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Angular distributions have been measured and polarization fractions determined for target and pro-
jectile x rays emitted in collisions of 3-MeV protons on argon and 33-MeV fluorine ions on argon
and helium. The near isotropy in target x-ray emisssion that follows K -shell ionization is not unex-
pected; however, the anisotropic emission of projectile x rays contradicts the assumptions that are
made in the analysis of x-ray cross sections. The polarization of ~23% in this characteristic K -shell
radiation can be understood qualitatively from the alignment of excited states populated by electron

capture in atomic collisions.

I. INTRODUCTION

Close collisions between fast heavy ions and
atoms normally result in the emission of x rays
or auger electrons from both the target and the
projectile.! Although the spectral distributions
and cross sections for these inelastic heavy-ion
collisions have been studied extensively, the
polarization and alignment of excited states with
K -shell vacancies have not been previously in-
vestigated. The anisotropic x-ray angular dis-
tributions that have been measured in the present
experiment provide the first evidence of the polar-
ization of characteristic K -shell x rays. This
radiation results from the de-excitation of an
aligned population of excited states produced in
projectiles by electron-capture processes. Since
electron capture participates in the formation of
atomic states with K -shell vacancies in many high-
velocity atomic collisions, the substate populations
formed by this process are of special interest.
Although less than an 8% overestimate in pro-
jectile x-ray cross sections' arises from neglect-
ing the anisotropic distributions observed, it is
not clear what effect the polarization of projectile
x rays has on high-resolution studies using dis-
persive instruments.? Any influence of the polar-
ization of x rays on the efficiencies of these in-
struments has been neglected. In addition, the
anisotropy of emitted x rays has been used recent-
ly to identify the formation of quasimolecular
species®; however, the present results show that
this phenomenon is not unique to continuum radia-
tion from molecular states in heavy-ion collisions.

Calculations of substate populations produced
by collisions of protons in hydrogen have been
made in a Brinkman-Kramers approximation.*
These results indicate that significant polariza-
tion fractions are expected for dipole radiation
from states excited by a capture process. Al-

though a similar estimate can be made for heavy
ions,® the theoretical validity of the result is at
best questionable, and no previous measurements
have been made. In the present work, the angular
distributions of fluorine K projectile x rays emit-
ted from collisions of 33-MeV F’* and F°* on He,
as well as from F°* on Ar, have been measured;
and significant anisotropy has been observed in all
cases. The basic processes leading to F K x-ray
emission for ¥°* and F’* impact are, respectively,
electron-capture and electron-exchange reactions
to excited states.® The polarization fractions
determined from the anisotropy observed in the
present angular-distribution measurements yield
evidence for the selective population of magnetic
substates following electron-capture and -exchange
reactions.

For the case of the radiation emitted following
inner-shell ionization of farget atoms, an isotropic
distribution is normally assumed.! This assump-
tion has not previously been tested using heavy-
ion impact. However, experimental data on the
angular distributions of auger-electrons emitted
after K- and L-shell ionization of Ar by protons
show no significant deviation from isotropy,*
whereas a maximum polarization fraction of about
5% has been found for L-shell ionization of Ar by
electrons.” From these results an isotropic dis-
tribution of the x rays emitted after K-shell ioniza-
tion of Ar by protons could be expected. However,
if multiple ionization of the outer shells simul-
taneous with K -shell ionization''? is selective with
respect to the magnetic substates, the subsequent
x-ray emission will be anisotropic. In the present
experiment, the angular distributions of Ar K
target x rays emitted from a thin argon gas bom-
barded with beams of 3-MeV protons, 33-MeV
F¢*, and 33-MeV F°" ions were measured. In the
first two cases isotropic distributions were ob-
served, while in the latter case a small, although
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possibly insignificant, departure from isotropy
was found.

II. EXPERIMENT AND DATA ANALYSIS

After acceleration and collimation, the fast-ion
beams used in this experiment were passed through
a differentially pumped target-gas cell and col-
lected in a Faraday cup for normalization (Fig. 1).
Independent normalization was also provided by
a KeVex Si(Li) detector. The angular distributions
were measured in the range 25°-155° by a move-
able flow-mode proportional counter equipped
with a set of Soller slits which defined the viewing
direction to within +1.5°, The gas pressures used
in the experiments were ~10 and ~50 mTorr for
argon and helium targets, respectively. With
these pressures, single-collision conditions for
charge exchange were approximated (i.e., <20 and
1% charge exchange occurred in the Ar and He
targets, respectively). Because the attenuation of
the Doppler-shifted x rays in the proportional
counter window was angular dependent, Macrofoil®
windows of different thicknesses (2—6 um) were
used to ensure that the polarization fractions were
independent of this parameter.

Target x-ray data shown in Fig. 2(a) are sym-
metric about 6, =90°, where 6, is the laboratory
angle between the beam direction and the detector.
The distribution of projectile x rays is clearly
asymmetric in Fig. 2(b). The polarization frac-
tion P, which describes the angular distribution
I(9) of dipole radiation in the frame of the emitting
atom, is given by

I1(6)=1(90°)(1 — P cos?9).

In order to extract P from the observed data it is
necessary to account for the length of the extended
gas target (dx < csec6) and angular-dependent
transformations to the lab frame of the effective
solid angle
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FIG. 1. Schematic diagram of the experimental ar-
rangement.
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and detector efficiency € arising from the Doppler
shift., The angular distribution measured directly
in the laboratory for x rays from a long gas target
is given by

I,(1 -P cos?®6)e(6,)
sinf, (1 - BcosB,)G(6,) ’

I (9L) = (1)
where 6 is the emission angle relative to the beam
direction in the moving frame so that

cosf=(cosb, —B)/(1 —Bcosb,),

G(6,) is a geometrical function that arises from
the solid angle integration over the Soller slits

and deviates from unity by less than 1.3%, and

Bc is the velocity of the emitting atoms. To choose
the appropriate value of 8 to use in Eq. (1), it is

a good approximation to assume forward scattering
from large impact-parameter collisions. For
radiation from the target, the recoil is perpendicu-
lar to the beam axis with =0 and €(6;) =¢,, so
that the angular distribution of Eq. (1) is sym-
metric about 90° in agreement with the data shown
in Fig. 2(a). However, for radiation from the pro-
jectile, the emitting atom moves in the beam di-
rection with $=0.061, and €(6,) must reflect the
varying attenuation of the Doppler -shifted x rays.
Because the product K of absorption coefficient
and thickness of the detector windows is not ac-
curately known, we have formulated
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FIG. 2. Angular distributions of x rays as measured
directly in the laboratory: (a) target x rays, (b) pro-
jectile x rays. The solid curves represent the best fits
of Eq. (1) to the data.
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€(6,)= eoz R, exp[-K(1 - Bcos b, )ES?]

to account for the photoelectric absorption of the
x rays with energy E, and relative intensity R,
and have considered K an unknown parameter.
The summation is over the x-ray lines that have
previously been reported for these highly stripped
fluorine ions.®

III. RESULTS AND DISCUSSION

The unknown parameters P, K, and the scale
factor I, were found by a least-squares fit of Eq.
(1) to the angular distribution data (Fig. 2). The
projectile x-ray intensities, corrected for the
kinematic and geometric effects as plotted in Fig.
3, are symmetric.around 6=90° and fall on a
straight line when plotted against cos?6. P is thus
a good parameter which accounts for the large
deviation from isotropy of the projectile radiation.
Polarization fractions determined from the differ-
ent sets of data are summarized in Table I to-
gether with the standard deviations from the least-
squares-fitting routine. Although the angular-
dependent attenuation of the different proportional
counter windows varied substantially in these
experiments, the derived polarization fractions
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FIG. 3. Angular distributions of x rays corrected for
kinematic and geometric effects as explained in the text.
Closed circles: 0<90° open circles: 6 >90°. The solid
curves represent the best straight lines through the data.
The polarization fractions P are given by the slopes of
these lines: (a) target x rays: P =0.028+0.030; (b) pro-
jectile x rays: P =0.221+0.017; (c) projectile x rays:
P=0.234+0.014.

are independent of this experimental parameter.
The fitted values of the absorption coefficients are
consistent with the manufacturer’s data.® In addi-
tion, the polarization fractions obtained were in-
sensitive to the relative intensities R, of the x-ray
lines in the spectrum.

The Ar K x-ray emission from the target atoms
is found to be isotropic within the statistical error
for both proton and F¢* excitation. In the former
case, the results are in agreement with previous
work.! Although for F°* projectiles the measured
polarization fraction of the Ar K radiation differs
from zero by ~2 standard deviations, it is not
clear at present whether this result is significant
since a systematic error in the Ar K data, which
would not be included in the 3% statistical standard
deviation, might result from the difficulty in re-
solving this peak from the much larger F K peak.
The absence of skewness in the angular distribu-
tion shown in Fig. 2(a) indicates no such systemat-
ic error in the present experimental data; how-
ever, thorough analysis has not ensured the sig-
nificance of the 6% polarization fraction for the
Ar K radiation in the presence of the 25% polar-
ization fraction of F-K radiation obtained with
F°' ions. Further investigation is required to
confirm the implication of these results that in
F°" collisions argon K vacancy states may be
formed selectively to a small degree.

TABLE I. Experimental polarization fractions obtain-
ed with a 3-MeV proton beam and 33-MeV fluorine beams.
Nominal thicknesses of the proportional counter win-
dows (consisting of 6-um or multiple 2-um foils) are
listed in column 3.

Window  Polarization Weighted
Beam Target (um) fraction average
Ar K target X rays:
proton Ar 6 0.021+0.040
P Ar 6 0.028%0.030
o+ Ar 6 0.065+0.029
FK projectile x rays:
F He 2 0.221£0.017 0.210+0.014
2X 2 0.210+0.033
3x 2 0.174+0.030
Fo* He 2 0.234+0.042 0.250+0.015
2% 2 0.267+0.073
2% 2 0.268+0.038
3xX2 0.244+0.026
6 0.251+0.025
F* Ar 2 0.236+0.034 0.226+0.009
2 0.222+0.056
2 0.234+0.014
2% 2 0.224+0.018
6 0.212+0.018
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The measured polarization fractions listed in
the table for the projectile F K x rays are clearly
larger than zero, implying that the radiating P
states are populated nonstatistically so as to favor
m,; =0 over |m,|=1 substates (where the quantiza-
tion axis is defined by the beam direction). Ob-
servation of approximately the same polarization
fraction (~23%) in the three cases studied here
suggests that similar electron-transfer processes
produce the excited-state populations which yield
the observed polarized projectile x rays.

A Brinkman-Kramers calculation of capture to
P states®* predicts a polarization fraction of +0.34
in hydrogen. The same value is estimated for
capture by fluorine nuclei by scaling the matrix
elements® in the Brinkman-Kramers calculation.
Because of the simplicity of the theoretical model,
the agreement of this value with the results of the
present experiment with F°* ions is encouraging
but may not be definitive. For direct excitation
of hydrogen by protons, the sign of the polariza-
tion fraction is energy dependent and might be
expected to be small or negative in the velocity
range of the present experiments.* The large
positive polarization observed for x-ray emission
from F7* on helium is further evidence that elec-
tron exchange dominates direct excitation in pro-
ducing inner-shell excitation in the two-electron
projectile.

Cascades from excited states to the various P
states which ultimately decay by x-ray emission
will reduce the polarization of the radiation. Cas-

cades from S states might be particularly impor-
tant since higher angular-momentum states are
expected to be weakly populated in electron-capture
processes at high velocities. On the other hand,
immediately after the collision the electric field

of the highly stripped target atoms will tend to mix
the various orbital angular-momentum states of
the projectile. The radiation emitted following this
Stark mixing may also be anisotropic. Thus, it is
not possible to associate the measured polariza-
tion fractions with electron capture to well-de-
fined states in these collisions. Nevertheless, we
conclude from the polarization of the x rays deter-
mined in this work that, for highly stripped pro-
jectiles, P substates with m, =0 are preferentially
populated in heavy-ion collisions.

The results of this experiment show that elec-
tron capture to excited states of highly stripped
heavy ions provides a source of highly polarized
characteristic x rays. Although the observations
are consistent with a simple electron-capture
model, considerable study will be required to
predict the intensity and degree of polarization of
x rays produced following electron capture to ex-
cited states of various collision systems.
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