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The influence of the projectile velocity on the, distributions of the Af* excited states produced by
electron capture during Ar-Li(2s) collisions is studied experimentally between 1.5 and 4.5 keV dniy
measuring the polarization of the emitted light, and theoretically between 1 and 4 keV* dpwsing the
classical trajectory Monte CarldCTMC) method. We investigate the/7-8/ and 8'-9/ radiative transi-
tions subsequent to the decay of thé 8nd 9 sublevels of A, which are preferentially populated by the
single electron capture process. A small but not negligible effect is seen for the experimental polarization ratios
relating to transitions from sublevels of largevalues, showing a slight increase of the component parallel to
the incident ion beam as the projectile energy increases. Theoretical polarization ratios obtained from CTMC
calculatedn, distributions are in excellent agreement with the measured polarization ratios. Electronic energy
curve calculations are then presented in order to discuss these results in terms of dynamical couplings.
[S1050-294{@7)02402-5

PACS numbd(s): 34.10+x

I. INTRODUCTION electric field of the ionized targ¢8] and the projectile-core
electron effecf9]. Explicitly, it was found that electron cap-
Studying charge exchange is of considerable interest, iture preferentially takes place into sublevels such’asb
particular, to understand energy-loss processes in fusioftonsequence of the Stark mixing effeeind, to a lesser
plasmag 1]. Indeed, low-energy collisions between impuri- extent, into sublevels witr’=0, 1 (consequence of the
ties (such asA%" multicharged ionsand hydrogen atoms projectile-core electron effectThe evolution of then/ dis-
give rise to radiative emission which has been explained asibutions with the collision energy has shown that the
due to the decay oA9~D" excited ions produced by the projectile-core electron effect was much stronger at low en-
single-electron-capture process. Experimental and theoreticalgy than at large enerd,7].
studies|2,3] have been devoted to the determination of the In order to have a more complete characterization of the
distributions of the excited ionic states produced during suclinal states of capture, it is interesting, as suggested by Salin
collisions. From a theoretical point of view, collisions be- [10], to determine them, distributions of the final states.
tween bare ions and hydrogen targets are the simplest syBideed, according to calculations made by Salin for mono-
tems to study single-electron capture processes because thelgctronic systems €, O and Né% -H(1s)), them,
involve only one active electron. Experimentally, they areZeeman sublevel distributions are more significant for the
very difficult to work out. A mean to face this problem con- collision process itself than the findl distributions because
sists in studying collisions between partially stripped projec-the postcollisional Stark effect due to the electric field of the
tiles with a full-shell core and alkali-metal atom targets. Weresidual H ion mixes the degenerate or nearly degenerate
have then chosen to study collisions betweerf*A2p6) / levels. The/ distributions are then deduced from the
ions and Li(Z&) atoms. m, distributions assuming a complete equirepartition of the
We have already publishdd—7] experimental and theo- m, populations among the different levels. Moreover, re-
retical results concerning electron capture followingcent CTMC calculations have given interesting results show-
Ar8*_Li(2s) collisions. They were experimentally studied ing that the presence of the projectile-core electrons has an
for impact energies between 1.5 keV amu60 keV) and  influence on them, Zeeman sublevel populatiof§]. A
4.5 keV amu! (180 keV) [5—7] by means of near UV and mean to experimentally estimate these distributions, i.e.,
visible photon emission spectroscof®00—-600 nm In this  the degree of alignment of the produced states, is to analyze
case,n=8 andn=9 levels are preferentially populated by the polarization of the emitted lines.
single-electron-capture process and cross sections for capture In a recent papdrl1], we have presented results concern-
into 8 (/=0 to 7) and 9 (/=0 to 8 sublevels were ing polarization degree measurements of lines emitted during
experimentally determined. Experimental’ &nd 9/ distri- 80 keV AP'-Li(2s) collisions. In this experiment, the po-
butions were in good agreement with theoretical cross sedarization degrees of lines corresponding tg”’78/ and
tions calculated by using the three-body classical trajectorg/ -9/ transitions were measured. It was found that lines
Monte Carlo(CTMC) method. A strong selectivity in the involving transitions from sublevels with low” values
/ distributions was observed and interpreted as the cons¢7/’-8/ and 8'-9/ with /=0,1,2) are unpolarized,
guence of the competition between the Stark effect due to theithin the experimental uncertainties. On the other hand, the
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FIG. 1. Part of AF*-Li spectrum(1.5 keV amu?) in the range 222—228 nm in the fourth order. Recordings o7, 7i-8k, and
8p12-9s1, line intensities for two polarization directions.

lines corresponding to transitions from sublevels of large anan electron cyclotron resonanCR) source at the GANIL
gular momentum {'=4) were found to be strongly polar- (Grand Accérateur National d’lons Lourds, Caen, Frahce
ized parallel to the incident ion-beam direction, the polarizatest bench. Photons emitted during®AsLi(2s) collisions
tion degree increasing with increasing” values. were detected for various projectile energies in the direction
Qualitatively, these results show up a strong selectivity ofperpendicular to the AF beam and the Li jet. They were
the m, distributions which is confirmed by CTMC calcula- wavelength selected by a grating spectrom&é&@PRA 700
tions of o(n/m,) capture cross sectiofl]. The polariza-  jn the 200-600 nm range. The polarization of each line cor-
tion degrees calculated from these CTME distributions responding to 7'-8/ and &'-9/ transitions was mea-
were in good agreement with the experi_mental results. It alg, eq using a polarimeter composed of two polarif&a.
lowed us to assert that sublevels with lom, values 1 first one is a dichroic polarizéPolacoat which can be
(m,=0, 1, £2) are p(eferentlally populated ki)é]smgle oriented parallel or perpendicular to the direction of the in-
E:{)/t)ure process for a projectile energy of 2 keV amtB0  (iqent jon beam in order to measure the intensity of the emit-
' . . . ted light polarized parallell() or perpendicularl(,) to the
Following our previous paper, the evolution of the ion-beam direction. The second polarizer i Glan-Tavl
distributions is now studied experimentally for collision en- . . ) polarizer 1S a fsian-faylor
ergies from 1.5 keV amitt (60 keV) to 4.5 keV ama* (180 prism placed in front of f[he entrancg sl|t- of t.he spectrometer
and fixed at 45° to the ion-beam direction in order to com-

keV), and theoretically from 1 keV ami (40 keV) to 4 keV for th larizati P fth .
amu™! (160 keV). The experimental results will be discussed PeNsate for the polarization effects of the grating.
by comparison with theoretical polarization degrees obtained 1he Polarization degree of a line is defined as

with o(n/'m,) capture cross sections calculated by using the l—]
CTMC method. Finally, a qualitative analysis based on elec- = M_
tronic energy curve calculations will be proposed. i+l

Il. POLARIZATION MEASUREMENTS ) )
_ A part of a typical AFT-Li spectrum E=1.5keV
A. Experimental setup amu ) is presented in Fig. 1 together with some polariza-

The experimental setup used here has already been d&en recordings. The intensities recorded for two polarization
scribed in detai[4—7]. The A" ion beam was produced by directions are denoteq andi, . They are referred tdy,,
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which is obtained by crossing both polarizers. The emitted J 1 J\2

line intensitiesl; and 1, are then defined, respectively, as || o 2 (—M +1 M’) I,
(i=imin) @nd (@, —imin). At last,in.,is obtained with polar- Mj.M b - J

izers parallel to each other. MJ:MJ’, *1

The experimental uncertainties were evaluated from the
recordings oflj andl, . The uncertainties due to the align- The oym, Zeeman sublevel populations are related to the
ment defects of the experimental setup are very difficult to; populations in the following way:
evaluate. However, preliminary tests with depolarized light ~
of a mercury lamp have shown that they could be neglected

in comparison with those deduced from the recordings. o= 2 Ky/smmdIMy)Pog m.
m,,m
m,+ msstJ
B. Experimental results

The experimental polarization values are presented as Bhe 'flrget IS n%t tﬁ)}repareg n a_magnetlc otrlentepl ?tat?r,] S0
function of the collision energy in Table I, for each detected”™s ~ 7-mg a@nd the 10n beam IS a symmetry axis for the

line corresponding to7'-8/ and 8'-9/ transitions. Fora €Xperiment, sy, =o_m =0|m | -

given energy, the general tendency previously observed in If /=3, the wavelengths of the three fine-structure tran-
[11] is conserved, i.e., 8 and & -sublevel decay lines are sitions 2L ,-’L; are very close and the corresponding lines
unpolarized or very weakly polarized for low angular mo- gre no longer resolved by the optical device. As th&
menta ¢'=0,1,2), whereas for’=4, the polarization in-  coupling is negligible in this case, Fano and Macek formal-
creases with increasing values. ism [14] was used to determine the polarization degree of

In the investigated energy range and for a giveneachn’/”-n/ transition. The polarization is then expressed
n'/"-n/ transition, the evolution of the polarization degree g5

remains moderate and depends on thealue of the upper

sublevel: on one hand, sublevels with low values ., 3h(/ A)A()
(/=0,1,2) give rise constantly to unpolarized radiative P(n’/ n/):m

emission, within the error bars; on the other hand, the polar-

ization of radiative transitions from sublevels with large an-whereA(/) is the alignment parameter of theupper level
gular momenta {=4) is found to increase with incident

energy. The increase of the polarization degrees is less im- , L 3mi-/(/+1)
portant as the” value increases. Moreover, the energy de- A= —p(0)+2m§;1 Wp(m/),
pendence is stronger for /7-8/ transitions than for g
8/'-9/ transitions. where

These observations are quite similar to those reported by
Gauntt and Danzmanji2] for Ar®*-Na(3s) system in the Y]
0.04-0.06 a.u. velocity rang®.04—0.09 keV amut) and p(0)= (oot ZEm/:Nm/)

Schipperset al. [13] for H&?*-Na(3s) system in the 2—13.3

keV amu ! energy range. Indeed, Gauntt and Danzmann obgpq

served a slight increase of the polarizationnd&=8-n=9

transition of Ar vi with increasing velocity(from 15 to Om
20%), and Schipperet al. have found that the polarization p(m,)=
of n’=3—n=4 transition of Hel increases from 20 to 30%

between 2 and 4 keV amd and remains constant for

E>4 keV amu®. an

/

(0o+225 _10m)

‘ 7 7 2/ ~ 2)71
IIl. ZEEMAN SUBLEVEL DISTRIBUTIONS h(/",/)=(— 1)/7/

11 /71 1/
A. Polarization and Zeeman sublevel distributions
The polarization degree of a line can be expressed as a Theoretical polarization values can then be obtained from
function of them, distributions of the decaying level, taking these final expressions and from(n/m,) capture cross
the ion-beam direction as quantization axis. Considering th&ections(@lso denotedry, ). In all cases, it leads to a final
transition from the yJ) level to the|y’J’) level, the inten-  expression of the polarization degrBeas a function of the
sities || and 1, are related to ther,y, Zeeman sublevel o, populations of the upper level in the form

populations as
ao 0'0+a1 O'1+a.2 0'2+ e +a/_10'/_1+a/ (%

2 p=
J 1 ‘], bo 0'0+b1 0'1+b2 O'2+'-'+b/,10'/,1+b/ g,
e 2 | =M, 0 M5 oom, &y
Mjy,M7,
" _MJ, where theam/ and bm/ coefficients result either from the
J— WMy

calculation of I} and I, and the change of basis

!

and |/s3 Mj)—|/sm, mg) (transitions®L,-?L;) or from the
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TABLE |. Experimental polarization rate@b) vs the projectile energykeV amu'l) for lines corresponding to the/7-8/ and
8/"-9/ transitions.

Energy Transition 15 2.0 25 3.0 3.5 4.0 4.5
7P1/2-8S1/ —1.4+52 -2.3+5.0 0.0+5.0 0.0+5.8 -1.3+6.0 -0.5+6.0 2.876.8
7D3/2-8S1/2 —-1.4+55 -0.2+3.0 —-0.3+5.0 -0.6+6.4 —1.7+5.2 -0.3+6.0 0.5-3.8
7d3,8p 1) -0.9+2.8 —-2.6+2.6 —-0.7+2.7 —-25+38 ~0.6+6.7 1.7+5.9 -1.3+5.0
7ds-8Pgp 1.9+25 1.8+2.4 5.2+5.2 3.2:2.0 4.1+3.6 6.5-3.7 5.9-4.4
7f-8d —~4.9+8.0 —-1.3+5.0 2.6-7.8 1.1+6.8 -1.5+9.0 -1.7+6.0 @

7f-8¢g 6.5+ 2.6 11.7:2.6 16.0-3.8 16.8-2.8 18.3+3.5 18.9-3.4 20.7+3.7
79-8h 13.3+2.4 17.3:1.5 20.2:1.0 21.5-0.9 23.8-1.9 24329 25.3-2.1
7h-8i/7i-8k 23.3+2.6 25.0-1.8 26.21.3 27.9-1.8 29.4+3.0 29.1+2.6 28.8-1.0
8p1/>9S1/ 0.0+9.0 1.7:4.6 2557 —2.2+43 @ @ @

8D3/-951 —-0.3+2.6 -1.6+2.6 —-0.6+3.2 -1.2+438 2.1+5.0 3.7+7.0 3.0:9.0
8f-9g 19.6+2.6 22.1-4.6 24.004.1 22.0-3.4 23.9-3.9 24.2+4.1 25.8-5.3
8g-9h 23.3+2.3 25.1-1.4 26.0-1.0 28.8-2.5 27.9-2.7 28.1-2.4 27.9-0.8
8h-9i/8i-9k/8k-9l 28.0+3.3 28.2-2.8 29.4-2.8 30.0-1.9 30.0-2.5 30.0-2.1 29.1-3.0

&The intensity of this line was too weak.

calculation of the alignment parameter and the quantityinto account in the determination of the fimat'm, distribu-
h(#",/) (transitionsn’/"’-n/). For n’/’-n/ transitions, tjons. For every trajectory ending in the electron-capture pro-
the a;, coefficients are found to be positive for cess, the final quantum numbers”, and m, were deter-
|m,|<Int[(/+1)/2] and negative fotm,|>Int[(/+1)/2],  mined through a binning procedure of the classical quantities
whereas thé,,, coefficients are always positive. (electronic energy, electronic angular momentum, and its

It is obvious that the polarization measurements alongrojection along the direction of initial velocity taken as
cannot lead to the determination of the experimental Zeemaguantization axiswhich has already been described in Refs.
sublevel populations for the following reason: as soon a$4] and [11]. A large number of trajectoriegbetween
/=2, the number of magnetic sublevel populations to cal-7.5x 10* and 1.25¢10°, depending on the collision eneigy
culate is higher than the number of equations to spid.  was used to insure statistical errors less than 10% for the
However, the above considerations on the signapfand ~ most populated/'m, sublevels.

b, coefficients and the high positive experimental polariza- The CTMCm, distributions are reported in Table Il for

tlon degrees P=20-30%) indicate that magnetic sublevels the aflsulzlivslls an:l |r'1:TabIe i for the&sn:ﬁle\éelf l;n tthe
with low m, values are preferentially populated by the range eV amu'. For a given energy, the distributions

single-electron-capture process. of Ithe relatl_vg Eipiu;e ctrhoss secl'tlczps ar&a peaked ormgvxl
Moreover, it is worth noting that then, populations values fn =0, 1,>2), the populations decreasing roughly

probably do not vary significantly between 1.5 and 4.5 ke s|m,|=3. In the considered energy range, and for sublev-

amu ! since the experimental polarization degrees are no?ls_vc\)”Tl Ifrzge /bl vallue_s (=4), the pglp“'ﬁ“r‘]’ﬁs of
strongly energy dependent. m,=0,=1,=2 sublevels increase very weakly with increas-

ing energies, and the energy dependence ofhepopula-
o tions completely vanishes fof=7,8.
B. CTMC Zeeman sublevel distributions For sublevels with low” values ¢'=0,1,2,3), the per-

In order to have more complete informations on the mag<entages of magnetic sublevels mf,=0 (~'=1,2,3) and
netic sublevel distributions and on their energy dependencen,==*1 (/=2,3) increase significantly with increasing
cross sections for capture into the differemtm, sublevels energies, showing a clear projectile velocity effect on the
were calculated by using the CTMC methjddl]. Theoreti-  alignment of these states. At last, for a givénvalue, the
cal polarization values were then deduced from these Zeeman populations are more selective and vary more
distributions and were compared with our measurements. slowly for 9/ sublevels than for & sublevels. The relative

The CTMC method is based on solving the Hamiltonianuncertainties on the CTMC cross sections are of 5 to 10% for
equations for the motion of a three-body systghe valence the most populated sublevels.
electron, the LI alkali-metal core, and the Ar ionic pro- The polarization degrees and the corresponding uncertain-
jectile) given a set of initial conditions for the projectile and ties were calculated from these, distributions. For transi-
the targe{15,16. Details on the CTMC method concerning tions from sublevels withv’=2, the calculations were im-
the use of effective electron-core interactions can be foungroved by including radiative cascade effects following the
elsewhereg[17,18. Model potentials were used to describe method of Lin and Macek20] and neglecting transitions
the interactions between the valence electron and the ioniwith A/'=/—/"=—1 for which branching ratios are very
cores Li* and A", their analytic form, and their parameters small. We have considered 40—9/ cascades for
are given in Refs[4] and[7]. The quantum defects of the 9/—8/" transitions, and 10" -8/ and
atomic energy levels of the Af ion [19] were also taken 10/”—9/”—8/ cascades for 8—7/" transitions. The
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TABLE Il. CTMC m, distributions(%) vs the projectile energy TABLE Ill. CTMC m, distributions(%) vs the projectile en-
(keV amu?) for single-electron capture into/8sublevels during ergy (keV amu'!) for single-electron capture into/9 sublevels

Ar8*_Li(2s) collisions. during A"-Li(2s) collisions.
Energy Energy
m 1.0 1.5 2.0 25 3.0 35 4.0 m 1.0 1.5 2.0 2.5 3.0 3.5 4.0
8s 0 100 100 100 100 100 100 100 9s 100 100 100 100 100 100 100
8p 0 203 238 264 277 320 350 39.2 9p 31.6 406 39.8 433 46.2 526 541

+1 399 381 368 362 340 325 304

8d 0 19.3 191 188 220 219 256 26.4 9d
+1 182 188 208 219 212 224 231
+2 222 216 198 17.1 178 148 137

8f 0 146 148 170 168 195 212 234 of
+1 143 148 141 160 197 192 192
+2 140 139 161 136 127 125 125
+3 145 139 113 120 7.8 77 6.6

8g 0 142 135 166 141 166 17.9 16.8 9g
+1 130 131 146 146 136 147 164
+2 112 122 135 139 146 134 134
+3 93 113 88 91 94 95 93
+4 94 67 48 53 40 35 25

8h 0 125 123 118 135 130 151 158 9h
+1 125 129 127 124 129 138 152
+2 107 107 116 116 132 131 128
+3 92 102 95 97 98 84 86
+4 72 68 72 61 48 53 43
+5 42 33 31 34 28 19 12

8i 0 119 128 122 124 140 139 138 Oi
+1 112 125 129 137 130 131 135
+2 99 101 109 119 124 125 127
3 93 81 90 83 91 103 95
+4 63 64 62 53 49 47 53
+5 45 40 24 23 20 15 13
6 29 26 25 23 16 10 07

8k 0 129 140 136 143 141 137 132 9k
+1 122 130 134 141 139 132 133
+2 100 115 126 116 117 120 121
3 73 75 81 90 93 99 98
+4 49 44 44 50 54 60 6.0
+5 36 27 22 17 17 16 17
6 33 21 15 07 04 02 02
+7 22 19 10 07 05 03 03

342 297 30.1 284 269 237 230
277 329 312 310 314 306 329
238 234 251 238 250 286 26.8
123 101 93 107 93 61 6.7
243 249 256 266 255 30.2 283
198 213 217 237 244 231 245
128 120 116 113 112 106 9.6
55 43 39 1.7 1.7 1.2 1.7
221 235 202 225 233 202 211
193 198 198 186 185 19.7 19.6
123 127 125 138 131 128 13.0
51 49 64 57 60 68 64
23 08 12 07 08 06 04
199 206 184 198 20.7 19.2 21.0
182 185 174 179 184 185 19.2
11.8 121 134 129 116 129 115
66 64 67 61 58 61 6.3
27 24 28 27 32 25 23
08 04 05 05 06 04 0.2
202 195 16.8 180 181 19.0 195
171 175 168 173 17.7 183 182
114 121 138 128 133 141 144
65 65 71 70 66 56 57
27 27 22 25 22 17 1.4
15 11 11 1.0 09 06 04
07 03 06 04 03 02 o01
185 185 180 169 155 156 15.1
169 161 16.6 165 163 16.2 16.4
11.3 126 134 138 149 150 151
56 69 68 76 81 82 80
34 27 24 23 21 21 23
18 15 09 07 05 04 03
15 08 06 04 03 02 02
03 02 03 02 01 01 o01
173 189 172 176 16.8 169 16.0
147 164 177 170 160 16.1 165
10.3 119 127 136 148 148 147
61 56 65 73 80 80 80
45 29 23 1.9 19 20 20
25 19 12 06 04 03 03
19 12 06 04 02 02 01
112 06 03 03 02 01 02
04 01 01 01 01 01 O01

A WN P

o0 WNBE a b wWwN B

~NOoO O WN P

9l

cascade effects were found to be depolarizing for transitions
from n=9 whereas the polarization degrees of transitions
from n=8 sublevels were slightly enhanced because of
alignment transfer froom=9 levels. But in general, the cas-
cade effects were found to be weak and did not affect
strongly the calculated polarization values.

The results of measurements and calculations including
cascade effects are reported in Figé&)2(e) for 7/'-8/
transitions and in Figs.(8)—(c) for 8/-9/ transitions, with
the exception of Pip328S12, 7d38pyp, and lations hardly stand out of the experimental error bars. As a
8p1/23:79s1/2 lines which were detected unpolarized, as itfirst observation, the theoretical polarization degrees vary
was theoretically expected. For transitions involving sublev-more softly with the collision energy than the experimental
els with large/ values(i.e., /=4), the polarization degrees ones. If we except some small discrepancies in the 1-2 keV
calculated including the cascades are higher than the expeleimu*1 energy range and concerning more specifically
mental polarization values, but in the worse cases, the calcU-f-8g and &-9g transitions(for which the theoretical po-

I+ 4+ I+ 1+ 1+ 1+ I+ 1+ I+ 4+ 1+ 1+ 1+ 1+ 1+ I+ 4+ 1+ 1+ 1+ 1+ I+ 1+ 1+ I+ 1+ I+ 1+ + I+ + 1+ I+ I+ I+ I+
o o o o OOOI\.)I—\ONI—\OHOO

O ~NO U WN P




55 PROJECTILE VELOCITY DEPENDENCE OF EMISSION ... 1093

40 40
(a) —— expt_ (C) —a— expt.
or —O0—CTMC —0—CTMC
30|
20
$ 10 £ 20 — /$/+
— -
- P e I R =
ok z O F O D/ /
o 10}
10 |
_20 1 1 1 1 1 1 1 1 0 1 1 1 1 I 1 1 1
1 15 2 25 3 35 4 45 1 15 2 25 3 35 4 45
E (keV/amu) E (keV/amu)
40 40
(b) —HE—expt. (d) —HE—expt.
30 —O0—CTMC —o—CTMC
30
20+
/ s
_ _ /E7?’¥ i
S 10f £ 20 O o———
< < [m) i/
a S a /
0F J——1m— P = — %
— 10}
-10 |
_20 1 1 1 1 1 1 1 1] 0 1 i 1 L 1 1 1 1
1 15 2 25 3 35 4 45 1 15 2 25 3 35 4 45
E (keV/amu) E (keV/amu)
40
(e
L A&
% /A —5 /ééé*————ﬁ —l
- 0N
e 20r
o
—E—expt.
w0l —O— CTMC 7h-8i
—A— CTMC 7i-8k
O 1 1 1 1 1 1 1 1
1 15 2 25 3 35 4 45

E (keV/amu)

FIG. 2. Experimental and theoretical polarization degrees of lines corresponding 18/7 transitions vs the projectile energy between
1.5 keV amu ! and 4.5 keV amu. (a) 7ds,-8psp,, (b) 7f-8d, (c) 7f-8g, (d) 7g-8h, and(e) 7h-8i and 7 -8k (the solid squares are related
to both transitions, the open squares, and the open triangles are related, respectivel8j nd 7 -8k transitions.

larization degrees do not decrease significantly at low en- According to calculations made by Salih0] for mono-
ergy, as was experimentally foupdwe observe a good electronic systeméi.e., ", 08", and Né® -H(1s)), only
agreement between the calculated and the experimental rez,=0 magnetic sublevels are produced during the primary
sults, showing that the CTMC method is suitable to predictcapture process. Therefore, the populatiompf: 0 sublev-

the m, distributions. els is due to postcollisional effectse., the Stark mixing and
the rotational coupling In our case, the presence of the
C. Zeeman sublevel distributions projectile-core electrons, and more specifically, the competi-
and charge-exchange processes tion between the Stark mixing effect and the projectile-core
) electron effect must be taken into account. The projectile
1. Phenomenological approach core lifts the degeneracy of the hydrogenic lot states

The m, distributions, and subsequently the polarization(/'<4), and only the highr” states £ =4) may be affected
degrees, reflect both the primary collisional process and thby the Stark effect which mixes the degenerate or nearly
postcollision process which depend in a complicated way omlegenerat@/” sublevels.
the relative importance of radial and rotational couplings, of The effect of the projectile-core electrons on the polariza-
Stark mixing and projectile-core electron effects. tion of the emitted lines has already been studied experimen-
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40 TABLE IV. Theoretical polarization rate€b) vs the projectile
(@) energy(keV amu'!) calculated from the CTMGn, distributions
for O%*-Li(2s) collisions.
30
= D/D\ :$\—D/‘$:$/ Energ.y.
= ol ﬁ/ % Transition 2.0 3.0 4.0
7P1/2-8S172 0 0 0
w0l —m—expt. 7P32-8S1)2 0 0 0
—0—CTMC 7d38p1p2 0 0 0
7ds/-8p3) 2.4+1.2 2.71.7 3.7+13
0 ; 1'5 é 2'5 :I; 3'5 "t 4'5 7f-8d 4.9+15 7.4:1.6 8.6:1.0
E (keV/amu) 4.0 5.8 6.7
7f-8g 25.8-1.8 26.2£1.8 28.8£1.0
40 @ 25.1 26.2 28.4
(b) 79-8h 25.9+1.3 28.3:1.2 28.4:0.7
wl @ 26.9 29.0 29.4
e ;*z 7%\} 7h-8i 26.7+1.1 27.6:0.9 27.1-0.5
. ;/ﬁ ¢ @ 28.8 29.8 29.5
X 20 7i-8k 27.8:0.9 28.9£0.7 29.0£0.5
o @ 30.2 31.4 31.3
0 b —=—expt. 8py/2-9sy) 0 0 0
—O—CTMC 83179512 0 0 0
8f-9¢g 31.3+1.8 33.5:1.8 35.2£0.9
ol - L @ 29.3 31.5 32.6
5 .5 . X
E (keV/amu) 2)9-9h 31.0£1.3 33.7#0.9 34.4-1.1
29.7 323 33.1
40 8h-9i 32.3:0.8 33.2£0.6 33.8£0.3
(© @ 31.3 32.3 32.9
A A A__A=—_ i
0k " -_’?—_H ___ﬁ ?\ 8i-9k 32.6+1.1 32.9£04 32.8£0.2
_ R ——‘%” @ 32.0 32.4 32.3
B 8k-9I 32.5+0.6 33.7#0.3 33.7#0.2
& 20t @ 32.2 33.3 33.4
—Hl—expt.
—O— CTMC 8h-9i Calculations including the radiative cascade effects.
10k —0O— CTMC 8i-Sk
—A— CTMC 8k-9I ) L o _
in the case of At"-Li(2s) collisions. The differences are
ol . . . . s . . clearer in the case of capture inta”8sublevels than for
1 15 2 25 3 3.5 4 4.5

capture into 9 sublevels, and are less important at 4 keV
amu ! than at 2 keV amu? for capture into 8 sublevels.

fAs a consequence, we have to distinguish two cases in the
asymptotic evolution of the state alignment : the case of low
between 1.5 keV amu and 4.5 keV amu’. (a) 8f-9g transition, / states, Whic_h are strongly "?‘ﬁeCted by th? core effect, and
(b) 8g-9h transition, and(c) 8h-0i, 8i-9k, and &-9 transitions  the case of high” states, which are sensitive to the Stark

(the solid squares are related to the three transitions, the opeRiXing. _ o _ _
circles, open squares, and open triangles are related, respectively, to The evolution of the p0|arlzat|oﬂ degrees with th.e colli-
8h-9i, 8i-9k, and &-9I transitions. sion energy depends on the evolution of the dynamical cou-

plings with the projectile velocity. It is well established that

. . radial and rotational couplings are linked, respectively, to the
tally by Lemboet al. [21]+|n the caie.of capture CO”'S'OOS radial and angular relative velocities of the collision partners
between Na(8) and AP and Né* ions. These experi- and that the projectile-core electron effect is also sensitive to

ments have shown that the core effect is depolarizing. Thee impact velocity. Thus, the combination of such different
comparison between experimental and CTMC calculated pos¢fects precludes any simple interpretation.

larization degrees obtained for &r-Li(2s) collisions and
those determined from CTMC calculations fof'GLi(25s)
collisions at energies of 2, 3, and 4 keV amusee Table
IV) confirms this tendency. Indeed, the polarization of lines In order to substantiate these conclusions, we have calcu-
corresponding to transitions involving highvalues are seen lated, by using a pseudopotential metliede the Appendix

to be almost the same for both collision systems, whereas thi@ie electronic energies of one-electroff { + Li) © systems,
polarization degrees of radiative transitions involving lowwhere X=0, Ar. The core-core interactiofmainly the 8f

/ values are larger in the case of GLi(2s) collisions than  repulsive interactionis not considered in the calculations

E (keV/amu)

FIG. 3. Experimental and theoretical polarization degrees o
lines corresponding to8'-9/ transitions vs the projectile energy

2. Electronic energy curve calculations
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FIG. 4. Potential energy curves of (O+Li)* system calcu- FIG. 5. Potential-energy curves of (Ar+Li) * system calcu-
lated in the internuclear distance range-1-40 a.u(a) 3 states, lated in the internuclear distance range-1-40 a.u.(a) X states,
(b) II states. (b) IT states.

since it does not contribute to the nonadiabatic couphngﬁ]e 2 have also been calculated, but are not of interest for

between the molecular states. For the internuclear distance present discussion as varying too monotonously Rith

- . : (@ (O'"+Li)" system Considering the (& +Li)*
rangeR=1-40 a.u., the electronic ener7g+|es relevant to thesystem, two avoided crossings between the entrancean-
capture into the levele=8 andn=9 of X’ are shown for

L . nel and the lowest, energy curve of each of the two mani-
the 3 and II symmetries in Figs. @ and 4b) for the 9y

St o folds of molecular channels correlating to the=8 and 9
(O°"+Li) " system, and in Figs. (8 and §b) for the  |eyels at largeR values are clearly seen R=22.5 a.u. and
(Arf7+Li) " system. The two electronic energy curves justr~32 4 a.u., respectively. They are responsible for the pri-

above and just below the two manifolds of energy curves arenary radial couplings leading to populate, at larBeralues,
also shown in the figures. In particular, theenergy curves the 8 and 9/ state manifolds by Stark effect of the residual
just above the uppermo&t energy curve correlating to the Lj* jon[10,18. Beside these primary radial couplings, there
n=9 level of X’* ion, and which goes to thesXtate of Li  are also primary rotational couplings between the
at largeR values through numerous nearly diabatic crossings -entrance channel and thk-energy curves of the electron-

of 3,-energy curves, is the entrance channel for the electrorcapture channels in the curve crossing regions, which there-
capture process. The electronic energies for the symmetridere participate to populate directly the variodslevels at
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large R values. These rotational couplings should be morehat, for A®*-Li(2s) collisions, the intershell rotational cou-
effective at large than at low energies. In the absence of anplings between the capture channels correlating to nondegen-
other couplings, only then=0 and+ 1 substates would be eraten/ levels will be much weaker than between those
populated in the electron-capture process. However, besidgorrelating to degenerate or quasidegenerate levels. For these
these primary couplings, there are also intrashal’E0)  levels, the intrashell couplings will be strengthened, leading
and intershell 4/#0) rotational couplings between the to a broademn_g of_thm distribution; therefor_e, one should
molecular states of a same manifold of electron-capturé’bserve emission lines from these levels which are more de-

channels. Those successive rotational coupliflgstween polarized than in the case of the?OLi(2s) collisions.

. ) These effect should be more visible for the=8 capture
molecular states with A=+ 1) are responsible for populat- level than for then=9 capture level because the remove of

ing predominantly large” values, and for determining the {he degeneracy is weaker in the latter case. This is indeed
final m distribution within a/” subshell at larg& values. found in the CTMC calculaterh distributions(see Tables II,

(b) (Ar’*+Li)* system In the case of the |II), and observed both in the measured and CTMC calcu-
(Ar’*+Li)* system, the degeneracy of the levels forlated polarization degredsee Figs. 2, B
/<2 is removed by the presence of the core electrons in the At very low energiessome avoided crossings between the
separated atom limit. The results are that helectronic ~ entrance channel and the capture channels 2, which

energy curves correlating to these levels show up avoide@PPear to be diabatic for the present energy range, may be-

crossings with the entrance channel and among themselv&ﬁrr]';; (Zfrgl\?vnetafernreagleﬁ S\?ouurl):jmrgeg\llmlientgi ri?]tc?gggzl gf?r;e

. : 90— : p
'r?:tg ﬁe;Z?'O;anE%BZ_%Sa;'U fc;grt?ﬁsge cctzrrrreella;inngg t,:) :EE polarization for the emission lines of these capture sublevels.

. : . , ote that in the case of thEl-electronic energies of the
n=9 level. These regions of radial couplings at the avoide Ar’*+Li)* system[see Fig. 4b)], avoided crossings are

crossings are responsible for the core-electron effect obyiso observed between the two lowest curves of the same
served in AF*-Li(2s) collisions, where low/ values are manifold of molecular levels correlated at large distances to
populated in the electron-capture procgd4s7]. The other =g and 9 levelgrespectively, aR~20 a.u. andR~25.5
%-energy curves correlating to capture levels witt®3  a.u). After transfer of the electron by radial coupling be-
show the similar Stark behavior than observed for thewyeen the3 -entrance channel and the molecular channels
(O"*+Li) * system, at distances larger than at the crossingssociated with thedand & levels, the subsequent radial
regions with the entrance channel. coupling between th&l-molecular channels may contribute
At very high energiesall the avoided crossings become tq the population of the @ and 9 levels, and therefore may
diabatic and no core-electron effect should be observed, agntribute to increase the population wf=+1 sublevels
for O°*-Li(2s) collisions.As the energy decreasesis the \ith respect to the one for the?O-Li(2s) collisions. That is
primary population of the molecular channels correlating togphserved for the CTMC calculateah distributions of the
the 8s,8p,8d and %,9p,9d sublevels which should be re- 8p and P levels(see Tables I, II).
sponsible for populating 8 and 9 sublevels with large” It is also worth it to notice that the structure observed in
values, by Stark effect and rotational couplings, as foihe S-IT or IT-electronic energy curves, at distancBs
O%*-Li(2s) collisions. Comparatively, the avoided crossingssmaller than at the regions of primary crossings discussed
associated witm=8 sublevels have much larger energy ahove, are quite real; it is due to couplings with upper mo-
splittings than the corresponding ones associated Witlpcylar states, as can be shown by diabatic calculations of the
n=9. Therefore, as the energy decreases, the core-electrgfiesent set of electronic energies, using reduced state basis
effect should manifest first in the final" distribution of sets. Fina”y, we note that the regions of primary radial and
n=28 level, and at lower energies in the casenef9 level.  rotational couplings discussed above are consistent with the
In the case of capture into/8levels with /<2, various  maximum values of impact parametdsswhich contribute
mechanisms by radial coupling may occur, which may comsignificantly to the CTMC calculated cross sections, that is
plicate the electron-capture mechanisms. For example, tf@max~35 a.u. for the two systems.
radial coupling may directly bring the electron from the |n conclusion, the present qualitative discussion based on
>-entrance channépresently, thex-electronic energy curve  the consideration of calculated electronic energy curves seem
correlated to the B subleve] to the X-molecular channel to agree on the whole with the experimental observations and
correlated to the 8 sublevel(noted.gs). But it can also be the behavior of the CTMC calculatea/m, distributions
done via the radial coupling from the entrance channel to thith the energy. However, a detailed understanding of the
molecular channekg,, followed by the subsequent radial mechanisms involved in the determination of the final
coupling to the capture channkk (other possibilities exist n/m, distributions would need not only to calculate all the
also via theXqq channel. Finally, the rotational couplings couplings, but also to solve the set of coupled equations for
between the-entrance channel and thé-molecular chan-  the collisional problem. This seems difficult to achieve in
nels can also populate directly the variau$ capture chan-  view of the large number of molecular channels which would
nels. These radial and rotational couplings should contributge required, and because of the intricate role of the various
to populate sublevels witm=0 and* 1. But it is the sub-  radial and rotational couplings to be considered.
sequent intrashell and intershell rotational couplings between
the various capture channels at distanRdarger than at the V. CONCLUSION
regions of primary couplings, which will finally determine
the distributionn/m, of the captured electron. The major = We have measured the polarization degrees of lines relat-
difference however with the case ofOLi(25s) collisionsis  ing to 7/'-8/ and 8'-9/ transitions emitted in the near
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TABLE V. Values of the parameter@ atomic unit$ used in the parametric potentidiEgs.(3) and(4)] describing the electron-core
interactions.

Core Z Ay a(" rc Ao Al Az BO Bl Bz
Li* 1 0.1925 —0.032 0.573 5.947 —0.849 —0.584 1.286 1.528 1.789
Ar* 8 0.3708 0.0107 0.965 63.36 34.58 —15.17 5.463 4.840 8.870

UV and the visible range by the AF ions produced by interaction(the active electron and two ionic cojesvhere
single-electron-capture during &r-Li(2s) collisions be- the interaction between the active electron and the two ionic
tween 1.5 keV amut and 4.5 keV amu®. For transitions cores with closed shells is described by an effective interac-
from sublevels with large” values ¢'=4), we have found a tion. The electronic energies are then obtained by solving the
slight increase of the polarization with the collision energy,one-electron Schrbinger equation

the effect vanishing ag increases. CTMC calculations have i

shown that the projectile velocity has a small but not negli- [Hetei(R)We=0 (A1)
gible influence on then -distributions, which is mainly seen for any distanceR between the two coresthe Born-

for sublevels of low/” values. Theoretical polarization val- ; - : .
Soe P ~ Oppenheimer approximatidnAs usual, the adiabatic ener-
ues calculated from these CTMC distributions and takmgrg%lIOIO bp o

_ ; i ies E;(R) can be determined frons;(R) by adding the
casche effects into account are in good agreement with tge 2 ction between the two ionic cores. The electronic
expenmental ones, within th.e error b.ars. N Hamiltonian is defined as

The increase of the polarization with the collision energy
indicates that, after the collision, the electronic cloud tends to He=—3V,+Vy+V,i+Ver, (A2)
be more and more aligned parallel to the incident ion-beam
direction. In terms of magnetic sublevel populations, itwhereVy andV; are operators describing the effective in-
means that the probability of capture into sublevels with lowteractions between the electron and the ionic covgs.is a
m values Mm,=0,+1,+2) is enhanced when the projectile three-body interactioritne well-known cross terinwhich
velocity increases. This can be explained as due to the rotdtas to be included in the calculations so that the adiabatic
tional coupling, which is more effective at high energy. At energiesE;(R) have the correct behavior at large distances.
low energy, the comparison with the (O+Li) ™ system It results from the instantaneous polarization of each of the
allows us to assume that the projectile-core electron effedwo cores by the electron and the other c(@#4]. In the case
tends to depolarize the radiative emissions by promoting thef 08", Vy is just the Coulomb interaction. For each core
intrashell broadening of the magnetic sublevel distributionsAr®* and &, the effective interactioWy (we will ignore

Summarizing, the final alignment of the produced stateshe indexX) is defined as
depends in a complicated way on the behavior with the en-
ergy of the different couplings involved during the collision. v=S v ()P, — z N r o r
But in the present work, the energy range is not large enough N Sl TR RN R P YPE R T
to induce a strong velocity effect. It would be of interest to (A3)
investigate a wider energy range, more specifically at lower ) )
energies, in order to check the existence of a minimum of th&vhere’P, is an angular momentum projector on the core and
polarization degree, as is supposed in Sec. Ill C 2. Moreovel (r) is a Gaussian-type pseudopotential
the comparison with a projectile carrying a different core _
could provide more informations on the influence of the core VA=A exp(~B,r?). (A4)

electrons on the final states of capture. At last, for a morg js yhe net charge of the core at large distancey is the
detailed mterpretatlon_of thess, d|_str|b_ut|ons_, th? present qiatic dipole polarizability of the core, amg is an effective
V&g{t fﬁggéde%% g[sbass for theoretical investigations to eStI'quadrupole polarizability including the dynamical correction
' to ayq. The short range semilocal pseudopotential
>,V (r)P, takes into account the Pauli effects and the in-
ACKNOWLEDGMENTS complete screening of the nucleus by the core electrons at
The authors would like to thank the staff of the GANIL SMallT distances. In practice, the summation ovem Eq.
test bench for their efficient assistance. (A3) can be reduced to a few values/6{23]. The values of
the parameteré, andB, definingV (r) are determined to
fit spectroscopic data of the Af ion and Li atom. Their
values, as those af, aé and the cutoff radius, are given
The electronic energies of theX{"+Li)" systems, in Table V. The electronic wave functio ,(r,R) is con-
whereX=0, Ar, are calculated by using a pseudopotentialstructed using a two-center expansion in terms of a linear
method[22—24. For molecular structure calculations, the combination of atomic wave functioriénear combination of
use of a pseudopotential is well appropriate as the core o@tomic orbitals methodfor the X" ion and Li atom
bitals have not to be included in the state basis set expansion

of the electronic wave function of the system. ¥ (r R)= c(RIPXra+S d.(R)PY(r) (A5
In the method, the problem is reduced to a three-body o(.R) EI (R)PI) 2 (RIPT(r) (AS)

2 3

APPENDIX
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Numerical wave functions are used in the expansionalong the internuclear axitaken as quantization ayisAs a
They are obtained by solving the radial Satirger equation test of the numerical code, calculations have been done for
for the X" ion and the Li atom. For Li, the 3s, 2p, the X electronic energies of the (Af+H)"™ system for
3p, and 3 wave functions have been considered. For thewhich previous one-electron diatomic molecul@®EDM)

X’* ion, all the wave functions from the ground state up tocalculations [28,29 were performed. In the case of
the manifold of atomic states associated withnkel5 level ~ Ar8*-H(1s) collisions, the electron-capture process popu-
have been included in the expansion. A fully numerical coddates mainly then=>5 manifold of the Af* ion, and all the

has been previously developed for the molecular calculationavoided crossings between the relevant electronic energy
[25], where the matrix elements are calculated by Gausseurves calculated by our method are in good agreement with
Legendre and Gauss-Laguerre integrations. In this code, thtbose obtained by the OEDM calculations in the range
problem of linear dependency of the state basis set expaiR~4-12 a.u. Other tests of the method for the
sion, which may arise when the basis set is large, is autotH+ alkali-metal atom) systems have also shown good
matically controlled in the diagonalization procedureagreement with previous pseudopotential calculations using
[26,27. Slater-type orbitals in the atomic state expandi28]. The

The electronic energies have been calculated for eacpresent method allows us to determine the electronic ener-
symmetryA of the system, wherd is the absolute value of gies associated with high atomic Rydberg states in the sepa-
the projection of the total orbital momentum of the systemrated atom limit.
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