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Excitation and alignment effects in Ar8¿-Cs„6s,6p… collisions at low energies
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The influence of the excitation and the alignment of a laser-prepared target on the finalnl ml distributions
are studied in Ar81-Cs(6pS) and Ar81-Cs(6pP) collisions. These collisions are studied experimentally by
means of near UV and visible photon spectroscopy~200–600 nm! in the 0.4–4.0 keV/amu energy range, and
theoretically by using the three-body classical trajectory Monte Carlo~CTMC! method at 0.1–4.0 keV/amu.
Calculations of electronic energies for the one-electron$Ar71-Cs%1 molecular system have allowed an analy-
sis of the results in terms of dynamical couplings. Polarization rates for single-electron-capture lines corre-
sponding to transitions between high-l values states are also measured. The comparison with those calculated
from the CTMC results provides information about the magnetic sublevel distributions and the influence of the
initial alignment of a laser-prepared target.

DOI: 10.1103/PhysRevA.65.032712 PACS number~s!: 34.10.1x, 34.70.1e
ce
tro
io
-
o-
th
om
ca

f

la
c

na
in
al
c

a
ile

al

ra

-
tile
not

ave

m
the
the
52

ion
he
pa-
the
nd,
nce
us

ns

iza-
I. INTRODUCTION

In a previous paper@1#, we studied Ar81-Cs(6s) colli-
sions at low energies~0.4–5.0 keV/amu! by UV and visible
photon spectroscopy. In this energy range, the main pro
that occurs is the capture of the active loosely bound elec
of the target by the incident ion with a large cross sect
@2,3#. We determined thenl distributions of the most popu
lated levels of the Ar71 ions. The measurements of the p
larization rates of the single-electron-capture lines and
comparison with the polarization degrees calculated fr
s(nl ml ) cross sections determined by using the classi
trajectory Monte Carlo~CTMC! method@4–6# allowed us to
have information on theml distributions. The knowledge o
the final nl and nl ml distributions gives information on
the importance of the various mechanisms that take p
during the collision. In the present paper, we study the effe
of the initial alignment of a laser-prepared target on the fi
nl andnl ml distributions: the cesium atoms are excited
the 6pS and 6pP aligned states, i.e., the electronic orbit
cloud is, respectively parallel and perpendicular to the in
dent ion beam~Fig. 1!.

Some systems with laser-prepared target have alre
been studied. Most of them concern low-charged project
@Na1-Na(3p) @7,8#, H1-Na(3p) @9,10#, He1-Na(3p) @11#,
He21-Na(3p) @12–15#, He21-Li(2 p) @16,17# and Ar21,
Ne21-Na(3p) @18##. However, some studies have been re
ized with highly charged ions, Ar71-Na(3p) @19,20#,
O81-Na(3p) @21#, and C41-Na(3p) @22#. These works al-
lowed us to determine thes i(n) and/ors i(n,l )( i[S,P)
cross sections and showed an important anisotropy, cha
terized by the parameterA defined by

A5
sS2sP

sS1sP
. ~1!
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The anisotropy parameterA depends on the projectile veloc
ity @23–25# and on the size and the charge of the projec
@22#. In order to study the influence of these parameters,
only on thenl distributions but also on thenl ml distribu-
tions when the target is prepared in an excited state, we h
chosen to extend our previous work on the Ar81-Cs(6s)
system to the study of the Ar81-Cs(6pS) and
Ar81-Cs(6pP) systems. Apart from the fact that the cesiu
atom is an alkali atom such as lithium or sodium atoms,
choice of a cesium target is purely technical. Indeed,
marketing of power single-mode laser diode working at 8
nm, i.e., corresponding to the 6s-6p caesium transition, al-
lowed us to realize a compact laser excitation setup.

In this paper, we present the results obtained for collis
energies from 0.1 to 4.0 keV/amu. After a brief outline of t
experimental setup, we describe in details the optical pre
ration of the cesium target. We explain on one hand, how
excited cesium fraction is determined and on the other ha
how fine and hyperfine effects are taken into account. Si
the CTMC method was already described in our previo
study @Ar81-Cs(6s) collisions @1##, we just outline it here,
laying emphasis on the determination of the initial conditio

FIG. 1. Spatial alignment of charge cloud versus laser polar
tion.
©2002 The American Physical Society12-1
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V. BAZIN et al. PHYSICAL REVIEW A 65 032712
for Cs target excited and aligned in the 6pS or 6pP states.
After this presentation, we report experimental results,
particular, spectroscopic results, emission cross sections
polarization rates of single-electron-capture lines cor
sponding to transitions between high-l values. The experi-
mental emission cross sections and polarization rates
compared with the calculated CTMC ones. In particu
comparisons between experimental and CTMC calcula
polarization rates give information on thenl ml distribu-
tions versus the collision energy. Finally, the dynamics of
collision is analyzed from calculations of electron
potential-energy curves for the$Ar71-Cs%1 molecular
system.

II. EXPERIMENT

A. General features of the experimental setup

The experimental setup used to study the collisions
tween Ar81 ions and a pure Cs(6s) ground-state target ha
already been described in a previous work@1#. The ion beam
is produced by an ECR source of the GANIL~Grand Acce´l-
érateur National d’Ions Lourds, Caen, France!. After a q/m
selection, the Ar81 ions are focused inside a collision cham
ber on a well-collimated jet of cesium atoms. The cesi
beam whose direction is at 45° from the Ar81 ion beam is
produced in an oven. In the opposite direction, a mova
Langmuir-Taylor detector@14,26# is used to measure th
atomic caesium beam density~109 atoms per cm3!.

A decelerating device was installed at the vicinity of t
collision area in order to investigate the low-energy ran
~0.4–4.0 keV/amu! @27#.

The photons emitted in Ar81-Cs(6s,6p) collisions are de-
tected perpendicularly to the direction of the incident i
beam. They are wavelength selected by a normal incide
grating spectrometer and detected by a photomultiplier in
~200–600!-nm wavelength range. Emission cross sections
ArVIII lines are determined from photonic spectra. In ord
to measure the intensity of the emitted light polarized alo
(I i) or perpendicular (I') to the ion beam, a polarimeter i
installed in front of the entrance slit of the spectrometer. I
composed of two polarizers: a rotating Polacoat whose
larization direction can be oriented parallel or perpendicu
to the direction of the ion beam and a fixed Glan-Tay
prism that compensates for the polarization effects of
spectrometer~grating and mirror!. The polarization degreeP
of the emitted lines is determined from the direct measu
ments ofI i and I' and is defined by

P5
I i2I'

I i1I'

. ~2!

B. Optical preparation of the cesium target

In our experiment, we are only interested in the 6s2S1/2
→6p2P3/2 transition whose wavelength is equal to 852 n
The caesium has a nuclear spinI 5 7

2 . The 6s2S1/2 and
6p2P3/2 fine levels are split into hyperfine levels~Fig. 2!.
Initially, the population is distributed statistically among th
fundamental hyperfine levels: 44% for the 6s2S1/2(F53)
03271
n
nd
-

re
,
d

e

-

le

e

ce
e
f

r
g

s
o-
r

r
e

-

.

level and 56% for the 6s 2S1/2(F54) level. In order to opti-
mize the number of excited cesium atoms, both hyperfi
fundamental levels have to be pumped in the 6p configura-
tion. Note also that the pumping of these two levels allows
cast off the trapping effect@28# that can reduce the excite
caesium fraction. As a consequence, two pumping frequ
cies are needed. Two powerful single-mode distribu
Bragg reflector laser diodes~SDL 5712 H1 and SDL 5722
H1! were then used to pump the 6s 2S1/2(F53)
→6p 2P3/2(F53) and 6s 2S1/2(F54)→6p 2P3/2(F55)
transitions since no electro-optical modulator inducing si
bands on the primary frequency of a laser works at 919
MHz @23# ~see Fig. 2!. The laser light is linearly polarized
and crosses both ion and caesium beams at right angles

At the operating temperature~300 K!, the Doppler broad-
ening of a hyperfine line is about 380 MHz and then is up
than the gap between two successive hyperfine levels of
excited state@29# ~Fig. 2!. In these conditions, a saturate
absorption setup has been used to resolve the hyperfine
ting of the 6p2P3/2 level @30#. An example of saturated ab
sorption profile is shown in Fig. 3. The observed dips a
called Lamb dips and correspond either to hyperfine tra
tions or crossover@30#. Since the laser linewidth~3 MHz! is
very weak, the dip width corresponds mainly to the natu
Cs(6p) linewidth ~about 30 MHz! @31#.

Finally, each laser frequency is locked to one of both h
perfine transitions so that the pumping may be efficient. T
principle consists first in modulating at low frequency~373
Hz in our case! the detected saturated absorption sig
around the Lamb dip corresponding to the cesiu
6s 2S1/2(F53)→6p 2P3/2(F53) or 6s 2S1/2(F54)
→6p 2P3/2(F55) transition. Then the signal is derived b

FIG. 2. Hyperfine splitting of the 6s 2S1/2→6p 2P3/2 transition.
2-2
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FIG. 3. Experimental saturate
absorption profile.
m
l t
m

ta
ot
on
a
a

i
h

-
o

s

e
o-

p-
24

ser
nsi-
ion.
de-
ot

by
using a lock-in amplifier. As the obtained curve is asy
metrical and changes sign, an integrator is used to cance
derived signal that corresponds to the maximum of the La
dip.

C. Determination of the excited cesium fraction

The target beam is composed of atoms in the ground s
and in the excited state because the cesium atoms are n
excited in the 6p state. The average excited cesium fracti
is defined by the ratio between the excited-state density
the total cesium density. The recorded photonic spectra
due to Ar81-Cs(6s) and Ar81-Cs(6p) collisions. Thes6s,6p
emission cross section is, therefore, expressed as

s6s,6p5 f̄ s6p1~12 f̄ !s6s , ~3!

wheres6s is the emission cross section with cesium atoms
the ground state ands6p the emission cross section wit
cesium atoms in the 6p excited state.

The excited fraction f̄ is determined from the laser
induced deflection of the cesium beam and the results
tained previously by Schlatmann@14# in He21-Na(3s,3p)
collisions. The average excited cesium fractionf̄ can then be
determined by the following formula:

f̄ a
v̄d̄

Nv0
, ~4!

where v̄ is the average velocity of the cesium beam,d̄ the
average deflection due to the radiation pressure of the la
N the maximum number of excitation cycles, andv0 the
velocity change by the absorption of one photon. The defl
tion is determined by recording two Langmuir-Taylor pr
03271
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files with laser ‘‘off’’ and laser ‘‘on’’ ~Fig. 4!. Generally, the
average excited cesium fraction is about 10%.

The weak fraction may be explained by the vertical Do
pler effect due to the laser-beam divergence. It is about
MHz and is more or less equal to the natural Cs(6p) line-
width. It is, therefore, possible that the outputs of the la
diodes are not tuned to the corresponding hyperfine tra
tions and contribute to decrease the excited cesium fract
Note that the earth magnetic-field effect is too weak to
tune the laser diodes. At best, it is equal to 3 MHz. It is n
necessary to compensate for it.

D. Fine and hyperfine coupling effects

The laser polarization and then the Cs(6p) charge cloud
can be aligned parallel or perpendicular to the ion beam

FIG. 4. Langmuir-Taylor profile with laser ‘‘off’’ and laser
‘‘on.’’
2-3
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V. BAZIN et al. PHYSICAL REVIEW A 65 032712
using a half wave plate~Fig. 1!. However, due to the fine an
hyperfine couplings effects, a target polarized parallel~re-
spectively perpendicular! to the ion beam does not corre
spond to a target prepared in the 6pS state ~respectively
6pP state! but only to a target polarized in majority in th
6pS state ~respectively 6pP state!. Thus, to compare ex
periment and theory,s6pS and s6pP cross sections hav
been expressed as function ass6p

i ands6p
' cross sections by

using the alignment parameter formalism. The alignment
rameter of the Cs(6pml ) target is expressed as@32#

a05(
2l

1l

@3ml
2 2l ~ l 11!#rml

~5!

with l 51 for a p state. This parameter is calculated in t
photon frame in which the quantization axis is parallel to
polarization vector of the laser light. In the stationary con
tions,a052 10

17 that corresponds tor05 9
17 andr615 4

17 .
For a comparison with the theory, the populations have

be expressed in the collision frame in which the quantizat
axis is chosen parallel to the ion beam. Because of the a
symmetry of the collision system, both orbitals perpendicu
to the ion beam axis are equivalent and are summed to f
an orbital calledP. The third orbital that is parallel to the io
beam is denotedS. The population of 6pS and 6pP orbitals
can be calculated in the collision frame in terms ofr0 and
r61 populations.

When the electric vector is parallel to the ion beam ax

r6pP
i

5r211r15
2

3
1

a0

3
~6!

and

r6pS
i

5r05
1

3
2

a0

3
. ~7!

When the electric vector is perpendicular to the ion be
axis

r6pP
' 5r211r05

2

3
2

a0

6
~8!

and

r6pS
' 5r15

1

3
1

a0

6
. ~9!

The s6p
i and s6p

' measured cross sections are then
pressed in terms ofs6pS and s6pP cross sections. Finally
the formulas are easily transformed to correspondings6pS

ands6pP cross sections via

s6pS5 26
10 s6p

i
2 16

10 s6p
' ~10!

and

s6pP52 8
10 s6p

i
1 18

10 s6p
' . ~11!
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III. CTMC CALCULATIONS

Details of the three-body CTMC method have alrea
been given in our paper on Ar81-Cs(6s) collisions @1#,
where the parameters of the model potentials used to
scribe the interactions between the active electron and
Cs1 and Ar81 cores were reported. For the Ar81-Cs(6p)
collision, the binning procedure of the relevant classi
quantities to determine the finaln, nl , andnl ml distribu-
tions remains identical. Nevertheless, in the case of a2P
aligned target, the initial conditions for the excited a
aligned target must be carefully examined. As usual@4#, once
the electronic energy of the Cs(6p) is given ~the energy
splitting of the fine-structure levels can be neglected!, the
initial classical orbit of the active electron about the co
target is pseudorandomly determined from a microcanon
distribution by using the method of Reinhold and Falc´n
@33#. In addition, the initial orbital quantum numberl is
specified by the classical angular momentumL c and the con-
dition

l <Lc,l 11 ~12!

with l 51. For a 2P aligned target, a collision plan must b
specified. The collision plan is chosen to beOXZ, with OZ
parallel to the incident ion beam. Then, since the laser li
is linearly polarized, we proceed as it follows to determi
the S andP symmetry states of the target. The quantizati
axis is chosen successively amongOX, OY, andOZ. For each
choiceOZ of the quantization axis, the electronic cloud w
be parallel to this axis if the projectionLc

z of L c verifies the
condition

2ml 21

2l 11
<Lc

z,
2ml 11

2l 11
~13!

with ml 50. Thus, the choiceOZ as quantization axis with
the condition~13! defines the electronic cloud of the initia
orbit to be parallel to the incident ion beam, the initial orbit
is denotedS. For the choiceOX, the electronic cloud is per
pendicular to the incident ion beam, in the collision plan, t
initial orbital is denotedP1. Finally, for the choiceOY, the
electronic cloud is perpendicular to the incident ion be
and perpendicular to the collision plan, the initial orbital
denotedP2. For each choice of the quantization axis, t
Hamilton’s equations are solved and the corresponding st
selective cross sectionssS , sP1, andsP2 are determined.
For each calculation, between 53104 and 2.53105 trajecto-
ries have been used to ensure finalnl distributions with
statistical errors of 3–10% for the most populated levels~n
511, 12, 13, and 14! while the nl ml distributions have
statistical errors of 8–20% for the most populatednl sub-
levels. However, because the experiment cannot specify
orientation of the electronic cloud perpendicular to the in
dent ion beam, we define an averaged cross section

sP5
sP11sP2

2
~14!
2-4
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corre sponding to an initial orbitalP. The CTMC calcula-
tions have been performed in the 0.1–4 keV/amu ene
range.

For comparison with the experimental data, line-emiss
cross sections have been calculated from cross section
electron capture into thenl sublevels. Transitions probabili
ties calculated by Lindga˚rd and Nielsen@34# for states with
l <4, otherwise hydrogenic transition probabilities, ha
been used in the calculations that take also into account
sible cascading radiative transitions from highnl levels~up
to n520!. Details of the calculation of polarization rate
from CTMC calculatednl ml cross sections can be found
Refs.@38#, @40#. The calculation of the polarization rates in
cludes radiative cascade effects up ton514.

Before presenting the experimental results, it is worth n
ing that the CTMC calculated total electron captu
into Ar71 from Cs(6p) are about a factor 2 larger than fro
Cs(6s). Also, while the electron capture from Cs(6s) is
predominantly into then510 level for the low energies an
also into then511 level at 4 keV/amu@1#, it is predomi-
nantly into then512 and 13 levels from a Cs(6p) target
at low energies, then distribution broadening much a
large energies. This can be seen in Fig. 5, where the in
ence of the alignment of the excited state is shown to
negligible.

FIG. 5. CTMC calculated cross section at projectile energies
0.25 keV/amu~circles! and 4 keV/amu~triangles! for electron cap-
ture into n levels of Ar71 from Cs(6pS) ~full symbols! and
Cs(6pP) ~open symbols!.
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IV. EXPERIMENTAL RESULTS AND COMPARISONS
WITH CTMC CALCULATIONS

A. Spectroscopic results

The recorded photonic spectra correspond to a mixture
Ar81-Cs(6s) and Ar81-Cs(6p) systems. Most of the ob
served lines due to the single-electron-capture process w
already identified in a previous work@1#. However, three
more lines corresponding only to transitions between highl
values states have been identified in the~200–600!-nm
wavelength range by using theoretical data obtained fr
spectroscopicab initio pseudorelativistic Hartree-Fock ca
culations @35#. These lines are presented in Table I. Th
correspond toDn52 to 3 transitions fromn513 and 14. As
already noticed above, as the 6p electron is less bound tha
the 6s one, the reaction window for electron capture fro
Cs(6p) is shifted towards highern values centered aroun
n512. Among these lines, only 11k,l ,m,n-14l ,m,n,o tran-
sitions are clearly identified. The two other lines are sup
posed unfortunately with lines already observed
Ar81-Cs(6s) collisions. Nevertheless, taking into accou
the increase of each line intensity and the identification
11k,l ,m,n-14l ,m,n,o transitions, one can assume th
10i ,k,l ,m-13k,l ,m,n and 11k,l ,m,n-13l ,m,n,o transitions
are respectively superposed with 9h,i ,k,l -11i ,k,l ,m and

f

TABLE I. The observed lines~1! HFR calculations,~2! present
experimental results.

Transition

Wavelength~nm!
in vacuum

~1!

Wavelength~nm!
in air
~2!

10i -13k 348.72
10k-13l 348.74 348.6460.08
10l -13m 348.73
10m-13n
11k-13l 606.62
11l -13m 606.59 606.4960.16
11m-13n
11n-13o
11k-14l 450.24
11l -14m 450.24 450.0460.08
11m-14m 450.25
11n-14o 450.25
TABLE II. Experimental emission cross sections (10216 cm2) versus projectile energy~keV/amu! for
single electron capture in Ar81-Cs(6pS) collisions.

Energy
nl -n8l 8 0.4 1.0 2.0 3.0 4.0

9h,i ,k,l -11i ,k,l ,m
1 245.76122.9 191.0695.5 269.76134.9 416.76208.4 241.36120.7

10i ,k,l ,m-13k,l ,m,n
9h,i ,k,l -12i ,k,l ,m 190.96103.1 176.2695.1 146.7679.2 3.8668.6

10i ,k,l ,m-12k,l ,m,n 232.96116.5 216.36108.2
11k,l ,m,n-14l ,m,n,o 19.369.7 58.2629.1 30.7615.4 38.0619.0
2-5
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TABLE III. Experimental emission cross sections (10216 cm2) versus projectile energy~keV/amu! for
single electron capture in Ar81-Cs(6pP) collisions.

Energy
nl -n8l 8 0.4 1.0 2.0 3.0 4.0

9h,i ,k,l -11i ,k,l ,m
1 208.36104.2 263.46132.7 250.66125.3 356.56178.3 44.8622.4

10i ,k,l ,m-13k,l ,m,n
9h,i ,k,l -12i ,k,l ,m 63.8631.9 104.1652.1 109.7654.9 107.5653.8

10i ,k,l ,m-12k,l ,m,n 264.46132.2 249.36124.7 310.46155.2
11k,l ,m,n-14l ,m,n,o 31.2615.6 59.7629.9 57.5628.8 67.6633.8
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9i ,k,l 210k,l ,m transitions. A further checking of the iden
tification of the lines has been made also from relativis
semiempirical pseudopotential calculations@36#.

B. Emission cross sections

The experimental emission cross sections of the main
served lines are reported in Tables II and III for project
energies between 0.4 and 4.0 keV/amu. They correspon
spectively to transitions between high-l values states in
Ar81-Cs(6pS) and Ar81-Cs(6pP) collisions. They are de-
termined from line intensities, the cesium density, and
optical response of the experimental device for each tra
tion. As the efficiency curve of the grating photomultipli
couple is known in relative value, experimental emiss
cross sections are calculated from a reference cross se
@s(3s6h 1H5-3s7i 1I5) in Ar81-He(1s2) collisions at 3.0
keV/amu# @37#. Moreover, as the resolution of our optic
device is not sufficient to resolve these groups of transitio
the individual emission cross sections are not determin
However, we can note that the individual emission cross s
tions might be deduced from the emission cross section
the unresolved structure and the CTMC intensity ratios
tained from the CTMC calculated emission cross secti
~assuming the CTMC results are sufficiently accurate!. We
can also notice that the determination of the electron-cap
cross sections from the experimental data should not g
more information. Indeed, radiative cascades have little
fect on the most populated states~12l and 13l !, the deter-
mination of the electron-capture cross sections would be t
equivalent to duplicate the CTMC results. Therefore, it
justified to discuss only the emission cross sections. Exc
for two cases ~the emission cross sections for th
9h,i ,k,l -12i ,k,l ,m group of lines at 1.0 and 4.0 keV/amu!,
the relative uncertainties are about 50%. They are mainly
to the uncertainty about the reference emission cross sec
the quality of the spectra, and the uncertainty about the
cited cesium fraction.

The individual CTMC calculated emission cross sectio
are reported in Tables IV and V for the only lines corr
sponding to transitions observed experimentally with a tar
prepared in aS or P state. For each group of transition
they are summed for direct comparisons with the experim
tal results~Tables II and III!. For three examples, the com
parisons between experimental and CTMC calculated em
sion cross sections as functions of the projectile energy
03271
c

b-

re-

e
i-

n
ion

s,
d.
c-
of
-
s

re
e
f-

n

pt

e
n,

x-

s

et

n-

s-
re

shown in Figs. 6~a!–6~c!. On the whole, the CTMC calcula
tions are found in good agreement with the experimen
results, taking the large experimental uncertainties into c
sideration. Nevertheless a few disagreements we do not
plain are observed at 4.0 keV/amu. Thus, we note an imp
tant difference between thes6pS and s6pP experimental
cross sections that behave randomly in accordance with
lines. Note also that no experimental result is shown at
keV/amu because of the bad quality of the spectra for
energy. Apart from these disagreements, thes6pi

(9l -12l 8),

TABLE IV. CTMC emission cross sections (10216 cm2) versus
projectile energy ~keV/amu! for single electron capture in
Ar81-Cs(6pS) collisions.

Transition

Energy

0.1 0.25 0.5 1.0 2.0 3.0 4.0

9h-11i 11.0 10.7 11.3 10.8 11.9 15.1 14.4
9i -11k 26.9 28.6 28.3 28.0 34.9 36.0 31.7
9k-11l 47.6 58.8 58.9 61.5 67.3 63.8 55.3
9l -11m 60.6 86.1 85.2 93.8 92.5 83.7 78.4
Sum1 146.1 184.2 183.7 194.1 206.6 198.6 179

10i -13k 14.6 11.7 9.4 7.3 6.4 6.7 6.6
10k-13l 20.0 18.3 15.9 13.1 14.9 14.6 11.5
10l -13m 20.8 23.3 20.7 18.8 24.9 21.5 16.0
10m-13n 11.5 16.0 15.6 17.7 20.4 19.1 15.5

Sum2 66.9 69.3 61.6 56.9 66.6 61.9 49.
Sum11Sum2 213.0 253.5 245.3 251.0 273.2 260.5 229

9h-12i 12.0 11.0 9.5 8.2 7.4 7.9 6.9
9i -12k 22.6 20.4 19.9 16.2 18.6 18.8 16.2
9k-12l 31.1 31.9 30.2 27.7 32.7 31.0 25.5
9l -12m 23.8 28.8 27.5 29.2 30.6 27.9 23.8

Sum 89.5 92.10 87.1 81.3 89.3 85.6 72.
10i -12k 21.9 19.9 19.3 15.7 18.1 18.3 15.8
10k-12l 38.9 39.9 37.7 34.6 40.8 38.7 31.9
10l -12m 50.8 61.6 58.9 62.4 65.4 59.6 50.9
10m-12n 50.7 71.6 68.5 73.9 73.9 65.1 63.1

Sum 162.3 193.0 184.4 186.6 198.2 181.7 161
11k-14l 3.6 4.9 5.1 4.5 5.1 6.1 5.7
11l -14m 3.4 5.8 6.7 6.3 9.4 9.8 7.5
11m-14n 2.5 5.1 6.9 8.6 12.0 10.7 9.2
11n-14o 1.3 2.7 4.2 6.6 9.4 7.9 8.1

Sum 10.8 18.5 22.9 26.0 35.9 34.5 30.
2-6
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s6pi
(10l -12l 8), and s6pi

(9l -11l 8110l -13l 8) ( i

[S, P) cross sections are almost constant over all the
ergy range.

Concerning the$9l -11l 8110l -13l 8% group of lines
that could not be resolved in the experiment, the CTM
calculated emission cross sections corresponding to
9l -11l 8 and 10l -13l 8 groups of lines are shown in Fig
6~b!. Because of the fair agreement observed between
experimental and theoretical data~Tables II and V!, we can
reasonably think that the CTMC calculated emission cr
sections give a good picture of the reality. Thus we can c
clude from Fig. 6~c! that thes6pi

(9l -11l 8110l -13l 8) ( i

[S, P) experimental emission cross sections are ma
due to the contributions of thes6pi

(9l -11l 8) ( i[S, P)
emission cross sections. Moreover, the CTMC calculati
indicate that the 11l states are both populated by direct ca
ture and important radiative cascade effects from upper
els n512 to 14.

Concerning the 11l -14l 8 group of lines@Fig. 6~c!#, it is
important to note that thes6pi

(11l -14l 8) ( i[S, P) emis-
sion cross sections have the same behavior with energ
the s6s(9l -11l 8) emission cross sections observed

TABLE V. CTMC emission cross sections (10216 cm2) versus
projectile energy ~keV/amu! for single electron capture in
Ar81-Cs(6pP) collisions.

Transition

Energy

0.1 0.25 0.5 1.0 2.0 3.0 4.0

9h-11i 11.9 11.7 11.8 10.2 11.0 11.7 10.2
9i -11k 27.7 30.2 30.6 28.5 32.8 30.0 25.4
9k-11l 48.6 60.6 63.9 68.7 73.0 63.7 53.3
9l -11m 58.8 84.9 92.3 111.1 111.0 98.8 87.
Sum1 147.0 187.4 198.6 218.5 227.8 204.2 17

10i -13k 12.4 12.7 11.6 8.2 7.1 6.8 5.6
10k-13l 18.6 20.5 19.0 14.3 16.4 13.1 10.5
10l -13m 18.4 24.3 24.7 22.9 25.2 19.3 15.1
10m-13n 11.1 16.6 19.3 22.3 23.3 18.4 15.0

Sum2 60.5 74.1 74.6 67.7 72.0 57.6 46.
Sum11Sum2 207.5 261.5 273.2 286.2 299.8 261.8 22

9h-12i 11.1 9.9 8.7 7.0 6.6 6.6 5.6
9i -12k 21.7 20.7 19.5 15.5 17.4 15.4 12.0
9k-12l 29.0 30.8 29.8 29.0 32.1 26.2 21.1
9l -12m 22.5 27.8 29.2 33.7 34.6 28.4 22.8

Sum 84.1 89.2 87.2 85.2 90.7 76.6 61.
10i -12k 21.0 20.1 18.9 15.1 16.9 15.0 11.6
10k-12l 36.2 38.4 37.2 36.2 40.1 32.7 26.4
10l -12m 48.1 59.4 62.3 71.9 73.9 60.7 48.7
10m-12n 45.0 64.5 71.2 92.1 88.3 77.9 69.8

Sum 150.3 182.4 189.6 215.3 219.2 186.3 156
11k-14l 3.2 5.2 5.8 4.7 5.3 5.5 5.0
11l -14m 3.1 5.4 7.1 6.8 8.5 8.7 7.6
11m-14n 1.9 4.6 6.5 7.7 11.2 9.8 9.9
11n-14o 0.6 2.0 3.7 6.2 8.6 8.0 8.6

Sum 8.8 17.2 23.1 25.4 33.6 32.0 31.
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Ar81-Cs(6s) collisions@1#. As discussed later on, the popu
lation of the highest 14l angular momentum is very weak a
low energy and increases quickly with the projectile veloci
similar to the highest 11l angular momentum in the case o
Ar81-Cs(6s) collisions. The cascade effects being negligib
in both cases, the emission cross sections for these line
crease quickly with energy.

Taking into account the uncertainties, no experimental
isotropy can be shown for the studied lines. This result is
agreement with the CTMC calculations that do not pred
any anisotropy effect in the 0.4–4.0 keV/amu energy ran
All these results confirm those reported by Schipperset al.
@22# in a comparative study of He21, O41, and O61-Na(3p)
systems: when the size and the charge of the projectile

FIG. 6. Comparisons between experimental~full symbols! and
CTMC calculated~open symbols! emission cross sections versu
the collision energy for 9l – 128 ~a!, $9l – 11l 8110l – 13l 8% ~b!,
and 11l – 14l 8 transitions~c!.
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TABLE VI. Experimental polarization rates~%! versus the projectile energy~keV/amu! for single elec-
tron capture in Ar81-Cs(6s,6pS) and Ar81-Cs(6s,6pP) collisions ~see text!.

Energy

Ar81-Cs(6s,6pS) collisions

0.4 1.0 2.0 3.0 4.0

8g-9h 20.261.1 20.664.6 25.864.1 16.763.0
8l -9l 8 19.861.2 29.461.6 28.961.6 29.761.0
8l -10l 8 25.764.6 30.063.4 29.562.5
10l -12l 8 17.261.9 23.963.9 30.465.3 30.265.0

10l -13l 819l -11l 8 22.463.8 28.860.7 28.562.0 29.961.7

Energy

Ar81-Cs(6s,6pP) collisions

0.4 1.0 2.0 3.0 4.0

8g-9h 16.763.5 12.463.5 21.562.1 23.961.4 22.961.9
8l -9l 8 19.161.5 29.961.6 28.162.1 28.761.3 28.461.2
8l -10l 8 20.067.5 25.869.1 28.462.7 24.866.3 24.164.3
10l -12l 8 17.561.8 19.665.3 22.363.6 32.664.3 29.363.3

10l -13l 819l -11l 8 19.162.5 29.960.7 28.161.9 28.763.7 28.462.0
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crease, the anisotropy decreases because the electron c
takes place at larger internuclear distances. The projectile
is then less sensitive to the initial preparation state of
target.

In conclusion, in spite of experimental difficulties@very
weak excited caesium fraction, stability of laser diod
geometry of the experiment~three beams crossin
over!#, s6pi

(9l -12l 8), s6pi
(10l -12l 8), s6pi

(9l -11l 8

110l -13l 8), and s6pi
(11l -14l 8) ( i[S, P) emission

cross sections are in good agreement with CTMC calc
tions for the absolute values of the emission cross sect
and for the absence of anisotropy.

C. Polarization degrees of lines

The polarization degreesP of the 8l -9l 8, 8l -10l 8,
and 10l -12l 8 groups of lines and those of the$9l -11l 8
110l -13l 8% mixing of lines have been determined in th
0.4–4.0 keV/amu energy range. They are reported in Ta
VI. As in Ar81-Cs(6s) collisions@1#, it was only possible to
determineP for transitions whose intensities are enough i
portant, that means for transitions between states with la
l values. Moreover, because the cesium target is not c
pletely excited, the measured polarization degrees co
spond respectively to Ar81-Cs(6s,6pi) and
Ar81-Cs(6s,6p') collisions. The polarization rateP being
defined as

P5
I i2I'

I i1I'

, ~15!

it is very difficult to separate the polarization rates cor
sponding to Ar81-Cs(6s) collisions from the ones corre
sponding to Ar81-Cs(6pi) collisions @respectively,
Ar81-Cs(6p') collisions#. Note also that since the aniso
ropy is found to be zero or almost zero, it was not necess
to change the 6pi and 6p' initial states of the target into th
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6pS and 6pP aligned states~this has been verified in the
case of the 10h,i ,k,l ,m-12i ,k,l ,m,n group of transitions!.
Therefore, our experimental results should be compa
with CTMC polarization rates corresponding to pu
Ar81-Cs(6s) and Ar81-Cs(6pS) @respectively,
Ar81-Cs(6pP)# collisions.

The CTMC calculated polarization degrees are reporte
Table VII for Ar81-Cs(6pS) and Ar81-Cs(6pP) collisions.
The calculations include radiative cascade effects up tn
514. The CTMC results are seen to be in fair agreem
with the experimental data both for the behavior of the p
larization rates versus the collision energy and for their
solute values. The CTMC calculations do not show a
alignment effect, in agreement with the experimental resu
From these comparisons between CTMC and experime
results, and taking the experimental uncertainties of m
sured polarization rates into consideration, no significant
ference is observed between polarization rates obtained
pure Ar81-Cs(6s) and Ar81-Cs(6pS,orP) collisions. In
the case of Ar81-Cs(6s,6p') collisions, the experimenta
and CTMC calculated polarization degrees of lines ver
the collision energy are shown as examples
Figs. 7~a! and 7~b! for the 10h,i ,k,l ,m-12i ,k,l ,m,n and
$9h,i ,k,l -11i ,k,l ,m110i ,k,l ,m-13k,l ,m,n% groups of
lines. Note that, for the clarity of the figures, only CTM
calculated polarization rates corresponding to the border
groups of transitions considered experimentally have b
reported. The CTMC calculated polarization degrees
Ar81-Cs(6s) collisions @1# are also shown in the figures
Except for the 9h-11i transition @Fig. 7~b!#, no significant
difference is observed between the CTMC calculated po
ization rates for the target in the ground state and in thep
excited and aligned state.

The polarization rates are found to be always positive a
to increase with the energy from about 15% to values
tween 25% and 30%. Since the experimental and theore
data are found in fair agreement, we can say that the CT
2-8
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TABLE VII. CTMC calculated polarization rates~%! versus the
projectile energy ~keV/amu! for single electron capture in
Ar81-Cs(6pS) collisions and Ar31-Cs(6pP) collisions.

Energy

Ar81-Cs(6pS) collisions

0.1 0.25 0.5 1.0 2.0 3.0 4.0

8g-9h 15.6 16.7 17.5 15.2 22.5 25.5 26.6

8h-9i 17.1 18.6 19.1 19.2 25.6 26.5 26.9

8i -9k 16.9 20.0 20.0 23.1 27.6 27.8 28.1

8k-9l 13.6 20.1 22.9 26.7 29.6 29.5 29.3

8h-10i 16.1 17.9 18.0 16.4 24.0 25.7 26.1

8i -10k 17.3 19.0 19.2 21.3 26.1 26.3 27.0

8k-10l 16.4 20.4 20.6 24.1 28.1 28.1 26.6

9h-11i 15.9 15.3 14.9 12.4 22.3 27.2 29.1

9i -11k 14.8 17.0 17.4 16.7 25.1 26.4 27.9

9k-11l 15.7 19.0 19.3 22.0 26.5 26.5 28.2

9l -11m 15.7 20.0 21.4 25.0 28.6 28.6 29.1

10h-12i 13.8 13.0 16.4 13.6 25.5 30.1 30.6

10i -12k 17.2 15.9 17.4 16.9 27.8 30.3 29.6

10k-12l 17.3 18.9 18.7 20.7 28.7 29.1 29.9

10l -12m 16.4 20.1 20.3 24.4 28.4 29.3 30.2

10m-12n 15.9 21.4 23.0 27.4 29.8 29.9 30.2

10h-13i 19.8 21.4 24.3 25.4 25.2 31.6 32.2

10i -13k 22.2 24.3 25.5 25.4 30.1 32.5 31.9

105-13l 24.4 23.2 24.5 26.2 31.5 32.1 31.8

10l -13m 24.2 25.9 26.1 27.8 32.0 32.4 32.6

10m-13n 24.9 25.6 25.6 28.9 31.6 32.4 32.2

Energy

Ar81-Cs(6pP) collisions

0.1 0.25 0.5 1.0 2.0 3.0 4.0

8g-9h 16.0 16.3 17.3 16.6 21.2 22.0 22.3

8h-9i 17.6 19.2 20.5 21.4 23.9 24.0 24.1

8i -9k 18.4 21.3 22.5 24.5 25.8 25.8 25.5

8k-9l 16.8 21.9 25.2 27.0 27.9 27.7 27.4

8h-10i 16.9 17.5 18.5 18.7 21.9 22.2 23.1

8i -10k 17.9 20.2 21.0 22.5 24.5 24.7 24.5

8k-10l 18.3 21.5 23.2 25.3 26.4 26.1 26.0

9h-11i 14.5 14.2 15.4 17.1 21.4 23.6 24.8

9i -11k 15.8 17.8 18.5 20.7 23.7 23.8 25.1

9k-11l 17.2 20.6 20.9 23.7 24.9 25.5 25.6

9l -11m 18.0 21.6 23.8 26.2 26.8 26.7 26.8

10h-12i 13.3 13.6 15.5 17.5 24.9 27.6 26.9

10i -12k 16.7 16.7 20.2 20.6 25.9 26.6 27.8

10k-12l 17.9 19.9 20.6 24.0 26.7 27.5 27.9

10l -12m 18.9 22.2 22.6 25.8 27.2 27.9 28.0

10m-12n 18.5 23.1 25.2 27.5 28.4 28.4 28.4

10h-13i 22.1 22.0 24.4 23.3 27.0 30.2 30.8

10i -13k 23.7 24.0 24.5 25.9 29.5 30.4 30.8

10k-13l 24.8 25.3 26.9 27.1 30.2 30.5 30.8

10l -13m 25.0 26.4 27.1 28.6 30.3 30.9 30.5

10m-13n 25.9 27.1 28.6 29.5 30.3 30.5 30.3
03271
nl ml distributions give a good picture of the reality for th
studied transitions. Therefore, as previously concluded fr
our study of Ar81-Cs(6s) collisions @1#, the magnetic sub-
levels ofml <4 are mainly populated at the highest energi
whereas most of theml sublevels are populated when th
energy decreases.

V. MOLECULAR ANALYSIS OF THE STATE-SELECTIVE
ELECTRON CAPTURE

Details of electronic-energy calculations for the on
electron $Ar711Cs%1 system have been already report
@1#. These calculations are based on a pseudopote
method and use a linear combination of numerical atom
orbitals for the Cs atom and the Ar71 ion @38#. The elec-
tronic energies can be calculated for various symmetriesL of
the molecular system, whereL is the absolute value of the
projection of the total orbital momentum of the system alo
the internuclear axis~taken as the quantization axis!. They
allow us to discuss CTMC and experimental results of sta
selective electron capture in terms of dynamical couplin
radial couplings between molecular states withDL50 and
rotational couplings withDL561. In order to discuss the

FIG. 7. Comparisons between experimental~full squares! and
theoretical ~open symbols! polarization degrees of the line
for the 10h,i ,k,l ,m-12i ,k,l ,m,n ~a! and $9h,i ,k,l -11i ,k,l ,m
110i ,k,l ,m-13k,l ,m,n% transitions~b!. The experimental polariza
tion rates are reported for Ar71-Cs(6s,6pP) collisions, while the
CTMC calculated rates for individual transitions are reported
pure Ar71-Cs(6s) and Ar71-Cs(6pP) collisions ~see text!.
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Ar81-Cs(6pS or P) collisions, the electronic energies fo
the L50 and 1 symmetries~i.e., the S and P molecular
states! are reported in Figs. 8~a! and 8~b!, for the R
525– 125 a.u. internuclear distance range. They are cent
on the main capture channels corresponding to then512 and
13 levels of Ar71.

In Ar81-Cs(6s) collisions, or more generally for colli-
sions between an Ar81 ion and an alkali-metal atom target i
its ground state, the only entrance channel is aS molecular
state. However, in the case of a Cs target excited in a 6pS or
6pP aligned state, the entrance channel may have two p
sible symmetries: aS state for a Cs(6pS) target and aP
state for a Cs(6pP) target. In Fig. 8~a!, theS(6p) entrance
channel corresponds to the secondS energy curve above th
manifold of electronic-energy curves correlating to then
511 level of Ar71; it emerges atR'75 a.u. from the mani-
fold of curves corresponding to then513 level after under-
going numerous avoided crossings or nearly diabatic cr
ings with the electron-capture molecular channels. Then,
entrance channel goes, through numerous nearly diab
crossings, to the 6pS state of Cs at large internuclear di
tances. Note that the firstS energy curve above then511

FIG. 8. Electronic energies~in atomic units! versus the internu-
clear distance~in atomic units! for the $Ar711Cs%1 system.~a! S
states,~b! P states.
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manifold of curves and going through the manifold of m
lecular states corresponding to then512 and 13 levels is the
entrance channel for a Cs(6s) target. In Fig. 8~b! theP(6p)
entrance channel is the firstP energy curve above the man
fold of states corresponding ton511 level of Ar71 and that
emerges atR'72.5 a.u. from the manifold of states corr
sponding to then513 level. This entrance channel goe
through numerous nearly diabatic crossings to the 6pP state
of Cs at largeR values. In the first place, the sets of ener
curves~S or P! correlating to then512 and 13 levels show
a similar behavior than the sets of energy curves of sa
symmetry correlating to the main populated levels~n59 and
10! in Ar81-Cs(6s) collisions~see Fig. 2 of Ref.@1#!. So, we
can reasonably assume that the coupling mechanisms
populating then512 and 13 levels in Ar81-Cs(6pS,orP)
collisions should be similar to those populating then59 and
10 levels in Ar81-Cs(6s) collisions@1#. In the second place
the S or P molecular channels for electron capture into t
n512 and 13 levels of Ar71 exhibit about similar avoided
crossings with the entrance channel of same symmetry
the lowl sublevels of each manifoldn ~except that for theP

FIG. 9. CTMC calculated probability timesb versus impact pa-
rameterb for total electron capture and electron capture inton lev-
els of Ar71 from Cs(6pP) ~as indicated in the figure!, at projectile
energies of 0.25 keV/amu~a! and 4 keV/amu~b!.
2-10



in

a

e

s

d

e
o

s-

er
tio
d
l

g

n-
p
ow
t
s-
e
a

-

C
2

th

a

i

In
is

the
e
ngs

er
at

3
ing
e

en-
he

-
he

-

of

ti-
ym-
on
-

ore
for
e

Cs

ed
ap-

ral,
py
ple,
ch
est
all
y
rly

ute

EXCITATION AND ALIGNMENT EFFECTS IN Ar81- . . . PHYSICAL REVIEW A 65 032712
molecular states, the energy splitting at the avoided cross
are comparatively a little smaller than for theS molecular
states!. So, on the whole, the cross sections for electron c
ture into the nl sublevels of Ar71 from Cs(6pS) and
Cs(6pP) targets should vary similarly with the projectil
energy.

As seen in Fig. 8~a! the S(6p) entrance channel crosse
nearly diabatically the manifold ofSnl (l .3) exit channels
correlating to the 12l and 13l sublevels of Ar71. Then, it
shows up avoided crossings withS12l and S13l electron
capture channels (l ,3), respectively in the 47–55 a.u. an
60–70 a.u.R-value ranges. Similarly, theP(6p) entrance
channel exhibits avoided crossings with theP12l andP13l

electron-capture channels (l <3), at approximately the
sameR-value ranges than for the symmetryS ~i.e., respec-
tively 46–53 a.u. and 60–68 a.u.!. In both cases, thes
avoided crossings are responsible for the primary radial c
plings (DL50) leading to populate first the lowl values of
the 12l and 13l sublevels; then, in eachn manifolds, the
population of these lowl values is redistributed by succe
sive rotational couplings (DL561) and Stark effect of the
residual Cs1 ion. As examples, for Ar81-Cs(6pP) colli-
sions and for two projectile energies~0.25 and 0.4 keV/amu!,
Figs. 9~a! and 9~b! show that the maximum impact paramet
b that contributes to the total electron-capture cross sec
and to the electron capture into predominantly populaten
levels agrees with theR-value ranges of the primary radia
couplings.

At the highest energies, the intrashell rotational couplin
and the Stark effect of the residual Cs1 ion are important, so
that, large values ofl are mostly populated. When the e
ergy decreases, the rotational couplings become less im
tant while the primary radial couplings that populates the l
l values become successively more and more efficien
low energies~beginning with those relating to avoided cros
ings with the largest energy splittings!. As a consequence, th
population of the highestl values decreases more or less
the benefit of the lowestl values~this is the so-called pro
jectile core-electron effect!. Figures 10~a! and 10~c! show
such a behavior with the projectile energy of the CTM
calculated cross sections for electron capture into the 1l
and 13l sublevels. Note that, as for electron capture into
9l and 10l sublevels in Ar81-Cs(6s) collisions @1#, the
CTMC calculated 12l and 13l distributions go through a
maximum forl 51 at low energies, but these maxima take
larger value than for the largestl values of the distributions
for a projectile energy smaller than'0.1 keV/amu only,
when it is smaller than'0.4 keV/amu for a Cs(6s) target
because, in this case, of larger-energy splittings at the
volved avoided crossings.

Similar variations of thenl distributions with the projec-
tile energy are also observed forn511 @Fig. 10~c!# and for
n514 @Fig. 10~c!#, but with some appreciable changes.
the case of the 11l distributions, the core-electron effect
still quite important and the maxima at the lowl values are
the largest forl 51 at energies'0.25–1 keV/amu for the
Cs(6pS) target, while the 11l distribution exhibits a broad
maximum centred onl 52 at 0.1 keV/amu. For the
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Cs(6pP) target, the maximum of the distribution forl 52
at 0.1 keV/amu takes a value as large than the maxima of
distributions forl 51 at 0.25 and 0.5 keV/amu. This may b
attributed to larger-energy splittings at the avoided crossi
involved in the electron capture into the 11l sublevels, in
comparison with those involved in the capture into high
nl sublevels. Relating to this, it is interesting to remark th
the maximum at low energies in the 12l distribution is al-
ready appreciably broadened with respect to that in the 1l
distribution. We can consider, however, that the coupl
mechanisms for populating the 11l sublevels are the sam
than those for populating the 12l and 13l sublevels. As
seen in Fig. 10~c! the low values ofl in the 14l distribu-
tions become more and more populated with decreasing
ergies~but without taking values as large than those of t
largest l values at large energies!, at the detriment of the
largest values ofl . This particular behavior of the state
selectivenl distribution has been pointed out already for t
11l distribution in the case of Ar81-Cs(6s) collisions @1#.
Therefore, as in Ref.@1#, primary intershell rotational cou
plings between the entrance channelS(6p) andP exit chan-
nels, and between theP(6p) entrance channel andS or D
exit channels, have to be invoked to populate the lowl
values of then514 level ~and also, other highern levels!.
This is substantiated by the fact that, above the manifold
energy curves correlating to then513 level of Ar71, the
S(6p) and P(6p) entrance channels cross nearly diaba
cally the electron-capture molecular channels of same s
metry. In addition, as expected from our study
Ar81-Cs(6s) collisions@1#, the CTMC calculated cross sec
tions for electron capture into then levels (n>14) are found
to increase continuously with increasing energy due to m
efficient rotational couplings, while the cross sections
electron capture into then512 and 13 levels decreas
quickly ~this can be seen in Fig. 5!.

The anisotropy parameters, defined as@39#

A~nl !5
s6pS~nl !2s6pP~nl !

s6pS~nl !1s6pP~nl !
, ~16!

measure the influence of the alignment of the excited
target on the state-selective electron capture into thenl sub-
levels of Ar71. TheA(nl ) parameters have been calculat
from the CTMC calculated cross sections for electron c
ture into thenl sublevels for the most populated levels (n
511– 14), in the 0.1–4 keV/amu energy range. In gene
the variations with the projectile energy of the anisotro
parameter are quite different of one another. For exam
the A(12l ) anisotropy parameters are found to vary mu
for energies above 0.5 keV/amu, for the lowest and larg
values ofl , while at the lowest energies they all take sm
values. Thus, theA(12s) anisotropy parameter is nearl
equal to10.4 at energies of 1 and 2 keV/amu; it takes nea
a 0 value at 0.1 keV/amu and a value of'0.2 at 4 keV/amu.
More generally, it is found that theS alignment influences
strongly the lowestl values of thenl distribution, while the
largestl values are on the whole influenced by theP align-
ment. This can hardly be deduced from Figs. 10~a! and 10~c!.
As the radiative cascade from upper levels do not contrib
2-11
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FIG. 10. CTMC calculateds(nl ) electron-capture cross section versus the angular momentuml at various projectile energies~as
indicated in the figure! for n512 ~a!, n513 ~b!, n511 ~c!, andn514 ~d!.
032712-12
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EXCITATION AND ALIGNMENT EFFECTS IN Ar81- . . . PHYSICAL REVIEW A 65 032712
much to line-emission cross sections for transitions from
12l levels, this fact could be deduced from the results
ported in Tables IV and V. However, since the experim
could not discriminate between the individual transitions,
have judged useless to discuss further the anisotropy pa
eter. In conclusion, except a few cases, the CTMC calcula
electron-capture cross sections for theS andP aligned states
do not show any significant difference to be appreciated
perimentally. The changes in the calculated cross section
generally much smaller than the experimental uncertaint
It is interesting to note, however, that in general the CTM
calculations find that the electron capture into thenl sub-
levels present large differences whether the electron cap
is from 6pP1 initial state or from a 6pP2 initial state. This
was already pointed out in Ref.@18#, where the electron-
capture cross section into the dominant final state from
npP1 initial state was found generally larger than from
npP2 initial state. In the present CTMC calculations, ho
ever, the electron capture is found predominant also fro
6pP2 initial state for capture intonl sublevels with the
largestl values; it is generally found predominant from
6pP1 initial state for capture intonl sublevels with the
lowest l values.

Concerning theml distributions, the decrease of the p
larization rates with the projectile energy indicates that
electronic cloud has more time to adjust itself adiabatica
to the rotation of the internuclear axis. Therefore, theml

distributions are more sensitive to the radial couplings, t
is to the projectile core-electron effect. In other words,
rotational couplings become less efficient, in particular,
intershell rotational couplings~i.e., for Dl Þ0!. Only the
intrashell rotational couplings~i.e., for Dl 50! remain pos-
sible, leading to an intrashell broadening of theml distribu-
tions among anl sublevel. This was discussed in deta
elsewhere~see, Refs.@38,40#!.

VI. CONCLUSION

Experimental and theoretical study of Ar81-Cs(6pS) and
Ar81-Cs(6pP) collisions between 0.1 and 4.0 keV/am
, H

.

V.

03271
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brings insight on the single-electron-capture process. Fro
spectroscopic point of view, three more lines correspond
only to transitions between largel values have been identi
fied. From lines intensities, the emission cross sections
responding to the most populated levels~n511 to 14! have
been determined and compared with CTMC calculations
general a fair agreement is found, taking into account
experimental uncertainties. In particular, the experiment
the CTMC calculations both indicate that there is no app
ciable anisotropy effect. This result confirms the findings
Schipperset al. @22# in a comparative study of He21 C41,
and O512Na(3p) systems. When the size and the charge
the projectile increase, the anisotropy parameter decre
and is nearly equal to 0. At large internuclear distances,
projectile ion is almost not sensitive to the initial alignme
of the laser-prepared target. Our results have been anal
in terms of dynamical couplings from calculations of ele
tronic energies for the one-electron$Ar71-Cs%1 system. The
measurements of the polarization degrees of Ar71-ion emis-
sion lines corresponding to transitions between large-l val-
ues have been realized experimentally and compared
theoretical ones obtained from CTMC calculateds(nl ml )
cross sections in Ar81-Cs(6s) and Ar81-Cs(6pSorP) col-
lisions. The polarization rates increase with the projec
energy. In other words, after the collision, the electron
cloud tends to be more aligned parallel to the incident
beam: theml distribution of thenl produced states is mor
and more peaked on lowml values. Moreover, this effec
does not seem to depend on the initial alignment of the la
prepared target.
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@38# C. Laulhé, E. Jacquet, G. Cremer, J. Pascale, P. Boduch,

Rieger, M. Chantepie, and D. Lecler, Phys. Rev. A55, 1088
~1997!.

@39# A. Fischer and I. V. Hertel, Z. Phys. A304, 103 ~1982!.
@40# E. Jacquet, H. Kucal, V. Bazin, P. Boduch, M. Chantepie,

Cremer, C. Laulhe´, and D. Lecler, and J. Pascale, Phys. Rev
62, 022712~2000!.
2-14


