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Projectile velocity dependence of emission line polarization degrees following slow Ar81-Li „2s…
state-selective electron-capture collisions
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The influence of the projectile velocity on theml distributions of the Ar71 excited states produced by
electron capture during Ar81-Li(2s) collisions is studied experimentally between 1.5 and 4.5 keV amu21 by
measuring the polarization of the emitted light, and theoretically between 1 and 4 keV amu21 by using the
classical trajectory Monte Carlo~CTMC! method. We investigate the 7l 8-8l and 8l 8-9l radiative transi-
tions subsequent to the decay of the 8l and 9l sublevels of ArVIII , which are preferentially populated by the
single electron capture process. A small but not negligible effect is seen for the experimental polarization ratios
relating to transitions from sublevels of largel values, showing a slight increase of the component parallel to
the incident ion beam as the projectile energy increases. Theoretical polarization ratios obtained from CTMC
calculatedml distributions are in excellent agreement with the measured polarization ratios. Electronic energy
curve calculations are then presented in order to discuss these results in terms of dynamical couplings.
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I. INTRODUCTION

Studying charge exchange is of considerable interes
particular, to understand energy-loss processes in fu
plasmas@1#. Indeed, low-energy collisions between impu
ties ~such asAq1 multicharged ions! and hydrogen atoms
give rise to radiative emission which has been explained
due to the decay ofA(q21)1 excited ions produced by th
single-electron-capture process. Experimental and theore
studies@2,3# have been devoted to the determination of
distributions of the excited ionic states produced during s
collisions. From a theoretical point of view, collisions b
tween bare ions and hydrogen targets are the simplest
tems to study single-electron capture processes because
involve only one active electron. Experimentally, they a
very difficult to work out. A mean to face this problem co
sists in studying collisions between partially stripped proj
tiles with a full-shell core and alkali-metal atom targets. W
have then chosen to study collisions between Ar81(2p6)
ions and Li(2s) atoms.

We have already published@4–7# experimental and theo
retical results concerning electron capture followi
Ar81-Li(2s) collisions. They were experimentally studie
for impact energies between 1.5 keV amu21 ~60 keV! and
4.5 keV amu21 ~180 keV! @5–7# by means of near UV and
visible photon emission spectroscopy~200–600 nm!. In this
case,n58 andn59 levels are preferentially populated b
single-electron-capture process and cross sections for ca
into 8l (l 50 to 7! and 9l (l 50 to 8! sublevels were
experimentally determined. Experimental 8l and 9l distri-
butions were in good agreement with theoretical cross s
tions calculated by using the three-body classical trajec
Monte Carlo ~CTMC! method. A strong selectivity in the
l distributions was observed and interpreted as the co
quence of the competition between the Stark effect due to
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electric field of the ionized target@8# and the projectile-core
electron effect@9#. Explicitly, it was found that electron cap
ture preferentially takes place into sublevels such asl >5
~consequence of the Stark mixing effect! and, to a lesser
extent, into sublevels withl 50, 1 ~consequence of the
projectile-core electron effect!. The evolution of thenl dis-
tributions with the collision energy has shown that t
projectile-core electron effect was much stronger at low
ergy than at large energy@6,7#.

In order to have a more complete characterization of
final states of capture, it is interesting, as suggested by S
@10#, to determine theml distributions of the final states
Indeed, according to calculations made by Salin for mo
electronic systems (C61, O81 and Ne101-H(1s)), theml

Zeeman sublevel distributions are more significant for
collision process itself than the finall distributions because
the postcollisional Stark effect due to the electric field of t
residual H1 ion mixes the degenerate or nearly degener
l levels. The l distributions are then deduced from th
ml distributions assuming a complete equirepartition of
ml populations among the differentl levels. Moreover, re-
cent CTMC calculations have given interesting results sho
ing that the presence of the projectile-core electrons has
influence on theml Zeeman sublevel populations@6#. A
mean to experimentally estimate theseml distributions, i.e.,
the degree of alignment of the produced states, is to ana
the polarization of the emitted lines.

In a recent paper@11#, we have presented results concer
ing polarization degree measurements of lines emitted du
80 keV Ar81-Li(2s) collisions. In this experiment, the po
larization degrees of lines corresponding to 7l 8-8l and
8l 8-9l transitions were measured. It was found that lin
involving transitions from sublevels with lowl values
(7l 8-8l and 8l 8-9l with l 50,1,2) are unpolarized
within the experimental uncertainties. On the other hand,
1088 © 1997 The American Physical Society
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FIG. 1. Part of Ar81-Li spectrum~1.5 keV amu21) in the range 222–228 nm in the fourth order. Recordings of 7h-8i , 7i -8k, and
8p1/2-9s1/2 line intensities for two polarization directions.
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lines corresponding to transitions from sublevels of large
gular momentum (l >4) were found to be strongly polar
ized parallel to the incident ion-beam direction, the polari
tion degree increasing with increasingl values.
Qualitatively, these results show up a strong selectivity
theml distributions which is confirmed by CTMC calcula
tions ofs(nl ml ) capture cross sections@11#. The polariza-
tion degrees calculated from these CTMCml distributions
were in good agreement with the experimental results. It
lowed us to assert that sublevels with lowml values
(ml 50, 61, 62) are preferentially populated by sing
capture process for a projectile energy of 2 keV amu21 ~80
keV!.

Following our previous paper, the evolution of theml

distributions is now studied experimentally for collision e
ergies from 1.5 keV amu21 ~60 keV! to 4.5 keV amu21 ~180
keV!, and theoretically from 1 keV amu21 ~40 keV! to 4 keV
amu21 ~160 keV!. The experimental results will be discuss
by comparison with theoretical polarization degrees obtai
with s(nl ml ) capture cross sections calculated by using
CTMC method. Finally, a qualitative analysis based on el
tronic energy curve calculations will be proposed.

II. POLARIZATION MEASUREMENTS

A. Experimental setup

The experimental setup used here has already been
scribed in detail@4–7#. The Ar81 ion beam was produced b
-

-

f

l-

d
e
-

de-

an electron cyclotron resonance~ECR! source at the GANIL
~Grand Acce´lérateur National d’Ions Lourds, Caen, Franc!
test bench. Photons emitted during Ar81-Li(2s) collisions
were detected for various projectile energies in the direct
perpendicular to the Ar81 beam and the Li jet. They were
wavelength selected by a grating spectrometer~SOPRA 700!
in the 200–600 nm range. The polarization of each line c
responding to 7l 8-8l and 8l 8-9l transitions was mea
sured using a polarimeter composed of two polarizers@11#.
The first one is a dichroic polarizer~Polacoat! which can be
oriented parallel or perpendicular to the direction of the
cident ion beam in order to measure the intensity of the em
ted light polarized parallel (I i) or perpendicular (I') to the
ion-beam direction. The second polarizer is a Glan-Tay
prism placed in front of the entrance slit of the spectrome
and fixed at 45° to the ion-beam direction in order to co
pensate for the polarization effects of the grating.

The polarization degree of a line is defined as

P5
I i2I'
I i1I'

.

A part of a typical Ar81-Li spectrum (E51.5 keV
amu21) is presented in Fig. 1 together with some polariz
tion recordings. The intensities recorded for two polarizat
directions are denotedi i and i' . They are referred toimin
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which is obtained by crossing both polarizers. The emit
line intensitiesI i and I' are then defined, respectively, a
( i i2 imin) and (i'2 imin). At last, imax is obtained with polar-
izers parallel to each other.

The experimental uncertainties were evaluated from
recordings ofI i and I' . The uncertainties due to the align
ment defects of the experimental setup are very difficult
evaluate. However, preliminary tests with depolarized lig
of a mercury lamp have shown that they could be neglec
in comparison with those deduced from the recordings.

B. Experimental results

The experimental polarization values are presented a
function of the collision energy in Table I, for each detect
line corresponding to 7l 8-8l and 8l 8-9l transitions. For a
given energy, the general tendency previously observe
@11# is conserved, i.e., 9l and 8l -sublevel decay lines ar
unpolarized or very weakly polarized for low angular m
menta (l 50,1,2), whereas forl >4, the polarization in-
creases with increasingl values.

In the investigated energy range and for a giv
n8l 8-nl transition, the evolution of the polarization degr
remains moderate and depends on thel value of the upper
sublevel: on one hand, sublevels with lowl values
(l 50,1,2) give rise constantly to unpolarized radiati
emission, within the error bars; on the other hand, the po
ization of radiative transitions from sublevels with large a
gular momenta (l >4) is found to increase with inciden
energy. The increase of the polarization degrees is less
portant as thel value increases. Moreover, the energy d
pendence is stronger for 7l 8-8l transitions than for
8l 8-9l transitions.

These observations are quite similar to those reported
Gauntt and Danzmann@12# for Ar81-Na(3s) system in the
0.04–0.06 a.u. velocity range~0.04–0.09 keV amu21) and
Schipperset al. @13# for He21-Na(3s) system in the 2–13.3
keV amu21 energy range. Indeed, Gauntt and Danzmann
served a slight increase of the polarization ofn858–n59
transition of Ar VIII with increasing velocity~from 15 to
20%!, and Schipperset al. have found that the polarizatio
of n8532n54 transition of HeII increases from 20 to 30%
between 2 and 4 keV amu21 and remains constant fo
E.4 keV amu21.

III. ZEEMAN SUBLEVEL DISTRIBUTIONS

A. Polarization and Zeeman sublevel distributions

The polarization degree of a line can be expressed
function of theml distributions of the decaying level, takin
the ion-beam direction as quantization axis. Considering
transition from theugJ& level to theug8J8& level, the inten-
sities I i and I' are related to thesJMJ

Zeeman subleve
populations as

I i} (
MJ ,MJ8

8

MJ5M
J8
8

S J 1 J8

2MJ 0 MJ8D 2

sJMJ

and
d

e

o
t
d

a

in

r-
-

-
-

y

-

a

e

I'} (
MJ ,MJ8

MJ5M
J8
8 ,61

S J 1 J8

2MJ 61 MJ8
D 2sJMJ

.

The sJMJ
Zeeman sublevel populations are related to

sml ms
populations in the following way:

sJMJ
5 (

ml ,ms
ml 1ms5MJ

z^gl sml msuJMJ& z2sml ms
.

The target is not prepared in a magnetic oriented state
sms

5s2ms
, and the ion beam is a symmetry axis for th

experiment, sosml
5s2ml

5s uml u .

If l >3, the wavelengths of the three fine-structure tra
sitions 2LJ8

8 -2LJ are very close and the corresponding lin
are no longer resolved by the optical device. As theL-S
coupling is negligible in this case, Fano and Macek form
ism @14# was used to determine the polarization degree
eachn8l 8-nl transition. The polarization is then express
as

P~n8l 8-nl !5
3h~ l 8,l !A~ l !

41h~ l 8l !A~ l !
,

whereA(l ) is the alignment parameter of thel upper level

A~ l !52p~0!12 (
ml 51

l 3ml
22l ~ l 11!

l ~ l 11!
p~ml !,

where

p~0!5
s0

~s012(ml 51
l sml

!

and

p~ml !5
sml

~s012(ml 51
l sml

!

and

h~ l 8,l !5~21! l 2l 8H l l 2

1 1 l 8
J H l l 2

1 1 l
J 21

.

Theoretical polarization values can then be obtained fr
these final expressions and froms(nl ml ) capture cross
sections~also denotedsml

). In all cases, it leads to a fina

expression of the polarization degreeP as a function of the
sml

populations of the upper level in the form

P5
a0 s01a1 s11a2 s21•••1al 21s l 211al s l
b0 s01b1 s11b2 s21•••1bl 21s l 211bl s l

~1!

where theaml and bml coefficients result either from the

calculation of I i and I' and the change of basi
ul sJ MJ&→ul sml ms& ~transitions 2LJ8

8 -2LJ) or from the
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TABLE I. Experimental polarization rates~%! vs the projectile energy~keV amu21) for lines corresponding to the 7l 8-8l and
8l 8-9l transitions.

Energy Transition 1.5 2.0 2.5 3.0 3.5 4.0 4.5

7p1/2-8s1/2 21.465.2 22.365.0 0.065.0 0.065.8 21.366.0 20.566.0 2.866.8
7p3/2-8s1/2 21.465.5 20.263.0 20.365.0 20.666.4 21.765.2 20.366.0 0.563.8
7d3/2-8p1/2 20.962.8 22.662.6 20.762.7 22.563.8 20.666.7 1.765.9 21.365.0
7d5/2-8p3/2 1.962.5 1.862.4 5.265.2 3.262.0 4.163.6 6.563.7 5.964.4
7 f -8d 24.968.0 21.365.0 2.667.8 1.166.8 21.569.0 21.766.0 ~a!

7 f -8g 6.562.6 11.762.6 16.063.8 16.862.8 18.363.5 18.963.4 20.763.7
7g-8h 13.362.4 17.361.5 20.261.0 21.560.9 23.861.9 24.362.9 25.362.1
7h-8i /7i -8k 23.362.6 25.061.8 26.261.3 27.961.8 29.463.0 29.162.6 28.861.0

8p1/2-9s1/2 0.069.0 1.764.6 2.565.7 22.264.3 ~a! ~a! ~a!

8p3/2-9s1/2 20.362.6 21.662.6 20.663.2 21.264.8 2.165.0 3.767.0 3.069.0
8 f -9g 19.662.6 22.164.6 24.064.1 22.063.4 23.963.9 24.264.1 25.865.3
8g-9h 23.362.3 25.161.4 26.061.0 28.862.5 27.962.7 28.162.4 27.960.8
8h-9i /8i -9k/8k-9l 28.063.3 28.262.8 29.462.8 30.061.9 30.062.5 30.062.1 29.163.0

aThe intensity of this line was too weak.
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calculation of the alignment parameter and the quan
h(l 8,l ) ~transitionsn8l 8-nl ). For n8l 8-nl transitions,
the aml coefficients are found to be positive fo

uml u<Int@(l 11)/2# and negative foruml u.Int@(l 11)/2#,
whereas thebml coefficients are always positive.

It is obvious that the polarization measurements alo
cannot lead to the determination of the experimental Zeem
sublevel populations for the following reason: as soon
l >2, the number of magnetic sublevel populations to c
culate is higher than the number of equations to solve@11#.
However, the above considerations on the signs ofaml and

bml coefficients and the high positive experimental polari

tion degrees (P>20–30%) indicate that magnetic subleve
with low ml values are preferentially populated by th
single-electron-capture process.

Moreover, it is worth noting that theml populations
probably do not vary significantly between 1.5 and 4.5 k
amu21 since the experimental polarization degrees are
strongly energy dependent.

B. CTMC Zeeman sublevel distributions

In order to have more complete informations on the m
netic sublevel distributions and on their energy depende
cross sections for capture into the differentnl ml sublevels
were calculated by using the CTMC method@11#. Theoreti-
cal polarization values were then deduced from theseml

distributions and were compared with our measurements
The CTMC method is based on solving the Hamiltoni

equations for the motion of a three-body system~the valence
electron, the Li1 alkali-metal core, and the Ar81 ionic pro-
jectile! given a set of initial conditions for the projectile an
the target@15,16#. Details on the CTMC method concernin
the use of effective electron-core interactions can be fo
elsewhere@17,18#. Model potentials were used to describ
the interactions between the valence electron and the i
cores Li1 and Ar81, their analytic form, and their paramete
are given in Refs.@4# and @7#. The quantum defects of th
atomic energy levels of the Ar71 ion @19# were also taken
y

e
n
s
l-

-

ot

-
e,

d

ic

into account in the determination of the finalnl ml distribu-
tions. For every trajectory ending in the electron-capture p
cess, the final quantum numbersn,l , andml were deter-
mined through a binning procedure of the classical quanti
~electronic energy, electronic angular momentum, and
projection along the direction of initial velocity taken a
quantization axis! which has already been described in Re
@4# and @11#. A large number of trajectories~between
7.53104 and 1.253105, depending on the collision energy!
was used to insure statistical errors less than 10% for
most populatednl ml sublevels.

The CTMCml distributions are reported in Table II fo
the 8l sublevels and in Table III for the 9l sublevels, in the
range 1–4 keV amu21. For a given energy, the distribution
of the relative capture cross sections are peaked on lowml

values (ml 50,61,62), the populations decreasing rough
as uml u>3. In the considered energy range, and for subl
els with large l values (l >4), the populations of
ml 50,61,62 sublevels increase very weakly with increa
ing energies, and the energy dependence of theml popula-
tions completely vanishes forl 57,8.

For sublevels with lowl values (l 50,1,2,3), the per-
centages of magnetic sublevels ofml 50 (l 51,2,3) and
ml 561 (l 52,3) increase significantly with increasin
energies, showing a clear projectile velocity effect on t
alignment of these states. At last, for a givenl value, the
Zeeman populations are more selective and vary m
slowly for 9l sublevels than for 8l sublevels. The relative
uncertainties on the CTMC cross sections are of 5 to 10%
the most populated sublevels.

The polarization degrees and the corresponding uncert
ties were calculated from theseml distributions. For transi-
tions from sublevels withl >2, the calculations were im
proved by including radiative cascade effects following t
method of Lin and Macek@20# and neglecting transitions
with Dl 5l 2l 8521 for which branching ratios are ver
small. We have considered 10l 9→9l cascades for
9l →8l 8 transitions, and 10l 9→8l and
10l 9→9l 9→8l cascades for 8l →7l 8 transitions. The
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cascade effects were found to be depolarizing for transiti
from n59 whereas the polarization degrees of transitio
from n58 sublevels were slightly enhanced because
alignment transfer fromn59 levels. But in general, the cas
cade effects were found to be weak and did not aff
strongly the calculated polarization values.

The results of measurements and calculations includ
cascade effects are reported in Figs. 2~a!–~e! for 7l 8-8l
transitions and in Figs. 3~a!–~c! for 8l 8-9l transitions, with
the exception of 7p1/2,3/2-8s1/2, 7d3/2-8p1/2, and
8p1/2,3/2-9s1/2 lines which were detected unpolarized, as
was theoretically expected. For transitions involving subl
els with largel values~i.e., l >4), the polarization degree
calculated including the cascades are higher than the ex
mental polarization values, but in the worse cases, the ca

TABLE II. CTMC ml distributions~%! vs the projectile energy
~keV amu21) for single-electron capture into 8l sublevels during
Ar81-Li(2s) collisions.

Energy
m 1.0 1.5 2.0 2.5 3.0 3.5 4.0

8s 0 100 100 100 100 100 100 100
8p 0 20.3 23.8 26.4 27.7 32.0 35.0 39.

61 39.9 38.1 36.8 36.2 34.0 32.5 30.
8d 0 19.3 19.1 18.8 22.0 21.9 25.6 26.

61 18.2 18.8 20.8 21.9 21.2 22.4 23.
62 22.2 21.6 19.8 17.1 17.8 14.8 13.

8 f 0 14.6 14.8 17.0 16.8 19.5 21.2 23.
61 14.3 14.8 14.1 16.0 19.7 19.2 19.
62 14.0 13.9 16.1 13.6 12.7 12.5 12.
63 14.5 13.9 11.3 12.0 7.8 7.7 6.6

8g 0 14.2 13.5 16.6 14.1 16.6 17.9 16.
61 13.0 13.1 14.6 14.6 13.6 14.7 16.
62 11.2 12.2 13.5 13.9 14.6 13.4 13.
63 9.3 11.3 8.8 9.1 9.4 9.5 9.3
64 9.4 6.7 4.8 5.3 4.0 3.5 2.5

8h 0 12.5 12.3 11.8 13.5 13.0 15.1 15.
61 12.5 12.9 12.7 12.4 12.9 13.8 15.
62 10.7 10.7 11.6 11.6 13.2 13.1 12.
63 9.2 10.2 9.5 9.7 9.8 8.4 8.6
64 7.2 6.8 7.2 6.1 4.8 5.3 4.3
65 4.2 3.3 3.1 3.4 2.8 1.9 1.2

8i 0 11.9 12.8 12.2 12.4 14.0 13.9 13.
61 11.2 12.5 12.9 13.7 13.0 13.1 13.
62 9.9 10.1 10.9 11.9 12.4 12.5 12.7
63 9.3 8.1 9.0 8.3 9.1 10.3 9.5
64 6.3 6.4 6.2 5.3 4.9 4.7 5.3
65 4.5 4.0 2.4 2.3 2.0 1.5 1.3
66 2.9 2.6 2.5 2.3 1.6 1.0 0.7

8k 0 12.9 14.0 13.6 14.3 14.1 13.7 13.
61 12.2 13.0 13.4 14.1 13.9 13.2 13.
62 10.0 11.5 12.6 11.6 11.7 12.0 12.
63 7.3 7.5 8.1 9.0 9.3 9.9 9.8
64 4.9 4.4 4.4 5.0 5.4 6.0 6.0
65 3.6 2.7 2.2 1.7 1.7 1.6 1.7
66 3.3 2.1 1.5 0.7 0.4 0.2 0.2
67 2.2 1.9 1.0 0.7 0.5 0.3 0.3
s
s
f

t

g

t
-

ri-
u-

lations hardly stand out of the experimental error bars. A
first observation, the theoretical polarization degrees v
more softly with the collision energy than the experimen
ones. If we except some small discrepancies in the 1–2
amu21 energy range and concerning more specifica
7 f -8g and 8f -9g transitions~for which the theoretical po-

TABLE III. CTMC ml distributions~%! vs the projectile en-
ergy ~keV amu21) for single-electron capture into 9l sublevels
during Ar81-Li(2s) collisions.

Energy
m 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9s 0 100 100 100 100 100 100 100
9p 0 31.6 40.6 39.8 43.3 46.2 52.6 54.1

61 34.2 29.7 30.1 28.4 26.9 23.7 23.0
9d 0 27.7 32.9 31.2 31.0 31.4 30.6 32.9

61 23.8 23.4 25.1 23.8 25.0 28.6 26.8
62 12.3 10.1 9.3 10.7 9.3 6.1 6.7

9 f 0 24.3 24.9 25.6 26.6 25.5 30.2 28.3
61 19.8 21.3 21.7 23.7 24.4 23.1 24.5
62 12.8 12.0 11.6 11.3 11.2 10.6 9.6
63 5.5 4.3 3.9 1.7 1.7 1.2 1.7

9g 0 22.1 23.5 20.2 22.5 23.3 20.2 21.1
61 19.3 19.8 19.8 18.6 18.5 19.7 19.6
62 12.3 12.7 12.5 13.8 13.1 12.8 13.0
63 5.1 4.9 6.4 5.7 6.0 6.8 6.4
64 2.3 0.8 1.2 0.7 0.8 0.6 0.4

9h 0 19.9 20.6 18.4 19.8 20.7 19.2 21.0
61 18.2 18.5 17.4 17.9 18.4 18.5 19.2
62 11.8 12.1 13.4 12.9 11.6 12.9 11.5
63 6.6 6.4 6.7 6.1 5.8 6.1 6.3
64 2.7 2.4 2.8 2.7 3.2 2.5 2.3
65 0.8 0.4 0.5 0.5 0.6 0.4 0.2

9i 0 20.2 19.5 16.8 18.0 18.1 19.0 19.5
61 17.1 17.5 16.8 17.3 17.7 18.3 18.2
62 11.4 12.1 13.8 12.8 13.3 14.1 14.4
63 6.5 6.5 7.1 7.0 6.6 5.6 5.7
64 2.7 2.7 2.2 2.5 2.2 1.7 1.4
65 1.5 1.1 1.1 1.0 0.9 0.6 0.4
66 0.7 0.3 0.6 0.4 0.3 0.2 0.1

9k 0 18.5 18.5 18.0 16.9 15.5 15.6 15.1
61 16.9 16.1 16.6 16.5 16.3 16.2 16.4
62 11.3 12.6 13.4 13.8 14.9 15.0 15.1
63 5.6 6.9 6.8 7.6 8.1 8.2 8.0
64 3.4 2.7 2.4 2.3 2.1 2.1 2.3
65 1.8 1.5 0.9 0.7 0.5 0.4 0.3
66 1.5 0.8 0.6 0.4 0.3 0.2 0.2
67 0.3 0.2 0.3 0.2 0.1 0.1 0.1

9l 0 17.3 18.9 17.2 17.6 16.8 16.9 16.0
61 14.7 16.4 17.7 17.0 16.0 16.1 16.5
62 10.3 11.9 12.7 13.6 14.8 14.8 14.7
63 6.1 5.6 6.5 7.3 8.0 8.0 8.0
64 4.5 2.9 2.3 1.9 1.9 2.0 2.0
65 2.5 1.9 1.2 0.6 0.4 0.3 0.3
66 1.9 1.2 0.6 0.4 0.2 0.2 0.1
67 1.1 0.6 0.3 0.3 0.2 0.1 0.2
68 0.4 0.1 0.1 0.1 0.1 0.1 0.1
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FIG. 2. Experimental and theoretical polarization degrees of lines corresponding to 7l 8-8l transitions vs the projectile energy betwee
1.5 keV amu21 and 4.5 keV amu21. ~a! 7d5/2-8p3/2, ~b! 7 f -8d, ~c! 7 f -8g, ~d! 7g-8h, and~e! 7h-8i and 7i -8k ~the solid squares are relate
to both transitions, the open squares, and the open triangles are related, respectively, to 7h-8i and 7i -8k transitions!.
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larization degrees do not decrease significantly at low
ergy, as was experimentally found!, we observe a good
agreement between the calculated and the experimenta
sults, showing that the CTMC method is suitable to pred
theml distributions.

C. Zeeman sublevel distributions
and charge-exchange processes

1. Phenomenological approach

The ml distributions, and subsequently the polarizati
degrees, reflect both the primary collisional process and
postcollision process which depend in a complicated way
the relative importance of radial and rotational couplings,
Stark mixing and projectile-core electron effects.
-

re-
t

e
n
f

According to calculations made by Salin@10# for mono-
electronic systems„i.e., C61, O81, and Ne101-H(1s)…, only
ml 50 magnetic sublevels are produced during the prim
capture process. Therefore, the population ofml Þ0 sublev-
els is due to postcollisional effects~i.e., the Stark mixing and
the rotational coupling!. In our case, the presence of th
projectile-core electrons, and more specifically, the comp
tion between the Stark mixing effect and the projectile-co
electron effect must be taken into account. The projec
core lifts the degeneracy of the hydrogenic lowl states
(l ,4), and only the highl states (l >4) may be affected
by the Stark effect which mixes the degenerate or nea
degeneratenl sublevels.

The effect of the projectile-core electrons on the polari
tion of the emitted lines has already been studied experim
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tally by Lemboet al. @21# in the case of capture collision
between Na(3s) and Ar81 and Ne81 ions. These experi-
ments have shown that the core effect is depolarizing.
comparison between experimental and CTMC calculated
larization degrees obtained for Ar81-Li(2s) collisions and
those determined from CTMC calculations for O81-Li(2s)
collisions at energies of 2, 3, and 4 keV amu21 ~see Table
IV ! confirms this tendency. Indeed, the polarization of lin
corresponding to transitions involving highl values are seen
to be almost the same for both collision systems, whereas
polarization degrees of radiative transitions involving lo
l values are larger in the case of O81-Li(2s) collisions than

FIG. 3. Experimental and theoretical polarization degrees
lines corresponding to 8l 8-9l transitions vs the projectile energ
between 1.5 keV amu21 and 4.5 keV amu21. ~a! 8 f -9g transition,
~b! 8g-9h transition, and~c! 8h-9i , 8i -9k, and 8k-9l transitions
~the solid squares are related to the three transitions, the
circles, open squares, and open triangles are related, respective
8h-9i , 8i -9k, and 8k-9l transitions!.
e
o-

s

he

in the case of Ar81-Li(2s) collisions. The differences are
clearer in the case of capture into 8l sublevels than for
capture into 9l sublevels, and are less important at 4 ke
amu21 than at 2 keV amu21 for capture into 8l sublevels.
As a consequence, we have to distinguish two cases in
asymptotic evolution of the state alignment : the case of l
l states, which are strongly affected by the core effect,
the case of highl states, which are sensitive to the Sta
mixing.

The evolution of the polarization degrees with the co
sion energy depends on the evolution of the dynamical c
plings with the projectile velocity. It is well established th
radial and rotational couplings are linked, respectively, to
radial and angular relative velocities of the collision partn
and that the projectile-core electron effect is also sensitiv
the impact velocity. Thus, the combination of such differe
effects precludes any simple interpretation.

2. Electronic energy curve calculations

In order to substantiate these conclusions, we have ca
lated, by using a pseudopotential method~see the Appendix!,
the electronic energies of one-electron (X711Li) 1 systems,
whereX[O, Ar. The core-core interaction~mainly the 8/r
repulsive interaction! is not considered in the calculation

f

en
, to

TABLE IV. Theoretical polarization rates~%! vs the projectile
energy~keV amu21) calculated from the CTMCml distributions
for O81-Li(2s) collisions.

Energy
Transition 2.0 3.0 4.0

7p1/2-8s1/2 0 0 0
7p3/2-8s1/2 0 0 0
7d3/2-8p1/2 0 0 0
7d5/2-8p3/2 2.461.2 2.761.7 3.761.3
7 f -8d 4.961.5 7.461.6 8.661.0
~a! 4.0 5.8 6.7
7 f -8g 25.861.8 26.261.8 28.861.0
~a! 25.1 26.2 28.4
7g-8h 25.961.3 28.361.2 28.460.7
~a! 26.9 29.0 29.4
7h-8i 26.761.1 27.660.9 27.160.5
~a! 28.8 29.8 29.5
7i -8k 27.860.9 28.960.7 29.060.5
~a! 30.2 31.4 31.3
8p1/2-9s1/2 0 0 0
8p3/2-9s1/2 0 0 0
8 f -9g 31.361.8 33.561.8 35.260.9
~a! 29.3 31.5 32.6
8g-9h 31.061.3 33.760.9 34.461.1
~a! 29.7 32.3 33.1
8h-9i 32.360.8 33.260.6 33.860.3
~a! 31.3 32.3 32.9
8i -9k 32.661.1 32.960.4 32.860.2
~a! 32.0 32.4 32.3
8k-9l 32.560.6 33.760.3 33.760.2
~a! 32.2 33.3 33.4

aCalculations including the radiative cascade effects.
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since it does not contribute to the nonadiabatic coupli
between the molecular states. For the internuclear dista
rangeR51–40 a.u., the electronic energies relevant to
capture into the levelsn58 andn59 of X71 are shown for
the S and P symmetries in Figs. 4~a! and 4~b! for the
(O711Li) 1 system, and in Figs. 5~a! and 5~b! for the
(Ar711Li) 1 system. The two electronic energy curves ju
above and just below the two manifolds of energy curves
also shown in the figures. In particular, theS energy curves
just above the uppermostS energy curve correlating to th
n59 level ofX71 ion, and which goes to the 2s state of Li
at largeR values through numerous nearly diabatic crossi
of S-energy curves, is the entrance channel for the elect
capture process. The electronic energies for the symme

FIG. 4. Potential energy curves of (O711Li) 1 system calcu-
lated in the internuclear distance rangeR51–40 a.u.~a! S states,
~b! P states.
s
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L>2 have also been calculated, but are not of interest
the present discussion as varying too monotonously withR.

(a) (O711Li )1 system. Considering the (O711Li) 1

system, two avoided crossings between the entranceS chan-
nel and the lowestS energy curve of each of the two man
folds of molecular channels correlating to then58 and 9
levels at largeR values are clearly seen atR'22.5 a.u. and
R'32.4 a.u., respectively. They are responsible for the
mary radial couplings leading to populate, at largerR values,
the 8l and 9l state manifolds by Stark effect of the residu
Li1 ion @10,18#. Beside these primary radial couplings, the
are also primary rotational couplings between t
S-entrance channel and theP-energy curves of the electron
capture channels in the curve crossing regions, which th
fore participate to populate directly the variousl levels at

FIG. 5. Potential-energy curves of (Ar711Li) 1 system calcu-
lated in the internuclear distance rangeR51–40 a.u.~a! S states,
~b! P states.
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largeR values. These rotational couplings should be m
effective at large than at low energies. In the absence of
other couplings, only them50 and61 substates would be
populated in the electron-capture process. However, be
these primary couplings, there are also intrashell (Dl 50)
and intershell (Dl Þ0) rotational couplings between th
molecular states of a same manifold of electron-capt
channels. Those successive rotational couplings~between
molecular states withDL561) are responsible for popula
ing predominantly largel values, and for determining th
final m distribution within al subshell at largeR values.

(b) (Ar711Li )1 system. In the case of the
(Ar711Li) 1 system, the degeneracy of the levels f
l <2 is removed by the presence of the core electrons in
separated atom limit. The results are that theS-electronic
energy curves correlating to these levels show up avoi
crossings with the entrance channel and among themse
in the regionR'20–23 a.u. for those correlating to th
n58 level, andR'28–33 a.u. for those correlating to th
n59 level. These regions of radial couplings at the avoid
crossings are responsible for the core-electron effect
served in Ar81-Li(2s) collisions, where lowl values are
populated in the electron-capture process@4–7#. The other
S-energy curves correlating to capture levels withl >3
show the similar Stark behavior than observed for
(O711Li) 1 system, at distances larger than at the cross
regions with the entrance channel.

At very high energies, all the avoided crossings becom
diabatic and no core-electron effect should be observed
for O81-Li(2s) collisions.As the energy decreases, it is the
primary population of the molecular channels correlating
the 8s,8p,8d and 9s,9p,9d sublevels which should be re
sponsible for populating 8l and 9l sublevels with largel
values, by Stark effect and rotational couplings, as
O81-Li(2s) collisions. Comparatively, the avoided crossin
associated withn58 sublevels have much larger ener
splittings than the corresponding ones associated w
n59. Therefore, as the energy decreases, the core-ele
effect should manifest first in the finall distribution of
n58 level, and at lower energies in the case ofn59 level.
In the case of capture into 8l levels with l <2, various
mechanisms by radial coupling may occur, which may co
plicate the electron-capture mechanisms. For example,
radial coupling may directly bring the electron from th
S-entrance channel~presently, theS-electronic energy curve
correlated to the 8f sublevel! to the S-molecular channe
correlated to the 8s sublevel~notedS8s). But it can also be
done via the radial coupling from the entrance channel to
molecular channelS9p , followed by the subsequent radia
coupling to the capture channelS8s ~other possibilities exist
also via theS9d channel!. Finally, the rotational couplings
between theS-entrance channel and theP-molecular chan-
nels can also populate directly the variousnl capture chan-
nels. These radial and rotational couplings should contrib
to populate sublevels withm50 and61. But it is the sub-
sequent intrashell and intershell rotational couplings betw
the various capture channels at distancesR larger than at the
regions of primary couplings, which will finally determin
the distributionnl ml of the captured electron. The majo
difference however with the case of O81-Li(2s) collisions is
e
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that, for Ar81-Li(2s) collisions, the intershell rotational cou
plings between the capture channels correlating to nonde
eratenl levels will be much weaker than between tho
correlating to degenerate or quasidegenerate levels. For t
levels, the intrashell couplings will be strengthened, lead
to a broadening of them distribution; therefore, one shoul
observe emission lines from these levels which are more
polarized than in the case of the O81-Li(2s) collisions.
These effect should be more visible for then58 capture
level than for then59 capture level because the remove
the degeneracy is weaker in the latter case. This is ind
found in the CTMC calculatedm distributions~see Tables II,
III !, and observed both in the measured and CTMC ca
lated polarization degrees~see Figs. 2, 3!.

At very low energies, some avoided crossings between t
entrance channel and the capture channels withl .2, which
appear to be diabatic for the present energy range, may
come efficient for radial coupling while the rotational co
plings are weakened; it would result in an increase of
polarization for the emission lines of these capture sublev
Note that in the case of theP-electronic energies of the
(Ar711Li) 1 system@see Fig. 4~b!#, avoided crossings are
also observed between the two lowest curves of the s
manifold of molecular levels correlated at large distances
n58 and 9 levels~respectively, atR'20 a.u. andR'25.5
a.u.!. After transfer of the electron by radial coupling b
tween theS-entrance channel and the molecular chann
associated with the 8d and 9d levels, the subsequent radia
coupling between theP-molecular channels may contribut
to the population of the 8p and 9p levels, and therefore may
contribute to increase the population ofm561 sublevels
with respect to the one for the O81-Li(2s) collisions. That is
observed for the CTMC calculatedm distributions of the
8p and 9p levels ~see Tables II, III!.

It is also worth it to notice that the structure observed
the S-P or P-electronic energy curves, at distancesR
smaller than at the regions of primary crossings discus
above, are quite real; it is due to couplings with upper m
lecular states, as can be shown by diabatic calculations o
present set of electronic energies, using reduced state b
sets. Finally, we note that the regions of primary radial a
rotational couplings discussed above are consistent with
maximum values of impact parametersb which contribute
significantly to the CTMC calculated cross sections, tha
bmax'35 a.u. for the two systems.

In conclusion, the present qualitative discussion based
the consideration of calculated electronic energy curves s
to agree on the whole with the experimental observations
the behavior of the CTMC calculatednl ml distributions
with the energy. However, a detailed understanding of
mechanisms involved in the determination of the fin
nl ml distributions would need not only to calculate all th
couplings, but also to solve the set of coupled equations
the collisional problem. This seems difficult to achieve
view of the large number of molecular channels which wou
be required, and because of the intricate role of the vari
radial and rotational couplings to be considered.

IV. CONCLUSION

We have measured the polarization degrees of lines re
ing to 7l 8-8l and 8l 8-9l transitions emitted in the nea
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TABLE V. Values of the parameters~in atomic units! used in the parametric potentials@Eqs.~3! and ~4!# describing the electron-core
interactions.

Core Z ad aq8 r c A0 A1 A2 B0 B1 B2

Li1 1 0.1925 20.032 0.573 5.947 20.849 20.584 1.286 1.528 1.789
Ar81 8 0.3708 0.0107 0.965 63.36 34.58 215.17 5.463 4.840 8.870
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UV and the visible range by the Ar71 ions produced by
single-electron-capture during Ar81-Li(2s) collisions be-
tween 1.5 keV amu21 and 4.5 keV amu21. For transitions
from sublevels with largel values (l >4), we have found a
slight increase of the polarization with the collision energ
the effect vanishing asl increases. CTMC calculations hav
shown that the projectile velocity has a small but not ne
gible influence on theml -distributions, which is mainly seen
for sublevels of lowl values. Theoretical polarization va
ues calculated from these CTMC distributions and tak
cascade effects into account are in good agreement with
experimental ones, within the error bars.

The increase of the polarization with the collision ener
indicates that, after the collision, the electronic cloud tend
be more and more aligned parallel to the incident ion-be
direction. In terms of magnetic sublevel populations,
means that the probability of capture into sublevels with l
m values (ml 50,61,62) is enhanced when the projecti
velocity increases. This can be explained as due to the r
tional coupling, which is more effective at high energy.
low energy, the comparison with the (O711Li) 1 system
allows us to assume that the projectile-core electron ef
tends to depolarize the radiative emissions by promoting
intrashell broadening of the magnetic sublevel distributio

Summarizing, the final alignment of the produced sta
depends in a complicated way on the behavior with the
ergy of the different couplings involved during the collisio
But in the present work, the energy range is not large eno
to induce a strong velocity effect. It would be of interest
investigate a wider energy range, more specifically at low
energies, in order to check the existence of a minimum of
polarization degree, as is supposed in Sec. III C 2. Moreo
the comparison with a projectile carrying a different co
could provide more informations on the influence of the c
electrons on the final states of capture. At last, for a m
detailed interpretation of theseml distributions, the presen
work should be a basis for theoretical investigations to e
mate these effects.
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APPENDIX

The electronic energies of the (X711Li) 1 systems,
whereX[O, Ar, are calculated by using a pseudopoten
method @22–24#. For molecular structure calculations, th
use of a pseudopotential is well appropriate as the core
bitals have not to be included in the state basis set expan
of the electronic wave function of the system.

In the method, the problem is reduced to a three-bo
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interaction~the active electron and two ionic cores!, where
the interaction between the active electron and the two io
cores with closed shells is described by an effective inter
tion. The electronic energies are then obtained by solving
one-electron Schro¨dinger equation

@He1« i~R!#Ce
i 50 ~A1!

for any distanceR between the two cores~the Born-
Oppenheimer approximation!. As usual, the adiabatic ene
gies Ei(R) can be determined from« i(R) by adding the
interaction between the two ionic cores. The electro
Hamiltonian is defined as

He52 1
2¹ r1VX1VLi1VCT, ~A2!

whereVX andVLi are operators describing the effective i
teractions between the electron and the ionic cores.VCT is a
three-body interaction~the well-known cross term! which
has to be included in the calculations so that the adiab
energiesEi(R) have the correct behavior at large distanc
It results from the instantaneous polarization of each of
two cores by the electron and the other core@24#. In the case
of O81, VX is just the Coulomb interaction. For each co
Ar81 and O81, the effective interactionVX ~we will ignore
the indexX) is defined as

V5(
l

Vl ~r !Pl 2
Z

r
2ad

r 2

2~r 31r c
3!2

2aq8
r 3

2~r 31r c
3!4

,

~A3!

wherePl is an angular momentum projector on the core a
Vl (r ) is a Gaussian-type pseudopotential

Vl ~r !5Al exp~2Bl r
2!. ~A4!

Z is the net charge of the core at large distancer . ad is the
static dipole polarizability of the core, andaq8 is an effective
quadrupole polarizability including the dynamical correcti
to ad . The short range semilocal pseudopotent
( l Vl (r )Pl takes into account the Pauli effects and the
complete screening of the nucleus by the core electron
small r distances. In practice, the summation overl in Eq.
~A3! can be reduced to a few values ofl @23#. The values of
the parametersAl andBl definingVl (r ) are determined to
fit spectroscopic data of the Ar71 ion and Li atom. Their
values, as those ofad , aq8 and the cutoff radiusr c are given
in Table V. The electronic wave functionCe(r ,R) is con-
structed using a two-center expansion in terms of a lin
combination of atomic wave functions~linear combination of
atomic orbitals method! for theX71 ion and Li atom

Ce~r ,R!5(
i
ci~R!F i

X~r X!1(
j
dj~R!F j

Li~rLi ! ~A5!
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1098 55C. LAULHÉ et al.
Numerical wave functions are used in the expansi
They are obtained by solving the radial Schro¨dinger equation
for the X71 ion and the Li atom. For Li, the 2s, 3s, 2p,
3p, and 3d wave functions have been considered. For
X71 ion, all the wave functions from the ground state up
the manifold of atomic states associated with then515 level
have been included in the expansion. A fully numerical co
has been previously developed for the molecular calculat
@25#, where the matrix elements are calculated by Gau
Legendre and Gauss-Laguerre integrations. In this code
problem of linear dependency of the state basis set ex
sion, which may arise when the basis set is large, is a
matically controlled in the diagonalization procedu
@26,27#.

The electronic energies have been calculated for e
symmetryL of the system, whereL is the absolute value o
the projection of the total orbital momentum of the syste
H.
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along the internuclear axis~taken as quantization axis!. As a
test of the numerical code, calculations have been done
the S electronic energies of the (Ar711H)1 system for
which previous one-electron diatomic molecular~OEDM!
calculations @28,29# were performed. In the case o
Ar81-H(1s) collisions, the electron-capture process pop
lates mainly then55 manifold of the Ar71 ion, and all the
avoided crossings between the relevant electronic ene
curves calculated by our method are in good agreement
those obtained by the OEDM calculations in the ran
R;4–12 a.u. Other tests of the method for t
(H1alkali-metal atom)1 systems have also shown goo
agreement with previous pseudopotential calculations us
Slater-type orbitals in the atomic state expansion@23#. The
present method allows us to determine the electronic e
gies associated with high atomic Rydberg states in the s
rated atom limit.
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