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The single-electron capture~SEC! process which occurs in Ar81-Cs(6s) collisions is experimentally stud-
ied, in the 0.4–5-keV/amu energy range, by optical spectroscopy in the near UV and visible wavelength range
~200–600 nm!. The classical-trajectory Monte Carlo~CTMC! method is also used to determine the state-
selective electron-capture cross sections. For high collision energies, strong lines corresponding toDn51 –4
transitions fromn57 to 13 states with large angular momentum values of ArVIII andDn50 transitions from
n55 states are observed. For low collision energies, together with the lines observed for high collision
energies, lines corresponding to transitions from states with low-l values (10s, 11s, and 13s) are detected.
Production cross sections for the most populated levels (n59, 10, and 11! are determined and compared with
the previous experimental data of Martinet al. @Phys. Rev. A46, 1316~1992!# and Deniset al. @Phys. Rev. A
50, 2263~1994!#, and with the CTMC calculations. From molecular structure calculations which are performed
for the $Ar711Cs%1 molecular system, our results are analyzed in terms of dynamical couplings between the
relevant molecular channels involved in the electron-capture process. Polarization degrees for SEC lines
corresponding to transitions between high-l values states are also measured. The comparison with those
calculated from the CTMC results provides information about the Zeeman sublevel distributions.

PACS number~s!: 34.10.1x, 34.70.1e
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I. INTRODUCTION

We study ion-atom collisions in the low-velocity rang
typically for the reduced velocityv<1, which is defined as
the ratio of the velocity of the ionic projectile to the initia
orbital velocity of the valence electron in the target atom. F
these slow collisions between a highly charged ionAq1 and
a neutral alkali-metal atom target, the main process wh
occurs is the capture of the active loosely bound electron
the target by the incident ion with a large cross section@1,2#.
Numerous studies@1–4# have shown that, because of its hig
resolution, UV and visible photon spectroscopy is partic
larly useful in determining thenl-distributions of the most
populated levels forAq11alkali-metal atom collisions. Re
cently, we have shown@5–8# that it is also possible to hav
information onml distributions using measurements of t
polarization rates of the single-electron-capture lines fr
comparisons with the polarization degrees calculated fr
s(nlml) cross sections determined by using the classical
jectory Monte Carlo~CTMC! method @9–11#. The knowl-
edge of the finalnlml distributions resulting from the single
electron-capture~SEC! process gives information on th
importance of the various coupling mechanisms which t
place during the collision. Thesenlml distributions are rathe
difficult to predict because they depend strongly on the e
ciency of the dynamical couplings involved between the r
evant electron capture channels and the entrance chann

We have already studied the effects of the projectile
locity and of the projectile core electrons by studying t
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Ar81 and Kr81-Li(2s) systems@12–14#. To complete our
studies, we would like to analyze the effects of the init
alignment of a laser prepared target on the finalnlml distri-
butions. We have then chosen to study the Ar81-Cs(6s) and
Ar81-Cs*(6p) systems. The choice of Ar81 ions as projec-
tiles is obvious in continuity with the previous studies. O
tical pumping of caesium atoms in the 6p state by means o
diode lasers is technically possible. This system was alre
studied by Martinet al. @15# in the 200–500-nm wavelengt
range and by Deniset al @16# in the UV domain. In both
papers, the determined cross sections have the same beh
with the energy collision as those obtained from CTMC c
culations@17,18#, but the order of magnitude of the exper
mental results are systematically lower than the CTMC
sults by a factor of about 5 at the peak of then distribution.

In this manuscript, we present results on single elect
capture in Ar81-Cs(6s) collisions between 0.4 and 5.0 keV
amu. After the description of the experiment~hereafter re-
ferred as EXPT1!, we present spectroscopic results, wav
lengths, and assignments of new SEC observed lines.
emission cross sections are determined from line intensi
the target density, and the optical response of the experim
tal device for each transition. Production cross sections
the most populated levels (n59, 10, and 11! are then esti-
mated and compared with thes(nl) cross sections calcu
lated by using the CTMC method and with the experimen
results~hereafter referred as EXPT2! of Deniset al. @16#. A
preliminary theoretical study of the Ar81-Cs(6s) collision
versus the collision energy was already reported@18#. It is
©2000 The American Physical Society06-1
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presently implemented and the collision has been analy
from calculations of the electronic potential energy curv
for the $Ar711Cs%1 molecular system. Polarization rates
single-electron-capture lines corresponding to transitions
tween high-l values are measured and compared to CTM
results in order to determine the behavior of theml distribu-
tion versus collision energy.

II. EXPERIMENT

A. Experimental set-up

The experimental setup is presented in Fig. 1. The
beam is produced by an electron cyclotron resonance
source at GANIL ~Grand Acce´lérateur National d’Ions
Lourds, Caen, France!. After a q/m selection, the Ar81 ions
are focused onto the center of the collision chamber
collected in a Faraday cup in order to measure the ion-b
intensity, which is of the order of 250mA.

The caesium beam, whose direction is at 45° from
ion-beam direction, is produced in an oven mainly compo
of a copper cylinder chamber. Before the experiment, a sm
glass tube containing typically 2 g of pure 133 caesium is
fixed inside the oven which is heated with a thermocoax w
at a temperature of about 200 °C. When the vacuum ins

FIG. 1. Experimental setup. A typical cesium beam profile
also included on the figure.
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the collision chamber is low enough (231026 mbar!, the
caesium tube is broken inside the oven by mean of a pis
In front of the caesium chamber, the nozzle of the oven
composed by a small capillary tube~length 44 mm, diameter
2 mm!. In order to prevent caesium scattering, a collima
element composed by two diaphragm slits (6.231.4 mm2) is
added. To measure the atomic caesium beam density as
tion of vertical position, we built a movable Langmui
Taylor detector@19,20#. This detector is composed of a tung
sten wire heated red hot at a temperature of 1800 K and
at a voltage of120 V. The caesium atoms are all surfa
ionized by the wire, and are collected by a cathode elec
cally connected to ground via a picoamperemeter. For e
position of the Langmuir-Taylor detector, the current inte
sity measured by the picoamperemeter gives the flux of c
sium atoms which have reached the tungsten wire. A s
over the vertical range results in an intensity profile~cf. Fig.
1!. The total flux F is obtained by integrating this profile
over the vertical position. The caesium densityN can be
evaluated for the interaction region with the formula

N5
F

v̄A
5

1

«
g

1

ev̄A
E I LTdz, ~1!

where« is the geometric efficiency («'13%), g the ioniza-
tion efficiency (g'1), e the absolute value of the electron
charge,d the diameter of the tungsten wire (d50.2 mm!, v̄
the average velocity of the caesium beam, andA the area of
the caesium beam at the collision point (A5306 mm2). The
average velocity is optically determined by a method ba
on the Doppler effect involving two crossed laser bea
@21#, and is equal to 400 ms21. The typical density obtained
with such a setup is very low, i.e., 109 atoms per cm3. After
each Langmuir-Taylor record, the detector is placed int
position corresponding to the maximum of the obtained p
file. In first approximation, the intensity measured is prop
tional to the caesium density evaluated under the pro
This allows to control the target density during the expe
ment.

Since the investigated energy range was not directly
cessible by the ion source, a decelerating device was
stalled at the vicinity of the collision area. This decelerati
device is the same than those described by Laulhe´ et al. @13#.
The studied energy domain is then 0.4–5 keV/amu.

The optical device used in this experiment was alrea
described@4,13#. The photons emitted perpendicularly to th
direction of the incident ion beam are wavelength analyz
in an horizontal plan by means of a normal incidence grat
spectrometer and detected by a photomultiplier in the 20
600-nm wavelength range. A specific wavelength calibrat
curve was done using a standard mercury lamp, and
Ar VIII line at 433.9860.04 nm ~wavelength given in air!.
The wavelength uncertainty is then about 0.08 nm in
second order.

Emission cross sections have been determined from
lines intensities, the relative efficiency curve of the detect
~theoretical grating efficiency and phototube response fu
tion given by the manufacturer! and the target density mea
6-2
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sured by the Langmuir-Taylor detector. The lines intensit
have been calibrated by using the spectrum resulting f
Ar81-He collisions recorded with the same optical dev
@22#. In particular, we have used the emission cross sec
of the 3s6h-3s7i transition at 250.05 nm. The relative un
certainties for the strongest lines are estimated to be of
order of 640%. These uncertainties are mainly due to
calibration method and the polarization effects. Since
continually and accurately measure the ion-beam inten
and the target density, we assume that the calibration un
tainties depend mainly on the emission cross section use
reference (630%). The polarization effects on the determ
nation of the emission cross sections are very difficult
estimate: they depend on the wavelength of the transition
the diffraction order of the spectrometer grating, and on
polarization of the detected lines. Assuming that the po
ization degrees of the ArVIII emitted lines and the polariza
tion of the line used as reference are of the same order
uncertainties due to polarization are probably small, and r
tive uncertainties of640% are large enough to includ
them. Two series of experiments were done. The pre
results are the average of all experiments.

The polarization degreesP of the emitted lines are deter
mined from the measurements ofI i and I' which are the
light intensities with the electric vector parallel and perpe
dicular to the ion beam direction~taken as the quantizatio
axis!, respectively. The polarization degreeP is defined by

P5
I i2I'

I i1I'

. ~2!

The polarimeter was already described several times@6,7#. It
is composed of two polarizers: a rotating Polacoat for theI i
and I' measurements, and a fixed Glan-Taylor prism to
nihilate the polarization effect of the spectrometer.

B. Emission cross sections

Lines due to the single-electron-capture process h
been identified in the 200–600-nm wavelength range. T
correspond toDn51 –4 transitions fromn57 to 13 levels
and Dn50 transitions fromn55 levels. Some of the lines
~corresponding to transitions between largel values! ob-
served here were already observed by Martinet al. @15# for
the same collision system and by Jacquetet al @4# and Laulhe´
et al. @13# for the Ar81-Li(2s) system. However, 24 new
lines have been identified with the help of spectroscopicab
initio pseudorelativistic Hartree-Fock~HFR! calculations
@23#. These new identifications are listed in Table I. All th
emission cross sections for each SEC line are presente
Table II for all collision energies~0.4, 1, 2, 3, 4, and 5
keV/amu!.

C. Experimental production cross sections

The production cross section for the statei was deter-
mined from emission cross sections

s~ i !5(
j , i

sem~ i→ j !2(
k. i

sem~k→ i !, ~3!
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wheresem( i→ j ) is the emission cross section correspond
to the transition from the statei to a lower statej, and
sem(k→ i ) the emission cross section corresponding to tr
sition from an upper statek to the considered statei. Radia-
tive cascades are taken into account untiln512, since we
did not observe lines emitted fromn>13 level~except 9-13
and 10p-13s transitions which are very weak and not o
served for all the collision energies!. The emission cross sec
tions for which the wavelength of the associated transition
outside the detection domain can be deduced from kno
emission cross sections and transitions probabilities. As
previous works@4,13#, we used transition probabilities give
by Lindgård and Nielsen@24# for configurations withl<4,
and hydrogenic transition probabilities for configuratio
with l>5. In the case of the lines which contain seve
transitions with very close wavelengths~unresolved lines!,
we used the ratios between the corresponding CTMC c
sections to determine the proportion of each component.
production cross sections are given in Table III for the m
populated levels, i.e., 9l , 10l , and 11l together with the cor-
responding CTMC results~see Sec. IV B!. The experimental

TABLE I. New observed lines.~1! Present experimental results
~2! HFR calculations.

Transition lEXPT ~nm! lHFR ~nm!

in air in vacuum
~1! ~2!

8p2P3/2-9d2D5/2 321.7260.04 321.51
8h-9g 434.9160.04 435.13

9 f -10g 602.9860.08 600.40

8p2P1/2-10s2S1/2 239.1260.03 239.49
8p2P3/2-10s2S1/2 239.7660.03 240.07
8d2D5/2-10p2P3/2 268.9760.03 269.03
8d2D3/2-10p2P1/2 269.2260.03 269.30
8p-10d 207.8560.03 207.95
8d-10f 238.9060.03 238.04

9p2P1/2-11s2S1/2 334.5560.04 335.15
9p2P3/2-11s2S1/2 335.4860.04 335.93
9d-11f 328.0260.04 328.77

10p-12d 388.7660.04 389.51
10f -12g 463.0860.04 463.03
10g-12h 464.8060.04 465.08

8i ,k-11k,l 193.3660.02 193.44

9p2P3/2-12d2D5/2 227.0360.03 226.95
9 f -12d 267.4660.03 267.58
9g-12h 263.1560.03 263.19

10p2P1/2-13s2S1/2 329.7760.04 330.58
10p2P3/2-13s2S1/2 330.2760.04 331.13

9d-13f 212.6760.02 212.99
9g-13h 221.0260.02 221.17
9h,i ,k,l -13i ,k,l ,m 221.3260.02 221.49
6-3
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TABLE II. Experimental emission cross sections (10216 cm2) vs projectile energy~keV/amu! for single
electron capture in Ar81-Cs(6s) collisions. The experimental uncertainties are of 40%.

Energy
Transition l ~nm! 0.4 1.0 2.0 3.0 4.0 5.0

5p2P1/2-5d2D3/2 302.69 4.0 6.5 4.5 2.9 3.5 1.1
5p2P3/2-5d2D5/2 306.77 4.7 8.0 7.0 3.8 7.8 0.8
5s2S1/2-5p2P3/2 392.68 1.9 5.0 3.3 2.5 5.4 1.1
5s2S1/2-5p2P1/2 400.38 1.4 3.2 1.7 1.2 3.4 0.5

6g-7h 192.93 25.2 25.5 31.1 23.9 31.4 31.0
6h-7i 193.09 107.3 109.0 117.0 145.0 121.6 168.4

7 f -8g 294.65 2.8 2.0
7g-8h 297.19 10.5 16.3 8.7 14.9 20.3 19.1
7h,i -8i ,k 297.49 275.0 217.8 184.1 387.7 360.1 424.9
metastable 7l -8l 296.59 8.1 6.2 8.2 13.4 16.1 11.8

8 f -9g 429.81 1.3 2.0 1.5 1.8 1.2
8g-9h 433.49 7.4 5.4 4.8 7.9 6.9 8.2
8h-9i 22.0 19.3 12.6 25.4
8i ,k29k,l 433.98 228.0 199.6 208.1 308.6 316.4a 401.5a

metastable 8l -9l 431.95 2.0 9.3 3.1 3.8 3.8 8.1

9 f -10g 602.98 0.8
9i ,k,l -10k,l ,m 606.53 127.0 199.3 219.8 259.2 245.7 345.9

8p2P1/2-10s2S1/2 239.12 4.4 3.7
8p2P3/2-10s2S1/2 239.76 6.3 7.5
8d2D5/2-10p2P3/2 268.97 4.0 2.9
8d2D3/2-10p2P1/2 269.22 2.8 2.1
8p-10d 207.85 6.0 1.5
8d-10f 238.90 4.6 0.8
8 f -10g 251.54 4.3 - 3.5 2.0 2.2 1.7
8g-10h 252.77 4.4 6.3 6.4 13.0 9.0 6.2
8h-10i 252.92 11.5 14.8 14.3 27.3 30.2
8i ,k-10k,l 253.02 51.9 64.4 64.0 88.9 91.7b 103.2

9p2P1/2-11s2S1/2 334.55 1.1
9p2P3/2-11s2S1/2 335.48 0.7
9d-11f 328.02 1.3 1.7 2.4
9h-11i 2.5 2.9 3.3 4.9 2.5
9i ,k,l -11k,l ,m 348.66 12.3 19.2 20.4 30.4 35.5 43.2

10p-12d 388.76 0.1 2.2
10f -12g 463.08 2.6 1.6 3.8 1.2 1.6
10g-12h 464.80 2.4 2.1 3.2 4.0 2.2 1.6
10h,i ,k,l ,m-12i ,k,l ,m,n 465.75 4.5 3.1 7.9 13.3 13.7 7.7

8i ,k-11k,l 193.36 12.5 23.3 18.7 11.3 15.3 15.1

9p2P3/2-12d2D5/2 227.03 18.5
9 f -12d 267.46 2.8 7.9 3.4
9g-12h 263.15 2.3 1.3
9h,i ,k,l -12i ,k,l ,m 263.52 4.3 5.6 5.9 7.3 12.0 13.0

10p2P1/2-13s2S1/2 329.77 2.0
10p2P3/2-13s2S1/2 330.27 3.4

9d-13f 212.67 20.5
9g-13h 221.02 27.9 5.7
9h,i ,k,l -13i ,k,l ,m 221.32 22.2 3.1

a8h,i ,k-9i ,k,l .
b8h,i ,k-10i ,k,l .
052706-4
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TABLE III. Experimental and CTMC calculated cross sections (10216 cm2) vs the projectile energy~keV/amu! for single electron
capture into the 9l , 10l , and 11l sublevels for Ar81-Cs(6s) collisions.

Energy 0.2 0.4 1.0 2.0 3.0 4.0 5.0

nl CTMC EXPT CTMC EXPT CTMC EXPT CTMC EXPT CTMC EXPT CTMC EXPT CTMC

9s 14.0 13.3 20.9 13.8 8.5 4.1 1.5
9p 42.0 53.0 42.3 18.2 12.1 6.7 4.5
9d 28.1 27.0 18.6 6.5 4.6 4.1 3.3
9 f 17.1 12.2 8.2 4.3 2.8 2.3 2.4
9g 12.4 10.3 10.3 17.5 9.8 8.2 12.6 7.2 9.9 7.0 7.1 7.3
9h 17.9 27.4 14.1 13.5 16.3 15.8 15.7 28.1 15.3 21.4 14.9 23.9 16
9i 21.9 36.5 18.8 25.5 20.5 9.6 18.3 33.8 23.1 29.3 23.4 36.0 25
9k 27.6 66.5 35.3 37.2 28.4 15.1 32.3 52.3 30.5 47.7 32.9 46.1 32
9l 50.1 92.1 51.5 11.3 41.7 11.6 38.0 63.8 34.5 65.5 35.3 45.3 29

10s 78.5 162.1 73.7 169.2 49.6 16.3 3.6 2.3 1.2
10p 172.5 149.4 125.6 108.7 41.1 14.4 7.0 3.3 1.1
10d 71.7 37.4 20.6 7.6 4.2 3.8 2.4
10f 29.7 17.7 8.2 3.2 21.5 3.5 3.4 3.5
10g 24.0 44.6 16.0 14.4 34.3 13.9 18.4 10.6 22.0 8.1 16.7 5.
10h 28.2 23.1 27.5 34.1 22.4 35.6 20.8 17.2 19.0 48.9 16.8 31.7 19
10i 42.2 30.3 37.6 42.6 45.2 25.3 33.0 39.0 39.6 41.8 40.1 47.3 34
10k 61.1 47.9 60.8 54.1 56.1 47.2 56.2 70.7 69.9 64.8 70.4 81.6 58
10l 72.2 60.1 75.4 73.4 73.1 82.8 92.2 106.1 97.4 101.9 98.0 120.2 76
10m 64.7 55.7 70.1 97.7 97.7 96.6 96.9 103.9 88.3 86.6 76.3 134.2 67

11s 31.9 34.0 25.1 8.6 1.6 0.7 0.6 0.6
11p 32.9 20.1 10.8 6.3 2.6 2.3 1.7
11d 15.1 11.2 7.8 5.9 4.0 2.1 1.5
11f 8.4 65.8 7.2 77.9 3.5 124.0 3.5 4.8 3.0 2.6
11g 6.3 9.3 8.6 7.5 5.9 4.5 3.9
11h 12.9 13.3 13.5 10.7 8.2 9.2 10.7
11i 11.1 9.8 17.5 10.7 21.1 5.4 18.0 7.2 20.2 8.9 24.8 14.3 24.
11k 12.9 13.9 24.7 15.4 29.7 8.2 26.4 8.2 40.9 18.0 44.5 25.4 37
11l 8.6 11.0 20.9 14.3 29.0 16.0 52.5 25.9 70.5 27.2 68.5 30.1 47
11m 8.3 8.6 15.6 19.5 36.0 23.1 74.8 33.4 90.7 35.8 82.5 50.8 73
11n 4.0 7.2 33.1 72.3 71.1 69.6 80.5
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errors for the production cross sections are found to be
tween 40% and 60%, the theoretical uncertainties are alw
smaller than 10%.

III. THEORY

A. Classical trajectory Monte Carlo „CTMC … method

In the three-body CTMC method@9–11# the Hamilton’s
equation of the motion for three classical particles~valence
electron plus alkali-metal core Cs1 making the target, ionic
core of the projectile Ar81) are solved, given a set of initia
conditions for the target and the projectile. The method
Reinhold and Falco´n @25# is used to sample the initial con
ditions for the target from a microcanonical phase-space
tribution. Details on the CTMC method using effectiv
electron-core interactions may be found elsewhere@17,26#.
Model potentials are used to describe the interactions
tween the active electron and each of the ionic cores. For
e2-Cs1 interaction, we use@27#
05270
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1

r
@1154 exp~23r !13.082r exp~20.985r !#,

~4!

and for thee2-Ar81 interaction we use@17#

VAr52
1

r
@8110~121.706r 11.039r 2!exp~23.5r !#.

~5!

These model potentials were determined to fit spectrosc
data and to have the correct behavior at large and small
ues of r. The binning procedure of the classical quantiti
~binding energy, the angular momentum of the electron,
the projection of the angular momentum onto the initial v
locity vector of the projectile which is taken as the quant
cation axis! to determine the finaln, l, andml quantum num-
bers of the captured electron was previously described
detail @12,5#. It takes into account the quantum defects of t
6-5
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energy levels of the Ar71 ion @28#. Between 1.53104 and
3.53104, trajectories have been used in the calculations
ensure finalnl distributions with statistical errors of 3–10 %
for the most populated levels (n59, 10, and 11! while nlml
distributions have statistical errors of 8–20 % for the m
populatednl sublevels.

B. Molecular structure calculations

In order to analyze the variations of the finaln, nl, and
nlml distributions with the projectile energy, the electron
energies of the one-electron$Ar711Cs%1 molecular system
have been calculated using a pseudopotential method fro
linear combination of numerical atomic orbitals for Cs a
Ar71. Full details of the method can be found elsewhere@6#,
where the parameters for the pseudopotential of thee2-Ar81

interaction can be found~note that parameter B2, in Table
of Ref. @6#, should be read 8.697 in place of 8.870!. For the
e2-Cs interaction, we have used

V5(
l

Vl~r !Pl2
1

r
20.5ad

r 2

~r 31r c
3!2

, ~6!

where the valuead517.82 a.u. is taken for the static pola
izability of Cs1. The cutoff radiusr c is fixed to 1.989 a.u.,
which is the value of the Cs1-core radius@29#. Pl is an
angular momentum projector on the Cs1 core, andVl(r ) is a
Gaussian-type pseudopotential:

Vl~r !5Al exp~2Blr
2!. ~7!

The values taken forAl andBl can be found in Table IV. In
the atomic basis state expansion of the total electronic w
function for the$Ar711Cs%1 system, all thenl radial wave
functions for the Ar71 ion from the ground staten53 up to
the n517 level have been considered. For the Cs atom,
have considered thens (n56 –7!, np (n56 –8!, nd
(n55 –7!, n f (n54 –5!, and 5g radial wave functions. Note
that the parameters of thee2-core interactions were dete
mined by numerically solving the one-electron Schro¨dinger
radial equations to fit the two lowest energies of eachnl
series of Ar71 and Cs.

The core-core interaction, mainly the 8/R repulsive inter-
action, has not been included in the calculations, sinc
does not contribute to the non-adiabatic couplings betw
the molecular states. The electronic energies of the$Ar71

1Cs%1 molecular system have been calculated for theS and
P symmetries in the internuclear distance rangeR515–70

TABLE IV. Values of the parametersAl andBl for thee2-Cs1

pseudopotential~see text!.

Angular momentuml Al Bl

0 71.242 0.857
1 2.548 0.229
2 21.152 0.254

>3 21.280 0.316
05270
o

t

a

ve

e

it
n

a.u. Those relevant to the main capture channels~corre-
sponding to then59, 10, and 11 levels! are reported in Figs.
2~a! and 2~b!.

In Fig. 2~a!, the uppermostS energy curve above the
manifold of electronic energy curves correlating to then
511 level of Ar71 is the entrance channelS(6s) which,
through numerous nearby crossings, goes to the 6s configu-
ration of Cs at large internuclear distances. ThisS(6s) en-
trance channel crosses nearly diabatically the manifold
Snl exit channels, correlating at largeR with thenl levels of
Ar71 (n59 and 10 withl>4, andn511 for all l values!
while it shows up avoided crossings with significant ener
splittings with the exit channelsS9l and S10l ( l<3) in the
range R>27–29 and 34–38 a.u., respectively. The
avoided crossings are responsible for primary radial c

FIG. 2. Electronic energies~in atomic units! vs the internuclear
distance~in atomic units! for the$Ar711Cs%1 system.~a! S states,
~b! P states.
6-6
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plings leading to electron capture into then59 and 10 lev-
els. They are also responsible for the so-called projec
core-electron effect to populate low-l values at low energies
Other avoided crossings with significant energy splittings
also observed between exit channels at smaller internuc
distances~between theS9p andS9d channels atR>18 a.u.,
between theS9d and S9 f channels atR>23 a.u., and be-
tween theS10p andS10d channels atR>25 a.u.!. A smooth
avoided crossing between theS9d andS9 f exit channels can
be seen in the rangeR>45–55 a.u. After the primary radia
couplings which populate the low values ofl, and in addition
to the Stark effect due to the residual ion and the intras
rotational couplings@see the previous discussion@6,7,13# for
the Ar81-Li(2s) collisions#, these avoided crossings shou
contribute to the population of thenl andnlml sublevels by
radial couplings. We have already noted that theS(6s) en-
trance channel crosses nearly diabatically all theS11l exit
channels, and especially theS11l exit channels with low-l
values, while then511 level becomes the most populat
level at the largest energies~see below!. For the population
of this capture level and higher ones, intershell rotatio
couplings have to be invoked, since no primary radial c
pling relevant to these levels will be sufficiently efficien
For this, let us consider theP energy curves in Fig. 2~b!.

In order to be efficient, theP exit channels have to b
populated in the first place by rotational coupling with t
S(6s) entrance channel. This is possible in the region
internuclear distances where theS(6s) entrance channe
shows avoided crossings with the exit channelsSnl (n59
and 10;l<3). Thus, after the primary radial couplings,P9l
andP10l exit channels may be populated by rotational co
plings with theS10l and S9l exit channels~low-l values!.
The potential energy curve correlating through numer
nearly crossings to the 6p configuration of Cs, and that w
call P(6p), shows up avoided crossings with exit chann
Pnp for n59, 10, and 11 atR>25, 30, and 40 a.u., respec
tively. Moreover, other avoided crossings are also obser
between thePnp and Pnd (n59 –11! exit channels atR
>27, 35, and 45 a.u., respectively. The avoided cross
between these exit channels and theP(6p) channel should
contribute by radial coupling to the electron capture into
np andnd configurations, and also to the higher values ol
by Stark effect and intrashell rotational coupling. The 1s
configuration is populated by rotational coupling between
P(6p) andS11s channels.

Obviously theP channels may also contribute to electr
capture into then59 and 10 levels; however, for these le
els, primary radial couplings are predominant. For the po
lation of the n511 level, rotational couplings become th
predominant coupling. Consequently, one should expect
the total cross section for capture into then511 level in-
creases with the energy, while the total cross sections
capture into then510 and 9 levels should decrease or
through a maximum@6# ; the energy position of this maxi
mum varying with the energy splitting at the avoided cro
ing between theS(6s) and Snl exit channels. Finally, it is
worth noting that the maximum impact parameterb which
contributes to the total electron capture cross section~see
05270
-

e
ar

ll

l
-

f

-

s

s

d

s

e

e

-

at

or

-

Fig. 3! agrees with the internuclear range of primary rad
couplings responsible for the one-electron capture.

IV. RESULTS AND DISCUSSIONS

A. Total electron-capture cross sections
and final n distribution

Since only lines emitted in the near UV and visible wav
length range are detected, it is not possible to determine
perimentaln distributions, and we discuss the CTMC one
The CTMC cross sectionss(n) for an electron into a spe
cific n level are reported in Table V for the 0.2–5-keV/am
energy range, along with the total electron captures tot
5(ns(n). Thes tot cross section is almost constant over
the energy range. The very slight increase of the cross
tion with decreasing energies is due to successive increa
efficiency of the primary radial couplings to populate the lo
values of l at low energies. Indeed, the maximum of th
probability for total electron capture times the impact para

FIG. 3. CTMC calculated probability timesb vs impact param-
eter b for total electron capture in Ar81-Cs(6s) collisions at pro-
jectile energies of 0.2 and 5 keV/amu, as indicated in the figure

TABLE V. CTMC calculated cross section (10215 cm2) vs pro-
jectile energy~keV/amu! for single-electron capture inton levels of
Ar71 from Cs(6s). The total electron cross section (10215 cm2)
and the reduced total electron-capture cross section (10215 cm2) are
also reported.

Energy 0.2 0.4 1.0 2.0 3.0 4.0 5.0
n

7 0.2 0.5 0.7 1.1 1.3 1.3 1.4
8 2.7 4.0 5.6 4.9 4.2 4.2 4.4
9 23.1 23.6 20.7 15.5 13.9 13.1 12.2

10 64.5 54.2 42.8 35.5 34.3 32.2 27.0
11 15.0 17.2 20.2 27.9 32.0 31.1 28.4
12 1.9 2.7 4.1 7.2 6.6 8.4 12.5
13 0.3 0.9 1.9 3.0 1.9 2.0 3.0

Total 110.0 106.1 99.8 99.6 98.6 96.2 93.6

Reduced 1.13 1.09 1.02 1.02 1.01 0.98 0.9
6-7
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eter b ~see Fig. 3! increases only slightly with decreasin
energies while the maximum position is shifted to larger i
pact parameters. The reduced total electron-capture c
section@30#

s tot
r 5

4I t

q
s tot , ~8!

where I t is the ionization potential of the target andq the
charge of the projectile, is also reported in the Table V
varies from 0.96310215 cm2 at 5 keV/amu to 1.13310215

cm2 at 0.2 keV/amu, in agreement with the scaling formu
of Schweinzer et al. @30#, which predicted a value o
0.9310215 cm2 over this entire energy range. This is also
agreement with the results obtained for the Ar81-Li(2s) col-
lision @6# and for the Kr81-Li(2s) collision @14# for the same
energy range.

As seen in Table V, the most populated levels are thn
59, 10, and 11 ones. Then distribution is mainly peaked a
n510 in the 0.2–1-keV/amu energy range. The distribut
enlarges with increasing energy and the maximum of thn
distribution is shifted ton511 at largest energies. As ex
pected from the above discussion~see Sec. III B! the cross
sections(n510) increases continuously with decreasing e
ergy due to more efficient primary radial couplings to pop
late the low values ofl. For total capture inton59, the
relevant energy splittings are larger comparatively to th
for the capture into then510 level, so that the cross sectio
s(n59) has a flat maximum at the lowest energies, and t
decreases continuously above 0.4 keV/amu. In contrast
s(n) cross sections forn511, 12, and 13 increase continu
ously with increasing energy due to more efficient rotatio
couplings.

B. Final nl distributions

As seen in Table III, the CTMC calculations are in go
agreement with the present experimental results both for
behavior of thenl distribution versus the collision energ
and for the absolute values of the cross sections excep
four configurations (10s, 9k, 9l , and 11f ). Figures 4~a! and
4~b! show these comparisons more clearly for 10l distribu-
tion at 0.4 and 5.0 keV/amu. The results of Deniset al. @16#
~EXPT2! are also reported in Fig. 4~a!, with a multiplicative
factor of 3, showing a good agreement with the CTMC
sults, except for the 10s cross section. This indicates that th
experimental cross sections determined by these author
probably underestimated.

As already noted by Deniset al. @16# and also by Gaunt
and Danzmann@2# for the Ar811Na(3s) collision in the
0.04–0.09-keV/amu energy range~where the main capture
channel isn59), our experimental and theoretical resu
agree to find a strong projectile-core electron effect at l
energies, which leads to much higher populations in thl
50 and 1 levels than in the higher values ofl. Our experi-
mental results~EXPT1! find a 10l distribution which is
peaked on the 10s level, while our CTMC calculated 10l
distribution is peaked on the 10p level. Because of experi
mental errors, this difference has to be considered caref
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Nevertheless, in EXPT2 of Deniset al. @16#, the maximum
of the 10l distribution is also found for the 10s level. More-
over, for the Ar811Na(3s) collision, Gauntt and Dauzman
@2# found a s(9s) cross section which is larger than th
s(9p) cross section at low energies. For the Ar81-Li(2s)
system, Laulhe´ et al. @6# found the same result contrary t
the CTMC calculations. Thus, it is also worth noting th
semiclassical close-coupling calculations of Harel and Jo
@31# for the Ar811H(1s) collision in the 1–16-keV/amu
energy range. For that collision, where the main capt
channel isn55, the population of the 5s level never exceeds
that of the 5p level; thes(5s) cross section has a maximum
near 4 keV/amu and thes(5p) cross section a maximum
near 2.3 keV/amu. Comparatively, our CTMC calculatio
find a maximum fors(10s) in the energy range near 0.2–0
keV/amu, while the maximum for thes(10p) is probably
below 0.2 keV/amu. This is in agreement with the projecti
core electron effect which results from primary radial co
plings at the avoided crossings between theS entrance chan-
nel, and the variousS channels leading to electron captu
into nl levels with low l.

As discussed above~Sec. III! and in our previous studie
on Ar811Li(2s) @6# and Kr811Li(2s) collisions @14#, the
position of the maximum in thes(nl) ~low l ) cross sections
should be shifted to smaller energy with increasingl, or with

FIG. 4. Comparisons between CTMC calculated~full circle! and
experimental~open symbols! s(10l ) electron-capture cross section
vs the angular momentuml at 0.4 keV/amu~a! and 5.0 keV/amu
~b!. EXPT1: present experimental results. EXPT2: experimental
sults of Deniset al. reported with a multiplicative factor of 3. The
curves have been drawn to guide the eye. Because of the s
theoretical uncertainties which are smaller than 10% are not i
cated.
6-8
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VELOCITY DEPENDENCE OF SINGLE-ELECTRON . . . PHYSICAL REVIEW A62 052706
increasingn for l fixed. This is better seen in Table III and i
Fig. 5~a!, where the CTMC calculateds(9s) cross section
has a maximum near 1 keV/amu, while thes(9p) cross
section is maximum near 0.4 keV/amu; thes(9d) cross sec-

FIG. 5. CTMC calculateds(nl) electron-capture cross section
vs the angular momentuml at different projectile energies~as indi-
cated in the figure! for n510 ~a! andn511 ~b!.
05270
tion has a maximum in the 0.2–0.4-keV/amu energy ran
while thes(10d) probably has its maximum below 0.2 keV
amu. Note that above 1 keV/amu, the CTMC calcula
s(10s) cross section becomes larger than thes(10p) cross
section, which may be expected because then510 level is
the most populated level, and the primary radial coupl
between theS entrance channel and theS channel, leading
to electron capture into the 10s level, is the first radial cou-
pling to become efficient when the energy decreases. A
note that, at low energies, thes(9p) cross section has value
as large as for the highestl values. This can be seen in Fig
6~a! where, at an energy of 0.4 keV/amu, the CTMC calc
lated 9l are found in qualitative agreement with the expe
mental results of Deniset al. @16# ~within a multiplicative
factor of 3!. Finally, it is worth noting that thes(nl) cross
sections for high values ofl do not vary much over the entir
energy range, except maybe for the largestl values in the 9l
and 10l configuration@see Table III and Fig. 5~a!#. Indeed,
for n59 or 10, the large values ofl are populated by the
Stark effect and rotational coupling after the primary rad
couplings which populate the low values ofl. In contrast, the
s(11l ) cross sections have very different behavior with e
ergy. As the energy decreases, the low values ofl ( l<3)
become more and more populated, but to the detriment of

FIG. 6. Comparisons between CTMC calculated~full circles!
and experimental~open symbols! s(nl) electron-capture cross sec
tions vs the angular momentuml at 0.4 keV/amu forn59 ~a! and
n511 ~b!. EXPT1: present experimental results. EXPT2: expe
mental results of Deniset al. reported with a multiplicative factor
of 3. The value ofs(11f ) is not indicated on the figure~see the
text!.
6-9
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highest values ofl @see Fig. 5~b!#. As seen in Fig. 6~b!, at an
energy of 0.4 keV/amu, the CTMC calculated 11l distribu-
tion is found to be in qualitative agreement with our expe
mental data, except for thes(11f ) cross section. As dis
cussed above~Sec. III!, the S11l capture channels do no
show up avoided crossings with theS(6s) entrance channel
so that primary rotational couplings between the entra
channel andP channels have been invoked to populate
11l levels~and higher ones! with low values ofl. The popu-
lations of these levels are then redistributed by a post-S
effect and rotational couplings to the large value ofl with
increasing energy. In conclusion, the 11l configurations with
low values of l are mainly populated at low energy, whi
their population is then quickly redistributed to large valu
of l with increasing energy.

Let us discuss the other disagreements observed betw
the CTMC results and the experimental data concerning
9k and 9l configurations at 1 and 2 keV/amu, and the 1f
configuration at 0.4, 1, and 2 keV/amu~Table III!. They can
be explained in the following way.

For the 9k and 9l configurations, the corresponding o
served line at 433.98 nm contains three transitions: 8h-9i ,
8i -9k, and 8k-9l . In order to estimate the ratio betwee
sem(8h-9i ), sem(8i -9k), and sem(8k-9l ), we have used
the corresponding ratio deduced from CTMC emission cr
sections. However, at 1 and 2 keV/amu the intensity of
line must be underestimated, and since the cascade e
from n510, the most populated level, is important, t
s(9k) ands(9l ) cross sections are certainly too weak.

For the 11f configuration, the cross section mainly d
pends on the determination of the 9d-11f line intensity, as
shown in the following formula:

s~11f !5
s~11f→9d!

0.019
20.755s~12g→10f !. ~9!

The line corresponding to the 9d-11f transition is ob-
served for 0.4-, 1-, and 2-keV/amu collision energies. In
three spectra, this line is very weak and its intensity c
easily be overestimated. The associated branching ratio
ing also very weak, we obtain an amplification of this ove
estimation for the considered configuration. Because of
overestimation, the value ofs(11f ) for 0.4 keV/amu is not
reported in Fig. 6~b!.

C. Polarization degrees of lines and finalnlml distributions

The intensities of the observed lines corresponding
transitions between low-l value states (l 50 and 1! are very
weak, and their polarization degreesP are zero or almos
zero @6,7#. Since lines corresponding to transitions betwe
intermediate-l values have also weak intensities, it was on
possible to determineP for transitions between high-l values.

The experimental and CTMC calculated polarization d
grees of lines versus the collision energy are reported
Figs. 7~a! and 7~b! for the 8h,i ,k-9i ,k,l and 9h,i ,k,
l-11i ,k,l ,m transitions. Details of the calculation of polariz
tion rates from CTMC calculateds(nlml) cross sections can
be found elsewhere@6,8#. The CTMC calculated polarization
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rates indicated in Figs. 7~a! and 7~b! include radiative cas-
cade effects up ton512. A fair agreement is observed be
tween experimental and calculated data for both the ene
variation and the absolute values. The polarization degr
increase more or less quickly with energy~from about 10%
for the 8h,i ,k-9i ,k,l transition! to reach values of nearly
30% for all the transitions. These polarization degrees
consistent with the CTMC calculatednlml distributions
which show, for these transitions from sublevels with largl
values, significant populations of largeml values at low en-
ergies, and then a population of mainlyml<4 at the largest
energies. For the transitions fromnl sublevels with the low-
est l values, the cascades from the upper levels should
crease the polarization of these transitions at the lowest
ergies since they originate fromnl sublevels with large
values of l @13,8#. Because of space it is not possible
report thesenlml distributions. However, we note that fo
transitions fromnl sublevels with lowl ~in particular for l
<4), the CTMC calculatednlml distributions indicate that
the polarization degrees should take negative or small va
at low energies, to increase more or less quickly at la
energies.

V. CONCLUSION

By means of photon emission spectroscopy and CTM
calculations, we have studied single electron capture

FIG. 7. Comparisons between experimental~open symbols! and
theoretical ~full symbols! polarization degrees of lines for th
8h,i ,k-9i ,k,l ~a! and 9h,i ,k,l -11i ,k,l ,m ~b! transitions, as indi-
cated in the figure.
6-10
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Ar81-Cs(6s) collisions between 0.4 and 5 keV/amu. From
spectroscopic point of view, 24 new lines have been
served. From line intensities, emission cross sections h
been determined. Production cross sections for then59, 10,
and 11 levels have been presented and compared
CTMC calculations and experimental results of Martinet al.
@15# and Deniset al. @16#. A specific attention has been pa
to the most populated level (n510): the obtained 10l distri-
bution confirms the very strong projectile core electron eff
observed at low energy by Martinet al. @15# and Deniset al.
@16#, and also found by preliminary CTMC calculations@18#.
The behavior of this 10l distribution versus energy collisio
is the same as those observed by Laulhe´ et al. @13# on
Ar81-Li system: at high energy, only high-l value states are
populated and at low energy, due to the effect of the elec
core of the projectile, low-l value states (l 50 and 1! are
populated to the detriment of high-l value states. Both the
experimental and CTMC calculated results have been a
lyzed in terms of dynamical couplings by using calculatio
H.
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nn
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of the electronic energies of one-electron$Ar711Cs%1 sys-
tem. The polarization degrees of Ar71-ion emission lines
resulting from transitions between high-l value states have
been measured and compared with fair agreement with
oretical ones obtained from CTMC calculateds(nlml) cross
sections. The increase of the polarization degrees with p
jectile energies indicates that, after the collision, the el
tronic cloud tends to be more aligned parallel to the incid
ion-beam direction. In other words, it means that theml dis-
tributions of the nl produced states are more and mo
peaked onml50, 1, and 2 when the projectile energy in
creases.
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