, 800, 1000, and 1500
very closely reproduce the results of RE8], where appli-  MeV/u, corresponding, respectively, to relative electron energies of
cable. 165, 219, 247, 329, 439, 549, and 823 keV. To obtain the photon

In analogy to Fig. 1, the degree of circular polarization isenergy, one has to add 132 keV binding energy.

Pcirc,ms( 0)= (3.2

U+,ms+0'—,ms

IV. RESULTS FOR RADIATIVE RECOMBINATION

1.0

300 MeV/u

0.5p
1500 MeV/u

0.0

degree of linear polarization

K-RR for Z=92

60 90 120 150

angle 6 (deg)

0 30 180

052716-3



JORG EICHLER AND AKIRA ICHIHARA

degree of circular polarization

1.0

K-RR at 300 MeV/u

60 90 120 150

angle 6 (deg)
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FIG. 3. Charge dependence of the circular photon polal’ization FIG. 5. Linear photon po|arization ina plane forming an a[)g|e
(assumingmg= %) as a function of the emission angt of the
photon for K-RR at a projectile energy of 300 MeV/@elative

with the reaction plane as a function of the emission armgl&he
energy of the projectile wittZ =92 has been taken as 300 MeV/u

electron energy 164.6 kgVThe results are given successively for (electron energy 164.6 keV, photon energy 296.7 keV
the chargeZ =18, 36, 54, 66, 79, 82, and 92. As an illustration, the
spin-flip contribution to the polarization for the case 92 is
also shown.

linear polarization decreases at high energies while the cir-
cular polarization increases. In both cases, spin-flip contribu-
tions play a minor role at this angle.

_ o o So far, we have considered polarization in the reaction
separately showing the spin-flip contribution 8F=92. In- plane. Figure 5 shows the linear polarization in a plane tilted
deed, in the whole range of forward angles and at extremgy the angley with respect to the reaction plane, again as a
backward angles, the transition is completely dominated by nction of the photon anglé and forZ=92 and energy of
the spin-flip contributions. Obviously, the magnetic spin-flip 300 Mev/u. They dependence is uniquely determined by

effect is more pronounced here than already observed in thge angular range from 0° to 45° because it follows from Eq.
angle-differential cross sectiofs]. (2.9) that

While in Figs. 1 and 3 we have confined ourselves to the
single projectile energy of 300 MeV/u, we present in Fig. 4
the energy dependence of linear and circular polarization be-
tween 1 MeV/u and 2 GeV/u for the fixed photon angle
=90° and the projectile chargé=92. It is observed that

lin_plin _ _ plin
PY=pP =-P 4.0

_ plin
m2—x " P)(=OCOS 2)(

electron energy (keV)
10° 10’ 10° 10°

In particular, the linear polarization vanishes fpr=45°.
10 Clearly, the linear polarization is maximal in the reaction
O :

"""""""""""""""""""""""""""""""""" ;_10n—spin—ﬂip lin I plane- . . . . . .
total linear polarization The differential cross section for a particular polarization

0.8l is obtained by multiplying the overall differential cross sec-
tion, tabulated, e.g., if13], by the degree of polarization

c presented here.
S o6t
©
-(_E“ Z-92, 6-90° V. SUMMARY
[]
[= 1 - B
B 04 Using an exact relativistic description, we have calculated
8 the linear and circular polarization of photons emitted in ra-
g o2} . diative recombination with bare ions. This is essentially

total circular polarization_~<""

equivalent to radiative electron capture by higiprojectiles

from light target atoms, for which experiments are now un-
der way[7], and which, in turn, have determined the choice
of some of the parameters considered in this paper. We have
investigated the charge, energy, and angular dependence of
linear polarization as well as the charge dependence of cir-
cular polarization, both in the reaction plane, the angular
dependence of linear polarization off the reaction plane, and,
finally, the energy dependences of linear and circular polar-

projectile energy (MeV/u)

FIG. 4. Projectile energy dependen@mttom scalg and elec-
tron energy dependeng®p scalg of the linear and circular polar-
ization at the fixed photon emission angle 90° for Z=92.
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izations at a fixed angle. The contribution of separately cal- ACKNOWLEDGMENTS
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