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In high-energy atomic collisions between bare hgyprojectiles and lowZ target atoms, an electron may be
captured radiatively into the ground state or, alternatively, into an excited projectile state, which subsequently
decays by x-ray emission. These processes are the inverse of a single-step or a two-step ionization, in which
the first photon resonantly excites an electron from the hydrogesiig dround state and a second photon
ionizes the excited electron. In this paper, we present a theoretical analysis with a particular emphasis on a
detailed multipole decomposition of the photon wave function. This treatment is suitable for connecting
angular correlations with alignment studies of the excited state. The anisotropy factors for angular correlations
beween the beam axis and the decay x rays following radiative electron cafRE€) into the
2P32,  3Pan.  3dgp, and 3, levels of bare X&,  AU®",  PH?', and U?* projectiles with energies
ranging from 10 MeV/u to 10 GeV/u are explicitly presented and the connection with the alignment is given.

It is predicted that REC occurs predominantly into states with the minimal magnetic quantum mﬂr’bber
indicating a strong alignment perpendicular to the beam §Si5050-294{08)08609-0

PACS numbd(s): 34.70+¢€, 32.80.Fb

I. INTRODUCTION In the present work we formulate the general theory of

radiative electron capture into an excited state with subse-

In an energetic collision between a highly charged tigh- quent decay by the emission of an x ray. We use an exact
ion and a lowZ target atom, an electron may be captured byrelativistic description of projectile and electron motion and
the projectile, while a simultaneously emitted photon carriesnclude all multipoles in the expansion of the photon wave
away the excess energy and momentum. Since loosely boufighction. In the main part of the paper, for definiteness, we

target electrons can be considered as quasifree, the procesgdser 1o the equivalent two-step photoionization. At the end,
essentially the inverse of the photoelectric efféct3]. Re- o roqits are expressed for REC. The aim of the present

centl_y ’ by studyi_ng relativistic atomic collisions With bare study is threefold(a) We introduce an alternative formula-
uranium lons, ewden_ce has be_en fourd for strong _allg_n- . tion for photoionization, in which, from the outset, the elec-
ment of the intermediate state in two-step photoionization, "ron direction is taken as guantization axis instead of the

which the fir hoton resonantly exci h roun o . . !
ch the first photon resonantly excites the, ground photon direction. This renders the multipole expansion of the

state of U* to an intermediate 5, level and subsequently hat licated. but vield it q
a second photon ionizes this state within its lifetime. In thePnoton wave more complicated, but yIelds results expresse

(observedlinverse reaction, radiative electron capt@ReC) N terms of alignment, i.e., of subshell occupatjmobabili-
occurs into the excited %, level, which subsequently de- tiesinstead ofamplitudes (b) We derive the general anisot-

cays into the &, ground state by emitting a Lymam;  "OPY coefficient for the angular correlation between the emit-
photon. ted electron and the photon exciting the intermediate state
Since for highZ projectiles and lowZ targets nonradia- and give the corresponding alignment parametey. The
tive capture is negligible at high collision energies, the de-general expressions for the anisotropy parameters are evalu-
tection of a Da,— 15y, decay photon in coincidence with ated numerically for REC by X&°, Au’®*, PF*", and
the down-charged projectile is a clear indication of a teo ~ U%" projectiles with energies between 10 MeV/u and 10
more photon proces$4]. The angular distribution of this GeV/u, followed by electric dipole transitionsgpg,— 1S,
photon with respect to the beam axis depends on the popwr 3ps»,— 1Sy, and by electric quadrupole transitionsls3
lation of magnetic sublevels of thepg), excited state in the —1s,,, as well as 85,— 1S;;,. This covers a wide range of
initial REC process. Its measurement provides the alignmerresently possible experiments.
and hence detailed information on the dynamics of the REC In Sec. Il we introduce the notation, the necessary matrix
process, that is, equivalently, on the two-photon—oneelements, and density matrices by deriving the total cross
electron ionization process. section for photoionization. In Sec. Il the differential cross
section for single-step photoionization is given, while in Sec.
IV the angular correlation for two-step photoionization is
*Electronic address: eichler@hmi.de derived along with the corresponding correlations for radia-
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tive electron capture. In Sec. V numerical results are pre- © M=L o
sented. Section VI contains some concluding remarks. Natu-  u,e'* "= V2w Y > it2L+1.A0DY, (k—2)
ral unitsk=m=c=1 are used unless specified otherwise. L=1M=-L 5
Il. TOTAL CROSS SECTION FOR PHOTOIONIZATION

Let us assume that we have a single electron in the stat@ith the decomposition
| knpn) With the Dirac quantum numbet, combining the
angular momentunj, with parity and the angular momen- o) _ .
S . = +
tum projectionu,,. If the electron absorbs a photon with m=Am(m) +iNA u(e) (6)
wave numbek and circular polarizatiom = =1, it may be
emitted into a continuum state with momentymand Spin - jn+q the usual magnetic and electric multipole field.

projection(on its own direction of propagatiomns= 3. These fields can be expressed, respectively, as
While the direction of the photon is usually taken as the

quantization axi$1—3,5, which provides a simple treatment

of the photon wave function, we here adopt the direction of Am(m)=j (kn)TM,
emission of the electron as quantization axis. This is, in fact,

the natural choice for radiative recombination or REC, in

which the accelerator beam defines thaxis. 1
The total cross section for photoionization is given by ALm(e)=jL_1(kr) mTML—l (7
o 1 1
oPh=— > — f dQ . L
4k 21n+1uzn 2>\=2tl K —Jrsa(kr) mTMLH:
X 2 |<pms|a' LA'|>\eik.r|’<n/~’dn>|2- 1
me==3 where j,(kr) is a spherical Bessel function and the vector

spherical harmonic}, are spherical tensors of rarkre-
sulting from coupling the spherical unit vectogs=z and
+ 2~ Y%(x+iy) with the spherical harmonic¥,, that

Since for radiative recombination and REC the directiop of
is always fixed and well defined, it is meaningful to establish
the partial cross sections for photoionization from a specifiggil:
magnetic substatg,,, 1S,

al
()= ——= > fko A 1L
RS =2 yem ml o/ Yammén  ®
X L |<pms|a" ltl)\eik'r|’<n/~Ln>|2- 2
ms==3 Here the symbol (| ) is the usual Clebsch-Gordan coeffi-

h . L cient. Note that the parities of the magnetic and electric mul-
Note thatoP(u,,) referring to the electron direction isot tipole fields A_y(m,e) are (—1)- and (—1)-*, respec-
the usual quantity referring to the photon direction; see, €.g el LMATR ’

[1_3’5'd|n cc;nltr_ast, the present cPome pr(?V|desSa more dr']' Besides the photon waves, we also have to decompose the
rect_aln usetu |n'terpretat|onlas Engnment, S?jeb e;:]. l\é: Th€lectronic continuum wave function of the final state into
partia crqss section§2) can also -e expreshse y the 180" partial waves with Dirac quantum numbets-{j,I}, where
onal matrix elements of the density matm;@nﬂé as | is the orbital angular momentum of the large component
(while we usd’ to denote the orbital angular momentum of
h @ o the small componentSince we choose the electron momen-
o pn)= PRt 3 ¢ hez axis, th ion is simply gi
4K Hnkn um as thez axis, the expansion is simply given bY]

where the general density matrix for photoionization is

| N
1 L lpmgy=> i'e"AK\/477(2I+1)(
PP =3 E koE <pms|a'u)\elk‘r|’<nﬂn> J « 0 mg|mg
Hntn 2)\211 mg
e gulr)x,e
X(pmg|a- uye"™ M kpup)* . (4) x| Col ©)
if (r)x_s

A. Multipole and partial-wave expansion

For an arbitrary direction of incidende of the ionizing  HereA  is the Coulomb phase shify, andf, are the radial
photon, the multipole decomposition of the photon wave isvave functions of the upper and lower component, respec-
given by tively, andXTS are the spin angular functionf8,1].
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B. Matrix elements and density matrices T A(KMg, Kppr)

For a given initial statéx,u,) and a specific partial wave
|kmg), we can now calculate the exact relativistic magnetic

and electric multipole matrix elements, respectively, fin L | 3 @
= \/=— + + +
i wn M| m, o (2jp,+1D)(2A+1)(2L+1)
<Kmsla'ALM(m)|KmU«n>:7T_L(KmSaKnMn), Vo1 J
n 2 n
Im A
1 X| Up(k,kp) V21541 (; 0 o) 1L
(kmgla- A y(e)|knpn) = mﬂ,L—l(Kms,KnMn) 1
L In % in
=\ 57 7L L+1(kMg, Kntin), L, Al
2L+ R TN V()2 t | 1L
0 0O
(10 T
(19

so that from Eq(6) the general multipole matrix element to
be used in later expressiofk7,19,20 is

In order to calculate the density matri4), we insert the
expansion(5) and integrate over the directions of incidence

L+1 of the photon. Using the relatidif]
L1 L-1(KkMs, knpn)

L L' % L 47T
- 2L+l71,L+1(Kms:Kn,U’n) . DM,)\DM)\ko=m5M,M5L,L, (16)
11

<Kms| a: A@l\)ll"n#n) =T, (kMg,Kknitn)

+ik

. he diff ity of th tinole field v th we see that with the choice of the electron direction aszthe
(_)wmg to the different parity of the multipole fields, only the axis, the density matrix becomes diagonaMnand hence in
first termor the second will contribute in a matrix element (=M M

=me—M.

between spemfled elect.ronlc states with well-defined parity: The density matrix for photoionization then becomes
The general Dirac matrix element is

TLA(Kms-KnMn):<Kms|jA(kr)a'TI'Y|A|Kn/"«n>
h

. p _ 3
—iU (o) T ) Pl = S 162 3 3

ms

ORRE LN

2

. 1Y)

=iV (k, k) (X o TV XA, | 1

n 2

X

j
) <Kms| a: AI(_)\N)I| KnMn>

S

(12 0 mg

where in the second and third lines the matrix elements are
reduced to the two-spinor space and the angular brackets

now denote integration over the angular coordinates onlytere the integration over the photon direction leads to an
while the radial integrals are abbreviated as incoherent summation over the multipoles, while the electron

partial waves are superimposed coherently. On the other
* . hand, if we choose the photon direction as quantization axis,
— 2
Ul kn) = fo gK(r)JA(kr)fKn(r)r dr, as is usually dongl], we have an incoherent sum over elec-
(13  fron partial waves and a coherent summation over multi-
% _ poles. The totalu,-dependent cross section is obtained by
Va(k,kp)= fo fo(r)ja(kr)g, (r)radr. inserting Eq.(17) into Eq. (3).

Since the operator

U'TEAA:[O'(@YA]:Y' (14 I1l. DIFFERENTIAL CROSS SECTION
FOR PHOTOIONIZATION
is a spherical tensor operator of ranlacting in the spin and
orbital space, one may decompose it into these subspaces by The differential cross section for photoionization aver-
recoupling[7] to obtain the final result aged over the initial substates, is expressed by the diago-
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ANE 772 S itteL+2L+1)

nal elements of the density matrix as

Ms LL
dgPh 1 .
ol PIep I ALY (18 X(pm|ar AL knpun) (P @ AL | nptn) *
n Mn
Dkﬂh(kHZ)Dlﬁ}\(kHZ), (19)

in terms of the angle-dependent density maﬁf{‘# (K),

which is obtained from Eq4) by discarding the integration where M= M= mg— up IS a fixed quantity. By combining
over the photon direction. By inserting the expansienwe  the WignerD matrices and inserting the partial-wave expan-
obtain sion of the electron continuum wave functions, we obtain

— — L
PI, (K)y=4m23 P,(cos0) > > (—1MHL (2L +1)(2L+1) y

A,mg L,f

x> i1l A 2021 + 1) (21 +1)
RV
mg/\0 mg

3
X
0 mg
The matrix elements of the operatar . A%) are given by R
Eq. (11). - W(pk')= 3 P, (BIPS,, (K. (22)

f|v L f|v
—M‘O N —)\‘0

i _
)<Kms|a" AI(_)\I\3||KnMn><Kms|a' A|<__)\,\j||’<nﬂn>*- (20)
s

IV. ANGULAR CORRELATIONS IN TWO-STEP

PHOTOIONIZATION wherePihM,(fJ) is given by Eq.(4) and

We now consider a two-step photoionization process in
which a photork’,\’ excites an initial statéx;,u;) to the
intermediate statgx,,u,) and a second photda\ ionizes
the intermediate state to the final Coulomb-distorted con- PM n E > (| @ Uy i)
tinuum state|p,mg). Experimentally, this process is best " 2
implemented by its inversgt]. This means that an electron
|p,mg) is radiatively captured into an excited projectile state
|k, mny With the simultaneous emission of a photkn.
Subsequently, the intermediate excited state decays into
lower state|x;,u;), usually the ground state, by emitting
another photork’,\’. Since the latter photon has a sharp
well-known energy, it is easy to detect experimentally. If the
REC photonk,\ is not detected and the spin projections as
well as the polarization of the decay photon are not observe
one obtains a simple angular correlation between the electron
momentump and the photon momentuki. Written for the
corresponding two-step photoionization, the correlation is

X(Knurﬂwltl)\reik,'r|l<ip,i>*. (23

Since the excitation process connects two well-defined
states, we may assume that only a single multipole-oikder
contributes. In most cases, it will be an electric dipole tran-
sition with K= 1. The reduced multipole matrix element is a
onstant that can be factored out and discarded from the
xpression. Therefore,

given by (Knftn| @ Uy €7 k)
ji K jn K ~ ©
W(p.k’ )“_ 2 2| doy N s | g b 0 (Z77KC:

M =%1 Mso s

(24
ik'r|Kn:U«n>

Remembering that according to E{.7) the density matrix

2 ~
(21) chﬂ,(p) for photoionization becomes diagonal after inte-
nn

X( kg @ Uy €K | ki)

grating over the direction of photon propagation, we see that
The correlation may now be expressed by density matricesonly the diagonal elemenBi’;Mn(R’) of the density matrix
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for excitation enter into the angular correlatiéf(p,k’). V2j+1 vy
The diagonal density matrix hence becomes A=——"2 (-1 0 ().
, > o) "
. K . <
@)= S (h Jn) (30
,un,u . —
win VM BT M| B

We now consider specific examples.
(z—k"). (i) In the particular case of dipole transitions betwggn

XDy . (z—k)DE*
F™ =3/2 andj;=1/2, Eq.(29) yields the anisotropy factq#,8]

Bn~ mi N
(25)

103)-0™3) 1
With the aid of the Clebsch-Gordan series, we express the Bao= 2 m E-AZ- (31
product of two WignerD-matrix elements by a sum over (2) (2)

singleD-matrix elements and subsequently we sum over th
guantum numberg; and\’, assuming that the photon po-
larization is not observed. As a result, we obtain

Here we have used only the positive angular momentum pro-
jections becauser®(u)=o”(—u). The factor B,, has
been measured and calculated in Hdfl. Introducing the

2K i j v normalized probabilities?(3) and P(3) for populating the
F’ixnﬂn(lz’)oc > (—1)ttina| " B " O) j,=1/2 andj,=3/2 states, respectively, wit(3)+P(3)
v oeven Fono i =1, Eq.(31) leads to the result
K K In K ji 3 L
11 —1lo/|k j, »fPHc0sO): P(3)=3— B2, P(3)=3+ B0 (32
n

(26) (i) For quadrupole transitions betweg¢p=3/2 and j;
=1/2, Eq.(29) yields the anisotropy factor
where{ } is a Wigner 6} symbol,P,, is a Legendre polyno-
mial, and @ denotes the angle between the direction of the 10™(3)—0™(3) 1
excitation photork and thez axis, i.e., the direction of the Bao=— 2 m: N 5“42' (33
emitted electrorp. If the circular photon polarization is de- z z

tected, the odd Legendre polynomials will occur in additionTpe corresponding relative population probabilities are
to the even term#=0,2, ... in Eq.(26). Inserting Eq(26)

into Eq. (22), we obtain the angular correlation in the form P =348y, PE)=3%-PBy0. (34)
o (i) For quadrupole transitions betweg¢p=5/2 andj;
W( 0)“1}:%%“%'3,;(005 0), (27) =1/, one obtains the anisotropy factors
with e 507(3)—0™(3) —40™(3) _ \[ N
I 2
o < K 7 o™(3)+0™(3) +0™M(3)
A, Y, (—1)tFinm#n InIn V)( V) (39
M Mn —Mn|0/\1 =110 and
in K i
><[ P L 7] (28) _20™M(3)=80M(3) +207(3) \f
In 407 7 ph ph ph( 1 217
o (3)+a”(3)+0"(3)
whereoP"(w,) is the partial cross section for photoionization (36)

from the substatéx,,u,) given by Eq.(3) and the diagonal . . i . L
density matrix(20). If we define the anisotropy coefficients -Lhe relative po.pulatl;on probabilities, adding up to unity, in
asB,0=A,/Ay, we can write this case are given by

ke K K v) K P(3)=3+5B20 3Bao, 7’(%):%"‘%320"'%340:(37)
= + +
Bro=@intDEK+D| ol o
. P(2)=73~ B2~ 7Bao-
2 j'_M Jn Jn ph
(=1)fimsn wn - 0/¢ (#n) Experimentally, photoionization of hydrogenlike high-
n n Mn . R . . . L
X (290  ions is investigated via the inverse process of radiative re-
> o) combination. The cross sectiarf® for radiative recombina-
Hn tion is related by the principle of detailed balance to the cross

sectiona™" for photoionization; see, e.g/1]. The angled
In addition to8,, it is convenient to define the degree of (still in the projectile framegis replaced by its negative value,
alignment ag§8-1Q| so that the even Legendre polynomials remain unchanged.
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However, since radiative recombination in energetic colli- 045 T T
sions is detected in the laboratory frame, we have to trans- Anisot ]
form the angular correlation from the projectile to the labo- 040 L nisotropy parameter ]

2paz — 1812

ratory systeni5], so that

[ 2K 035 |- ]
W( Ojap) ¢ 1+ > B,oP,(cosh)|, .
2 y?(1— B cos ‘9Iab)2l v=Zeven " < oaof ]
(38) <
1 \ \\\ /"
where 025 - \ PN ]
| \ Pb82+ —— ‘II ]
COS Oap— B 020 | N / ]
cosf= ————— 39 T s 1
1— cos Oy (39 [
045 Lol T A T ST R T AR
and the anisotropy parametg@s, are inserted from Eq29) 100 o2 108 104
or from Egs.(31)—(36). Projectile energy (MeV/u)
FIG. 1. Negativeanisotropy parameter B,,=—A,/Ay as a
V. RESULTS AND DISCUSSION function of the projectile energy for the angular correlation between

. . . the beam direction and thepg,— 1s,,, dipole decay photon emit-
The preceding formulation differs from the standard treat'ted after radiative electron capture into bare Xe, Au, Pb, and U

ment, in which the direction of the REC photon is taken aSprojectiles.
the quantization axigl,2,5 and hence only multipoles with
the angular momentum projection=+1 can occur. While . .
9 prol of the electric dipole angular correlation between the Ly-

this simplifies the multipole expansion, one has to pay for it .
in the angular correlation by aoherentsummation over 21(2P37—18) photon and an electron captured into the

multipole ordersL and by acoherentsummation over the .2p3/chSttattﬁ O|fnth§ pLOJSCt'I.‘é"e"tthg bean; dll\:e::tl?ﬁa‘rsﬂsaum-
magnetic substates,, of the intermediate atomic state. The Ing that the photon IS not observed. Note thatiaga-

latter fact precludes a formulation in terms of occupationt've valueslz dOT'BZS are dd'sp'?yed- The tr_(lasults_trr]efer o barbe
probabilities, that is, in terms of alignment. xenon, gold, 1ead, and uranium projectiies with energies be-

On the other hand, the treatment given here adopts thiyveen 10 MeV/u and 10 GeViu. In all cases, the anisotropy
direction of the electron momentutor the beam axisas Is largest for the lowest energy, has a minimum around 300

guantization axis. This leads to the general multipole expanMe\.//u’ and becomes Iar.ge again at hlghe_r energies. The the-
sion, but, in the angular correlation, to acoherentsum- oretical results of4] are included as special cases.

mation over multipoles and, more importantly, toincoher- . Figures .2_4 show the amsotropy coefﬁments for.REC
ent summation over the magnetic substates of the into the variousM subshells. The dipoleH1) anisotropies

intermediate atomic state. This allows for a formulation infor the transition Pz, — 1s,, plotted in Fig. 2 are similar to

terms of excitation probabilities and in terms of the degree ofho.se .Of Fig. 1. Indeed, the only difference consists in the
alignmentA, . radial integrals for the B3, as compared to thep,, level

Of course, both treatments lead to identical results, alf’md in the energy of the REC photon for a given projectile

though the final formulas have very different appearances€9Y: The 83, and g, states can decay to thesil
Indeed, we checked numerically the identity of both ap-9round state only by an electric quadrupofe2) transition.

proaches in a large number of cases including the results d¥/hile the decay of the &, state(see Fig. 3still leads to an

[4]. This also provides a test of the computer program.

Since the exact numerical evaluation of the anisotropy 0.45
parameterg29) and alignment parametef80) is lengthy, i
we present the results for the experimentally most interesting
cases in Figs. 1-4. The partial wave expansion for the rela- . .
tivistic electron wave function and the multipole expansion i \
for the REC photoriwhich remains undetectgdvas carried 035 - N N
to convergence. For the lowest projectile energies, it was I -\
necessary to include multipole orders up.te 12, while for i
the highest energies multipole orders typically upLte 80
had to be taken into account. In some cases of 10 GeV/u 025 [ NS y E
projectiles, even fol. =99, the accuracy in the anisotropy N AL ]
parameter is only about 1%, whereas in all other cases it is i / ]
by far better. 020 |- N J/ ]

The angular distributions are symmetric about 90 ° in the [ S ]
projectile frame because they originate from the decay of a R S S S Y S A S 1 S WY
state with a definite parity. In particular, they are isotropic if v Pro.;gf"e ener (N::\a/ ) 1o
the intermediate state has= 3, as it is the case for the Ly- : v

as (2pyp—1syy) transition. Figure 1 shows the anisotropy  FIG. 2. Same as Fig. 1, but for capture into tha,3 state.

TTTT T T T T T LI T B B L I B

Anisotropy parameter

040 [
[ 3pae — 1812

- Az/ Ao
o
3
T
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045 - g os0 b Anisotropy parameter E
i o~ . X 3dse — 1812
Anisotropy parameter oas | o P E
Ny, F . i Az/A

“ AU79+\\‘\\ 3daz — 18112 1 o40fF 7T 2ne .

040 - \'\ ‘\ ] : E

. 2 035 &

: Xe®" g ]

< \ S 030 [ =
& S n F
< S s
[ < 025

0.35 [ 1 i ]

b 0.20 - E

015 =
[ . B i E

[ RO - 010 |- B

0.30 | - ]

Lol T B TN I SR i | o el 005 Lol v il PR WERY TR SR 1

10t 102 103 104 101 102 108 104
Projectile energy (MeV/u) Projectile energy (MeV/u)

FIG. 3. Anisotropy parameteB,,=A, /A, as a function of the FIG. 4. Anisotropy parametergB,0=A,/A, and — Bs=
projectile energy for the angular correlation between the beam di—A, /A, as a function of the projectile energy for the angular cor-
rection and the 8;,— 1s,,, quadrupole decay photon emitted after relation between the beam direction and thy,3—1s,,, quadru-
radiative electron capture into bare Xe, Au, Pb, and U projectiles.pole decay photon emitted after radiative electron capture into bare

Xe, Au, Pb, and U projectiles.
angular distribution27) that contains only the zeroth and the
second Legendre polynomial, the transitiomls3—1s,, tile energy. For this case, which is the most important one
yields a more complicated angular distribution containingfrom the experimental point of view, it is seen that radiative
also the Legendre polynomi#l, and hence the anisotropy electron capture occurs mainly into the states with=
coefficient B4, in addition toB,, (see Fig. 4 The anisot- +1/2, indicating an alignment of thg,=3/2 angular mo-
ropy parameterg,q for both quadrupole transitions are posi- mentum perpendicular to the beam axis. Similar results can
tive and have a behavior different from those of the dipolebe inferred from Fig. 2 for the [3;, state. This remarkably
transitions of Figs. 1 and 2. In contrast, the anisotropy papronounced alignment, which comes about by a delicate
rameterB,o of Fig. 4 is negative and smaller. energy-dependent balance of matrix elements in (BEgor

In all cases(Figs. 1-4 we observe that the behavior of (17), implies a strongly linearly polarized Ly, radiation.
the anisotropy coefficien{or alignmen} is qualitatively  From Eg.(34) for the 3d5, state and thepositive sign of
similar for all charge states frorA=54 to 92. The higher B,,=A,/A, in Fig. 3 and, similarly, for the 8, state with
charge states give rise to larger alignments at lower energie¢he values and signs given in Fig. 4 and Eg7), we find
and to smaller alignment at higher energies. In betweeragain a predominant population of the,= + 3 states and
roughly at about 1 GeV/u, the anisotropy is independent ohence an alignment perpendicular to the beam direction. This
the charge state. is consistent with the classical picture that the orbital angular

According to Eqs(32), (34), and(37), the alignment pa- momentum transferred in a collision is directed perpendicu-
rameters can be directly translated into relative populationar to the collision plane.
probabilities of the magnetic substates involved. In Table | In an actual experiment, REC can also occur into highly
we display the relative population probabiliti€32) of the  excited states of the projectile. The excited electron will then
un=*3 andu,= =3 states for REC into the®,, states of  cascade down, predominantly by electric dipole transitions,
Xe>*, Au®", PP?", and U?" as a function of the projec- and eventually may end up in one of the intermediate states

TABLE I. Normalized probabilitiesP(w,) for populating the magnetic substateu,, by REC into the
2pap, state of X&', AU, P2, and U?* for various projectile energies.

Energy Xé Au®* PE2* ozt

(MeViu)  P(x3)  P(x£3)  P(x3)  P(£3)  P(x3)  P(£3)  P(x3)  P(=3)
10 0.842 0.158 0.884 0.116 0.887 0.113 0.895 0.105
20 0.809 0.191 0.871 0.129 0.876 0.124 0.891 0.109
50 0.744 0.256 0.833 0.167 0.842 0.158 0.868 0.132
100 0.695 0.305 0.789 0.211 0.800 0.200 0.833 0.167
200 0.670 0.330 0.747 0.253 0.757 0.243 0.790 0.210
500 0.700 0.300 0.734 0.266 0.740 0.260 0.759 0.241
1000 0.768 0.232 0.769 0.231 0.769 0.231 0.772 0.228
2000 0.837 0.163 0.814 0.186 0.811 0.189 0.799 0.201

5000 0.877 0.123 0.846 0.154 0.842 0.158 0.826 0.174
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considered here. While the cascade photons are usually npigs. 1-4. In all cases, the alignment paramedgrshows
detected, the final decay from theor M shell is measured  significant negative values, while the alignment parameter
by its specific decay energy. One expects that the contribu4, for the 3dg,— 1s,,, transition has a positive value. In all
tion of undetected cascade transitions attenuates the angulgdses, the magnetic substates with==*3% are predomi-
measured distribution. This attenuation has been taken intgantly populated, indicating a remarkable alignment perpen-
account in[4] by using theGRAsP code [11] for cascade dicular to the beam axis.
feeding. In order to compare with experimental data, one has to
take into account the cascade feeding not included here. It
VI. CONCLUDING REMARKS turns out that at the energies for which measurements have

een performedl4], the theoretical alignment is close to its

We have pre'sen'ged the general thepreﬂcal descrlptlon' ‘ﬁwinimum, so that for significantly smaller or larger energies,
the angular distribution and the magnetic-substate populatiof, , anisotropy or the alignment is expected to considerably

n the_ tlme-reversed process of p_h0t0|0n|zat|o_n In lon-atom,, wee the large alignment previously observed.
collisions with a special emphasis on a detailed multipole

decomposition of the photon wave function. The anisotropy
of angular distributions of deexcitation x rays following REC

into the sublevels of the andM shells of highZ projectiles The authors benefitted from a long-standing collaboration
at large nonrelativistic and at relativistic energi@mm 10  with Th. Stdlker, who pointed out to them the cases of

MeV/u to 10 GeV/y are explicitly given and displayed in experimental interest.
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