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Polarization measurements have been performed and emission spectra in the visible and near ul-
traviolet have been acquired for transitions between Rydberg states of slow, highly charged neon
ions (Ne?*, with ¢ =10-5, and v =~0.09 a.u.), following electron capture from Na. Resolvable line
splittings appear in those spectra for which the incoming projectile ions carry L-shell core elec-
trons. The optical emission cross sections are much smaller for these ions and the radiation is
significantly depolarized relative to those ions whose transitions are seen as structureless. These
effects are attributed to the inhibition of Stark mixing by core interactions.

I. INTRODUCTION

The development of sources, such as the recoil-ion
source,! of highly charged, low-energy (HQLE) ions has
encouraged various investigations into the physics of
highly charged systems. Free of the large Doppler, col-
lisional, and high-field effects present in conventional ion
sources, the recoil ion source suggests the application of
high-resolution spectroscopy to the study of highly
charged ions. For this purpose, one can exploit
electron-transfer collisions which selectively populate
highly excited states of slow ions. Optical studies of
these ions would also promote an understanding of the
electron capture process itself. A complex quantum-
mechanical three-body process, electron capture consti-
tutes a problem of fundamental interest; it may also have
practical applications in the development of uv or x-ray
lasers and be crucial in understanding the dynamics of
astrophysical and fusion plasmas.

This paper summarizes the results of our investiga-
tions of the optical spectra emitted by Rydberg states
(n =10) of highly charged neon recoil ions (Ne?*, with
g =10-5) after slow electron-capture collisions (v =0.09
a.u.) with sodium. Optical spectra, obtained with classi-
cal grating spectroscopy, are presented. Partial optical-
emission cross sections for the various levels have been
obtained. The polarization of the pertinent spontaneous
emission has been measured. The data are compared to
theoretical predictions and analyzed to yield evidence for
the effects of ion core interactions on the electron-
capture process. Preliminary results of our efforts have
been published previously.>?

II. MOTIVATION

A. Theory

The partial cross sections for capture into the various
(n,l,m) substates of the projectile ion play an important
role in most studies of highly charged ions. The classi-
cal barrier model (CBM) is a simple yet useful model for
describing electron transfer.*® It allows a prediction of
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the principal n quantum number characterizing the
states most likely to be populated in collisions involving
slow, highly ionized species. More intricate theories are
necessary for predicting the distribution of angular-
momentum / and magnetic m substates populated by
electron transfer.

It is claimed® that many approaches to the calculation
of the angular-momentum substate distributions fail to
take proper account of the Stark mixing of the projectile
sublevels by the electric field of the residual (postcap-
ture) target ion. As a result, these theories find that the
capture process leaves the angular-momentum sublevels
populated by their statistical weights.’

In order to treat the problem of Stark mixing, Salin®
has performed calculations for slow electron-transfer col-
lisions of bare ions on atomic hydrogen using exact (adi-
abatic) one-electron diatomic molecule (OEDM) states as
a basis set. Transitions take place at molecular curve
crossings via radial coupling of the molecular states.
The initial separated-atom state is an atomic s state,
which correlates to a molecular o state (m =0 along the
molecular axis); radial coupling will cause transitions to
take place only to other o states. The quantization axis
used in these calculations is the internuclear axis; if the
collision velocity is small compared to the velocity of the
orbiting electron, the molecular orbital will follow the
rotation of the internuclear axis. If the o state in which
the electron is initially populated was able to follow the
internuclear axis perfectly, the resulting separated-atom
state, referred to a quantization axis parallel to the direc-
tion of the projectile’s motion, will be an atomic state for
which the magnetic quantum number m is zero. The
finite rate of rotation will give rise to some rotational
mixing among the m substates; at the ratio of projectile
to electron velocities used in our studies, Salin finds the
final magnetic-substate distribution to be left with a high
degree of final alignment, with the m =0,11 substates
dominantly populated. Thus, slow electron transfer is
predicted to populate the / sublevels with a high degree
of m-substate alignment, and not statistically. These cal-
culations show that, due to Stark mixing among the /
sublevels, the final /,m-substate distribution is character-
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ized by equal populations of all / sublevels with a given
m value. If W(l,m) is the population of an (/,m) sub-
state, this result may be expressed as

Wl,m)=W(m),

independently of ! for some function W (m), which Salin
calls the “complete-mixing distribution.” In this sense,
the final magnetic-substate alignment is more representa-
tive of the primary capture than is the angular-
momentum sublevel distribution, thereby justifying
strong experimental efforts to measure the m-substate
distribution.

It should be emphasized at this point that these calcu-
lations were performed for bare projectile ions, for
which the separated-atom [ sublevels are degenerate;
hence, Stark mixing has a strong influence on the char-
acter of the stabilized eigenfunctions. If the incoming
projectile ion carries core electrons, the / sublevels are
no longer degenerate, the ability of a weak electric field
to mix the / sublevels is diminished, and calculations for
the final substate distributions must be reconsidered.
Hence, it may prove interesting not only to search for
some manifestation of the magnetic-substate alignment,
but to examine the trend in this effect as the projectile-
ion cores become larger.

B. Previous experiments

Several experimental investigations have been con-
cerned with the influence of the core on the [/ distribu-
tions.®® It has been observed that the distributions un-
dergo qualitative changes as the size of the core in-
creases. The velocity dependence of the / distributions
has also been investigated in these studies;'® it has been
found that the distributions are strongly velocity depen-
dent, approaching a nearly statistical distribution at high
velocities (v~0.5 a.u.). Calculations!' performed for
bare projectile ions indicate that as the projectile veloci-
ty is decreased this statistical distribution should persist
for velocities «<0.1 a.u. However, measurements at
these low velocities performed to date have been possible
only for collision systems in which the projectile ion car-
ries core electrons, and usually for capture into levels
rather close to the core. In these experimental studies
the ! distribution has been seen to deviate qualitatively
from a statistical one for velocities as high as 0.3 a.u.? in
agreement with atomic-orbital (AO) calculations by
Fritsch and Lin.'? Using optical spectroscopy, Sorensen
et al.'® have even observed nonstatistical populations at
much higher velocities (v =2 a.u.).

It would therefore appear that, in collision systems for
which an / distribution has been reported, interactions of
the captured electron with the core are always an impor-
tant influence at low velocities. Thus far, no cases have
been reported for which the core is of little or no impor-
tance in determining the final substate distributions.

The investigation of such cases by means of photon
spectroscopy requires a much higher resolution, since, as
the interaction with the core becomes small, the various
I sublevels of the captured electron approach degenera-
cy. An alternative gauge of the core influence would be
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helpful in these situations. A complete characterization
of the capture process necessitates a specification of the
magnetic substate m distribution as well as the ! distri-
bution. Deviations from a statistical population of the
magnetic m substates manifest themselves as anisotropy
or polarization of the emitted radiation. This alignment
effect is well known'* for fast collisions where the projec-
tile has a velocity much larger than the velocity of the
target electron in its bound state. For slow collisions the
alignment of low-lying p states has been measured by
Baptist et al.'® and Vernhet et al.'® Polarized optical
emission from Rydberg states has been observed and re-
ported by us in a previous communication® for collision
systems involving projectiles having 1s core electrons.
Such polarization effects, indicative of the m-substate
population, are easily detected even in cases for which
the / sublevels are difficult to resolve.

III. EXPERIMENT

The experimental arrangement is shown in Fig. 1.
Charge-state selected Ne?* recoil ions, provided by the
Stanford recoil ion source,!” are used as projectiles. Ions
with ¢ =10-5 and energies of 500g eV are focused onto
an atomic Na vapor jet target, produced by an effusive
alkali beam oven maintained at a temperature of approx-
imately 400°C. We used typical recoil ion currents of up
to 10 pA for bare neon and up to 300 pA for Neb* and
lower charge states. Photons emerging from the
Ne?t 4 Na interaction region are focused onto the slit of
an Instruments S.A. HR 320 normal-incidence grating

DATA
PROCESSOR
PHOTON-COUNTING ANALYZER
IMAGE F
ACQUISITION = POSITION-SENSITIVE
SYSTEM (PIAS) ____ DETECTOR
== 3-STAGE MCP
@ ELECTRON LENS
o PHOTOCATHODE
]
GRATING
SPECTROMETER
Ne ver__ z LENS
\ —====3
Y_'_::::::::éi‘—;"»«‘q”
ANALYZE "
RecOIL \ON EA

FIG. 1. Experimental arrangement for wavelength measure-
ments. Charge-state selected neon ions are directed onto a Na
vapor-jet target. The resulting photons are focused onto the
slit of a grating spectrometer. A photon-counting image sys-
tem positioned in the spectrometer focal plane allows the ac-
quisition of wavelength spectra.
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spectrometer with 0.32-m focal length; the photocathode
of a Hamamatsu photon-counting image-acquisition sys-
tem (PIAS) is positioned in the spectrometer focal plane.
Two-dimensional images of the focal plane are moni-
tored as they accumulate in real time and are later pro-
cessed into wavelength spectra. The combination of
PIAS spatial resolution, spectrometer focal-plane disper-
sion, and spectrometer slit width gave a spectral resolu-
tion (full width at half maximum) of 50 pm. Acquisition
times varied from 20 min to 3 h; the resulting photon
counts indicate typical light intensities of 10°
photons/cm? sec incident on the photocathode.

A different optical arrangement, shown in Fig. 2, was
employed for the polarization measurements. Interfer-
ence filters restricted the spectral sensitivity to narrow
bands around the lines of interest. A polarization
analyzer was added to the optical path; the polarizer
could be rotated by 90° into orientations which transmit
photons polarized either parallel or perpendicularly to
the ion-beam path. These photons were detected with a
photon-counting photomultiplier. To eliminate back-
ground noise the recoil-ion beam was chopped at a rate
of 25 Hz and a lock-in technique was employed. Net
count rates were thus determined for both photon polar-
izations (I and I, respectively), and a degree of polar-
ization P was calculated according to

Acquisition times varied from 1 min to 1 h.

IV. RESULTS

A summary of CBM (classical barrier model) predic-
tions, hydrogenlike wavelengths, observed wavelengths,
emission cross sections, and polarizations is presented in
Table 1.
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FIG. 2. Experimental arrangement for polarization mea-
surements.

A. Wavelength spectra

Examples of the accumulated spectra are shown in
Figs. 3 and 4. All spectra show evidence for photons
emitted in transitions following electron capture into
states whose principal quantum number is given by the
CBM. Using the Hartree-Fock code RCN-RCG,'® we
have calculated the level structure of the systems under
investigation. This code includes relativistic corrections
and the effects of configuration interaction. The spectral
line positions predicted by these calculations are indicat-
ed on each of the spectra. The indicated wavelengths
are for Al = —1 transitions; the Al =41 transitions all
have branching ratios smaller than 1% and are negligi-
ble. The ion cores are assumed to be in their ground
states.

For the Ne’* +Na collision system, the CBM predicts
that electron capture will proceed predominantly into
n =10 states of the heliumlike species Ne®**. The spec-
trum for the subsequent » =10 to n =9 transition is
shown in Fig. 3(a). For the Ne?t +Na collision system,

TABLE I. Summary of experimental results for Rydberg transitions after charge exchange collisions: Ne?* +Na
—Ne'9~1+* L Na*. ncpy, principal quantum number expected from classical barrier model; O opt» OPtical emission cross section.
H-like A Observed A O opt
q nceMm Transition (nm) (nm) (10~ cm?) Polarization
10 109 n=10—n =9 388.5 388.5 £0.15 2.2 0.2 0.34+0.08
n=9-»>n=8 2779 2779 £0.15 2.1 £0.2
9 10.0 n=10—n =9 479.62 479.64+0.05 2.0 0.1 0.31+0.01
n=9—-n=8 343.07 343.07+0.07 3.2 £0.2 0.28+0.02
8 9.1 n=9—-n=8§8 434.19 434.21+0.06 25 +0.1 0.30+0.01
n=8-»n=7 297.68 297.68+0.04 2.6 0.1 0.26+0.01
7 8.1 n=8-»n=7 388.81 388.53+0.04
386.56+0.06 0.38+0.02 0.231+0.02
343.76+0.07
6 7.2 n=7->n=6 343.48 342.931+0.07 0.541+0.03 0.15%0.01
341.15+0.07
297.68+0.08
5 6.2 n=6—->n=>5 298.23 296.80+0.08 0.08+0.01

296.281+0.08
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FIG. 3. Spectra for Ne?** and Ne’** ions, each showing
an unresolved line at the respective hydrogenlike wavelengths.
Hartree-Fock predictions for transitions originating at various
angular-momentum (/) sublevels are indicated by dashed lines.
Ground-state cores are assumed. (a) n =10 to 9 transition of
Neb+* following capture by Ne’*. (b) n =9 to 8 transition of
Ne’** following capture by Ne®*.

the CBM predicts that electron capture will proceed
predominantly into the n =9 states of the lithiumlike
species Ne’**; the spectrum for the subsequent n =9 to
n =8 transition is shown in Fig. 3(b). Both spectra show
single unresolved spectral lines whose wavelengths are
equal to the corresponding hydrogenlike values. Ac-
cording to the results of the Hartree-Fock code, photons
contributing to the spectral lines in Fig. 3 are emitted in
transitions originating in upper states having angular-
momentum quantum numbers / >5. Since the branching
ratios for the decay of states with low [/ values via
An = —1 transitions are known,'” one can, from the ab-
sence of other fine-structure components in Fig. 3, estab-
lish upper limits on the population of these low angular-
momentum states. In this way, we find that the partial
cross sections for capture into s and f states are smaller
than the average cross section for population of a high /
state, o r <0, 5. The partial cross sections for capture
into p and d states are less than three times the value for
a high I state, 0, ;5 <3-0,,s. These results are compati-
ble with the predictions of Salin’s complete /-mixing
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FIG. 4. Spectra for Ne®** and Ne’** ions. Hartree-Fock
predictions indicated as in Fig. 3. (a) n =8 to 7 transition of
Ne®+* following capture by Ne’*. (b) n =7 to 6 transition of
Ne’** following capture by Ne®™.

model.®

In contrast to the Ne’ +Na and Ne®* +Na cases, we
see several resolved lines in the spectra for transitions
following electron capture by projectile ions having L-
shell (n =2) electrons in their ground-state cores. The
n =8 to n =7 transition following capture by Ne’* has
a hydrogenlike wavelength of 388.8 nm; the observed
spectrum for this transition is shown in Fig. 4(a). The
n =7 to n =6 transition following capture by Ne®* has
a hydrogenlike wavelength of 343.5 nm; the observed
spectrum is shown in Fig. 4(b). For the Ne®t*, Ne’**,
and Ne*** species, the Hartree-Fock calculations indi-
cate that the energy splittings created by interaction
with a ground-state core will give rise to resolvable
wavelength splittings for transitions from all upper / sub-
levels. The predicted positions of the transitions be-
tween these high angular-momentum Rydberg states do
not critically depend on spin-orbit coupling and
configuration mixing. The observed structure is prob-
ably due to /-sublevel splitting via core interactions, al-
though the predicted and observed splittings agree only
qualitatively. Work is in progress to identity the various
spectral features of these transitions and to explore the
influence of excited core configurations, spectator elec-
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trons, and spin-other-orbit coupling on the ionic energy-
level structure.

B. Metastable ion cores

The Hartree-Fock calculations indicate that metasta-
ble cores would interact with the outer (captured) elec-
tron strongly enough to give rise to resolvable fine struc-
ture for all / sublevels. The absence of any such struc-
ture in the Ne’** spectrum [Fig. 3(b)] suggests that less
than 10% of the ions which emit visible photons possess
metastable cores. Recoil-ion sources, on the other hand,
are well known to produce large amounts of metastable
ions.” Because the transit time through our analyzing
magnet is 1.5 us, any metastable recoil ions created in
the (1s2s5)’S state, with a lifetime of 70 us,?! will survive
to reach the interaction region. From x-ray spectra tak-
en with a gas-flow proportional counter, we know that
the ratio of K to L x rays is about one to three; this sug-
gests that a large fraction of the recoil ions reaching the
sodium target is indeed in metastable states. These ions
capture an electron as readily as ground-state ions and
the competition between autoionization, x-ray emission,
and visible emission determines the major decay path.
Using the RCN-RCG code'® and first-order perturbation
theory, we have calculated the relative rates of these de-
cay branches for quartet and doublet states that can ex-
ist after capture. For capture into high angular-
momentum states (always assuming a triplet core), we
found that the radiative An = —1 transitions completely
dominate over Auger decay for all terms (doublet and
quartet are strongly mixed for these states), typical radi-
ative and Auger decay rates being 10° s~! and 10% s~!,
respectively. A metastable recoil ion capturing an elec-
tron into a Rydberg state should thus contribute to our
optical spectra, if the core is conserved in the capture
process. Core conservation has been demonstrated by
Brazuk et al.?? for capture from Li into O*t, N3+, and
C**. In our case, capture takes place at even larger in-
ternuclear distances, but we do not see any structure
pertinent to excited cores in our optical spectra. We
must conclude that most of the metastable cores are des-
troyed by a spin-flip collision or deexcitation by x-ray
emission following mixing of the 2s and 2p states by col-
lisions in the sodium target. The latter process is
known? to be the dominant loss mechanism for He™*
metastables in slow collisions with neutral atoms.

C. Optical emission cross sections

The optical emission cross sections for the various ob-
served lines are listed in Table I. The quoted errors
refer to the statistical errors of the relative intensities,
including small temporal fluctuations of the target densi-
ty., The absolute scale is probably accurate only to an
order of magnitude because it was obtained by normaliz-
ing to the density of our target as calculated from the
temperature of the Na oven and the measured spatial
structure of the Na jet. It is nevertheless instructive to
compare these partial emission cross sections to total
capture cross sections, measured by the energy-gain
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FIG. 5. Partial optical emission cross sections (bold sym-
bols, solid line to guide the eye) and total capture cross sec-
tions (light symbols, broken line to guide the eye) vs projectile-
ion charge state.

method for similar collision systems.”* From Fig. 5, it
can be seen that the total capture cross section is only a
slowly varying function of the initial charge state,
whereas the optical emission cross section shows a
dramatic decrease for projectiles with ¢ <7. These ions
have L-shell electrons in their cores and show a large
line splitting in our optical spectra. Optical emission is
dominated by high angular-momentum states, because
these cannot decay by x-ray emission. Low angular-
momentum states, which decay preferentially by x-ray
emission, have relatively small branching ratios for visi-
ble decay branches. Our experiment suggests that elec-
tron capture proceeds predominantly into low angular-
momentum states if the degeneracy of the final levels is
removed. Such a behavior was also suspected by
Dijkamp et al.® for capture into low-n states.

D. Polarization

A summary of our polarization results is given in the
last column of Table I. All measured transitions are
found to be polarized in varying degrees along the direc-
tion of the incident recoil-ion velocity. This clearly indi-
cates that the m-substate distribution is not a statistical
one, for which symmetry demands that the emitted radi-
ation be unpolarized (P =0). For the ¢ =10, 9, and 8
projectiles, the first An = —1 transitions subsequent to
capture into ncpy are all characterized by polarization
degrees which are equal within the experimental errors.
Below ¢ <7 there is a marked decrease in polarization
for decreasing projectile charge state.

The polarization uncertainties cited are one standard
deviation photon-counting statistics. In principle, there
are other sources of random error which could contrib-
ute. These would include fluctuations in the effective
Na-target density (or, equivalently, fluctuations in the
position of the recoil-ion beam), which take place on a
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time scale comparable to the polarizer-switching time,
and extraneous photon counts caused by Van de Graaff
x-ray bursts (“sparks”). During any given experimental
run, measurements of P for each transition were repeat-
ed several times; the resulting sample standard devia-
tions were consistent with those listed in table I, imply-
ing that photon-counting statistics represent the only
significant source of random error.

There are also several possible sources of systematic
error for the polarization measurements. One of these is
the fringing field of the analyzing magnet for the recoil
ions; Hall-probe measurements reveal that this has a
strength in the secondary-interaction region of 8 G, in a
direction perpendicular to the observation axis and the
recoil-ion velocity. Following electron capture, the
magnetic-substate distribution will undergo precessional
rotation through an angle of 4° during a typical upper-
state lifetime of 1 nsec. The situation is equivalent to
observing photons emitted at an angle of 86° instead of
90° to the direction of the recoil-ion beam. This would
decrease the observed degrees of polarization by less
than 1%.

With the present arrangement of ion optics, we must
also consider our inability to know the precise direction
of the recoil-ion velocity with respect to the optical axis
of the polarizer. From the geometry of the magnet exit
hole assembly, we can estimate this uncertainty to be
+5°% the result of this would be that the polarizer, in-
stead of analyzing photons polarized parallel and per-
pendicularly to the ion-beam direction, could be analyz-
ing photons polarized at 0+5° and 90+5°. It is straight-
forward to show that a dipole field whose true degree of
polarization is 0.300 would, in the case of a 5° misalign-
ment of the polarizer axis, have an apparent degree of
polarization equal to 0.296. As in the case of magnetic-
field precession, this is a small effect in comparison with
the photon-counting statistics.

An effect which is somewhat more difficult to treat
analytically is the deposition of thin, depolarizing films
of sodium or vacuum-pump oil, for example, on the
high-vacuum surface of the observation window. Fluc-
tuations in the measurements of P over several runs were
consistent with counting statistics on any given day, in-
dicating a negligible influence of this effect.

A more important source of systematic error stems
from an unexplained continuum radiation underlying the
observed lines emitted after capture by ¢ =7, 6, and 5
projectiles, which was too weak to show up in the PIAS
spectra. Preliminary analyses have been performed on
the continuum background by employing interference
filters whose passbands were situated on either side of
the transition wavelengths measured from the corre-
sponding PIAS spectra. Polarization measurements
showed the photons being transmitted by these filters to
be unpolarized. Since the filters used to make the polar-
ization measurements transmit both the discreet and
continuum emissions, the unpolarized background will
decrease the apparent degree of polarization for the pho-
tons being emitted on the transitions of interest. The
raw polarization measurements reflect a weighted aver-
age over the filter bandpass of the polarizations of the
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continuum photons and the line-radiation photons. In
each case, the effect of the continuum background is to
decrease the apparent polarizations by = 10% relative to
the actual (line) polarizations. The values of the mea-
sured polarization for the transitions following capture
by the ¢ =7, 6, and 5 projectiles were corrected; these
modified values appear in Table I.

V. ANALYSIS OF POLARIZATION

A. Theoretical background

Anisotropy of an excited electronic state is manifested
through the polarization and angular distribution of the
spontaneous decay radiation. If the excited state decays
via dipole-allowed transitions, then these properties of
the radiation field can be completely determined by a
measurement of four judiciously chosen experimental
quantities; one such set of quantities are the Stokes pa-
rameters.”> These are degrees of polarization, which are
defined in terms of various observation angles and polar-
ization states; one of these parameters is (conventionally)
“the” degree of polarization which is defined in Eq. (1).
Apart from an intensity normalization, the measurement
of four independent Stokes parameters represents the
maximum amount of information obtainable from an
analysis of the (dipole) radiation field, and thus obviates
the need for angular-distribution measurements.

The characteristics of the radiation field are related to
the properties of the source which give rise to it, namely,
the post-collision electronic state. The shape of the elec-
tronic distribution may be expressed in terms of its mul-
tipole moments; the vector and tensor moments are com-
monly referred to as the orientation vector and align-
ment tensor, respectively, and are related to certain ex-
pectation values of the angular-momentum operator.?>26
The complete analysis of a dipole radiation field deter-
mines four of these multipole components: One orienta-
tion and three alignment-tensor components. 252’

The simplest type of polarization experiment is one
such as ours, in which an unpolarized projectile beam is
incident on a gas target and photons are detected
without coincident projectile-ion detection. In these
cases, cylindrical symmetry about the projectile-velocity
direction requires that the post-collision state be
representable by an incoherent superposition of m sub-
states. Symmetry considerations also demand that the
orientation vector (expectation value of J) vanish and
that only one component of the alignment tensor be
nonzero, namely, the component which describes align-
ment along the collision axis.?® In terms of the radiation
field, only one of the Stokes parameters is nonzero—the
parameter defined as the degree of polarization in Eq.
(1). Thus, in experiments possessing rotational symme-
try, the degree of polarization represents the maximum
information which an analysis of the radiation field alone
can reveal concerning the alignment of a given [/ sublev-
el.

In general, of course, the capture process populates a
distribution of upper substates. For experiments pos-
sessing cylindrical symmetry, the density matrix in the
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(j,m;) representation describing the state of the system
after capture must be diagonal in m;. If the Hamiltoni-
an describing the capture process is independent of spin,
then the post-capture state can be fully described by a
density matrix in the /,m; basis, which must be diagonal
in m; immediately after capture. This symmetry argu-
ment cannot be extended to rule out the possibility of
coherences between upper-state substates of equal m but
different /; in fact, experiments performed in fast (=1
MeV/amu) beams have observed such coherences by
detecting anisotropic behavior in the system.?®

Since there is no evidence for any such coherences
populated in slow collisions all our polarization calcula-
tions were performed under the assumption of complete
incoherence of all (/,m) substates. In this case, one can
simply sum the photon rates from each of the upper
states with weights given by the product of the radiative
branching ratios and the rate at which that state is pop-
ulated by capture.

B. Spin-orbit coupling

For our systems, the spin-orbit splitting is much
greater than the natural (radiative) linewidth (7, <<7,q)
and, therefore, might be expected to have a depolarizing
effect. The diagonal elements of the density matrix as
expressed in the /,m,; basis will become time dependent;
this simply represents the precessional variation of the
m-state populations. More importantly, the density ma-
trix will develop off-diagonal (coherence) elements whose
time average is nonzero. These coherences will invali-
date the simple method of coherent transition-rate addi-
tion in this basis. Calculation of the total emission rates
under conditions of spin-orbit dépolarization is most
conveniently carried out in the total angular-momentum
basis (j,m;).

Using this procedure, the effect of spin-orbit preces-
sion was considered. For each of our observed transi-
tions, the expected spin-orbit depolarization is less than
the experimental precision in the polarization measure-
ments. This stands in contrast to the situation in experi-
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FIG. 6. Polarization of / to [ —1 transitions, with and
without the inclusion of spin-orbit coupling. It is assumed that
the population of the (upper) ! sublevel resides entirely in the
m =0 substate.

ments which measure the polarization of p to s transi-
tions,?>26 where spin-orbit coupling reduces the polariza-
tion from a value of 1 (complete polarization) to a value
of 2. As the / of the upper state increases, the effect of
precessional coupling to an angular momentum of }
(spin) becomes less important. This is illustrated in Fig.
6; polarizations are plotted for / to / —1 transitions, as-
suming that capture exclusively populates the m =0 sub-
state of the upper-/ sublevel (maximum initial align-
ment). The solid line shows the polarizations calculated
without taking account of spin-orbit effects. The dashed
line shows the polarizations calculated with the inclusion
of spin-orbit precession. One is led to conclude that, for
high-/ states, spin-orbit precession has very little depo-
larizing effect on the radiative emissions. In order for
spin-orbit depolarization to be significant, low-/ sublevels
would have to dominate the radiative emission; for the
visible transitions which we observe, just the opposite is
the case. It is thus appropriate to discuss our systems in
terms of the /,m,; basis.

C. Comparison with theory

In accordance with the discussion of Sec. V A, the de-
grees of polarization for all (dipole) fine-structure com-
ponents originating from a given upper-/ sublevel, if
available, would constitute the most detailed information
which the (dipole) radiation field can reveal concerning
the m distribution within that / sublevel. Our measure-
ments fall short of this ideal experiment in two ways.

First, our technique for measuring polarizations relies
on the use of interference filters of =~ 10 nm bandwidth;
as the spectra in Figs. 3 and 4 indicate, this is
insufficient to resolve the various fine-structure transi-
tions. The experimental values for the degrees of polar-
ization pertain to the sum of the fine-structure transi-
tions, weighted by the pertinent transmission coefficients
of the interference filter. Since the polarizations of the
various fine-structure transitions would not, in general,
be identical, the low resolution of the present technique
results in a loss of information. In principle, the fine-
structure components can be resolved and the degrees of
polarization measured for each; this is the subject of
ongoing efforts.

The second shortcoming of our measurements is a less
fundamental one, and is simply that we have measured
degrees of polarization only for An = —1 transitions;
this is circumstantial in that the other transitions have
wavelengths too far into the ultraviolet to be transmitted
by our polarization analyzer. It should be emphasized
that when the fine-structure transitions are unresolved,
degrees of polarization for these other transitions would
yield information which is independent of that contained
in the An = —1 polarizations. One should also bear in
mind that the quadrupole and higher-order radiative
transitions are also sources of independent information,
but are extremely weak and would be almost impossible
to measure in practice.

At this point, in order to compare with theoretical
predictions, we must characterize the entire /,m mani-
fold of substates within a given n shell from knowledge
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FIG. 7. Polarization of the first An = —1 transition after
capture. Solid symbols give our measurements; light symbols
give the polarization as calculated from the theoretical m,! dis-
tributions of Salin (Ref. 6).

of a single experimental quantity, the polarization. Ob-
viously, we must place some general restrictions upon
the form of the distributions, which are consistent with
the limits of the / distribution imposed by our PIAS
spectra. One such restriction is the complete-mixing as-
sumption of Salin,® which characterizes the populations
of all I,m substates in terms of the m distribution of the
highest-/ sublevel. Since calculations for this distribu-
tion® are given only for the collision system Ne!°t +H
and capture into the n =6 shell, we have to extrapolate
the theoretical distribution to higher m values to adapt
it to our collision systems. We do this by approximating
the Salin distribution by an exponential, which gives an
excellent fit. Under these assumptions we generate
theoretical /,m distributions for all measured collision
systems and calculate the expected degrees of polariza-
tion. Complete incoherence is assumed and branching
ratios are taken from Lindgard and Nielsen,' if avail-
able, or assumed to be equal to the hydrogenlike values.
A comparison between these theoretical polarizations
and our experimental results is shown in Fig. 7. It is ob-
vious that the results for capture from Na by Ne?* pro-
jectiles with ¢ =10, 9, and 8 are in excellent agreement
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FIG. 8. Exponential m distributions from a fit to our mea-
sured polarizations; Ne®* projectiles (solid line), Ne®* projec-
tiles (dashed line).
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with the results of a theory pertinent to capture from
atomic hydrogen by bare Ne. For g <7 the experimen-
tal data show a much smaller polarization than would be
predicted by this theory; the (exponential) m distribution
needed to explain the observed polarization in these
cases is much wider than the Salin distribution. Exam-
ples of m distributions for ¢ =9 and g =6 are shown in
Fig. 8.

D. Core interactions

The abrupt decrease in polarization starting with the
g =7 charge state is accompanied by the onset of readily
resolvable line splittings in the spectra of the corre-
sponding transitions, and by an abrupt decrease in the
partial emission cross sections (see Figs. 3, 4, and 5).
These coincidences strongly suggest that the final /,m-
substate distributions are being influenced by the interac-
tion of the captured, outer electron with the core elec-
trons. This could come about if intrashell Stark mixing
becomes inhibited as the degeneracy of the / sublevels is
lifted. Quantitatively, this will occur for Ne ions in
which the fine-structure energy splittings have a magni-
tude which is comparable to or greater than the Stark
splitting created by the electric field of the (post-capture)
Na* ion.

The classical barrier model gives a prediction for the
internuclear separation R, at which primary capture
takes place. Some feeling for the importance of the
Stark effect on electron capture into Ne?* may be ob-
tained by calculating the first-order Stark splitting in-
duced in the manifold of n gy states by the electric field
of the residual Na* ion at a distance equal to R,. Fig-
ure 9 displays, for each charge state, the ratio of first-
order Stark splitting to fine-structure (FS) splitting.
Here, Ag,,, is the energy difference between the highest-
and lowest-energy Stark states in the ncgy manifold (at
R,), and Agg is the energy difference between the / =0
and highest-/ sublevels in the ncgy shell of the unper-

Dstark/Drs

CORE CHARGE q

FIG. 9. Ratio of Stark splitting Ag,, to fine-structure split-
ting Agg at an internuclear distance equal to the crossing radius
according to the CBM; as a function of core charge, for cap-
ture in collisions Ne?* +Na.



37 CORE EFFECTS ON THE POLARIZATION OF OPTICAL ...

turbed Ne'? '+ jon. For the ¢ =9 and 8 projectiles,
fine-structure splitting is small in comparison with Stark
splitting, and so one might expect the behavior of these
ions to be hydrogenlike; hence, the similarity of their po-
larizations to that of the g =10 projectile. On the other
hand, fine-structure splitting becomes comparable to
Stark splitting for the g =7, and dominates for the g =6
and 5 projectiles; therefore, we might expect a different
physical process, namely the interaction with core elec-
trons, to play a role in determining the electron-capture
distributions in these systems.

The precise mechanism by which the suppression of
Stark mixing would give rise specifically to decreased
partial emission cross sections and polarization degrees
is, at this point, a matter for speculation. One explana-
tion is suggested by the electron-capture model of
Abramov;!! this theory predicts that the primary cap-
ture process will populate a single Stark state with readi-
ly ascertainable quantum numbers.”’ This Stark state
may be resolved into its component spherical (nlm)
states; the result is that, in addition to exclusively popu-
lating the m =0 substates, the primary process also
favors the lower-/ sublevels.

If this be the case, then, when effective, post-
collisional Stark mixing will serve to increase the popu-
lations in the higher-/ sublevels, and transfigure the / dis-
tribution to one of the complete-mixing form. On the
other hand, when core interactions are strong enough to
inhibit Stark mixing, the low-/ sublevels will continue to
dominate the final substate distribution, invalidating the
complete-mixing model. As noted in Sec. IV C, the low-/
sublevels radiate weakly in the visible transitions, result-
ing in the decrease in partial emission cross sections for
the ¢ <7 projectiles shown in Fig. 5. Other experimen-
tal investigations have studied systems where the core
influence is stronger than in our studies; their results
confirm that low-velocity collisions lead to dominant
population of p (I =1) and/or d (I =2) states.}

The polarization for the visible transitions (An =—1)
will depend most critically upon the final m distribution
in the high-/ sublevels. Any process which increases the
populations of the low-m states in these high-/ sublevels
will yield an increase in P. The primary capture process
populates only m =0 states, but the final /,m distribu-
tion will depend upon the relative importance of rota-
tional and Stark mixing. If these are of comparable
magnitude, the effect of Stark mixing would be to in-
crease the alignment of the high-/ levels by transferring
low-m population from low-/ to higher-/ sublevels.
Suppression of this population transfer would decrease
the polarization of the visible emissions.

A fundamental problem with the foregoing arguments
is that they are essentially heuristic, relying on a descrip-
tion in terms of the separated-atom /,m basis. In fact,
we know that the appropriate basis for a bare-projectile
plus H-target system is the one-electron diatomic-
molecule (OEDM) basis, which, at large distances, close-
ly resembles a Stark basis. In such a basis, the effects of
Stark mixing in the adiabatic system have already been
accounted for by its very construction; the effects of
Stark mixing on the collision process now enter through
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phase differences among the states. Even a qualitative
treatment of this problem should take into account the
effect of rotational and radial coupling in the OEDM
basis, and not the separated-atom basis. Also, the ap-
propriate adiabatic basis is modified by the addition of
core electrons to the projectile ion. For such a collision
system, the properties of the state(s) populated by the
primary process could be very different than those popu-
lated in the hydrogenic-target plus bare-ion systems.
This is a difficult theoretical problem and will not be ad-
dressed further.

E. Cascading contribution

An intriguing feature of the polarization measure-
ments is that the second An = —1 transitions following
capture by the Ne’t and Nebt projectiles are less
strongly polarized than the corresponding first An = —1
transitions. It is tempting to ascribe this to the notion
that, in the process of cascading, the m distribution
might broaden, resulting in a smaller polarization for the
subsequent transition, but closer scrutiny reveals that
this is not the case. The polarizations of a single / to
I —1 transition and of the subsequent / —1 to / —2 tran-
sition due to cascading are found to be identical for any
initial m-substate distribution in the upper-/ sublevel.
This comes about because the tendency of the m-
substate distribution to broaden is offset by the tendency
of well-aligned / sublevels to result in higher degrees of
polarization as / decreases. In the more general case, ra-
diative emission originates from a manifold of /,m sub-
states in some #n shell; in such cases, the degrees of polar-
ization for the n to n —1 and subsequent n —1 to n —2
transition due to cascading differ somewhat, but by less
than our experimental uncertainty. The inclusion of
spin-orbit effects into these cascade calculations does not
alter this conclusion.

The depolarization of the second transition must have
its origin in a depolarized contribution due to direct cap-
ture into the corresponding levels. Although slow elec-
tron transfer is selective, the capture process will direct-
ly populate the ncgy —1 level to some extent. From the
l-sublevel distributions implicit in the complete-mixing
m distributions, the values of the radiative branching ra-
tios for all / sublevels involved, and the values of the rel-
ative emission cross sections given in Table I, one finds
that, for the Ne’* projectiles

O captureln =9)/0 cappure(n =10)=0.9410.10 .

For the Ne?+ projectiles, one finds, under the same set
of assumptions,

O capture( " =8)/0 caprure(n =9)=0.38+0.06 .

Hence, one sees that there is appreciable direct capture
into lower n levels.

Rotational mixing is stronger for lower levels because
the crossing radius for capture into these levels is small-
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er, and, accordingly, the rate of internuclear axis rota-
tion will be higher. One would thus expect the
magnetic-substate distributions to be broader for the
lower n levels, which would lead to a smaller polariza-
tion. The matrix element for rotational (Am ==1) tran-
sitions is proportional to the rate of internuclear axis ro-
tation © so that the transition rate among the m sub-
states is proportional to ©2. The value of this quantity
changes during the collision, and the rotational matrix
element also involves angular-momentum expectation
values between states which are time and system depen-
dent. Some feeling for the relative importance of rota-
tional mixing for the observed transitions can be gained,
however, from estimates for the corresponding values of
62 A representatlve value of © may be obtained from
the simple expression ©=v/R,, where v is the velocity
of the incoming projectile ion and R, is the capture
crossing radius. In the case of Ne°* and Ne®* projec-
tiles, the values of ©2 for the lower n level are greater
by about a factor of 2 than those for the higher n level,
possibly explaining the decrease in polarization. Also
noteworthy is the fact that, with the exception of Ne!®*,
the values of ©2 for the first transitions following cap-
ture are very similar; hence, we can probably rule out
rotational mixing as an explanation for the decrease in P
for lower charge states.

The smaller degrees of polarization observed on the
lower-n transitions after capture by Ne’* and Ne®* ions
might also be explained in terms of the influence of
core-electron interactions. The I-sublevel splittings (core
interactions) will be larger for shells of lower n; however,
for the systems we are discussing, the differences in the
core interaction from one n shell to the next in an ion of
a given charge state are not as dramatic as those created
by the addition of L-shell core electrons. Hence, the
effect of core interactions on the observed ‘“cascade”
depolarization is not amenable to the semiquantitative
argument represented in Fig. 9. The extent of depolari-
zation for these cases will depend upon detailed theoreti-
cal calculations for an explanation.
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VI. CONCLUSION

In conclusion, we have obtained 50-pm FWHM (full
width at half maximum) resolution optical wavelength
spectra for visible and near uv transitions following elec-
tron capture from Na into high-lying n states of slow,
highly ionized Ne produced in a recoil-ion source. For
ions having only K-shell electrons in their ground-state
cores, no resolvable line splitting is seen in the spectra,
large optical emission cross sections are obtained, and
the polarization of the emitted radiation is in agreement
with calculations for one-electron systems. If the incom-
ing ions carry L-shell electrons in their cores, the fine-
structure splitting is larger than the Stark splitting in-
duced by the residual target ion, thus inhibiting first-
order Stark mixing of low-/ and high-/ states. In these
cases much smaller optical emission cross sections are
measured and the emitted radiation is clearly depolar-
ized. This supports the view that a fully successful
description of electron capture must take proper account
of Stark mixing, and that the complexities of nonsimple
cores of the capturing ions are not fully understood. In
the future, we will extend our wavelength coverage and
spectral integration times, and improve our spectral
resolution, in order to see more fine-structure com-
ponents in the transitions. Thus, we expect to gain some
knowledge of the / distribution of capture and, via polar-
ization measurements, of the m distribution within each
I sublevel, possibly at various collision velocities. It is
also hoped that the spectra reported here will lead to fu-
ture studies of such Rydberg transitions by high-
resolution laser spectroscopy.
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