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Emission-line polarization degrees and nl ml distributions produced by state-selective electron
capture in slow Kr8¿-Li „2s… collisions
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Polarization degrees of lines emitted by Kr71 excited ions produced by single-electron capture during
Kr811Li(2s) collisions were experimentally measured for projectile energies between 0.1 and 2.5
keV amu21. They were compared with theoretical polarization degrees obtained fromnl ml distributions
calculated by using the classical trajectory Monte Carlo~CTMC! method; radiative cascades have been in-
cluded in the calculations. The fair agreement between experimental and calculated polarization degrees con-
firms the reliability of the CTMC method and allows one to analyze theml distributions in terms of dynamical
couplings responsible for the state-selective electron capture process.

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

Collisions between very slow Kr81 ions and lithium at-
oms in their ground state are performed for collision energ
between 0.1 and 2.5 keV amu21 by high-resolution photon
spectroscopy in the 200–600 nm wavelength range. For
collision energy range, the prevailing process is the cap
of the 2s electron of the lithium atom into 7l , 8l , and 9l
sublevels of the Kr71 alkali-metal ion @1#. Our interest is
focused here on theml distributions of the most populate
nl sublevels. Theseml distributions indicate the degree o
alignment of the produced states and consequently refl
through this geometrical effect, the mechanisms involv
during the collision@2#.

This study follows several other studies dealing with c
lisions between stripped or fully stripped ions and alka
metal targets.

Gauntt and Danzmann@3# have measured the intensitie
and polarization degrees of fine-structure lines in theN59
28 manifolds of NeVIII and ArVIII spectra produced in col
lisions of very slow (v50.05–0.15 a.u. Ne81 and Ar81

ions with atomic sodium. They have determined alignm
and partial cross sections for electron capture as function
projectile energy. For the neon projectiles, the polarization
the Bohr line is approximately 0.3 and independent of vel
ity; for argon projectiles, the polarization is about 0.15 a
increases with increasing velocity.

Schipperset al. @4# have investigatedml distributions of
the HeII (n54) states formed during He211Na(3s) colli-
sions by measuring the linear polarization of the HeII (4
→3) emission. Over the energy range investiga
(2 –13.3 keV amu21), the polarization of the line they hav
measured increases from 0.2 to 0.3 indicating a strong al
ment of the captured projectile charge cloud along the in
nuclear axis. The same group@5# have also studied the C31
1050-2947/2000/62~2!/022712~14!/$15.00 62 0227
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(6→5) emission line at 465.7 nm emitted in C41-Na(3s)
collisions over the 3–7 keV amu21 energy range. The polar
ization is found to be 0.33 and independent of the collis
energy. In both cases, classical trajectory Monte Ca
~CTMC! calculations agree with the experimental findin
indicating preferential capture intoml 50 states.

We have previously studied both experimentally a
theoretically the influence of the projectile energy on theml

distributions of the Ar71 excited states produced by electro
capture during Ar81-Li(2s) collisions in the 0.1–4.5 keV
amu21 energy range@6,7#. By measuring the polarization o
the emitted light, we have investigated, for the levelsn58
and 9 which are the most populated by the single electr
capture process, the 7l 8-8l and 8l 8-9l radiative transi-
tions subsequent to the decay of the 8l and 9l sublevels of
Ar VIII . The experimental polarization degrees were found
agreement with those obtained from CTMC calculat
ml -distributions and dynamical couplings between the r
evant electronic potential-energy curves for the$Ar71

1Li%1 molecular system. In particular, a projectile cor
electron effect was demonstrated at low energies from a
tional CTMC calculations for the O81 projectile. For the
highest energy investigated~4.5 keV amu21), the polariza-
tion ratios corresponding to transitions involving high ang
lar momentum value states reach 30%. For the 1.5–4.5
amu21 energy range, the polarization ratios decrease slig
when the energy decreases; for projectile energies lower
1.5 keV amu21, the polarization ratios decrease strong
with the energy. In the case of 7l 8-8l transitions, this
strong decrease is followed by an increase at the lowest
ergies. The large polarization ratios indicate that, after
collision, the electronic cloud tends to be aligned parallel
the incident ion beam direction. It means that the probabi
of capture into sublevels with lowml values (ml 50,61,
62) is enhanced for the highest energies investigated, sh
©2000 The American Physical Society12-1
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ing that the Stark effect and intershell rotational couplin
are effective. According to a discussion based on electro
energy curve calculations, we have shown that the str
decrease of polarization degrees with decreasing energi
the case of the Ar81-Li(2s) collisional system is due to a
decrease of the intershell rotational couplings while the
trashell rotational couplings remain effective to popula
large value ofml . At very low energies and for high angula
momentum value states, the radial couplings become
cient while the rotational couplings are weakened; this
sults in an increase of the polarization for the emission li
of the capture levels.

In order to investigate experimentally the influence of t
projectile core electrons on the finalnl distributions of the
electron capture, the Kr81-Li(2s) collision has been recentl
studied@1#. As for the Ar81-Li(2s) collision, the most popu-
lated levels aren58 and n59 states, but, because of th
overlapping of the various manifolds, the 7d, 7f , 7i , 10s,
and 10p states are also populated especially for the low
energies. The 8l - and 9l -distributions have been exper
mentally determined for collision energies between 0.1 a
1.5 keV amu21 and theoretically calculated by using th
CTMC method between 0.1 and 5.0 keV amu21. In spite of
some discrepancies, experimental and theoretical results
in fair agreement. The analysis of the molecular electro
energy curves of the$Kr711Li%1 molecular~which presents
particular features with respect to the$Ar711Li%1 system
due to the overlapping of the various manifolds of molecu
energy curves! in connection with the CTMC results of th
s(nl ) cross sections has shown the first importance of
mary radial couplings for populating the nondegeneratenl

levels~low l values! and the importance of the Stark effe
due to the residual Li1 ion for populating degeneratenl

levels ~high l values! from n f and ng states and probably
also from (n11)p levels by rotational coupling. In the
present paper, we extend the experimental study of the
jectile core electron influence on thenl distributions to that
on theml distributions. Using the same experimental se
as for the Ar81-Li(2s) collision @6,7#, the polarization de-
grees have been measured for the Kr81-Li(2s) collision in
the 0.1–2.5 keV amu21 energy range, for transitions from
the most populated levels. The experimental techniques
be recalled. The polarization degrees are then compared
those obtained from the CTMC calculatedml distributions,
by a method which is described in more details than in
similar study for the Ar81 projectile, while the well-known
CTMC method is just outlined. The CTMC calculations ha
been extended to energies up to 5 keV amu21. As for the
Ar81-Li(2s) collisional system, the experimental polariz
tion degrees are then analyzed from the CTMC results.
calculated polarization degrees are discussed in terms of
ml distributions and then in terms of dynamical couplin
responsible for the state-selective electron-capture proce
from an analysis of electronic energy curves of the$Kr71

1Li%1 system. Finally, they are compared with the CTM
results obtained for the Ar81-Li(2s) and O81-Li(2s) colli-
sional systems.
02271
s
ic
g
in

-

fi-
-
s

st

d

are
ic

r

i-

o-

p

ill
ith

r

e
al

es,

II. EXPERIMENT

A. Experimental measurements of polarization rates

The krypton ions were produced by an ECR source of
GANIL1 test bench; they were extracted from the ion sou
with a potentialU0512 kV, corresponding to the maximum
efficiency of the source. After a charge and mass analy
the Kr81 ion beam was focused inside a collision chamb
on an effusive jet of lithium atoms provided by an ove
Since the energy range~0.1–2.5 keV amu21) investigated
here cannot be provided directly with the ion source, the
energy was modified just before the collision area. For c
lision energies lower than 1.0 keV amu21, the ions were
decelerated before the lithium jet and reaccelerated afte
order to be analyzed by a Faraday cup. For collision ener
larger than 1.5 keV amu21, the ions were accelerated befo
the collision area and decelerated after. The decelerating
vice has already been described several times@6,8,1# together
with the optical device used for polarization measuremen

Photons emitted in Kr81-Li(2s) collisions were detected
in the direction perpendicular to the ion beam and the lithi
jet. They were wavelength-selected by a grating spectrom
in the 200–600 nm range. The polarization of each line w
measured using a polarimeter composed of two polariz
the polarization direction of the first one can be orient
parallel or perpendicular to the direction of the ion beam;
second one is a Glan-Taylor prism and its polarization dir
tion is fixed at 45° to the ion beam direction. It compensa
for the polarization effects of the spectrometer~grating and
mirror!. The polarization degree is defined by

P5
I i2I'

I i1I'

, ~1!

whereI i andI' are the intensities of the emitted light pola
ized along or perpendicular to the ion beam direction.

B. Experimental results

As we have shown, during Kr81-Li(2s) collisions, the
single electron-capture process populates the Kr71 excited
configurations withn57, 8, and 9. These states decay rad
tively and we have observed the lines corresponding to tr
sitions from these states@1#. For all these transitions, th
polarization rates were measured for collision energies fr
0.1 to 2.5 keV amu21.

The experimental polarization rates and their uncertain
versus the collision energy are reported in Table I. The
curacy of the determination of the polarization rate depe
on the quality of the optical device but also on the errors
the reading of the recorded signals. However, prelimin
tests with depolarized light of a mercury lamp and tests
polarization in the various diffraction orders have shown t
the uncertainties due to the defects of the optical dev
could be neglected in comparison with those deduced fr
the recordings. The emitted intensitiesI i and I' are defined,

1Grand Acce´lérateur National d’Ions Lourds, Caen, France.
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TABLE I. Experimental polarization rates~%! of the emission lines corresponding toDn50 andDn51 transitions resulting from single
electron capture in Kr81-Li(2s) versus collision energy~in keV amu21). No value is indicated when the line is too weak to measure
various intensities.

Energy
Transition

0.1 0.2 0.5 0.8 1.0 1.4 1.5 2.0 2.5

7p1/2-7d3/2 7.063.7 23.463.0 24.961.4 21.062.7 22.863.0 28.463.3
7p3/2-7d5/2 7.263.2 26.462.3 24.662.8 24.863.3 22.963.4 28.563.2
7d3/2-7 f 5/2 9.764.1 3.263.6 0.062.7 25.662.4 26.165.4 23.563.2 25.162.6 29.262.5 25.662.6
7d5/2-7 f 7/2 11.662.9 1.561.8 0.364.9 25.264.2 26.064.0 24.163.4 24.663.7 210.163.8 24.064.0
8p1/2-8d3/2 13.168.4 24.066.4 1.765.6 23.164.6 24.464.2
8p3/2-8d5/2 6.569.7 0.466.1 3.664.8 1.564.0 5.263.5
8d5/2-8 f 7/2 5.662.8 215.162.6 28.964.7 28.565.2 21.264.6 2.462.4 1.065.4 2.566.8

6 f 5/2-7d3/2 20.363.2 0.060.1 0.461.5 0.360.4 22.266.2 23.163.5
6 f 7/2-7d5/2 2.763.6 22.366.2 23.464.6 21.064.2 22.364.4 23.564.1
6g-7h 20.566.3

7d3/2-8p1/2 2.566.6 23.164.1 0.064.1 22.663.8 1.265.4 21.465.7
7d5/2-8p3/2 0.865.2 22.663.2 22.363.9 20.763.8 22.664.2 21.465.7
7 f 5/2-8d3/2 29.967.8
7 f -8g 21.968.1 6.168.2 18.866.4 12.566.1
7g-8h 15.162.8 7.463.7 13.064.0 13.064.0 11.763.6 15.263.3 17.662.9 20.462.2 21.865.1
7h-8i 7.063.5 8.062.3 18.362.7 23.663.6 21.662.8 21.561.7
7i -8k 5.162.6 6.163.1 22.063.0 26.062.5 25.062.7 25.561.8 25.562.4 27.162.5 28.162.2

8p1/2-9s1/2 22.565.4 21.567.1
8p3/2-9s1/2 20.764.3 22.462.8 21.364.2 20.962.8 22.164.5 21.965.6
8d3/2-9p1/2 23.563.5 0.862.2 22.367.4 20.566.2 21.565.8
8d5/2-9p3/2 8.363.9 220.263.5 222.264.4 29.063.3 211.466.8 4.766.4 15.966.4 3.069.5
8 f -9g 24.665.7 22.766.3 21.463.3 18.163.3 20.368.1 22.067.2 18.366.0 16.664.8 19.264.7
8g-9h 19.864.3 22.564.3 23.862.7 24.462.4 22.264.0 23.764.0 24.963.7 24.963.0 28.362.7
8h-9i 19.264.0 24.463.2 27.462.9 26.762.4 22.362.4 25.861.7
8i -9k/8k-9l 24.362.1 26.661.5 28.963.8 31.062.8 31.662.3
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respectively, asi i2 i min andi'2 i min , wherei i andi' are the
measured intensities recorded for the two polarization dir
tions andi min , the intensity obtained for crossed polarize
The experimental uncertainties were evaluated from the
cordings and several measurements of each intensity w
performed for each line in order to minimize the statistic
errors.

The polarization rates of the lines emitted from states w
large l values are always positive. For the highest energ
the polarization rates reach values up to 30% and decr
with decreasing energies as already observed in the cas
Ar81-Li(2s) collisions. These states are always polariz
along the ion beam direction.

The lines emitted froms and p1/2 states are found to b
unpolarized, showing that the optical device is well orient
The lines emitted from states with lowl values~excepts
andp1/2) and intermediatel values are found to be weakl
polarized or have negative polarization rates. Since th
transitions involve rather smalln values (n57 and 8! and
since the collision populates states up ton510, one can
expect that the cascade polarization effects are very im
tant for these transitions.
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III. CALCULATION OF POLARIZATION RATES

For a further analysis, the polarization rates have to
related to the population ofml magnetic sublevels. The po
larization of a line can be expressed as a function of theml

distribution of the decaying level, taking the ion beam dire
tion as the quantization axis. In the studied energy range,
collision time being small with respect to the spin-orbit i
teraction time, no change of spin occurs during the collis
and only states with definite orbital angular momentuml

and its projectionml are populated.
However, the spin-orbit interaction has to be conside

in the calculations of the intensity of the light emitted aft
the collision because spontaneous emission is much lo
than spin-orbit interaction time.

An atomic excited stateu i & will be described by its total

angular momentumJW i . It decays by spontaneous emission

another atomic stateu f & with the angular momentumJW j . The

quantum numbers which correspond to the operatorsJW i (JW j )
and their projections along the quantization axis are deno
Ji (Jf) andmi (mf).

Following the theory developed by Fano and Macek@9#,
2-3
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the polarization rate of the emitted light corresponding to
transition betweenu i & andu f & can be expressed as a functio
of the alignment of the excited stateu i & produced during the
collision. Let us point out that, in our experimental set
characterized by a cylindrical symmetry, the alignment t
sor has a single nonzero component: the longitudinal al
mentA0

2. In the basisuJimi&, A0
2 is defined as follows:

A0
2~Ji !5

(
mi

3mi
22Ji~Ji11!s~mi !

Ji~Ji11!(
mi

s~mi !

, ~2!

wheres(mi) is the partial cross section for capture in t
uJimi& state.

Using the alignment parameterA0
2, the expression ofP( i )

takes a simple form:

P~ i !5
3h~ i , f !A0

2~Ji !

41h~ i , f !A0
2~Ji !

, ~3!

where

h~ i , f !5~21!Ji2Jf

H Ji Ji 2

1 1 JfJ
H Ji Ji 2

1 1 JiJ ~4!

and$1
Ji

1
Ji

Jf

2 % is the 6-j symbol.

The simple algebraic theory allows us to express
s(mi) cross section in terms of thes(l ml ) ones.

In our case, radiative cascades have to be taken into
count. Radiative cascades from upper levels may produ
variation in the alignment of the studied levels since
alignment of the studied levels and the alignments of up
levels usually differ. The polarization rates are then direc
affected by this transfer of alignment. The problem is
evaluate this transfer of alignment.

For the hydrogenlike ion, the problem of the transfer
alignment has been discussed in detail by Lin and Ma
@10# and successfully applied to the states with unresol
fine structures. We have also observed transitions betw
fine-structure levels and we were able to experimentally
termine the corresponding polarization rate~see Table I!. In
order to underline the radiative cascade effects and ana
our experimental data, we have directly applied the theory
Lin and Macek @10# to the nl →n8l 8 transitions and
slightly modified their theory for the case ofnl J→n8l 8J8
transitions. In the following, the main steps of this theo
will be recalled.

Their calculation is based on anisotropy transfer theory
means that, in the frame of the matrix density formalism,
kqth state multipoleJisq

k is introduced for the given leve
Ji . This multipole allows us to calculate the values of a
isotropy parameters, in particular the alignment paramete
the two levelsJi and Ji 11 are coupled by dipole radiativ
02271
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transitions and if LS coupling is valid, the relation betwe
Jisq

k and Ji 11sq
k can be easily deduced. It corresponds to

anisotropy transfer. Then, for each sequence of allowed t
sitions as nNl NSJN→nN21l N21SJN21→•••→n1l 1SJ1,
the relation betweenJisq

k and JNsq
k is established,nNl NSJN

andn1l 1SJ1 define the initial and final state linked by ca
cade. TheJNsq

k state multipole has to be expressed as
function of thel Nsq

k state multipole since the collision popu
lates thel ml states.

Finally, assuming that the longitudinal alignmentA0
2(l )

is proportional to the expected value of the 3LZ
22L2 operator

and that fine structure is not resolved for the final state,
and Macek@10# have carried out a linear relation betwee
A0

2(l 1) and A0
2(l N), namelyA0

2(l 1)5jA0
2(l N). The defi-

nition of the parameterj can be found in Ref.@10#.
In the same paper, the parameterj is numerically calcu-

lated for S5 1
2 and l 52 to 9 for transitions withDl 51.

Actually, several cascade channels leading to the stud
statei have to be taken into account; each cascade cha
may contribute to the alignment transfer with vario
weights. Taking into account all the cascade channels,
alignment for the statei can be expressed as

A0
2~ l i !5

(
j > i

(
k

vk~ j !@jk~ j !A0
2~ l j !#s~ j !

(
j > i

(
k

vk~ j !s~ j !

. ~5!

In the expression~5!, the sum is over all the cascade cha
nels k and the initial statesj, s( j ) and A0

2(l j ) are, respec-
tively, the production cross section and the initial alignme
of statej, vk( j ) is the branching ratio for the radiative tran
sition from statej to statei via branchk, and jk( j ) is the
alignment transfer coefficient for the same radiative tran
tion.

In the case of transitions between fine-structure levels,
polarization rate is given by expression~2!, so we have to
calculateA0

2(J). Using the Wigner-Eckart theorem,A0
2(J) is

linked to A0
2(l ) by the expression

A0
2~J!5

3X~X11!24J~J11!l ~ l 11!

2J~J11!~2l 13!~2l 21!
A0

2~ l !, ~6!

whereX5s(s11)2J(J11)2l (l 11) ands5J1l 1 1
2 .

For transitions between fine-structure levels, the alig
mentA0

2(l ) including radiative cascade effects is calculat
using expression~5!. A0

2(J) is deduced fromA0
2(l ) using

expression~6!.

IV. COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL POLARIZATION DEGREES

In order to analyze the experimental polarization rates,
have performed calculations of polarization rates using
method described above for the observed transitions. T
method requires first to know the branching ratios and
s(nl ml ) cross sections.

For the branching ratios, we have used the same as t
2-4
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TABLE II. CTMC ml distributions~%! versus the projectile energy~in keV amu21) for single electron
capture into 7l sublevels during Kr81-Li(2s) collisions.

Energy
Sublevel

0.1 0.2 0.5 0.8 1.0 1.4 2.0 3.0 4.0 5.0

7s 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 10
7p 0 100.0 25.0 37.8 29.5 25.6 22.1 33.6 26.4 29.3 31

61 0.0 37.5 31.1 35.2 37.2 38.9 33.2 36.8 35.3 34
7d 0 19.4 20.0 13.8 17.8 15.2 12.2 17.4 17.4 16.7 19

61 18.1 15.6 19.2 18.4 16.6 18.3 18.0 17.4 19.3 19
62 22.2 24.4 23.9 22.7 25.8 25.6 23.3 23.9 22.3 20

7 f 0 15.0 16.3 9.8 11.8 9.5 12.5 10.8 9.7 11.9 13
61 15.6 17.1 13.0 9.7 11.1 9.2 11.7 10.6 11.3 12
62 14.2 13.4 12.4 12.4 12.6 11.1 10.8 13.2 14.0 14
63 12.8 11.3 19.7 22.0 21.5 23.4 22.1 21.3 18.7 17

7g 0 12.4 13.0 12.3 15.1 13.0 12.3 11.2 14.6 16.8 14
61 11.8 13.2 11.2 10.2 10.2 11.0 9.0 13.1 13.4 16
62 11.5 10.7 11.5 11.1 7.6 8.9 11.4 10.6 9.0 11
63 10.1 11.3 8.1 9.7 12.9 10.5 7.9 7.3 9.5 9.
64 10.4 8.4 13.0 11.4 12.9 13.5 16.1 11.7 9.7 4

7h 0 6.2 10.1 10.0 7.0 11.1 10.5 15.0 17.5 19.2 14
61 7.0 6.4 7.6 8.4 8.6 10.9 12.7 13.8 12.3 13.
62 9.0 8.1 8.1 7.6 9.0 8.9 9.2 10.0 10.5 10.
63 8.1 8.9 8.8 9.4 7.4 7.4 6.0 6.2 9.0 10.4
64 12.6 10.1 9.3 9.4 9.5 6.3 4.6 7.2 6.5 7.
65 10.1 11.5 11.2 11.7 9.9 11.3 10.0 4.0 2.1 1.

7i 0 8.1 7.7 8.4 9.6 10.0 11.6 12.7 14.2 11.9 11.
61 10.7 6.8 8.1 9.8 11.3 11.5 12.4 12.8 12.8 11
62 8.7 5.4 7.2 7.8 8.2 9.5 8.6 11.1 10.9 11.
63 7.7 7.5 6.7 8.3 7.7 8.4 8.3 9.2 9.5 9.4
64 6.9 7.6 6.2 5.7 5.6 5.8 5.4 5.7 7.0 7.8
65 6.2 10.8 6.4 4.7 5.6 4.1 4.9 3.0 3.4 3.2
66 5.8 8.1 11.1 8.9 6.5 4.9 4.0 1.2 0.4 0.6
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already calculated to determine thes(nl ) cross sections for
single electron capture into then58 andn59 states of Kr71

ions. Namely, the transition probabilities were calcula
from radial matrix elements obtained with the parame
potential method of Klapish@11# optimized with some en-
ergy levels from Readeret al. @12,13#.

The classical trajectory Monte Carlo~CTMC! method
@14,15# has been used to calculate thes(nl ml ) cross sec-
tions. Indeed, we have already shown that theml distribu-
tions calculated by the CTMC method can be used to ca
late theoretical polarization rates@7#. These calculated
polarization rates are in fair agreement with experimen
results in the case of Ar81-Li(2s) collisions. The CTMC
method is based on solving the Hamiltonian equations for
motion of a three-body system~the valence electron, the Li1

alkali-metal core, and the ionic projectile!. The final quan-
tum numbersn, l , andml were determined through a binin
procedure of the classical quantities~electronic energy, elec
tronic angular momentum, and its projection along the qu
tization axis!, taking into account the asymptotic defects
the atomic energy levels of the Kr71 ion @16# in the deter-
mination of the finalnl ml distributions. The details of the
bining procedure may be found in Refs.@17# and @18#. A
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large number of trajectories~between 7.53104 and 1.25
3105 trajectories, depending on the projectile energy! has
been used to ensure statistical errors of less than 15% fo
most populatednl ml sublevels (n57, 8, 9, and 10!. The
CTMC ml distributions are reported in Tables II, III, and IV
respectively, for 7l , 8l , and 9l sublevels. Theml distri-
butions strongly depend on the collision energy and on thl
value of the sublevels.

In expression~5!, in addition to the branching ratios an
the cross sections, we have to choose which radiative
cade are taken into account. We have chosen to include
diative cascades up ton510 levels and cascade channels f
which the total branching ratio is larger than 0.010. In Ta
V, the number of radiative cascades taken into accoun
indicated for eachnl level. For eachnl level and each
collision energy, we have calculated the alignment wh
takes into account the radiative cascades. For example, T
VI indicates the number of branchesk, the upper statej, the
branching ratiovk( j ), and the alignment transferjk( j )
which have been used for the calculation of the 7d level.

Calculated polarization rates taking into account radiat
cascades have been deduced from the alignment param
for each observed transition. They are reported in Tables
2-5
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TABLE III. CTMC ml distributions~%! versus the projectile energy~in keV amu21) for single electron
capture into 8l sublevels during Kr81-Li(2s) collisions.

Energy
Sublevel

0.1 0.2 0.5 0.8 1.0 1.4 2.0 3.0 4.0 5.0

8s 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 10
8p 0 31.8 27.4 28.3 27.6 28.3 27.6 31.6 28.0 30.3 32

61 34.1 36.3 35.8 36.2 35.9 36.2 34.2 36.0 34.8 34
8d 0 22.6 19.7 17.6 16.8 15.3 16.1 17.2 20.4 20.9 23

61 20.7 19.1 17.1 16.3 16.4 18.1 18.6 20.3 22.7 24
62 18.0 21.1 24.1 25.3 26.0 23.8 22.8 19.5 16.8 14

8 f 0 18.5 16.5 14.8 14.4 15.1 14.6 16.1 19.7 20.0 23
61 16.7 15.4 14.4 14.3 13.8 14.8 15.2 17.1 18.2 18
62 13.6 13.7 13.3 13.1 13.7 14.0 14.2 14.5 14.7 14
63 10.4 12.6 14.8 15.4 14.9 14.0 12.5 8.6 7.1 5

8g 0 15.1 14.7 12.9 14.5 15.4 14.7 17.1 20.4 26.8 25
61 14.3 14.0 13.3 14.1 15.1 12.3 14.5 19.9 18.1 16
62 11.6 12.7 11.0 11.9 9.8 12.2 12.1 11.9 11.0 11
63 9.5 9.3 10.2 9.5 9.3 10.0 7.4 5.8 5.9 7.
64 7.0 6.6 9.0 7.3 8.1 8.1 7.5 2.3 1.5 1.8

8h 0 11.2 12.9 12.1 14.2 12.4 16.0 21.6 21.6 19.3 17
61 11.5 9.5 11.1 12.0 12.9 15.2 15.3 16.8 15.4 16
62 10.4 10.2 9.8 9.6 9.2 10.7 9.7 9.4 11.3 12.
63 9.3 9.0 9.0 8.7 8.7 6.9 6.7 7.0 8.0 8.0
64 6.8 7.9 8.4 7.2 7.3 5.1 5.0 4.1 4.8 3.6
65 6.5 6.9 5.7 5.4 5.7 4.2 2.5 1.9 0.9 0.4

8i 0 9.9 9.6 12.1 13.4 13.3 16.5 14.0 14.6 14.8 16
61 9.8 10.6 10.7 11.8 12.9 14.1 13.8 13.3 13.6 14
62 8.7 8.2 9.1 9.4 9.4 9.8 11.0 12.8 12.6 11.
63 9.2 7.5 7.8 7.6 7.4 7.5 8.0 8.8 9.2 9.0
64 7.3 7.2 6.6 5.6 5.7 4.5 5.8 5.1 5.4 4.9
65 5.5 6.8 4.8 4.8 4.2 2.9 2.9 1.9 1.4 1.3
66 4.4 4.8 4.8 4.2 3.8 2.9 1.6 0.9 0.4 0.0

8k 0 10.1 8.7 11.0 12.5 13.7 14.7 15.1 14.0 12.9 14
61 9.7 8.5 10.8 11.2 12.4 13.6 13.2 13.4 13.6 14
62 7.3 7.7 8.2 9.3 10.1 11.2 12.7 12.3 11.9 12.
63 7.3 7.0 6.8 7.4 6.8 7.1 8.1 9.9 9.6 9.3
64 7.6 6.0 5.8 5.1 4.9 4.5 4.3 5.4 6.3 5.5
65 5.5 6.6 4.4 3.6 3.8 2.5 2.0 1.6 1.7 1.7
66 4.5 5.5 4.1 3.9 2.8 2.1 1.2 0.3 0.3 0.2
67 3.1 4.4 4.4 3.3 2.4 1.7 1.0 0.2 0.1 0.0
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and VIII together with the calculated polarization degre
obtained without taking into account radiative cascades.
cascade effects are found to be depolarizing for transiti
from n59 whereas the polarization degrees of transitio
from n57 and 8 sublevels are enhanced because of al
ment transfer from upper levels. The radiative cascade
fects are found to be weak for transitions fromn58 and 9,
but for transitions fromn57 sublevels, significant devia
tions are found between the polarization rates calcula
without radiative cascades and including radiative casca

On the whole, the behavior of the experimental polari
tion degrees with the projectile energy is fairly reproduc
by the CTMC calculations including the radiative cascad
Some representative examples are shown in Figs. 1~a!–1~c!.
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However, some calculated values are well outside the exp
mental errors bars. The most serious discrepancy betw
the calculated values and the experimental ones are for
7 f 5/2-8d3/2, npj -ndj 11 (n57,8), 8d5/2-9p3/2, and
8d5/2-8 f 7/2 transitions. It is worth noting that the experime
tal or calculated polarization degrees are never outside
limits Pmin and Pmax of the polarization degrees~see Table
IX !. We also note that the polarization degrees approach
maximum values at large energies for transitions from
highestnl sublevels@see Figs. 1~b! and 1~c!#.

V. DISCUSSION

In our previous study of the transition polarization d
grees for Ar81-Li(2s) collisions @6,7# it was shown that the
2-6
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TABLE IV. CTMC ml distributions~%! versus the projectile energy~in keV amu21) for single electron
capture into 9l sublevels during Kr81-Li(2s) collisions.

Energy
Sublevel

0.1 0.2 0.5 0.8 1.0 1.4 2.0 3.0 4.0 5.0

9s 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 10
9p 0 32.3 32.7 29.5 29.9 31.4 33.7 37.7 40.0 45.6 47

61 33.8 33.6 35.3 35.1 34.3 33.2 31.2 30.0 27.2 26
9d 0 23.8 22.1 20.9 21.8 22.7 24.8 28.4 31.5 35.5 37

61 20.4 19.9 19.9 20.6 20.9 22.9 23.5 25.7 25.3 25
62 17.7 19.1 19.6 18.5 17.8 14.7 12.2 8.5 6.9 5

9 f 0 23.5 23.4 23.4 24.1 24.3 26.5 26.8 28.8 29.6 32
61 19.3 18.4 19.7 20.8 20.3 20.8 20.3 22.3 23.4 23
62 12.2 13.1 12.5 12.5 13.1 11.9 13.2 11.2 9.9 9
63 6.8 6.8 6.2 4.7 4.5 4.1 3.2 2.1 1.9 1.1

9g 0 20.7 17.3 19.2 19.3 22.2 26.1 23.5 25.8 32.8 34
61 17.4 14.9 17.6 18.0 17.6 19.1 19.1 20.4 19.8 19
62 10.9 12.5 12.0 11.3 12.5 11.4 11.9 11.5 9.7 8
63 6.7 8.4 7.3 7.9 6.4 4.6 5.5 4.5 3.9 4.7
64 4.7 5.5 3.5 3.2 2.3 1.8 1.9 0.7 0.2 0.2

9h 0 18.6 13.2 16.9 18.9 19.8 21.3 24.7 27.2 24.4 25
61 13.2 13.3 16.5 16.1 17.3 18.9 18.7 19.0 18.4 19
62 11.3 11.0 11.4 9.8 11.1 12.9 11.5 10.3 12.0 11
63 7.7 9.5 7.7 8.4 7.1 5.6 5.1 5.2 5.8 4.9
64 4.4 5.6 4.2 4.3 3.4 1.3 2.1 1.7 1.5 1.0
65 4.0 3.9 1.7 2.0 1.2 0.7 0.3 0.3 0.2 0.0

9i 0 16.0 16.3 18.8 21.0 19.6 21.4 18.4 19.4 19.5 22
61 13.4 14.0 16.7 15.9 18.2 17.6 17.8 17.3 18.7 20
62 9.1 10.0 10.0 10.8 10.8 12.6 13.4 13.8 13.9 12
63 8.6 5.7 6.6 6.0 5.6 5.9 6.5 6.6 5.9 4.7
64 4.4 5.9 4.4 3.3 3.2 2.5 2.1 2.0 1.4 1.3
65 3.6 3.5 1.9 2.6 1.7 0.6 0.8 0.4 0.2 0.2
66 2.9 2.6 1.0 0.9 0.7 0.1 0.3 0.2 0.1 0.0

9k 0 11.4 14.1 18.0 20.2 20.1 20.1 17.5 16.7 15.8 16
61 12.2 11.2 14.2 15.8 16.6 17.5 17.6 16.1 16.7 17
62 10.3 10.8 9.4 10.1 11.5 11.6 13.4 14.9 15.2 15
63 8.2 7.0 6.3 5.9 5.5 6.6 6.9 7.9 8.0 6.9
64 6.0 5.4 4.9 3.6 3.1 2.5 2.0 2.1 2.0 2.0
65 3.8 3.8 3.5 2.3 2.0 1.1 0.8 0.4 0.2 0.3
66 2.2 2.8 1.6 1.4 0.8 0.6 0.4 0.2 0.0 0.0
67 1.6 2.0 1.2 0.8 0.5 0.1 0.1 0.0 0.0 0.0

9l 0 11.6 11.1 13.7 16.5 17.5 20.7 17.3 17.4 16.5 15
61 11.0 12.0 11.8 12.5 14.8 16.5 18.3 16.7 16.2 16
62 9.3 8.5 9.8 10.2 11.0 11.4 12.6 14.3 15.1 15
63 5.0 6.4 7.5 6.7 6.0 5.3 6.6 7.7 8.1 8.6
64 5.4 5.9 4.7 4.7 4.3 3.0 2.2 2.0 1.9 2.0
65 3.9 4.7 3.7 3.7 2.4 1.6 1.0 0.3 0.2 0.3
66 2.7 3.2 3.0 2.1 1.7 1.1 0.6 0.0 0.0 0.0
67 2.7 2.0 1.9 1.3 0.7 0.5 0.2 0.0 0.0 0.0
68 4.3 1.7 0.8 0.4 0.3 0.2 0.0 0.0 0.0 0.0
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variations of the CTMC calculatedml distributions with the
projectile energy for the upper levels of the transitions refl
well those of the calculated polarization degrees. More c
rectly, this should be valid for the polarization degrees c
culated without including the cascade effects. Therefore
02271
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shown in Fig. 1~a!, it is impossible to conclude about theml

distributions from the experimental polarization degrees a
conversely about the polarization degrees from the kno
edge of only theml distributions without estimating the cas
cade effects. In some cases, as for the polariza
2-7
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degrees of transition from upper levelsnl with large values
of l , this may be found to be possible@see Figs. 1~b! and
1~c!#; but, even in that case it cannot be generalized, as s
for example, for then57 level where the cascade effects a
found to be quite important~see Tables VII and VIII, transi-
tions 6g-7h and 6h-7i ).

TABLE V. Number of radiative cascades taken into account
the calculation of the alignment.

Level Number of radiative cascades

7d 20
7 f 16
7h 8
7i 8

8p 9
8d 13
8 f 7
8g 6
8h 4
8i 4
8k 4

9p 6
9g 3
9h 3
9i 3
9k 3
9l 3
02271
n,

In the following, we analyze in detail the variations of th
polarization degrees for the Kr81-Li(2s) collision, calcu-
lated without taking into account the cascade effects,
terms of the calculatedml distributions~Tables II, III, and
IV !. This is done for some upper levels of the transitions
which the polarization degrees have been reported in Ta
VII and VIII. Then, from the knowledge of the electroni
potential-energy curves of the$Kr711Li%1 molecular sys-
tem, we tentatively draw some conclusions about the co
sional mechanisms responsible for the variations of the
larization degrees.

As seen in Tables II, III, and IV, for a givennl level, the
ml distribution tends generally to be peaked on lowml

values at large energies; then, with decreasing energie
enlarges more or less and largeml values can be signifi-
cantly populated. However, thenl ml distributions have
quite different behaviors with the collision energy. As di
cussed later on in the paper, this is due to the ener
dependent efficiency of the various dynamical couplin
contributing to the population of thenl ml sublevels. In
particular, this competition between the dynamical couplin
is probably responsible for most of the oscillations whi
may be seen in severalnl ml distributions. However, some
fluctuations in the distributions may result as well from t
statistical errors in the CTMC calculated distributio
(<15% for the most populatenl ml sublevels, as indicated
above!. In order to illustrate, for a givennl level, the strong
correlation between the variation with energy of anml dis-
tribution and that of the polarization degree of a correspo
ing transition~that is issuing from thisnl level!, calculated
e
TABLE VI. Number of branchesk, upper statej, branching ratios (v), and alignment transfer which hav
been used to calculate the alignment parameter for the 7d level.

Radiative cascade
Branchk Statej v state v state v Statei vk( j ) jk( j )

1 7d 1.000 7d 1.000 0.76000
2 8p 0.117 7d 0.117 0.34533
3 9p 0.081 7d 0.081 0.34533
4 10p 0.069 7d 0.069 0.34533
5 8d 0.167 7f 0.497 7d 0.083 0.51649
6 8d 0.223 8p 0.117 7d 0.026 0.25555
7 9d 0.078 7f 0.497 7d 0.039 0.51649
8 9d 0.137 8f 0.135 7d 0.018 0.51649
9 9d 0.161 9p 0.081 7d 0.013 0.25555
10 10d 0.063 7f 0.497 7d 0.031 0.51649
11 7f 0.497 7d 0.497 0.64718
12 8f 0.135 7d 0.135 0.64718
13 8f 0.338 8d 0.167 7f 0.497 7d 0.028 0.44260
14 9f 0.057 7d 0.057 0.64718
15 10f 0.029 7d 0.029 0.64718
16 8g 0.109 7f 0.497 7d 0.054 0.59296
17 9g 0.115 7f 0.497 7d 0.057 0.59296
18 10g 0.113 7f 0.497 7d 0.056 0.59296
19 10g 0.074 8f 0.135 7d 0.010 0.59296
20 9h 0.186 8g 0.109 7f 0.497 7d 0.010 0.56078
2-8
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TABLE VII. Theoretical polarization rates~%! calculated fromml distributions versus the projectile
energy~in keV amu21) for lines corresponding to the observedDn50 andDn51 transitions.~1! Without
radiative cascade effects.~2! Including radiative cascade effects.

Energy

Transition

0.1 0.2 0.5 0.8 1.0

~1! ~2! ~1! ~2! ~1! ~2! ~1! ~2! ~1! ~2!

7p1/2-7d3/2 25.4 5.5 210.3 3.0 211.5 21.4 27.0 22.1 215.6 23.2
7p3/2-7d5/2 24.3 4.4 28.2 2.4 29.1 21.2 25.6 21.7 212.4 22.5
7d3/2-7 f 5/2 3.8 5.9 8.1 4.1 212.5 22.7 218.2 24.6 217.6 25.0
7d5/2-7 f 7/2 3.4 5.3 7.2 3.6 211.2 22.4 216.1 24.1 215.6 24.4

8p1/2-8d3/2 5.3 6.0 22.6 1.3 210.4 23.8 213.7 25.8 216.0 26.8
8p3/2-8d5/2 4.3 4.8 22.0 1.1 28.3 23.0 210.9 24.6 212.7 25.4
8d5/2-8 f 7/2 9.1 7.4 4.2 3.5 20.3 0.3 21.5 20.1 20.7 0.6

6 f 5/2-7d3/2 21.0 1.1 22.0 0.6 22.2 20.3 21.4 20.4 23.0 20.6
6 f 7/2-7d5/2 21.5 1.6 22.9 0.9 23.2 20.4 22.0 20.6 24.3 20.9
6g-7h 27.3 11.2 26.8 10.6 24.9 14.7 26.8 17.5 21.2 19.7
6h-7i 7.3 12.8 25.5 9.0 24.0 13.4 3.8 18.2 8.1 21.7

7d3/2-8p1/2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7d5/2-8p3/2 20.4 0.3 21.3 20.1 21.1 20.3 21.3 20.4 21.1 20.4
7 f 5/2-8d3/2 1.1 1.2 20.5 0.3 22.0 20.8 22.6 21.1 23.1 21.3
7 f -8g 11.6 11.3 12.1 11.8 6.3 9.4 10.8 13.3 10.2 13
7g-8h 9.1 10.2 6.8 9.0 9.1 13.4 11.8 16.2 10.8 16.
7h-8i 10.3 12.0 8.6 10.9 11.9 15.3 14.4 18.8 16.2 20
7i -8k 12.2 12.5 7.5 9.5 12.5 14.6 16.2 18.8 19.9 22

8d3/2-9p1/2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8d5/2-9p3/2 20.2 0.0 20.1 0.0 20.9 20.2 20.8 20.2 20.4 0.0
8 f -9g 20.5 19.0 15.9 14.7 21.8 20.3 22.1 20.7 25.1 26
8g-9h 18.9 17.9 16.0 15.2 23.8 22.6 23.2 22.2 26.5 25
8h-9i 19.5 18.8 20.1 19.2 26.7 25.7 27.1 26.2 29.0 28
8i -9k 21.0 20.2 20.1 19.4 24.7 24.0 27.8 27.1 29.8 29
8k-9l 15.0 15.2 19.7 19.2 22.8 22.5 25.8 25.2 28.6 28
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without taking into account the cascade effect, let us c
sider a few typical examples.

For the 8p level, the populations of theml 561 sublev-
els are the largest over all the energy range, while theml

50 sublevel has a population approaching these at s
energies. It turns out that the polarization degrees are n
tive and approach zero when the populations of theml 50
and 61 sublevels are nearly equal. For the 9p level, the
populations of theml 561 sublevels are the largest up
1 keV amu21 where the population of theml 50 sublevel
increases quickly. Consequently, the polarization degree
the 8d5/2-9p3/2 transition is negative up to 1 keV amu21,
then becomes positive and increases at high energies.

In the case of the 7d level, the populations of theml

562 sublevels are the largest over all the energy ran
Consequently, the polarization degrees of the 7p-7d and
6 f -7d transitions are found to be negative. For the 8d level,
the energy variations of theml distributions are quite differ-
ent. Theml 50 sublevel is the most populated at the lowe
energy (0.1 keV amu21); then its population decreases to
minimum at 1 keV amu21 and increases above this energ
However, the populations of theml 562 sublevels are the
02271
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largest in the 0.2–2 keV amu21 energy range and go to
maximum at 1 keV amu21. Consequently, the polarizatio
degrees of the 8p-8d and 7f -8d transitions are positive a
0.1 keV amu21, decrease to a negative minimum
1 keV amu21, then increase and become positive abo
2 keV amu21.

Finally, let us consider thenh levels. For the 7h level, the
ml 564,65 sublevels are the most populated or ha
populations comparable to that of theml 50 sublevel up to
1.4 keV amu21. Above this energy, the population of th
ml 50 sublevel is the largest and increases continuou
The populations ofml 561, 62, and 63 sublevels are
nearly constant up to an energy increasing with the value
ml ~from 1.4 to 3 keV amu21), and then increase. As
result, the polarization degree for the 6g-7h transition is
negative up to 1 keV amu21 and then increases quickly
However, for the 8h level, the population of theml 50 sub-
level is the largest over all the energy range, except
0.1 keV amu21, and increases with the energy up
3 keV amu21. The populations of the otherml sublevels
decrease withml and oscillate. Consequently, the polariz
2-9
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TABLE VIII. Theoretical polarization rates~%! calculated fromml distributions versus the projectile
energy~in keV amu21) for lines corresponding to the observedDn50 andDn51 transitions.~1! Without
radiative cascade effects.~2! Including radiative cascade effects.

Energy

Transition

1.4 2.0 3.0 4.0 5.0

~1! ~2! ~1! ~2! ~1! ~2! ~1! ~2! ~1! ~2!

7p1/2-7d3/2 216.3 22.9 28.5 21.0 21.0 0.1 26.6 2.0 21.2 4.5
7p3/2-7d5/2 212.9 22.3 26.8 20.8 28.0 0.1 25.3 1.6 21.0 3.6
7d3/2-7 f 5/2 220.6 24.2 217.1 22.7 217.6 20.6 211.1 2.9 26.5 5.6
7d5/2-7 f 7/2 218.2 23.7 215.1 22.4 215.6 20.6 29.9 2.6 25.8 5.0

8p1/2-8d3/2 210.5 23.6 27.5 21.7 1.3 4.4 7.4 8.2 13.9 12.6
8p3/2-8d5/2 28.3 22.9 26.0 21.4 1.1 3.5 5.9 6.6 11.2 10.2
8d5/2-8 f 7/2 1.0 2.6 4.1 5.3 12.2 11.7 15.1 14.2 18.5 17.

6 f 5/2-7d3/2 23.1 20.6 21.7 20.2 22.0 0.0 21.3 0.4 20.2 0.9
6 f 7/2-7d5/2 24.5 20.8 22.4 20.3 22.8 0.1 21.9 0.6 20.3 1.3
6g-7h 0.4 23.6 7.1 25.2 16.5 27.6 19.5 29.0 18.3 29
6h-7i 13.2 25.8 14.6 28.5 22.2 30.2 21.9 30.2 21.0 30

7d3/2-8p1/2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7d5/2-8p3/2 21.3 20.3 20.4 20.1 21.2 0.0 20.7 0.1 20.3 0.3
7 f 5/2-8d3/2 2.0 20.7 21.5 20.3 0.3 0.9 1.5 1.7 2.9 2.6
7 f -8g 8.1 14.1 12.9 18.0 26.1 26.4 28.1 27.8 25.5 26
7g-8h 18.3 22.4 22.6 24.9 24.7 26.8 24.7 28.0 26.5 29
7h-8i 20.9 25.1 22.0 26.4 24.8 28.4 26.1 29.2 27.5 29
7i -8k 23.7 26.5 26.5 29.4 28.6 30.9 28.1 30.8 29.0 31

8d3/2-9p1/2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8d5/2-9p3/2 0.1 0.2 1.0 0.5 1.5 0.7 2.7 1.1 3.1 1.2
8 f -9g 28.7 26.7 27.4 25.9 31.0 29.1 33.8 31.6 33.5 31
8g-9h 30.7 29.5 31.3 30.1 32.1 30.7 31.6 30.5 33.0 31
8h-9i 31.7 30.7 31.1 30.2 31.7 30.8 32.8 32.0 34.0 33
8i -9k 31.7 30.9 32.1 31.4 32.4 31.8 32.7 32.1 33.1 32
8k-9l 31.1 30.5 32.7 32.2 33.4 33.0 33.5 33.0 33.3 32
p
a
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tion degree of the 7g-8h transition is positive, oscillates u
to 1 keV amu21, increases quickly, and finally decreases
the largest energy. For the 9h level, the populations of the
ml sublevels are quite similar to those of the 8h level, but
the population of theml 50 sublevel is comparatively
larger. Then, the polarization degree for the 8g-9h transition
takes large positive values over all the energy range.

Now the different variations of theml distributions with
energy for the variousnl levels may be analyzed in terms o
dynamical couplings involved in the collision. In previou
works for Ar81 projectiles@6,7# we have shown, by a quali
tative analysis of the electronic potential-energy curves
the $X711Li%1 molecular system (X[O, Ar!, that radial
and rotational couplings, combined with the projectile-co
electron effect and the Stark effect due to the ionized tar
are responsible for the finalnl ml distributions. We proceed
in the following to a similar discussion in the case of Kr81

projectiles. The electronic energy curves for the$Kr71

1Li%1 molecular system have been previously calculated
the S electronic states@1# and are shown in Fig. 2. Obvi
02271
t

f

e
t,

r

TABLE IX. Minimum and maximum valuesPmin and Pmax of
the polarization rates for the observed transitions.

Transition Pmin Pmax

p1/2-d3/2 270.4 47.9
p3/2-d5/2 253.8 39.6
d3/2-f 5/2 284.3 44.8
d5/2-f 7/2 273.1 40.6

d3/2-p1/2 0.0 0.0
d5/2-p3/2 22.5 4.9
f 5/2-d3/2 211.9 11.0
f 7/2-d5/2 217.2 15.5

f -g 290.4 42.6
g-h 293.5 41.0
h-i 295.3 39.9
i -k 296.5 39.1
k-l 297.3 37.9
2-10



EMISSION-LINE POLARIZATION DEGREES ANDnl ml . . . PHYSICAL REVIEW A 62 022712
FIG. 1. Experimental and CTMC calculated polarization degrees of lines corresponding tonl -n8l 8 transitions.~a! 7d3/2-7 f 5/2 and
7d5/2-7 f 7/2 transitions.~b! 7i -8k transition.~c! 8i -9k and 8k-9l transitions~these lines were not resolved experimentally!.
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ously, theP electronic states and other electronic states
higher symmetries should also participate in the couplin
But, since the entrance channel is aS electronic state, it is
presently sufficient to discuss theS electronic states. Thes
states show up several avoided crossings with the entr
channel. In particular, they occur in the region of intern
clear distanceR>15220 a.u. for the avoided crossings a
sociated with the 7d, 8s, 8p, 7f , and 8d levels of Kr71, and
in the rangeR>22232 a.u. for those associated with th
9s, 9p, 8f , and 9d levels. These avoided crossings are
sponsible for the primary radial couplings leading to elect
capture into then57, 8, and 9 levels and of the so-calle
projectile core-electron effect previously discussed~see@1#
for Kr81 and also references therein for Ar81 and O81).
This core-electron effect is more efficient when the ene
splitting at the avoided crossing is large, and it var
strongly with the projectile energy. At large energies t
avoided crossings become adiabatic. When the energy
creases the radial couplings become first more efficient
the avoided crossings with large energy splittings. Con
quently, the electron-capture cross sections go thro
maxima which occur at decreasing energies with decrea
energy splittings. At high energy, most of the couplings
the avoided crossings go to zero and the electron-cap
02271
f
s.

ce
-

-
n

y
s

e-
r

e-
h

ng
t
re

FIG. 2. Calculated electronic energies~a.u.! versus the internu-
clear distance~a.u.! for $Kr711Li%1 S states.
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FIG. 3. CTMC calculated polarization degrees without taking into account the radiative cascades of lines corresponding tonl -n8l 8
transitions.~a! 7 f -8d transition.~b! 7i -8k transition.~c! 8k-9l transition.~d! 7 f -8g transition.~e! 8 f -9g transition.
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cross section for these levels decreases. In contrast, the
sections for electron capture intonl states with largel
values should increase with energy due to the Stark effec
the residual ion. At much higher energies, rotational c
plings between levels of differentn may cause a decrease
these cross sections.

In the case of the$Kr711Li%1 molecular system, it may
be seen that the 7d level has the largest energy splitting wi
02271
oss

of
-

the entrance channel. This level is then populated mainly
the primary radial coupling. That means that theml 50 sub-
level is first populated and then the population is redistr
uted nearly equally to largerml sublevels by postintrashe
rotational couplings. We have about the same situation in
case of the population of theml sublevels of the 8d level,
where a large energy splitting is also observed with the
trance channel. For the 9d level, however, the energy split
2-12
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EMISSION-LINE POLARIZATION DEGREES ANDnl ml . . . PHYSICAL REVIEW A 62 022712
ting is much smaller. In that case, theml 50 sublevel is first
populated and its population is quickly redistributed. W
increasing energies, because of the Stark effect and inter
rotational couplings, theml 50 population increases whil
those of theml 562 sublevels decrease. In the case of Ar81

projectiles, the same situation was also observed, but, for
same value ofn, the effect of the projectile core electron
less important than for Kr81 projectiles. This can be seen fo
the 7f -8d transition @Fig. 3~a!#, where the polarization de
grees for Ar81 and Kr81 have nearly the same behavior, b
the polarization degrees in the case of Ar81 take larger val-
ues and go through a minimum at lower energy than
Kr81. We may draw similar conclusions concerning the co
plings responsible for theml distributions of thenp levels.

As for the$Ar711Li%1 molecular system, the manifold
of levelsnl ~with l >5) are degenerate at large internucle
distances. Therefore, the lowest values ofml should be more
populated with increasing energies, by Stark coupling a
intershell rotational couplings, and the more quickly t
larger n. For transitions from these upper levelsnl with
large values ofl , the polarization degrees for Kr81-Li(2s)
and Ar81-Li(2s) collisions should vary similarly with en
ergy. This is indeed observed in Figs. 3~b! and 3~c! for the
polarization degrees of the 7i -8k and 8k-9l transitions.
However, in the case of Kr81, the variations with energy o
the ml distributions of the 7h level are quite different from
what is observed for the othernl levels with largel ~see
Tables II, III, and IV!. This seems to be associated with t
core-electron effect which persists over a larger energy ra
for the low values ofl of then57 level. Concerning this, it
is worth noting the parallelism of the energy curves asso
ated with the 7h and 7i electron-capture channels, observ
in the rangeR>8215 a.u.

At large internuclear distances, theng levels are degen
erate with thenl levels (l >5), while the n f levels are
nearly degenerate with the (n21)p levels. It can be seen
from Fig. 2 that the potential-energy curves associated w
the n f and ng channels show smooth avoided crossings
R>16218 a.u. for n57, R>24227 a.u. for n58, and
R>37240 a.u. forn59. Such avoided crossings were n
observed in the case of the$Ar711Li%1 molecular system,
where both then f andng levels are degenerate also with th
nl levels (l >5). Figures 3~d! and 3~e! show comparatively
the polarization degrees for the 7f -8g and 8f -9g transitions
R

n,

er
.
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for Ar81 and Kr81 projectiles. At low energies, the polariza
tion degrees are higher for Kr81 than for Ar81 because of
more efficient primary radial couplings. One should exp
that at high energies, the polarization degrees increase s
larly for the two projectiles, because of the Stark effect a
intershell rotational couplings. However, it is interesting
note that they increase much faster for Kr81 than for Ar81.
We attribute this enhancement of the alignment
Kr81-Li(2s) collisions at high energies to the large popu
tion of the n f levels by postcollisional radial coupling o
rotational coupling with the (n21)p level @1#, which is then
redistributed to theng levels by radial and rotational cou
plings, followed by the Stark effect.

As seen in Figs. 3~a!–3~e!, the polarization degrees for a
the transitions in the case of O81-Li(2s) collisions are al-
ways positive and larger than for Ar81 and Kr81 projectiles.
They decrease also with decreasing energies, but much
than for Ar81 and Kr81. As discussed previously@6,7#, the
Stark effect and intershell rotational couplings are resp
sible for the population of low values ofml at high energy.
As the energy decreases, the intershell rotational coupl
decrease, while the intrashell rotational couplings remain
ficient and cause the broadening of theml distributions. At
much lower energies, these intrashell rotational couplin
decrease also and only the sublevelsml 50,61 will be
populated by primary radial coupling and rotational coupli
between theS and P molecular states. Therefore, at ve
low energy, the polarization degrees should increase w
decreasing energies, as it is observed for most of the tra
tions.

VI. CONCLUSION

In conclusion, we have shown by experimental studies
the Ar81-Li(2s) and Kr81-Li(2s) collisions over a large
energy range that the polarization degrees of transition, fr
upper levels which are the most populated during the o
electron capture process, are compatible with most of
polarization degrees calculated from theml distributions ob-
tained from CTMC calculations. A discussion of the
CTMC calculatedml distributions in terms of dynamica
couplings responsible of the state-selective electron cap
has been possible by an analysis of the electronic poten
energy curves for the$X711Li%1 molecular systems (X
[O,Ar,Kr).
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