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Abstract

The polarization of the emitted photons is studied for the radiative recombination of
free electrons into the bound states of bare, highly—charged ions We apply the density
matrix theory in order to investigate how the photon polarization is affected if the incident
electrons are themselves spin—polarized For the K—shell electron capture, for instance,
the linear polarization of the light, which is measured out of the reaction plane, is defined
by the degree of polarization of the electrons and may be used as a tool for studying
the polarization properties of the electron targets and/or the projectile ions Detailed
computations for the Stokes parameters of the x-ray emission following the radiative
recombination of bare uranium ions U%" are carried out for a wide range of projectile

energies and for the different polarization states of the incident electrons
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I INTRODUCTION

With the recent experimental advances in heavy—ion accelerators and ion stor-
age rings, the new possibilities arise to study the ion—electron and ion—atom colli-
sions For the relativistic collisions of highly—charged ions with low—Z target atoms
(or free electrons), for instance, a number of case studies on the radiative elec-
tron capture, the K—shell Coulomb excitation and ionization of projectiles, electron
bremsstrahlung and even a correlated two—electron capture have been proceeded last
years at the GSI storage ring in Darmstadt [1] So far, however, most of these exper-
iments have dealt with both, unpolarized target atoms (or electrons) and ion beams
A wide range of qualitatively new polarization studies will be opened up with using
the spin—polarized projectile ions or/and target atoms Such experiments are, most
likely, to be carried out at the GSI future facilities which have to be installed within
the next ten years

The polarization collision experiments, however, require the effective tool for di-
agnostics the polarization properties of the beam as well as of the target atoms (or
electrons) It is necessary, therefore, to find the “probe” process, whose characteris-
tics would be sensitive to the polarization states of the collision system One such
"probe” process, which we suggest from the theoretical viewpoint, is the capture of
a free (or quasi—ree) electron into a bound state of projectile ion with the simultane-
ous emission of a photon which carries away the excess energy and momentum This
capture process, denoted as the radiative recombination (RR), has been intensively
studied during the recent years for the relativistic collisions of high-Z projectile ions
with low-Z target atoms (or free electrons) The series of experiments, for instance,
have been carried out at the GSI storage ring [1, 2] in order to explore the total and
angle—differential recombination cross sections, which were found to be in a good
agreement with theoretical predictions, based on the relativistic Dirac’s theory [3-5]
However, neither the total recombination cross section nor the angular distribution
of the emitted photons were found to be (much) dependent on the polarization of the

ion beam or atomic target and, therefore, can not be used for polarization studies



In contrast to the total and angle—differential cross sections, the polarization of
the emitted photons may appear very sensitive to the particle polarization Similar
effects, for instance, has long been known for the atomic photoeffect [6, 7] where
the spin—polarization of the emitted electron was strongly affected by the polariza-
tion of the incident photon Since the photoeffect is the time-inverse process for
the radiative recombination, we can expect, therefore, that measurements on the
polarization of the recombination photons will provide us with information on the
spin—polarization of the targets electrons (atoms) or ion beam In fact, such mea-
surements are possible nowadays for the linear polarization of x-ray photons due
to the recent improvements in the position sensitive polarization detectors In the
last year, for instance, the measurements of the linear polarization of the K-shell
photons have been carried out for the electron capture into bare uranium ions U9+

In this paper, we study the linear polarization of the photons which are emitted
due to the capture of free polarized electrons into the bound states of bare, high—
Z ions For such investigations on the angular distribution and the polarization
properties of the emitted radiation, the density matrix theory has been found the
appropriate framework in order to accompany the system through the collision pro-
cess [8] Since, however, the concept of the density matrix theory has been presented
elsewhere at a number of places [8-10], we may restrict ourselves to rather a short
outline of the basic relations within the two following sections Starting from the
basic representation of the density matrix, we first derive the explicit expressions for
the Stokes parameters of the recombination photons and simplify them by using the
parity properties of the involved levels In subsection IID, moreover, we introduce
a (so—called) polarization ellipse which helps discuss and better understand the lin-
ear polarization of the emitted x—ray radiation This representation in terms of an
ellipse also shows explicitly how the polarization of the x-rays is affected if the inci-
dent electrons — as well — are polarized In section III, later, we describe a series
of computations which were carried out for the linear polarization of the emitted
photons following the capture of an electron into the K—shell of bare uranium (pro-

jectile) ions U%2* As seen from these computation, a polarization of the incident



electrons generally leads also to a rotation of the polarization vector of the light out
of the reaction plane A summary of this important result and its implication for

future experiments are finally given in Section IV

II BASIC FORMULAS
A Polarization vector of the photon

For the radiative recombination of free electrons into bare, high—Z ions, several
case studies are known today which are based on Dirac’s equation [4, 11-13] In
such a relativistic treatment of the electronic capture, Dirac—-Coulomb wavefunc-
tions are usually applied throughout the computations, both for the incident (free)
electron with well defined asymptotic momentum p and spin projection mg as well
as for the final bound state |nyjpup) of the electron In addition, the emitted—or
recombination—photon is typically described in terms of a plane wave with wave
vector k (k = w/c) and with a polarization which points perpendicular to k along
some unit vector u The wave vector k and the electron momentum p span the
reaction plane in the experiment Of course, the (polarization) vector u can always
be re-written in terms of any two (linear independent) basis vectors, such as the
circular—polarization vectors uyq, which are perpendicular to the wave vector k and
which for u,;; and u_; refer to right— and left—circular polarized photons [9], respec-
tively In such a basis, the unit vector for the linear polarization of the emitted
x-Tays can be written as

( e”ix Uyq + eix ll_l) , (1)

u(x) = E

where x is the angle between u(x) and the reaction plane [cf Figure 1]

B Density matrix approach

While the definition (1) of the polarization vector wu is appropriate to describe

the linear polarization of photons in a pure polarization state, it is not sufficient if
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FIG 1 The unit vector u(x) of the linear polarization is defined in the plane, which is
perpendicular to the photon momentum k, and is characterized by an angle x with respect

to the reaction plane

several photons with different polarization states are emitted in course of a capture
or collision process If, for example, we consider a photon beam in some mized state,
the polarization of the photons is then better described in terms of the spin—density
matrix Since the photon (with spin S = 1) has only two allowed spin (or helicity)
states |kA), A = =1, the spin—density matrix of the photon is a 2 x 2 matrix and,

hence, can be parameterized by the three (real) Stokes parameters [8, 9]

, 1 1+ P P —iPs
(kX |y KN ) = o (2)
P +iP 1 - P

In fact, these parameters are often utilized by many experiments in order to charac-
terize the degree of polarization of the emitted light, while the Stokes parameter P;
reflects the degree of circular polarization, the two parameters P, and P, together
denote the (degree and direction of the) linear polarization of the light in the plane
perpendicular to the photon momentum k Experimentally, these Stokes parameters
are determined simply by measuring the intensities of the light I, , linearly polarized
under the different angles x with respect to the reaction plane For instance, the
parameter P, is given by the intensity ratio

IO_IQO
p=2"% 3
Y7 T+ I (3)



while the parameter P, is obtained from a very similar ratio at angles x = 45 and
X = 135 degrees, respectively (see Figure 1)
p= o (4)
a5 + I13s
As seen from Eq (2), obviously, the three Stokes parameters can be expressed also
in terms of the matrix elements of the photon spin—density matrix For the electron
capture into a bound state |npjpup) of an (afterwards hydrogen-like) projectile ion,
an expression for these matrix elements was derived previously [11]

(KX [y [KX ) = 37 Dg,(0,0,0) 3 B, (A X),
Vi

LrL'w

(5)
where 6 denotes the angle of the photons with respect to the momentum p of the
(incoming) electrons [cf Figure 1] The angular parameters 7%, (A, X) refer to
the contribution of the different multipoles of the radiation field to the polarization
state of the emitted photons and can be written as

/BL’,/::LIT"/( )\, AI) — Z iLI+7TI_L_7T (_1)ms—ﬂb

sy

x [L, LT (pmy |pe| pms)
X NN (LNL — X vp)

X (L'mg — py Ly — myg | 10)

Hb,ub>
aAst—ﬂb‘ nbﬂb>* ; (6)

,"_I
X <pm3 aAl,.. s

< (pm,

where [L] = 2L+1 and (pms |@AT | kpptp) denotes the matrix element for either the
electric (7 = 1) or magnetic (7 = 0) multipole free—bound transition of the electron
The explicit separation of the transition amplitudes into their electric and magnetic
components, as displayed in Eqs (5) and (6), will help us later in simplifying the
expressions for the Stokes parameters Of course, the angular coefficient (6) still
depends on the (initially prepared) spin—density matrix (pms |p.| pms), ie on the

polarization state of the incident electrons
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The transition matrix elements in the last two lines of expression (6) contain the
wave function |p ms) of a free electron with a definite asymptotic momentum For
the further simplification of the spin—density matrix (5), it is therefore necessary
to decompose this continuum wave into partial waves |Ekjm,), in order to apply
later the standard techniques from the theory of angular momentum As discussed
previously [11-13], however, special care has to be taken about the choice of the
quantization axis since this influences directly the particular form of the partial
wave decomposition Using, for example, the electron momentum p as quantization

axis, the full expansion of the continuum wavefunction is given by [4]

Ipms) = it et \JAm(21 + 1)

x (101/2mg | jms) |Exgms) , (7)

where the summation runs over all partial waves kK = +1, £2, ,ie along all values
of (Dirac’s) angular momentum quantum number k = +(j +1/2) for [ = j £1/2
In this notation, the (nonrelativistic orbital) momentum [ now represents the parity
of the partial waves |Exjms), and A, is the Coulomb phase shift

Using the decomposition (7) of the continuum wave function together with the
Wigner—Eckart theorem [8], the angular parameters (6) can be re-written in the
form

5;’;1/,”/()\, /\l) = Z 7;L’-Hr’—L—'/r il_l’ ei(AN_A;)

KK'

LI
< [L, L Lz L
37 b
X XN (L'NL = X| vp)
><<E/£’j’ aA’Z,”nbjb>
x (Erj ||aAT || npgs)” Co (8)

where the polarization properties of the incident electron now occurs only in the

coefficient

Cow =D (=1)7™ (pms |pe| pm; )
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x (101/2my | jms) ('01/2mg| j'my)

X <jl_msjmsl VO) (9)

Therefore, making use of these two last expressions, the evaluation of the spin-
density matrix can be traced back just to the computation of the reduced matrix
elements (Ekj ||aA" || npjs) which describe the interaction of an electron with the
radiation field for a (standard) free-bound transition The computation of these
matrix elements within the framework of Dirac’ theory was discussed elsewhere at

several places in the past [5, 13]

C Symmetry properties of the Stokes parameters

The decomposition of the continuum wave functions in Eqs (8) and (9) helps
analyze the symmetry properties of the two Stokes parameters P, and P, and, hence,
of the linear polarization of the emitted light As seen from the expression (8), for
instance, the helicity quantum numbers A and ), which characterize the different
partial waves of the outgoing photon, only appear in the phase as well as the single
Clebsch—Gordan coefficient (L'N'L — A|vu) From the symmetry properties of the
Clebsch-Gordan coefficients, it therefore follows immediately that the 374, (A, X)

angular coefficients must also obey a symmetry,

/BLV/:-L’ﬂ’(_la +1) - (_1)f ﬁ}j’;L’w’('*']-a _1) ) (10)

where the proper phase is given by f = L+ 7+ L'+ 7" — v The symmetry of the
angular coefficients enables one, in turn, to express the two Stokes parameters P;

and P, in a simpler form

(k+1]pk—1) + (k—1]p,|k+1)
(k+11p | k+1) + (k—1|p,|k—1)

S DR0.0,0) 3 (11 1+ (1))
2 Z PV(COS 9) Z ﬂzgrL’w'(+1>+1)
v LnL'nw'

P =

(11)



and

b (k= Lp k1) = (k1] 5y k= 1)
2T T Ly [k L) 4 (k1] [k— 1)

; D6/2(0’ 07 0) L7r§'7r' ﬂzer/W'(_:l? 1) (1 - (ﬂl)f)
T 2y Plcosh) . B, (+1,+1)
v LnwL'w!

(12)

which, however, still includes a summation over all the possible multipoles in the
electron—photon interaction Owing to parity conservation in the interaction of the
electron with the radiation field, of course, not all of these multipoles will contribute
in practice to the polarization properties of the photons as is reflected above by the
phase factor (—1)f = (—1)L+™+E'+7'=¥ — 41 Therefore, in order to understand
the effects of parity conservation, we shall return to expression (8) for the angular
parameters G/%,, (A, \') and analyze it in some more detail

In expression (8), of course, the parity selection rules apply to both of the reduced
matrix elements and do require that the parities of the (electric and magnetic)
multipole fields must be equal to (—1) x the product of the parities which are

associated with the bound state and the (outgoing) partial wave, respectively,

(—1)L+7r = Ty T = (—1)lb+l+1

(—I)L/—HTI = T Tny ey =

(1), (13)
and which immediately leads to the relation
(_1)L+7r+L’+7r’—u — (_1)l+l’—u (14)

However, before we continue with the discussion of the Stokes parameters, let us first
re—consider the coefficient (9),ie that part of the 8}%,, ., parameter which depends
explicitly on the electron density matrix (p mg |ge| pms) of the incident electrons
Since, in the relativistic theory, the projection of the electron spin has a sharp value
only along the electron momentum, the quantization axis (z—axis) is chosen parallel

to p For spin—1/2 particles, moreover, a single parameter —1 < P < 1 is sufficient
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of course to describe the polarization of the electrons and, hence, can be used to

express the electron spin—density matrix

R 1
(P [pe] PMs) = §(I+7’ 0.)

1+P 0
(15)

N | —

0o 1-7P

in terms of the unit matrix I and the Pauli matrix o, In this parameterization of the
initial spin—density matrix, obviously, a degree of polarization P = 0 corresponds
to a beam of unpolarized electrons, while P = +1 refers to a completely polarized
electron beam with spin projections m, = £1/2

We are now prepared to study the influence of an initially polarized electron beam
on the angular and Stokes parameters By inserting expression (15) into Eq (9),
we first see that the coefficient C'7,, can be decomposed into an "unpolarized” and

a ”polarized” component
vo = Cr . (unpol) + P Cy,,(unpol) (16)

which, due to the parity rules, behave quite differently under a (sign) change in the
spin-state of the electron (either in its initial or final state) Taking into account
the properties of the Clebsch—Gordan coefficients in Eq (9), we find that these two

parts obey the symmetry relations

v (unpol) = (=1)"*'~* C”,(unpol)

KK’ K

Clw(pol) = (=1 + C . (pol) (17)

A similar decomposition, as found for the C,., coeflicients, applies of course also to

the 874, (A, X) angular parameters in Eq (8)

/BZ{;L/W/()\, )\I) = [V/;L‘L"Ir’()‘? A/, unp()l)

+P B (AN, pol), (18)

10



where, using Eqs (14) and (17), the corresponding ”unpolarized” and ”polarized”

parts fulfill the two symmetry relations
BY:., (A X, unpol) = (—1)ktmHE 4=y

Bt (A A, unpol)

ﬁzl;Llﬂ/(A7A,,pOl) — (_1)L+7T+L'+7r'__l/+1

X

x Bk (AN, pol) (19)

That is, while the unpolarized part of the 7%, , parameter is always zero if the
phase f is odd, the same is true for the polarized part for even f Making use of
this property of the angular parameter (18), we now can simplify the expressions

(11) and (12) for the Stokes parameters

ZU:Dgz(O,Q,O) LZL:/ , BY¥2,, ,(—1,1,unpol)

P =
! > P,(cosf) > B¥, . (+1,+1)
v LnL'w’
(20)
S D50,6,0) % A124m(~1,1,pol)
P2 = P v LnLl'm -
> P,(cost) > B, (+1,+1)
v LnL'n’
(21)

which shows us immediately that only the P, parameter depends on the polariza-
tion P of the incident electrons and that this parameter is simply proportional to P
Therefore, the Stokes parameter P, vanishes identically if the electrons are initially
unpolarized and, hence, can be used as a very valuable tool for studying the polar-
ization of the incident electron (and/or ion) beam A measurement of the Stokes
parameter P;, in contrast, will not be affected by the polarization of the incoming
electrons and only depends on the nuclear charge 7, the projectile energy, and the

geometry in the set—up of the photon detectors [11, 12]
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D Polarization ellipse of the photons

The two Stokes parameters P; and P, specify the linear polarization of the radi-
ation completely, ie both the degree of the polarization as well as its direction in
the plane perpendicular to the photon momentum k Instead of the Stokes param-
eters, however, we may represent the linear polarization of the emitted x-rays also
in terms of a polarization ellipse which is defined in this plane (perpendicular to k)

In such a representation, the degree of linear polarization

PL:\/P12+P22 (22)

is characterized by the relative length of the principal axis (of the ellipse) and the
direction by its angle xo with respect to the reaction plane Figure 2 shows the
concept of the polarization ellipse and how ¥ is defined, when expressed in terms
of the Stokes parameters, this angle is given by the two ratios [8]
cos2xg = %, sin2x, = B, (23)
and can be used to interprete the measurements While, obviously, an angle xo = 0
or xo = m/2 corresponds to a linear polarization of the x-rays within or perpendic-
ular to the reaction plane (and with a degree P;, = |Pi|), any contribution from a
nonzero Py parameter will rotate the polarization vector (ie xo # 0 and xo # 7/2)
Recalling, moreover, the linear dependence of P, ~ P on the polarization of the
incident electrons, we can therefore conclude that any polarization vector, which is
not in the reaction plane or perpendicular to it, will reflect a polarization of the
(incident) electrons
For the case of a polarized electron target (and for unpolarized ions), we can ex-
press the angle x, of the polarization ellipse also directly in terms of the polarization

P and the B7%,, (A, X') angular parameters

sign( P
COs 2X() = \/TP("—%, (24)
§in2yo = sign(P) P R (25)

JitP? 2
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FIG 2: Definition of the polarization ellipse; its principal axis is characterized by Yy, the

angle with respect to the reaction plane in the given measurement

where
i ;Dgz(o, 0’ 0) L% , /BIVEI‘LIWI(_]" ].,pOl)

R —
EV:DSQ(O,G, 0) L% , ﬁZﬁL/”,(—l,l,unpol)

(26)

denotes some ratio of the ’polarized’ and ’unpolarized’ components of the 875, .
parameters In experiments with highly—charged ions, it is this representation of the
angle xp which, along with theoretical data, may help determine immediately the
degree of polarization of the incident electrons without that the linear polarization

need to be measured in detail

IIT RESULTS AND DISCUSSION

Measurements on the linear polarization of x—ray radiation, following the capture
of electrons into highly—charged ions, are no longer impractical today For the K-
shell recombination of bare uranium ions U, for example, first experiments on
the polarization of the photons have been carried out at the GSI storage ring in
Darmstadt during the last year These studies on the x-ray polarization became
possible owing to the use of new position sensitive germanium detectors These
detectors enables one to obtain information not only on the degree of the x—ray
polarization but also concerning its direction within the detector plane They may
be used therefore for studying the polarization of electron (or atom) targets or even

the polarization properties of the ion beams at storage rings in the future
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In the following, we analyze the linear polarization of the photons which are emit-
ted in the radiative recombination of bare uranium ions with energies in the range
50 < T, < 400 MeV/u Detailed calculations have been carried out, in particular,
for the electron capture into the K-shell of U%?* projectiles To explore the effects
of a polarized electron target on the (linear) polarization of the recombination pho-
tons, two cases are considered the capture of (i) unpolarized and (ii) completely
polarized electrons For these two cases, Figure 3 displays the Stokes parameters
as function of the observation angle # of the recombinations photons In the upper
panel of this Figure, the P, parameter for the capture of unpolarized electrons (P =
0) is shown which is positive and quite large for most angles apart from the forward
and backward direction of emission As seen from Eq (21), the Stokes parameter P,
must vanish identically in the case of unpolarized electrons, since, moreover, P; > 0
for projectile energies T, < 400 MeV /u, the principal axis of the polarization ellipse
always lies within the reaction plane, xo = 0, for all angles of observation of the
recombination photons and for unpolarized electrons

A rather different situation arises in the second case (ii) for the capture of com-
pletely polarized electrons (P = 1) as shown in the lower panel of Figure 3 Here,
a nonvanishing Stokes parameter P, appears which peaks at around 6 = 30 degrees
and becomes larger for increasing projectile energies, while the P, parameter re-
mains unaffected from the polarization of the electron target As mentioned above,
a non—zero value of P, also leads to a rotation of the polarization ellipse out of the
reaction plane This rotation is seen in Figure 4 which displays the polarization
ellipses of the recombination photons at the observation angle § = 30 degrees, cal-
culated for the three projectile energies T, = 50, 220 and 400 MeV/u According
to the increase of the Stokes parameter P, at this angle, the (rotation) angle x¢ of
the polarization ellipse increase from 3 5 deg for 7, = 50 MeV/u to almost 30 deg
for T, = 400 MeV/u As seen from Figures 3 and 4, therefore, the effects of the
target polarization becomes apparently more pronounced if the projectile energy is
enlarged

So far, we have analyzed the linear polarization of the recombination photons

14
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FIG 3: The Stokes parameters P; and P of the x-ray photons which are emitted in
the electron capture into K—shell of the bare uranium ions The Stokes parameters are
shown for the capture of unpolarized (top panel) and completely polarized (bottom panel)
electrons Calculations are presented in the laboratory frame (ie the rest frame of the

electron target)

for the two limiting cases of either unpolarized or completely polarized electrons
As discussed above, these two cases can be easily distinguished by the polarization
ellipse whose principal axis must always lay within or perpendicular to the reaction
plane for the capture of unpolarized electrons As seen from Eqs (24) — (26),
however, the observation of the rotation angle xo may provide information on both,
the degree as well as the direction of the electron polarization P (-1 < P < +1)
and, hence, can be used for studying the spin polarization of the electrons or atomic

targets, respectively Figure 5 displays the rotation angle xo of the polarization
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FIG 4: Rotation of the polarization ellipses of the recombination photons, calculated for
the three projectile energies 7}, = 50 MeV/u (—), 220 MeV/u (- -), and 400 MeV /u (- -

-) at the photon emission angle § = 30

ellipse for various degrees of the electron polarization P, following the capture of
electrons into the K-shell of bare uranium ions at a projectile energy 7, = 400
MeV/u In this Figure, the rotation angle xo is shown as function of the observation
angle 6 of the recombination photons (in the laboratory frame, i e the rest frame of
the electron target), for the given energy of the projectiles, apparently, the maximal
rotation of the polarization ellipse arises in forward direction for the emission of the
recombination photons Note, however, that xo is not defined at the emission angles
6 = 0 and # = 180 degrees because the photon emission either in forward or backward
directions does not break the arial symmetry for the collision system At these two
angles, therefore, the linear polarization of the light must be always zero [cf Figure
3] For the same reason also, all polarization measurements at angles near 6§ = 0 will
become difficult as the degree of the linear polarization P, = /P + P} < 01 in
this range For larger emission angles, however, the (degree of) linear polarization
increases and may become as large as P, =~ 05 for emission angles around § = 30
degrees At these angles, the effects from the polarization of the incident electrons is

still quite sizeable and leads, for § = 30 degrees and T, = 400 MeV /u, to a decrease
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FIG 5: Rotation angle xq of the polarization ellipse in dependence on the observation angle
of the recombination photons The angle x¢ is calculated for the capture of longitudinally
polarized electrons into the K-shell of bare uranium projectile U%% and shown for four
different degrees of the electron polarization P =10 (—), P =07 (--), P =04 (- -
-),and P =01 (- --)

of the rotation angle xo from 27 4° for the capture of completely polarized electrons

to 4 0° if the polarization of the incident electrons is P =01

IV. SUMMARY AND OUTLOOK

The density matrix theory has been applied for studying the polarization of the
emitted photons following the radiative recombination of bare, high—Z ions In our
theoretical analysis, emphasis was placed particularly on the two questions of (i)
how the polarization of the incident electrons affects the linear polarization of the
recombination photons and (ii) how this polarization of the electrons (or of any
atomic target) can be observed by experiment As seen from these investigations,
the linear polarization of the recombination photons may serve as a valuable tool
for 'measuring’ the polarization properties of the electrons While the capture of

the unpolarized electrons always leads to x—ray photons, which are polarized within
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or perpendicular to the reaction plane, a rotation of the polarization ellipse occurs
for polarized electrons Calculations on this (linear) effect have been carried out
especially for the capture of the longitudinally polarized electrons into the K-shell
of bare uranium projectiles U9+

For the sake of simplicity, here we considered the case of polarized electrons,
while the ion beam has been assumed unpolarized throughout the analysis Owing
to the symmetry of the collision system ’ion plus electron’, however, similar effects
on the polarization of the recombination photons, as found for a polarized electron
target, can be expected also if the ion beam is polarized Of course, for a nuclear
spin I > 1/2, then an enlarged parameterization of the ion density matriz will be
required [cf Eq (15)] First investigations along these lines are currently under work
and will provide, together with proper measurements of the photon polarization, a
new route to determine the polarization of (heavy) ion beams — up to the present

a rather unresolved problem in the physics at storage rings
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