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The single-electron captutSEQ process which occurs in Af-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 Carl[€TMC) method is also used to determine the state-
selective electron-capture cross sections. For high collision energies, strong lines correspoidirglte4
transitions frorm=7 to 13 states with large angular momentum values ofiArandAn=0 transitions from
n=5 states are observed. For low collision energies, together with the lines observed for high collision
energies, lines corresponding to transitions from states withl lealues (18, 11s, and 13) are detected.
Production cross sections for the most populated levetsq, 10, and 11are determined and compared with
the previous experimental data of Marghal.[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 {Ar”* + Cs* 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 higkalues states are also measured. The comparison with those
calculated from the CTMC results provides information about the Zeeman sublevel distributions.

PACS numbes): 34.10+x, 34.70+e

. INTRODUCTION Ar®" and KE*-Li(2s) systems[12—14. To complete our
studies, we would like to analyze the effects of the initial
We study ion-atom collisions in the low-velocity range, alignment of a laser prepared target on the fimlah, distri-
typically for the reduced velocity <1, which is defined as butions. We have then chosen to study th&"A€s(6s) and
the ratio of the velocity of the ionic projectile to the initial Ar8*.Cs*(6p) systems. The choice of Af ions as projec-
orbital velocity of the valence electron in the target atom. Fottjles is obvious in continuity with the previous studies. Op-
these slow collisions between a highly charged A8t and  tical pumping of caesium atoms in the Gtate by means of
a neutral alkali-metal atom target, the main process whickjiode lasers is technically possible. This system was already
occurs is the capture of the active loosely bound electron oftudied by Martiret al.[15] in the 200—500-nm wavelength
the target by the incident ion with a large cross secfib@].  range and by Denist al [16] in the UV domain. In both
Numerous studiefl —4] have shown that, because of its high papers, the determined cross sections have the same behavior
resolution, UV and visible photon spectroscopy is particu-with the energy collision as those obtained from CTMC cal-
larly useful in determining thel-distributions of the most culations[17,18, but the order of magnitude of the experi-
populated levels foA9" +alkali-metal atom collisions. Re- mental results are systematically lower than the CTMC re-
cently, we have showfb—8] that it is also possible to have sults by a factor of about 5 at the peak of theistribution.
information onm, distributions using measurements of the |n this manuscript, we present results on single electron
polarization rates of the single-electron-capture lines froncapture in AP*-Cs(6s) collisions between 0.4 and 5.0 keV/
comparisons with the polarization degrees calculated fromamu. After the description of the experime(hereafter re-
o(nlmy) cross sections determined by using the classical traferred as EXPT), we present spectroscopic results, wave-
jectory Monte Carlo(CTMC) method[9-11]. The knowl-  lengths, and assignments of new SEC observed lines. The
edge of the finahIm, distributions resulting from the single- emission cross sections are determined from line intensities,
electron-capture(SEQ process gives information on the the target density, and the optical response of the experimen-
importance of the various coupling mechanisms which takeal device for each transition. Production cross sections for
place during the collision. Thesgm, distributions are rather the most populated levelnE9, 10, and 11 are then esti-
difficult to predict because they depend strongly on the effiimated and compared with the(nl) cross sections calcu-
ciency of the dynamical couplings involved between the reldated by using the CTMC method and with the experimental
evant electron capture channels and the entrance channel.results(hereafter referred as EXPTaf Deniset al. [16]. A
We have already studied the effects of the projectile vepreliminary theoretical study of the AF-Cs(6s) collision
locity and of the projectile core electrons by studying theversus the collision energy was already repoifted. It is
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the collision chamber is low enough X210 ® mbay, the
caesium tube is broken inside the oven by mean of a piston.
In front of the caesium chamber, the nozzle of the oven is
composed by a small capillary tulength 44 mm, diameter

2 mm). In order to prevent caesium scattering, a collimator

Cr?llisitc:n element composed by two diaphragm slits (6124 mnt) is
chamber

Ceslium oven

Spectrometer

added. To measure the atomic caesium beam density as func-

tion of vertical position, we built a movable Langmuir-

Taylor detectof19,20. This detector is composed of a tung-

Fagggav sten wire heated red hot at a temperature of 1800 K and kept
at a voltage of+20 V. The caesium atoms are all surface

| ionized by the wire, and are collected by a cathode electri-

Decewratng / \\ _ cally connected to ground via a picoamperemeter. For each
AN La"%:t‘:rd:‘/'” position of the Langmuir-Taylor detector, the current inten-

— sity measured by the picoamperemeter gives the flux of cae-

% sium atoms which have reached the tungsten wire. A scan

over the vertical range results in an intensity profdé Fig.
1). The total fluxF is obtained by integrating this profile
over the vertical position. The caesium dendiycan be

Intensity (nA) evaluated for the interaction region with the formula
0 1 2 3 4 5 6

\ Ne— =1, 2 f I 1d &
_ e Z,
§ ? \\\\ vA € YEUA ol
B ™
5 - wheree is the geometric efficiencys(=13%), v the ioniza-
'§ ¢ //// tion efficiency (y=1), e the absolute value of the electronic
> . / charge,d the diameter of the tungsten wird€0.2 mm), v

4 the average velocity of the caesium beam, Artie area of

the caesium beam at the collision poidt= 306 mnt). The
average velocity is optically determined by a method based
FIG. 1. Experimental setup. A typical cesium beam profile isON the Doppler effect involving two crossed laser beams
also included on the figure. [21], and is equal to 400 m<. The typical density obtained
with such a setup is very low, i.e., 1@toms per crh After

presently implemented and the collision has been analyze@2Ch Langmuir-Taylor record, the detector is placed into a
from calculations of the electronic potential energy curved?0Sition corresponding to the maximum of the obtained pro-
for the {Ar’* +Cs * molecular system. Polarization rates of f!le. In first approximation, th_e intensity measured is propor-
single-electron-capture lines corresponding to transitions bdiona! to the caesium density evaluated under the profile.
tween hight values are measured and compared to cTmcrhis allows to control the target density during the experi-

results in order to determine the behavior of thedistribu- ~ MeNt: _ _ .
tion versus collision energy. Since the investigated energy range was not directly ac-

cessible by the ion source, a decelerating device was in-
stalled at the vicinity of the collision area. This decelerating
Il. EXPERIMENT device is the same than those described by Laettas.[13].
The studied energy domain is then 0.4-5 keV/amu.

The optical device used in this experiment was already
The experimental setup is presented in Fig. 1. The iordescribed4,13]. The photons emitted perpendicularly to the
beam is produced by an electron cyclotron resonance iodirection of the incident ion beam are wavelength analyzed
source at GANIL (Grand Accéerateur National d’'lons in an horizontal plan by means of a normal incidence grating
Lourds, Caen, FrangeAfter ag/m selection, the A" ions  spectrometer and detected by a photomultiplier in the 200—
are focused onto the center of the collision chamber an@00-nm wavelength range. A specific wavelength calibration
collected in a Faraday cup in order to measure the ion-beamurve was done using a standard mercury lamp, and an

intensity, which is of the order of 250A. Ar v line at 433.980.04 nm(wavelength given in ajr

The caesium beam, whose direction is at 45° from theThe wavelength uncertainty is then about 0.08 nm in the
ion-beam direction, is produced in an oven mainly composedecond order.
of a copper cylinder chamber. Before the experiment, a small Emission cross sections have been determined from the
glass tube containing typicgll2 g of pure 133 caesium is lines intensities, the relative efficiency curve of the detection
fixed inside the oven which is heated with a thermocoax wirgtheoretical grating efficiency and phototube response func-
at a temperature of about 200 °C. When the vacuum insidéon given by the manufactureand the target density mea-

cesium beam profile

A. Experimental set-up
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sured by the Langmuir-Taylor detector. The lines intensities TABLE I. New observed lines1) Present experimental results.
have been calibrated by using the spectrum resulting front?) HFR calculations.

Ar8*-He collisions recorded with the same optical device

[22]. In particular, we have used the emission cross sectiofransition Nexpr (NM) Auer (NM)
of the 3s6h-3s7i transition at 250.05 nm. The relative un- in air in vacuum
certainties for the strongest lines are estimated to be of the (1) 2
order of =40%. These uncertainties are mainly due to theSpZP 942D 321.72+0.04 32151
calibration method and the polarization effects. Since w 31z 512 SO '
. . . . 8h- 434.91+-0.04 435.13
continually and accurately measure the ion-beam intensity
and the target density, we assume that the calibration uncegs-10g 602.980.08 600.40
tainties depend mainly on the emission cross section used as; 2
reference {30%). The polarization effects on the determi- 8P P12-105"Sy 239.12:0.03 239.49
nation of the emission cross sections are very difficult to8P°Paz105*Sy, 239.76-0.03 240.07
estimate: they depend on the wavelength of the transition, 0d°Dsz10p*Ps), 268.97-0.03 269.03
the diffraction order of the spectrometer grating, and on thed’Dz;10p°Py 269.22+0.03 269.30
polarization of the detected lines. Assuming that the polar8p-10d 207.85-0.03 207.95
ization degrees of the Arii emitted lines and the polariza- 8d-10f 238.90+0.03 238.04
tion of t_he_ line used as rc_efergnce are of the same order, tlbepzp 115%S 334.55:0.04 335.15
uncertainties due to polarization are probably small, and rela=", " 2= =12
tive uncertainties of+40% are large enough to include 9P Paz115"Sy, 335.48-0.04 335.93
them. Two series of experiments were done. The presel’?tc}l'11f 328.02-0.04 328.11
results are the average of all experiments. 10p-12d 388.76+ 0.04 389.51
.The polarization degred? of the emitted Iings are deter- 10f-12g 463.08+0.04 463.03
mined from the measurements bfand I, which are the ;0410 464.80+ 0.04 465.08
light intensities with the electric vector parallel and perpen
dicular to the ion beam directiofiaken as the quantization 8i,k-11Kk,| 193.36+0.02 193.44
axis), respectively. The polarization degrBds defined by 9p?P,120?Ds 297 03+0.03 296.95
[ - I, 9f-12d 267.46t0.03 267.58
= . (2 9g-12h 263.15-0.03 263.19
| I +1,
) , . 10p?P,-135%S,), 329.77-0.04 330.58
_The polarimeter was aIrea_ldy descrlbec_i several tif6eq. It 10p%P 4, 1352S,, 330.27+0.04 331.13
is composed of two polarizers: a rotating Polacoat forlthe
andl, measurements, and a fixed Glan-Taylor prism to an9d-13f 212.670.02 212.99
nihilate the polarization effect of the spectrometer. 9g-13h 221.02£0.02 221.17
9h,i,k,I-13ik,I,m 221.32£0.02 221.49

B. Emission cross sections

Lines due to the single-electron-capture process have L _ . _
been identified in the 200—-600-nm wavelength range. TheWhere‘Tem('_’J) Is the emission cross section corresponding

correspond taAn=1-4 transitions froon=7 to 13 levels o the transition frqm the state o a lower statgj, and
and An=0 transitions frorn=5 levels. Some of the lines oem(k—1) the emission cross section corresponding to tran-

(corresponding to transitions between largealues ob- sition from an upper statie to the considered state Radia-

served here were already observed by Magtiml. [15] for g\_/de cascsdes a:_e taken_intg faccou;ct)) ?ntﬂllz' sinceg Vi’g
the same collision system and by Jaccgteil[4] and Laulie ~ d!d not observe lines emitted from= 13 leve (except 9-
et al. [13] for the AB*-Li(2s) system. However, 24 new and 1(-13s transitions which are very weak and not ob-

lines have been identified with the help of spectroscaytic served for all the collision energies'he emission cross sec-
initio pseudorelativistic Hartree-FockHFR) calculations tions for which the wavelength of the associated transition is
[23]. These new identifications are listed in Table I. All the outside the detection domain can be deduced from known

emission cross sections for each SEC line are presented ission cross sections and transitions probabilities. As in
Table Il for all collision energie€0.4, 1, 2, 3, 4, and 5 previous workg4,13], we used transition probabilities given
keV/amy) T by Lindgad and Nielser{24] for configurations with <4,

and hydrogenic transition probabilities for configurations

with 1=5. In the case of the lines which contain several

transitions with very close wavelengtlisnresolved lines

The production cross section for the statevas deter- we used the ratios between the corresponding CTMC cross

mined from emission cross sections sections to determine the proportion of each component. The
production cross sections are given in Table Il for the most

3) populated levels, i.e.,I9 10, and 11 together with the cor-
responding CTMC resultsee Sec. IV B The experimental

C. Experimental production cross sections

o(i)=2, O'em(i—>j)—kzi Tem(K—1),

i<i
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TABLE Il. Experimental emission cross sections (1#®cn?) vs projectile energykeV/amy for single
electron capture in Ar -Cs(6s) collisions. The experimental uncertainties are of 40%.

Energy

Transition N (nm) 0.4 1.0 2.0 3.0 4.0 5.0
5p?P,,,-5d%Dg), 302.69 4.0 6.5 45 2.9 35 1.1
5p?Pg,-5d%Dg), 306.77 4.7 8.0 7.0 3.8 7.8 0.8
552S,,,-5p?Pg), 392.68 1.9 5.0 3.3 2.5 5.4 1.1
552S,,,-5p%Py), 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
7f-8g 294.65 2.8 2.0
7g9-8h 297.19 10.5 16.3 8.7 14.9 20.3 19.1
7h,i-8i,k 297.49 2750 217.8 1841  387.7 360.1 424.9
metastable 8l 296.59 8.1 6.2 8.2 13.4 16.1 11.8
8f-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,k— 9k, 433.98 2280 199.6 208.1  308.6 31%.4 4018
metastable B9l 431.95 2.0 9.3 3.1 3.8 3.8 8.1
9f-10g 602.98 0.8
9i,k,I-10k,I,m 606.53  127.0 199.3  219.8  259.2 245.7 345.9
8p2P,,-10s%S,,, 239.12 4.4 3.7
8p2P4,-10s%S,, 239.76 6.3 7.5
8d2Ds/,-10p%P3, 268.97 4.0 2.9
8d2D5,-10p%Py, 269.22 2.8 2.1
8p-10d 207.85 6.0 1.5
8d-10f 238.90 4.6 0.8
8f-10g 251.54 4.3 - 35 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, | 253.02 51.9 64.4 64.0 88.9 9k7 1032
9p?P,,-115°S,), 334.55 1.1
9p?P4,-115°S,), 335.48 0.7
9d-11f 328.02 1.3 1.7 2.4
9h-11i 25 2.9 3.3 4.9 2.5
9i,k,I-11k,1,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,I,m-12i k,I,m,n 465.75 4.5 3.1 7.9 13.3 13.7 7.7
8i,k-11k,| 193.36 125 23.3 18.7 11.3 15.3 15.1
9p2P4-12d%Dg, 227.03 18.5
of-12d 267.46 2.8 7.9 3.4
9g-12h 263.15 2.3 1.3
9h,i,k,I-12i k,I,m 263.52 4.3 5.6 5.9 7.3 12.0 13.0
10p?P,-13%S,, 329.77 2.0
10p?P4,-13%S, ), 330.27 3.4
9d-13f 212.67 20.5
9g-13h 221.02 27.9 5.7
9h,i,k,I-13i,k,I,m 221.32 22.2 3.1
ah,i,k-9i,k,l.
b8h,i,k-10i,k, .
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TABLE lIl. Experimental and CTMC calculated cross sections (*focn?) vs the projectile energykeV/amy for single electron
capture into the § 10, and 11 sublevels for A#"-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 15
9p 42.0 53.0 42.3 18.2 12.1 6.7 4.5
od 28.1 27.0 18.6 6.5 4.6 4.1 3.3

of 17.1 12.2 8.2 4.3 2.8 2.3 2.4
99 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 15.3 214 14.9 23.9 16.2
9i 21.9 36.5 18.8 255 20.5 9.6 18.3 33.8 23.1 29.3 23.4 36.0 25.1
9k 27.6 66.5 35.3 37.2 28.4 151 32.3 52.3 30.5 47.7 32.9 46.1 32.0
9l 50.1 92.1 51.5 11.3 41.7 116 38.0 63.8 34.5 65.5 35.3 45.3 295
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 11
10d 717 37.4 20.6 7.6 4.2 3.8 2.4
10f 29.7 17.7 8.2 3.2 215 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 5.8
10h 28.2 23.1 27.5 34.1 22.4 35.6 20.8 17.2 19.0 48.9 16.8 317 19.0
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 34.4
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 58.1
10 72.2 60.1 75.4 73.4 73.1 82.8 92.2 106.1 97.4 101.9 98.0 120.2 76.6
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 67.4
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 15
11f 8.4 65.8 7.2 77.9 3.5 124.0 3.5 4.8 3.0 2.6
119 6.3 9.3 8.6 7.5 5.9 4.5 3.9
11h 12.9 13.3 135 10.7 8.2 9.2 10.7
11 111 9.8 175 10.7 211 5.4 18.0 7.2 20.2 8.9 24.8 14.3 24.1
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 37.6
11 8.6 11.0 20.9 14.3 29.0 16.0 52.5 25.9 70.5 27.2 68.5 30.1 47.7
11m 8.3 8.6 15.6 19.5 36.0 23.1 74.8 334 90.7 35.8 825 50.8 73.0
11n 4.0 7.2 33.1 72.3 711 69.6 80.5

errors for the production cross sections are found to be be-

tween 40% and 60%, the theoretical uncertainties are always Vcs=— —[1+ 54 exg —3r)+3.082 exp(—0.985)],
smaller than 10%. (4)
lIl. THEORY and for thee -Ar®" interaction we us¢17]
A. Classical trajectory Monte Carlo (CTMC) method 1
— _ _ 2 _
In the three-body CTMC methol®—11] the Hamilton’s Var= r [8+10(1—-1.706 +1.039 “)exp(—3.5) ].
equation of the motion for three classical particlealence (5)

electron plus alkali-metal core Csmaking the target, ionic

core of the projectile AF") are solved, given a set of initial These model potentials were determined to fit spectroscopic
conditions for the target and the projectile. The method ofdata and to have the correct behavior at large and small val-
Reinhold and Falan[25] is used to sample the initial con- ues ofr. The binning procedure of the classical quantities
ditions for the target from a microcanonical phase-space dishinding energy, the angular momentum of the electron, and
tribution. Details on the CTMC method using effective the projection of the angular momentum onto the initial ve-
electron-core interactions may be found elsewHér&26. locity vector of the projectile which is taken as the quantifi-
Model potentials are used to describe the interactions bezation axi$ to determine the finah, I, andm; quantum num-
tween the active electron and each of the ionic cores. For theers of the captured electron was previously described in
e -Cs' interaction, we us¢27] detail[12,5]. It takes into account the quantum defects of the
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TABLE IV. Values of the parameter, andB, for thee -Cs"
pseudopotentialsee texk

Angular momentuni A B,
0 71.242 0.857
1 2.548 0.229
2 —1.152 0.254
=3 —1.280 0.316

energy levels of the Af ion [28]. Between 1.%10* and

3.5x 10%, trajectories have been used in the calculations to

ensure finahl distributions with statistical errors of 3—10 %
for the most populated levels &9, 10, and 11while nlm,

distributions have statistical errors of 8—20% for the most

populatedn| sublevels.

B. Molecular structure calculations

In order to analyze the variations of the finalnl, and
nlm, distributions with the projectile energy, the electronic
energies of the one-electrgAr’ "+ Cs* molecular system

have been calculated using a pseudopotential method from a

linear combination of numerical atomic orbitals for Cs and
Ar’". Full details of the method can be found elsewHéile
where the parameters for the pseudopotential obtheé\r®*
interaction can be founthote that parameter B2, in Table V
of Ref.[6], should be read 8.697 in place of 8.87Bor the

e -Cs interaction, we have used

rZ

V= V,(r)P ! 0.5a
= rNP——--0503——>,
¢ Yr34r3)?

(6)

where the valuexy=17.82 a.u. is taken for the static polar-
izability of Cs". The cutoff radiug ., is fixed to 1.989 a.u.,
which is the value of the Cscore radius[29]. P, is an
angular momentum projector on the ‘Csore, andv(r) is a
Gaussian-type pseudopotential:

V,(r)=A, exp(—Br?). (7)

The values taken fof, andB, can be found in Table IV. In

the atomic basis state expansion of the total electronic wav

function for the{Ar’*+Cg* system, all thenl radial wave
functions for the Af* ion from the ground state=3 up to

PHYSICAL REVIEW A 62 052706

-0.25
3
& -0.35
-
(@)}
5]
c
(]
Q
c
o
E -0.45
1]
(Ar'*Cs)’ T states
8k
-0.55 | 1 | 1 | t | t L
20 30 40 50 60 70
(a) Internuclear distance (a.u.)
-0.25
3
S -0.35
>
(o))
@
[
Qo
9
c
o
E -0.45
]
-0.55
(b) Internuclear distance (a.u.)

FIG. 2. Electronic energie@n atomic unitg vs the internuclear
distance(in atomic unit for the{Ar’* + Cs * system(a) ¥ states,
g)) I1 states.

a.u. Those relevant to the main capture chanrietsre-
sponding to the=9, 10, and 11 leve)sare reported in Figs.

then=17 level have been considered. For the Cs atom, w@(a) and Zb).

have considered thens (n=6-7), np (n=6-8, nd
(n=5-7, nf (n=4-5), and 5 radial wave functions. Note
that the parameters of thee -core interactions were deter-
mined by numerically solving the one-electron Sctinger
radial equations to fit the two lowest energies of eadh
series of Af™ and Cs.

The core-core interaction, mainly theRBrfepulsive inter-
action, has not been included in the calculations, since

In Fig. 2(@), the uppermos® energy curve above the
manifold of electronic energy curves correlating to the
=11 level of Ar" is the entrance chann&(6s) which,
through numerous nearby crossings, goes to thedhfigu-
ration of Cs at large internuclear distances. Th{$s) en-
trance channel crosses nearly diabatically the manifold of
3, exit channels, correlating at largewith thenl levels of
iAr’* (n=9 and 10 withI=4, andn=11 for all | values

does not contribute to the non-adiabatic couplings betweewhile it shows up avoided crossings with significant energy

the molecular states. The electronic energies of {he
+Cs " molecular system have been calculated for3hend
IT symmetries in the internuclear distance ramye15-70

splittings with the exit channelq and >,y (I<3) in the
range R=27-29 and 34-38 a.u., respectively. These
avoided crossings are responsible for primary radial cou-
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plings leading to electron capture into the=9 and 10 lev- 30 I B — |
els. They are also responsible for the so-called projectile- o
core-electron effect to populate lowralues at low energies. = 25 - Ar+Cs(6s) -
Other avoided crossings with significant energy splittings are  ©
also observed between exit channels at smaller internuclear < 20 |- N
distancegbetween the 9, andX. 44 channels aR=18 a.u., é
between theXqq and 2 4; channels aR=23 a.u., and be- = 15 - 7
tween theX o, andX oy channels aR=25 a.u). A smooth %

. . . 10 — ]
avoided crossing between thg, and2. o exit channels can = — 0.2keV/amu
be seen in the rang@=45-55 a.u. After the primary radial DE_’ ---- 5.0keV/amu
couplings which populate the low valueslpaind in addition 5
to the Stark effect due to the residual ion and the intrashell
rotational couplinggsee the previous discussiph, 7,13 for 0 0 10 20 30 40 50
the AB"-Li(2s) collisions], these avoided crossings should Impact parameter b {a.u.)
contribute to the population of th&l andnlm; sublevels by
radial couplings. We have already noted that ¥(&s) en- FIG. 3. CTMC calculated probability timdsvs impact param-

trance channel crosses nearly diabatically all Thg exit ~ Sterb for total electron capture in Ar-Cs(6s) collisions at pro-
channels, and especially th,, exit channels with low- jectile energies of 0.2 and 5 keV/amu, as indicated in the figure.
values, while then=11 level becomes the most populated
level at the largest energiésee below. For the population
of this capture level and higher ones, intershell rotationa
couplings have to be invoked, since no primary radial cou-

pling relevant to these levels will be sufficiently efficient. IV. RESULTS AND DISCUSSIONS
For this, let us consider thH energy curves in Fig.(d).

In order to be efficient, thél exit channels have to be
populated in the first place by rotational coupling with the
3,(6s) entrance channel. This is possible in the region of Since only lines emitted in the near UV and visible wave-
internuclear distances where tf¥&(6s) entrance channel length range are detected, it is not possible to determine ex-
shows avoided crossings with the exit channgls (n=9 perimentaln distributions, and we discuss the CTMC ones.
and 10;1=<3). Thus, after the primary radial couplinddg, The CTMC cross sections(n) for an electron into a spe-
andIl,y exit channels may be populated by rotational cou-cific n level are reported in Table V for the 0.2—5-keV/amu
plings with the3 4 and 3 exit channels(low-I values.  energy range, along with the total electron capterg;

The potential energy curve correlating through numerous=2,0(n). The g, Cross section is almost constant over all
nearly crossings to thegsconfiguration of Cs, and that we the energy range. The very slight increase of the cross sec-
call II(6p), shows up avoided crossings with exit channelstion with decreasing energies is due to successive increasing
I1,, for n=9, 10, and 11 aR=25, 30, and 40 a.u., respec- efficiency of the primary radial couplings to populate the low
tively. Moreover, other avoided crossings are also observedalues ofl at low energies. Indeed, the maximum of the
between thell,, and IT,4 (n=9-11) exit channels aR  probability for total electron capture times the impact param-
=27, 35, and 45 a.u., respectively. The avoided crossings

between these exit channels and fh&p) channel should TABLE V. CTMC calculated cross section (18 cn?) vs pro-
contribute by radial coupling to the electron capture into theectile energykeV/amy for single-electron capture intolevels of

np andnd configurations, and also to the higher values of Ar’* from Cs(6s). The total electron cross section (16 cnv)

by Stark effect and intrashell rotational coupling. Thes11 and the reduced total electron-capture cross section'txon’) are
configuration is populated by rotational coupling between thedlso reported.

[1(6p) andX ;5 channels.

Obviously thell channels may also contribute to electron Energy 0.2 04 10 20 30 40 50
capture into them=9 and 10 levels; however, for these lev- n

Fig. 3) agrees with the internuclear range of primary radial
Fouplings responsible for the one-electron capture.

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

els, primary radial couplings are predominant. For the popu- - 0.2 05 07 11 13 13 14
lation of then=11 level, rotational couplings become the 8 27 40 56 49 42 42 44
predominant coupling. Consequently, one should expect that ¢ 23.1 236 207 155 139 131 122
the total c_r%s?hsectlon for crz??tu:re] |rj[tot tlhec 11 Ievelt_m- f 10 645 542 428 355 343 322 270
creases Wi e energy, while the total cross sections for ,, 150 172 202 279 320 311 284
capture into then=10 and 9 levels should decrease or go 12 19 27 41 72 66 84 125
through a maximunj6] ; the energy position of this maxi- ' ’ ' ' ' ' '

’ 13 0.3 0.9 1.9 3.0 1.9 2.0 3.0

mum varying with the energy splitting at the avoided cross-
ing between the&X (6s) and X, exit channels. Finally, it is
worth noting that the maximum impact parameltewhich Reduced 1.13 1.09 1.02 1.02 101 098 0.96
contributes to the total electron capture cross secteme

Total 1100 106.1 998 996 986 96.2 93.6
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eterb (see Fig. 3 increases only slightly with decreasing 240 — T T T T T T . T ™
energies while the maximum position is shifted to larger im- 220 e oTMC ]
pact parameters. The reduced total electron-capture cros: fzz 0 EXPTY | E=0.4keV/amu ]
section[30] ~ el g EXPT2 ]
§ 1wl ]
r _4|t 350 120 |- ]
Utot_F‘Ttotv (8) ; 100 | ]
S 80 .
wherel, is the ionization potential of the target awgdthe RN ]
charge of the projectile, is also reported in the Table V. It sl 1
varies from 0.96 10 *° cn? at 5 keV/amu to 1.18 10 ° ol ]
cn¥ at 0.2 keV/amu, in agreement with the scaling formula (5 R T A A
of Schweinzeret al. [30], which predicted a value of angular momentum £
0.9x 105 cn? over this entire energy range. This is also in 250 ——————— T T
agreement with the results obtained for thé Ati(2s) col- 25 E=5.0keViamu T ]
lision [6] and for the KB*-Li(2s) collision[14] for the same T [ e—cmo ]
energy range. - 1: C | o EXPTH
As seen in Table V, the most populated levels arerthe  § 125; ]
=9, 10, and 11 ones. Thedistribution is mainly peaked at % 100 L AT 1
n=10 in the 0.2—1-keV/amu energy range. The distribution g sl IS
enlarges with increasing energy and the maximum ofrthe g [ jes — ? ]
distribution is shifted ton=11 at largest energies. As ex- ° [ R |
pected from the above discussitsee Sec. Il B the cross oL o o——9o—o & ]
sectiono(n=10) increases continuously with decreasing en- 25l T S e-

ergy due to more efficient primary radial couplings to popu- (o)
late the low values of. For total capture intan=9, the

relevant energy splittings are larger comparatively to those FiG. 4. Comparisons between CTMC calculated  circle) and
for the capture into the=10 level, so that the cross section experimentalopen symbolso(10) electron-capture cross sections
o(n=9) has a flat maximum at the lowest energies, and thers the angular momentutnat 0.4 keV/amu(@ and 5.0 keV/amu
decreases continuously above 0.4 keV/amu. In contrast, th®). EXPT1: present experimental results. EXPT2: experimental re-
o(n) cross sections fon=11, 12, and 13 increase continu- sults of Deniset al. reported with a multiplicative factor of 3. The
ously with increasing energy due to more efficient rotationalkurves have been drawn to guide the eye. Because of the scale,
couplings. theoretical uncertainties which are smaller than 10% are not indi-
cated.

angular momentum £

B. Final nl distributions Nevertheless, in EXPT2 of Dengt al. [16], the maximum
As seen in Table Ill, the CTMC calculations are in good of the 10 distribution is also found for the Edevel. More-

" o
agreement with the present experimental results both for th ver, for the AP +Na(3s) collision, Gauntt and Dauzmann

: s - ] found a o(9s) cross section which is larger than the
behavior of thenl distribution versus the collision energy #(9p) cross section at low energies. For theAdLi(2s)

. ) ; %rystem, Laulheet al. [6] found the same result contrary to
four configurations (1§ 9k, 9I, and 11). Figures 4a) and o cTMC calculations. Thus, it is also worth noting the

4(b) show these comparisons more clearly fof #iistribu-  gomiciassical close-coupling calculations of Harel and Jouin
tion at 0.4 and 5.0 keV/amu. The results of Deefisal. [16]  [31] for the A +H(1s) collision in the 1-16-keV/amu
(EXPT2) are also reported in Fig(&, with a multiplicative  energy range. For that collision, where the main capture
factor of 3, showing a good agreement with the CTMC re-channel im=5, the population of the Slevel never exceeds
sults, except for the Kicross section. This indicates that the that of the [—'p level; theo-(55) Cross section has a maximum
experimental cross sections determined by these authors atiear 4 keV/amu and the(5p) cross section a maximum
probably underestimated. near 2.3 keV/amu. Comparatively, our CTMC calculations
As already noted by Denist al. [16] and also by Gauntt find a maximum forr(10s) in the energy range near 0.2—0.4
and Danzmanij2] for the A®*+Na(3s) collision in the  keV/amu, while the maximum for the(10p) is probably
0.04-0.09-keV/amu energy rangehere the main capture below 0.2 keV/amu. This is in agreement with the projectile-
channel isn=9), our experimental and theoretical results core electron effect which results from primary radial cou-
agree to find a strong projectile-core electron effect at lowplings at the avoided crossings betweenXhentrance chan-
energies, which leads to much higher populations inlthe nel, and the variou& channels leading to electron capture
=0 and 1 levels than in the higher valuesloDur experi- into nl levels with lowl.
mental results(EXPT1) find a 10 distribution which is As discussed abovSec. lll) and in our previous studies
peaked on the Xlevel, while our CTMC calculated 10 on A" +Li(2s) [6] and K& +Li(2s) collisions[14], the
distribution is peaked on the pOevel. Because of experi- position of the maximum in the(nl) (low ) cross sections
mental errors, this difference has to be considered carefullyshould be shifted to smaller energy with increadingr with
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FIG. 5. CTMC calculatedr(nl) electron-capture cross sections
vs the angular momentuimat different projectile energiggs indi-
cated in the figurefor n=10 (a) andn=11 (b).

increasingn for | fixed. This is better seen in Table Il and in
Fig. 5a), where the CTMC calculated(9s) cross section
has a maximum near 1 keV/amu, while to€9p) cross
section is maximum near 0.4 keV/amu; #€9d) cross sec-

PHYSICAL REVIEW B2 052706

200 T T T T T T T T

180 [ ]
—e— CTMC

-0 EXPT1 ]
-0 EXPT2 ]

160 -

140 -

5(90) (107° cm®)

50 T T T T T T T T T T T

40
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20

o(114) (10" em?)

10

0 1 2 3 4 5 6 7 8 9
angular momentum £

(b)

FIG. 6. Comparisons between CTMC calculaiédll circles)
and experimentalopen symbolsa(nl) electron-capture cross sec-
tions vs the angular momentuhat 0.4 keV/amu fon=9 (a) and
n=11 (b). EXPT1: present experimental results. EXPT2: experi-
mental results of Denist al. reported with a multiplicative factor
of 3. The value ofa(11f) is not indicated on the figurésee the
text).

tion has a maximum in the 0.2—-0.4-keV/amu energy range
while the o-(10d) probably has its maximum below 0.2 keV/
amu. Note that above 1 keV/amu, the CTMC calculated
o(10s) cross section becomes larger than tH{@0p) cross
section, which may be expected becauserthelO level is

the most populated level, and the primary radial coupling
between the entrance channel and ti& channel, leading

to electron capture into the &Qevel, is the first radial cou-
pling to become efficient when the energy decreases. Also
note that, at low energies, tlag9p) cross section has values
as large as for the highektalues. This can be seen in Fig.
6(a) where, at an energy of 0.4 keV/amu, the CTMC calcu-
lated 9 are found in qualitative agreement with the experi-
mental results of Denigt al. [16] (within a multiplicative
factor of 3. Finally, it is worth noting that ther(nl) cross
sections for high values ¢fdo not vary much over the entire
energy range, except maybe for the lardestlues in the ®

and 10 configuration[see Table Il and Fig. ®)]. Indeed,

for n=9 or 10, the large values dfare populated by the
Stark effect and rotational coupling after the primary radial
couplings which populate the low valueslofn contrast, the
o(11) cross sections have very different behavior with en-
ergy. As the energy decreases, the low value$ @f<3)
become more and more populated, but to the detriment of the
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highest values of [see Fig. B)]. As seen in Fig. @), at an - - T T
energy of 0.4 keV/amu, the CTMC calculated Mistribu- a0k =
tion is found to be in qualitative agreement with our experi-
mental data, except for the(11f) cross section. As dis-
cussed abovéSec. lll), the X, capture channels do not
show up avoided crossings with thg€6s) entrance channel,
so that primary rotational couplings between the entrance.
channel andI channels have been invoked to populate the .
11 levels(and higher oneswith low values ofl. The popu-
lations of these levels are then redistributed by a post-Stark
effect and rotational couplings to the large valuel afith o L L ,
increasing energy. In conclusion, thel Xbnfigurations with 0 1 2 3 4 5
low values ofl are mainly populated at low energy, while (&) Energy (keV/amu)
their population is then quickly redistributed to large values
of | with increasing energy. I

Let us discuss the other disagreements observed betwee 3 * ]
the CTMC results and the experimental data concerning thes [ - SR S
9k and 9 configurations at 1 and 2 keV/amu, and thef 11
configuration at 0.4, 1, and 2 keV/an(Uable Ill). They can
be explained in the following way.

For the &% and 9 configurations, the corresponding ob-

20 -

tion degree (%)

EXPT1 —O—

10 | CTMC ---®--8h-9i 4
@ 8f - Ok

- 8k - 9l

rizal
n

Pola

40 T T T T T

25 -

20 - 2

Polarisation degree (%
@
T
b8
1 1

EXPT1 —O—
served line at 433.98 nm contains three transitiorts:98, CTMC -~ 9h-11i
8i-9k, and &-9l. In order to estimate the ratio between T e ]
0em(8h-9i), 0e(8i-9K), and o..(8k-91), we have used 51 S SITI
the corresponding ratio deduced from CTMC emission cross ol . L L
sections. However, at 1 and 2 keV/amu the intensity of the (b) 0 ! 2 8 4 5
line must be underestimated, and since the cascade effec. Energy (keV/amu)

from n=10, the most populated level, _'S important, the FIG. 7. Comparisons between experimeriegden symbolsand

o(9k) and o(9l) erss Se.Ct'OnS are Certalnly too Wgak. theoretical (full symbolg polarization degrees of lines for the
For the 1T configuration, the cross section mainly de- 8h,i,k-9ik,I () and h,i,k,I-11i,k,I,m (b) transitions, as indi-

pends on the determination of thel-41f line intensity, as  cated in the figure.

shown in the following formula:

rates indicated in Figs.(@ and 7b) include radiative cas-
o(11f—9d) de eff _ . . )
—_  0.75%(12g—10f). (9) cade effects up tm=12. A fair agreement is observed be
0.019 tween experimental and calculated data for both the energy
variation and the absolute values. The polarization degrees
The line corresponding to thed9lif transition is ob- increase more or less quickly with ener@iyom about 10%
served for 0.4-, 1-, and 2-keV/amu collision energies. In thefor the &h,i,k-9i,k,| transition to reach values of nearly
three spectra, this line is very weak and its intensity carB0% for all the transitions. These polarization degrees are
easily be overestimated. The associated branching ratio beonsistent with the CTMC calculatedlm, distributions
ing also very weak, we obtain an amplification of this over-which show, for these transitions from sublevels with large
estimation for the considered configuration. Because of thigalues, significant populations of largg values at low en-

overestimation, the value @f(11f) for 0.4 keV/amu is not  ergies, and then a population of mainty<4 at the largest

o(11f)=

reported in Fig. ). energies. For the transitions from sublevels with the low-
estl values, the cascades from the upper levels should in-
C. Polarization degrees of lines and finahlm, distributions crease the polarization of these transitions at the lowest en-

. . . ) ergies since they originate froml sublevels with large
Th'e. intensities of the observed lines corresponding tQ,51 es of| [13,8. Because of space it is not possible to
transitions between lowvalue states|=0 and J are very ot thesenim, distributions. However, we note that for

weak, and their polarization degre®sare zero or almost y-5nsitions fromnl sublevels with lowl (in particular forl
zero[6,7]. Since lines corresponding to transitions between. 4y ‘the CTMC calculatechim, distributions indicate that
intermediate- values have also weak intensities, it was onlyhe olarization degrees should take negative or small values

possible to dgterminlé for transitions between highyalqes. at low energies, to increase more or less quickly at large
The experimental and CTMC calculated polarization de'energies.

grees of lines versus the collision energy are reported in
Figs. 7@ and 7b) for the &h,i,k-9i,k,| and ik,
[-11i,k,I,m transitions. Details of the calculation of polariza-
tion rates from CTMC calculate@(nlm,) cross sections can By means of photon emission spectroscopy and CTMC
be found elsewhers,8]. The CTMC calculated polarization calculations, we have studied single electron capture in

V. CONCLUSION
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Ar8-Cs(6s) collisions between 0.4 and 5 keV/amu. From aof the electronic energies of one-electfohr’* +Cs ™ sys-
spectroscopic point of view, 24 new lines have been obtem. The polarization degrees of ‘Arion emission lines
served. From line intensities, emission cross sections havwesulting from transitions between highvalue states have
been determined. Production cross sections fonth®, 10, been measured and compared with fair agreement with the-
and 11 levels have been presented and compared wiibretical ones obtained from CTMC calculatethlm,) cross
CTMC calculations and experimental results of Magiral.  sections. The increase of the polarization degrees with pro-
[15] and Deniset al.[16]. A specific attention has been paid jectile energies indicates that, after the collision, the elec-
to the most populated levehE 10): the obtained 10distri-  tronic cloud tends to be more aligned parallel to the incident
bution confirms the very strong projectile core electron effecion-beam direction. In other words, it means that iedis-
observed at low energy by Martet al.[15] and Deniset al.  tributions of thenl produced states are more and more
[16], and also found by preliminary CTMC calculatiois8]. ~ peaked onm;=0, 1, and 2 when the projectile energy in-
The behavior of this ll0distribution versus energy collision creases.
is the same as those observed by Laudtel. [13] on

Ar8*Li system: at high energy, only highvalue states are
populated and at low energy, due to the effect of the electron

core of the projectile, low-value statesl=0 and 1 are Electronic energies and CTMC calculations have been
populated to the detriment of highvalue states. Both the performed on Cray 94 at CEA Saclay under Project No. P65.
experimental and CTMC calculated results have been andt is a pleasure to acknowledge the staff of the GANIL test
lyzed in terms of dynamical couplings by using calculationsbench for their efficient support.
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