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Spin exchange in the excitation of spin-polarized Na atoms by Ne -ion impact
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The 3s-3p excitation of spin-polarized Na atoms by Ne ions has been studied for impact energies

El,b
——200 eV to 6 keV, i.e., in the adiabatic regime. The total excitation cross section and the three

Stokes polarization parameters of the Auorescence light have been measured. The linear polariza-
tion of the light shows a preferential excitation of the

~
mt

~

=1 magnetic substates. The circular
polarization probes the spin orientation of the excited 3p state. At the highest impact energies in-

vestigated the experimental data are compatible with conservation of spin orientation during the col-
lision. With decreasing impact energy, the spin polarization of the final 3p state becomes smaller

than the spin polarization of the initial 3s state. This apparent spin depolarization is attributed to
the exchange interaction between the Na valence electron and the unfilled Ne+ 2p' core in the
quasimolecule formed during the collision.

I. INTRODUCTION

Atomic-collision processes have been studied for several

decades and experiments of increasing degree of sophisti-
cation have been performed. According to the historical
development various generations of experiments may be
distinguished: First-generation experiments measure
angle-integrated cross sections, second-generation experi-
ments employ a cylindrically symmetric collision
geometry, and in third-generation experiments the sym-

metry is reduced to planar symmetry. The driving force
behind the high sophistication of modern experiments is
the prospect of an ab initio understanding of the collision
process, as well as the development of intuitive concepts
for the description of essential features (see, e.g. , Ref. 2).
Such experiments are characterized by the attempt to ex-
tract the maximum information on the collision process,
ideally requiring the preparation of "pure" initial eigen-
states and a complete analysis of the final states including

the spin properties. Corresponding experiments are called
"ideal, " "perfect, " or "complete. " These experiments
are now state of the art in the field of electron impact and
photoionization (see, e.g., Refs. 6 and 7).

In the field of energetic atomic collisions, however, the
spin is generally assumed to retain its orientation during
the collision and thus to bear no additional information
on the collision process (see, e.g.„Ref. 1). This assump-
tion seems to be justified regarding the comparatively
weak interaction of the spin and its environment via the
magnetic moment associated with the spin. If any cou-
pling between spin momenta and orbital angular momenta
during the collision is negligible then the total spin, i.e.,
the vectorial sum of the spins of the two atoms, is con-
served; this behavior is known as %igner's rule. For ex-
citation processes, the assumption of spin decoupling dur-
ing the collision but subsequent fine (and hyperfine) cou-
pling (Percival and Seaton hypothesis ) has been very suc-
cessful. Nevertheless, a nonstatistical population of mul-
tiplet levels has been observed for ion-atom collisions'

TABLE I. Spin-affecting interactions in collisions of an im-

pinging (quasi) one-electron atom or an electron with a one-
electron target atom.

Type of
interaction

spin-orbit
interaction
between

Projectile
One-electron atom

orbit and spin of
the electron at
the projectile

Electron

orbit of
projectile and
projectile spin

orbit and spin of
impinging electron

orbit and spin of
the electron at
the target atom

orbit and spin of
the electron at
the target atom

exchange of electron at the
projectile and
electron at the
target atom

incoming electron
and electron at
the target atom

which shows a breakdown of this hypothesis. Recent ad-
vanced experiments clearly indicate that the spin orienta-
tion of a target electron inay be affected in an ion-atom
collision. "' Spin-affecting mechanisms are the spin-
orbit interaction and, in the case of at least two electrons,
the electron-exchange interaction (Table I).

In ion-atom collisions, the interaction between the orbi-
tal motion and the spin of the projectile is tiny due to the
small magnetic field created by the slow motion of an ion-
ic projectile (in contrast to electron impact'i'"). Thus the
projectile's trajectory is hardly influenced by its spin
orientation. On the other hand, spin-orbit couphng of in-
dividual electrons of the target atom (and the projectile)
may cause a precession of their spin orientation in space.
Due to the weakness of the spin-orbit interaction this pre-
cession is comparatively slow and it is very reasonable to
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assume an almost space-fixed ("frozen") spin orientation

during some region of the collision. ' However, if the or-

bital angular momentum of an electron is affected in the
collision, spin-orbit interaction at larger internuclear
separations may entail an apparent change of its spin
orientation. Detailed quantum-mechanical treatments of
the dynamics of this spin-coupling process are available

(see, e.g. , Refs. 16 and 17}. In the case of at least two ac-
tive electrons the spin orientation of an individual electron

may also be affected by the interchange of electrons. Ac-
cording to Pauli's principle (antisymmetric total wave

function), the spin properties are coupled to spatial sym-

rnetry properties. As the electrostatic electron-electron
repulsion is strong, electron exchange may strongly
change the spin orientation. This has been shown experi-
mentally for thermal collisions' ' and has been predicted
theoretically for energetic collisions. ' ' Both spin-

affecting mechanisms exhibit different symmetry proper-
ties which allows an experimental separation of the
mechanisms as has been demonstrated for electron-atom
collisions.

As a first step towards experiments in energetic atomic
eo11isions in which the spin behavior is explicitly studied

and which finally will give truly complete information on

the collision process, we have investigated the ion-

impact 3s-3P excitation of spin-polarized Na atoms. The
collision-induced spin change has been determined by a
polarization analysis of the fluorescence light emitted in
the decay of the 3p state.

II. EXPERIMENTAL PROCEDURE

The experimental setup is sketched in Fig. 1; it consists
basically of a crossed-beam apparatus. The Na atoms are
produced in a two-stage oven; by heating the nozzle
chamber to temperatures higher than the oven chamber
the dimer content in the beam is strongly reduced.
The Na beam is spin polarized by a hexapole magnet. A
guiding magnetic field of approximately 10 T defines
the quantization axis of the spin polarization P and fixes
the direction of spin orientation after the hexapole. The
Na beam is intersected by an Ne+-ion beam at a right an-

gle. The ions are delivered from a commercial ion source
(Colutron); a mass-analyzer with crossed electric and
magnetic fields (Wien filter) selects Ne+ ions and
suppresses Ne+ ions and, contaminations of the ion
beam. The ion source can also be used as an electron
source by reversing the acceleration and focusing voltages.
The ion or electron beam is focused into the interaction
region and collected in a three-stage Faraday cup. By

photomultiplier

color glass
lens
Na 0 fitter
lin potarizer
A/4 plate
lens

counting
electronics computer

steg L
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step
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FIG. 1. Sketch of the experimental setup.

sooting the walls ' and placing a cone at the bottom of
the Faraday cup the emission of secondary electrons is
minimized. The collision-induced excitation of the Na 3p
state is detected via the emitted resonance fluorescence.

The collision geometry deserves special attention. An
arrangement with transverse spin polarization is advanta-

geous in a noncoincident experiment. All relevant infor-
mation on the excited state can be obtained from the po-
larization properties of the fluorescence light emitted in
the direction of spin orientation. This scattering ar-
rangement is analogous to the use of transversely polar-
ized electrons in polarized-electron —unpolarized-atom ex-
periments. ~ The polarization analysis of the light is per-
formed by a 1,/4 retardation plate and a linear polarizer.
Light from the unresolved Na Di 2 doublet line is selected
by an interference filter (Spindler and Hoyer 371108) and
a color filter (Spindler and Hoyer OG 530) and detected
by a photomultiplier with a bialkali cathode (EMI 9789B}.
Data accumulation is controlled by a computer: photons
are counted during a preselected time interval for dif-
ferent angular settings of retardation plate and linear po-
larizer as well as for the Na beam switched on and off.
The light signal obtained with the Na beam (shutter open)
typically is larger by one order of magnitude than the sig-
nal without the Na beam (shutter closed). The light polar-
ization is analyzed in terms of the Stokes polarization pa-
rameters P&, P2, and P3 '

by rotating the optical corn-
ponents. P~ denotes the linear polarization with respect
to an axis parallel to the impact direction, P2 the linear
polarization with respect to an axis tilted by 45' to the im-

pact direction, and P3 the circular polarization. Depend-
ing on the angular settings of the retardation plate and the
linear polarizer the relative transmission T of the optical
system is given by

2T(P, a —P) =1+Pi t cos(2P)cos[2(a —P)]—sin(2P)sin[2(a —P)]cosh, t

+Pi j sin(2p)cos[2(a —p)]+cos(2p)sin[2(a —p) ]cosh t +P& t sin[2(a —p) ]sink t,

where a and p denote the rotation angles of the retarda-
tion plate and the linear polarizer with respect to the im-

pact axis (Fig. 2). dL is the phase retardation of the retar-
dation plate. The optical system was carefully checked.
For example, a slight offset of the linear polarizer setting

from the impact direction would transform some part of
the P& polarization into P2. The linear polarizer consist-
ing of a dichroitic polymer film has a measured extinction
ratio better than IQ and may be regarded as ideal. In
contrast, the retardation of the retardation plate was
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FIG. 2. Arrangement of optical components for measuring

the Stokes polarization parameters of the fluorescence light.

found to deviate from the nominal value 5=90' by as
much as 15' owing in part to some angular divergence of
the fluorescence light in our setup. In this case, the cosh
term in Eq. (1) does not vanish and the measured circular
polarization P& will be influenced by Pi (P2 is practically
zero, see Sec. III). To avoid erroneous Pi measurements,
the circular polarization P3 was measured by choosing
P=O' and by varying o, since for P=O' the Pi-dependent
term containing cosh, vanishes. 0.20 ) l I I I f I 1 ) I I t I Ill

proximately 30%; the uncertainty is due to possible sys-
tematic errors as, e.g., incomplete charge collection by the
Faraday cup, and a somewhat different overlap with the
Na target for the primary beams of Ne+ ions and elec-
trons. The total cross sections were measured without po-
larization optics; accordingly the anisotropy of the radia-
tion emission should be taken into account in the data
evaluation. However, since the anisotropies (obtainable
from the measured linear polarization P, of the Na D
line} for Ne+ ion and electron impact are equal within
2% in the investigated energy range (Fig. 4 of the present
work and Fig. 3 of Ref. 33), a corresponding correction is
sllpeffluous.

The measured linear polarization P, (Fig. 4) depends
only weakly on impact energy. Pi reflects a collision-
induced anisotropy of the excited 3p state. This anisotro-

py may be described by the alignment parameter &2p
which is related to the measured polarization Pi (cf., e.g.,
Ref. 33):

~io= [2Pi ~(Pi —3}1~Gz . (2)

This formula holds if the electron spin is decoupled dur
ing the collision (see below}, but is affected by fine and hy-
perfine coupling after the collision (Percival-Seaton hy-
pothesis ). The factor 62 accounts for the depolarization
by this coupling, for the 3P state of Na; Gz ——0.0982.
The measured polarization (Fig. 4) amounts to
P, = —0.045, and from Eq. (2) we get M&0-0.30. From

III. EXPERIMENTAL RESULTS

We have first measured the total excitation cross sec-
tion for Na 3s-3p excitation which to our knowledge is
not reported in the literature. In order to avoid calibra-
tion problems associated with absolute measurements„we
measured the excitation cross section for Ne+-ion impact
relative to that for electron impact. The absolute cross
section for electron impact at impact energiea in the keV
range is known within a few percent and allows a reliable
normalization (typical cross section for 3-keV electron
impact: 0.92 X 10 ' cm ). The absolute accuracy of our
excitation cross sections for Ne+ impact (Fig. 3) is ap-
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FIG. 3. Apparent excitation cross sections (including cas-
cades) of the Na 3p state by Ne+ ions vs impact energy. The
absolute accuracy of the experimental data amounts to about
30%.

E, b {keV)

FIG. 4. Measured Stokes polarization parameters PI, I'2,
and I'3 of the unresolved Na D12 line induced by Ne+ impact.
Errors given take only the statistical uncertainty into account.
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this alignment value W20 we can derive the relative exci-
tation cross sections oi,oo for the magnetic substates

~
mt

~

=1,0 (the mt quantum number is here related to a
coordinate frame with the z axis parallel to the impact
axis which differs from the coordinate frame of spin po-
larization). From the definition of the alignment &20 of
a p state (cf., e.g., Ref. 34),

W2O ——(cr i
—era) /(2o i+a 0),

and the experimental value Wzo ——0.30 we finally obtain

0'i 30'o .

Therefore, in our collision process mainly
~

mi
~

=1 va-

cancies are produced.
The light polarization parameters Pz and P& yield fur-

ther information on the collisional interaction. For a non-
coincident experiment with rotational symmetry around
the impact axis these parameters vanish due to symmetry
reasons. In our experiment, the rotational symmetry is
broken by the transverse spin orientation of the Na atoms.
Possible finite values of P2 and P& then reveal specific
spin effects during the collision. A P2 value different
from zero would indicate in the present case a noticeable
interaction of the spin-orbit type between the spin of the
target electron and the projectile orbit. Such an interac-
tion might result from the combined action of two in-

teractions listed in Table I. However, this combined ac-
tion is not expected to be strong as is confirmed by the ex-
perimental data showing a linear polarization P2 (Fig. 4)
which is compatible with zero.

The circular polarization P& is a measure of the spin
orientation of the excited 3p electron since spin-orbit cou-

pling in the Na 3p state transfers an orientation of the
spin to an orientation of the orbital angular momentum.
The measured circular polarization Pi (Fig. 4) has finite
value, it changes its sign if the spin orientation of the Na
beam is reserved. For our experimental geometry P3 is
related to the properties of the excited 3p state by the ex-
pression

~3(T(l)io)
W2(T(l)' )+(T(l),', )

'

where (T(l)k ) denotes a state multipole characterizing
the spatial charge cloud of the 3P (I= 1) state. More pre-
cisely, the state multipoles in Eq. (5) are related to a coor-
dinate frame with the z axis parallel to the axis of spin
orientation and represent values averaged over the lifetime
of the precessing excited state. (T(1)io) describes the
orientation and (T(l)2to) the aligninent of the excited
state. Using the angular momentum algebra for fine
and hyperfine coupling, the time-averaged state mul-

tipoles in Eq. (5) can be expressed in terms of the momen-

tary state multipoles immediately after the collision.
The corresponding expressions are lengthy sums contain-

ing various nuclear state rnultipoles besides electronic
state multipoles. In order to work out the basic ideas we

neglect smaller terms [e.g., we put ( T(l)20) =0] and thus
we obtain the approximate relationship

P3 --(0.572+0.265' /Ps )Ps,

where Ps is the initial spin polarization of the valence
electron and the Na nucleus (which are identical for the
applied technique of beam polarization by a hexapole
magnet ); Ps denotes the final spin polarization of the
valence electron immediately after the collision. For an
estimated initial spin polarization Pq ——0.205 we obtain
P3 ——0.172 in case of spin conservation during the col-
lision (i.e., Ps Pq——), and P3 ——0.117 in case of complete
depolarization (i.e., Ps ——0). Comparison of these predic-
tions with the experimental data shows (Fig. 4) that at
high impact energies the spin orientation is conserved
within the experimental accuracy, but with decreasing im-
pact energy there is a significant loss of spin orientation.
We note that this interpretation of our polarization data is
only applicable if the detected fluorescence light results
from direct 3s-3P excitation only and cascades from
higher states feeding the 3P population can be neglected.
This assumption will be justified below.

IV. DISCUSSION OF THE EXCITATION PROCESS

The excitation of Na(3p) in collisions of the elements
neon and sodium in the keV-energy regime has already
been the subject of previous studies. For example, the sys-
tem Ne+ Na was studied in Refs. 10 and 36—39. The
system Ne+ Na+ was studied in Refs. 40 and 41. The
Na 3p excitation cross sections reported for these systems
are smaller than 0.6X10 ' cm for impact energies Ei,b
below 6 keV. In contrast, our cross-section data for the
Ne++ Na system are much larger; they increase up to
10)&10 ' cm at the highest measured impact energy
E„b=6 keV (Fig. 3). This result can easily be explained:
In collisions of the two neutral atoms Ne+ Na, no long-
range Coulomb interaction is present, and excitation of
Na 3P occurs only when the atoms almost "touch" each
other; in collisions of Ne+ Na+, the production of Na 3p
requires the ionization of Ne, effective again at small in-
ternuclear distances. More precisely, for these two col-
lision systems excitation occurs via electron promotion
»ong the 4fa molecular orbital at internuclear distances
of about 1.6ao. ' In contrast, for the Ne+ + Na system
studied in the present w'ork the Na 3s-3p excitation re-

quires only 2.1 eV energy and may easily be induced by
long-range Coulomb interaction with the Ne+ ion as will

now be discussed in more detail.
Our experimental data have been obtained for impact

energies from 0.2 to 6 keV which correspond to impact
velocities of 0.03—0.2 times the classical orbiting velocity
of the 3s electron. In this fairly adiabatic regime the exci-
tation can be treated in the framework of the molecular
orbital model. Due to the lack of a detailed correlation
diagram for the NeNa+ quasimolecule, we adopt a semi-
quantitative diagram ' (Fig. 5). The excitation process is
discussed in a one-electron picture involving the initial Na
3s valence electron, since the two cores Ne+ 2p and Na+

2p are not seriously perturbed in the collision (except for
internuclear distances smaller than about 2ao). As a
mechanism for the experimentally observed Na 3s-3p ex-
citation we suggest the following process (compare Fig. 5).
On the incoming part of the projectile trajectory the elec-
tron originally at the Na+ core in the 3s state is
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No jp~3p i Nct+

Ne 2p&~ Na 3p
Ne 2p&3g~ Na'

Ne 2pI~NQ 3s
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Ne 2p ~ No

R (0, )

FIG. 5. Molecular orbital diagram of the NeNa+ system

{based on the diagrams of Ref. 41}. On the right side the config-

urations for separated atoms are given. A circle (rectangle)

denotes a radial (rotational) coupling.

transferred to the Ne+ core into the 3s state (Ne 2p 3s

configuration). At smaller internuclear distances a 4po-
3pm. rotational coupling occurs. On the outgoing part of
the projectile trajectory the electron is distributed among
the excited 3p states belonging either to the Na+ or Ne+

core. Finally, in the present experiment the Na 3p popu-
lation is detected by the emitted Na D fluorescence light.
According to the suggested excitation mechanism, we ex-

pect a comparable production of the Ne(2p 3p) and the

Na(3p) excited states. ' ' The fluorescence of Ne, howev-

er, is harder to investigate experimentally, since strong
fine-structure splitting of Ne(2p 3p) and Ne(2p 3s) distri-
butes the total light intensity into a number of spectral
lines which exhibit different polarization properties.

The experimentally observed preferential population of
the 3p (

~
mi ~

=1) magnetic substate [Eq. (4)] is consistent
with excitation via the 3pm state. The nonvanishing pop-
ulation of the 3p ( mt ——0) magnetic substate might be due
to an imcomplete adjustment of the electron wave func-
tion to the rotation of the internuclear axis, i.e., electron

slipping. The mIured excitation cross section varies be-
tween (4—10)X10 ' cm in the energy range studied

(Fig. 3) which corresponds to the expected magnitude:
The charge exchange at the incoming part of the trajecto-
ry is quite effective. The energy difference between the
two channels Ne+(2p') + Na(3s) and Ne(2p'3s) + Na+ is
about 0.24 eV only (this value approximately holds for
both fine-structure states of the Ne+ 2p core). Accord-
ing to model calculations" the cross section for this near-

ly resonant charge exchange amounts to approximately
10 ' —10 ' cm for impact energies from 0.2 to 6 keV.
These cross sections are consistent with a radius of charge
exchange of Ro ——13ao. ' Rotational coupling occurs in
the vicinity of the 4po-3pm level crossing at internuclear
distances of about 2ao as inferred from the isoelectronic
system NeNa+ (Ref. 41) and Nez (Ref. 45). On the outgo-
ing part of the collision again almost-resonant electron
transfer between the two channels Ne(2p 3p) + Na+ and
Ne+(2p ) + Na(3p) occurs. The sharing ratio of direct to
exchange 3p excitation is approximately 0.5 as can be es-

timated from the Demkov-Meyerhof formula 6'47 and as
has been confirmed experimentally. Since the charge-
exchange processes on the incoming and outgoing part of
the trajectory occur with high probability at rather large
internuclear distances, the Na 3p excitation cross section
is mainly determined by the 4po-3@m rotational coupling.
Our experimental data show that this coupling is strong
for Ne+ + Na, as is already known for the isoelectronic

systems NeNa+ from experiment ' and for Nez from
theory which gives a value of 1.4 a.u. for the rotational
matrix element.

Excitation of Na states higher than the 3p states is un-

likely. For the collision velocities used in our experiment
direct excitation by the Coulomb charge of the projectile
is presumably negligible (compare measurements for vari-
ous projectile ions ). Molecular excitation via couplings
with the promoted 4fo state may occur; this requires
small-distance collisions (below 1.6ao) resulting in cross
sections smaller than 0.4X 10 ' cm as follows from the

experimental data for the Na+ + Ne system. s' ' Accord-
ingly, cascade contributions to the observed Na 3p popu-
lation are expected to be small.

V. CHANGE OF SPIN ORIENTATION

The above discussion of the 3s-3p excitation of Na in

the Ne+ + Na collision system rests on a one-electron pic-
ture. In this framework the spin orientation of a single
electron may be affected by the interaction of its orbital
angular momentum 1 and its spin s. This spin-orbit in-

teraction causes a splitting of energy levels by &&t, and a
precession of spin orientation in space with a period
b, t =h/bEt, (note h in the formula, not R) For . the
Ne+ + Na system the spin-orbit interaction of the valence
electron is weak: The interaction energy hE@ for the
quasimolecule is approximately equal to the energy for
free atoms, since AEt, depends only weakly on the inter-
nuclear distance. ' ' From spectroscopic data we get

ht&(3s) = 00 for Na 3s,

Ati, (3s)= oo for Ne 2p 3s,
(7)

hatt,

(3p)=c '/l7 cm '=2X10 ' s for Na 3p,

hatt,

(3p)=c '/5 cm '=1&&10 "s for Ne Zp 3p .
The spin precession times are thus much larger than the
typical collision time b,t =d /U where d = 10ao denotes in-

teraction length and U the impact velocity:

~tcoll =6X 10 s (&)

for impact of 1-keV Ne ions. Accordingly, spin-orbit
coupling of the valence electron during the collision is
negligible in our experiment. An apparent change of spin
orientation may result from the coupling dynamics of spin
and orbital angular momentum at larger internuclear dis-
tances. ' ' Since this mechanism requires a nonvanishing
orientation of the orbital angular momentum, it is not ef-
fective in the present noncoincident experiment.

The Ne++ Na collision system is a one-hole —one-
electron system and one expects similar effects as in one-
electron —one-electron collision systems. Here the
electron-electron interaction is a strong force yielding an
interchange of electrons. In the interchange, the individu-
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TABLE II. Splitting of Ne energy levels caused by the spin orbit and the exchange interaction ex-

pressed in terms of the interaction parameters g, G, and G' (Ref. 52). The given values apply for the

configurations 2p 3s and 2p 3p of' the free Ne atom ("combined fit" of Ref. 54), compare also the re-

cent parametrization in Refs. 55 and 56.

Level splitting

AEI, (2p )

AEI, (3p)

AE„, (triplet-singlet)

Ne 2p 3s

—,'(„=V77 cm-'

—,G (2p3s)=1487 cm

Ne 2p 3p

z (2~
——817 cm

3
—,(3~=5 cm

26 (2p3p)=1490 cm

al electrons carry their spin orientation with them. Thus
in collisions of a polarized atom with an unpolarized atoin
the spin orientation of the initially polarized atom may be

strongly affected. ' ' The spin orientation oscillates in

time with a characteristic frequency 4+„,/h where hE„,
is the splitting of energy levels caused by the exchange en-

ergy, i.e., the energy difference between triplet and singlet
states. The final polarization Ps of an electron with ini-

tial polarization P~ is given by '

Ps Ps 1+c——os Idt hE„,/fi 2

~s 1+cos 8' ~Exc (9)

where the integration extends over the projectile trajectory
R (t).

The collision process studied in the present work in-
volves the Ne 2p 3s and Ne 2p 3p configurations as inter-
mediate states. In these states strong exchange interaction
between the 2@5 core and the 3s (or 3p) valence electron
as well as strong spin-orbit interaction in the 2p core is
present. Since corresponding interaction energies for the
molecular NeNa+ system are not available, we adopt the
interaction energies for the free Na atom as a rough esti-
mate (Table II). The exchange energy in both configura-
tions of interest is almost the same hE„,=1490 cm
which corresponds to an oscillation time da =h/&& for
the spin orientation

sponding to the 4@0-3@m rotational coupling radius.
On the outgoing part of the trajectory, the electron-

exchange interaction remains effective with an exchange
energy EE„,=0.5X1490 cm ', i.e., half of the value for
the free Ne 2p 3p configuration (Table II), until the
valence electron is finally transferred to the atomic Na 3p
state at 8 =16.5ao.

All given distances have been taken from Ref. 41. Ac-
cordingly„electron exchange is effective over a region of
23.5tto of the projectile trajectory with a strength of 745
cm '. Equation (9) allows us to calculate the final spin
polarization Ps and Eq. (6) to derive the expected circular
light polarization P& (Fig. 6). As expected, spin change is
small at high collision energies since for short times no
significant electron exchange can take place. With de-

creasing impact energy, the interaction time increases and
we observe an increasing spin depolarization. Quantita-
tively, our simple model with no free parameters some-
what overestimates the observed effect of depolarization;
this defect may be easily removed by reducing the ex-

change energies or the length of the interaction region by

0.20

ht„, =3/10 ' s . (10)

Thus, b,t„, lies within a factor of 5 in the regime of the
collision time ht„ii [Eq. (8)j. Using Eq. (9) the final po-
larization can be calculated. %e assume a straight-line
projectile trajectory and treat the collision process with
the following simplifying assumptions (compare Fig. 5).

On the incoming part of the trajectory charge transfer
between the initial Na 3s state and the Ne 3s state (2p 3s
configuration) occurs at 8 =13ao.

Then the electron-exchange interaction becomes effec-
tive as determined by an exchange energy
AE„=0.5X1487 cm '. By taking half of the exchange
energy of the free Ne 2P 3s configuration (Table II) we
account for sharing of the valence electron between the
Na+ and Ne+ cores.

The distance of closest approach is 8 =3ao, corre-

0.&0- I I

2

) iv& b t,']0 s&crn)

FIG. 6. Measured and calculated circular polarization P3 of
the fluorescence light vs inverse impact velocity U~,b. Upper and
lour straight lines correspond to conservation of spin orienta-
tion ( Pq ——I'q) and full depolarization ( Pq ——0), respectively, dur-

ing the collision. The two other curves correspond to spin depo-
larization by electron exchange between the Ne+ 2p core and
valence electron; spin-orbit coupling in Ne+ 2p ' neglected[,Eq. (9)j, and approximately taken into account

[———,Eq. (11)].
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a factor of about 1.5. Nevertheless the agreement is quite
satisfactory regarding the crude treatment of the excita-
tion process.

Finally, we estimate the influence of the spin-orbit in-

teraction of the Ne+ 2p core (which has been neglected
so far) on the spin depolarization of the valence electron.
For this purpose, we approximate the actual intermediate
coupling of the Ne 2p 3s and Ne 2p 3p configurations by
LS coupling. Spin-orbit coupling of 3p in Ne 2p 3p can
be neglected as it is very weak. The spin depolarization
can then be calculated in the formalism of coupling three
angular moments (see, e.g., Refs. 35 and 52). With the
nomenclature lz and sz for orbital angular momentum
and spin of the 2p5 configuration and s~ for the spin of
the 3s or 3p electron the LS-coupling results in the for-
mation of [(sisz)sl2]J eigenstates, and the final spin po-
larization is given by

~s
(2sz+ 1)(21z+1)

X g (2S'+1)(2S+1)(2J'+1)(2J+1)
s', S,J',J

S' J' l2
X J S 1

I 2
S] S S2

S s] 1

Xcos[(zs'J' EgJ )1/fi]

where T = Jdt denotes the interaction time. As expect-

ed, Eq. (11) reduces to Eq. (9) for lz ——0, i.e., vanishing
spin-orbit interaction in the 2p core. Using the inteiac
tion energies from Table II and making the same assump-
tions for the collision process as given above, the depolari-
zation according to Eq. (11) has also been calculated
(dashed curve in Fig. 6). As it turns out, the spin-orbit in-

teraction in the Ne 2p~ core has only little influence on
the spin depolarization of the valence electron for
Ne+ + Na collisions in the investigated energy range.

VI. CONCI. USIONS

Ion-atom collision systems involving a single active
electron represent simple cases which are now well under-
stood. Here the only spin-affecting mechanism is the

spin-orbit interaction causing a precession of spin orienta-
tion in space. Since the precession time is larger than the
typical time of an energetic collision, the spin orientation
is almost fixed during a region of small internuclear dis-

tances. Nevertheless, interesting spin effects may arise
from the dynamics of transitions between molecular states
[Hund's coupling case (a)] and atomic states [Hund*s cou-

pling case (c)]. These effects reveal details of the collision
process at large internuclear distances, as shown by quan-
titative calculatloils (see, e.g., Ref. 17).

In collision systems with (at least) two active electrons,
the electron exchange acts as another spin-affecting mech-
anism. Depending on the relative orientations of both
spins, the collision system may be in a triplet state (both
spins parallel} or in a superposition of singlet and triplet
states (both spins antiparallel}. According to Pauli s prin-
ciple the symmetry properties of the total spatial wave
function are determined by the spin state. The symmetry
effects become large in the case of strong overlap of the
individual wave functions. Thus, spin effects by the elec-
tron exchange probe the coBisional interaction at small in-
ternuclear distances. The collision system Ne+ + Na
studied in the present work shows a depolarization of spin
orientation in the excitation process. This observation is
the first experimental evidence of spin change caused by
electron exchange in energetic atomic collisions. The ob-
served depolarization yields information on the detailed
interaction of a valence electron and a hole in an unfilled
shell, i.e., on electron transfer during the collision. We are
able to explain the experimental data semiquantitatively in

spite of the complexity of the Ne+ + Na collision system.
Decisive information on the fundamental exchange in-

teraction is expected from simpler collision systems, e.g. ,
He+ + Na. Corresponding theoretical i and experimental
work is in progress.
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