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The 2'P and 2'P levels of two-electron S xv have been aligned by collision at 2 MeV/amu
with carbon atoms in a foil. The degree of alignment is obtained by analysis of the normal-

ized angular distribution of It x-ray radiation measured in high resolution with a pivoted
plane-crystal Bragg spectrometer. The mean cross-section ratio pro/o. l for population of the
m =0 sublevel relative to the m =+1 sublevels of the 2P parent state is obtained by analysis

of the 1'S-2'P and 1'S-2'P transition intensities. The result o.o/col
——1.79+0.1 leads to the

polarization fractions P('P)=-0.28+0.05, and P( P)= —0.16+0.03, in good agreement
with results obtained by an independent analysis, and in excellent agreement with coupled-

states calculations of Reading et al. Comparison with other theories is also made.

I. INTRODUCTION

The linear polarization of radiation emitted in
electromagnetic transitions is determined by the re-
lative populations of the magnetic sublevels of the
excited atomic states. These populations are related
to the cross sections for production of the sublevels

produced in the exciting collision. This information
enables a more stringent test of theory of the excita-
tion process than does a measurement of a total
cross section, which averages over the states created
with preferred directions of angular momentum.
The production of collisional anisotropy in fast ions
makes possible spectroscopic measurements of
atomic and nuclear parameters, ' such as coherence
measurements of atomic and nuclear g factors.

In the course of a recent high-resolution investi-

gation of the E x-ray spectrum of highly stripped
sulfur ions, it was noted that the relative intensities
of the x-ray transitions originating from the 2 P
and 2.P levels of heliumlike sulfur varied with the
spectrometer observation angle. As it is often ad-
vantageous to use spectrometer angles other than
90' for improved resolution, ' or for Doppler tuned
spectrometric purposes, an understanding of any
underlying physical process which may affect the
angular distribution of radiation from different lev-

els is important. Anisotropy in excitation may also
have effects on the determination of mean lives of
excited levels, either directly or following a cascade
process.

Other experimental studies have shown that the
relative intensities of the 1'S-2'P and 1'S-2 P tran-
sitions vary with the exciting foil surface density,
due to the relatively long mean life of the 2 P level

compared to the prolnpt transition from the 2'P
level. Any P levels produced inside the foil tend to
be quenched by subsequent collisions before radiat-

ing, while the prompt 'P radiation is collected from
both inside and outside the target foil with only
modest collision broadening. Thus the P radiation
intensity and polarization are potentially sensitive
to effects associated with near-surface excitation,
while the P intensity and polarization reflect the
bulk excitation process. A difference between sur-
face and bulk excitation processes was observed in
the measurements of Hass et al. and Goldring
et a/. , where nuclear orientation by coupling to
inclined-foil atomic orientation produced a per-
turbed angular correlation. No orientation of atom-
ic levels by bulk excitation has yet been observed or
predicted theoretically. At significantly lower en-

ergies than discussed here, differences between 3 P
and 3'P anisotropic excitation of neutral helium by
foil collision have been measured. ' However, in
the inner-shell excitation reported here, the atomic
character of the collision is expected to dominate
the bulk or surface effects.

Some recent theoretical support has been given to
the possibility that the orientation and alignment of
excited levels in collisions of ions with inclined tar-
gets arises from interaction with localized target
states (e.g., atoms). " Inner-shell ionization or cap-
ture processes almost certainly occur through indi-
vidual ion-atom interactions, since the velocity
matching of the active electron to the projectile re-
quires velocities characteristic of inner-shell elec-
trons. Consequently, the comparison of interactions
which produce or fill E or I. vacancies with interac-
tion occurring at lower collision energies which
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match outer-shell electron velocities may be useful
in defining the atomic character of the total ion-
target interaction.

A new addition to the theoretical approximation
methods used to analyze high-velocity ion-atom col-
lisions is the "one and a half centered" (OHCE)
atomic-orbital expansion method of Reading, Ford,
and Becker. ' ' The OHCE retains the calcula-
tional speed of the coupled-channels single center
expansion method, but improves on it by taking ac-
count of the loss of flux into electron-capture chan-
nels. This method has been used to compute total
summed-over-m cross sections for excitation, ioni-
zation, and capture; examples of applications to
specific collision systems and comparison to experi-
ment are given in the above references. The OHCE
method also predicts absolute cross sections for ex-
citation or capture to individual magnetic sublevels
of excited states. '5 This aspect has not been previ-
ously tested, owing to the lack of data. The method
has now been used to calculate capture at 2
MeV/amu from the ls level of carbon into the 2p
level of sulfur. Since capture is expected to be the
predominant process for the production of the heli-
umlike 2p states studied in the present measure-
ments, comparison of the predictions of this calcu-
lation with the experimental results, discussed
below, provides additional support for the utility of
the OHCE theory.

II. BACKGROUND OF THE METHOD

The polarization fraction for linearly polarized
light is defined as

P =(Iii Ig)/(Iii+Ii)—
in terms of the intensities of radiation emitted at 90'
to the exciting ion beam direction, polarized, respec-
tively, parallel (I~~) and perpendicular (Iz) to this
beam direction. The polarization fraction is a mea-
sure of the anisotropy introduced into the excited
sublevel populations by the excitation process; it can
therefore be related to the cross sections for excita-
tion of these sublevels. Since direct coupling to the
electron spin during the collision is expected to be
negligible, the cross sections apply to the orbital
quantum numbers only. The subsequent coupling
of the electron spin to the orbital motion via the
spin-orbit interaction reduces the polarization frac-
tion from the value it would assume in the absence
of such coupling. ' Further coupling to the nuclear
spin is possible, ' but is expected to be negligible for
the short-lived P states of interest here. Percival

and Seaton' have shown that

and

P('P) =(op 0—
))/(op+a�

))

P( P)= (—-op o—', )/(op+30'i)

I(8 ) =I9p(1 —Pcos 8),
where I9O is the intensity measured at 90'. This an-
gular dependence can also be expressed in terms of
the Fano-Macek orientation and alignment parame-
ters. ' Radiation from a projectile moving at
v/c=0. 06 (2 MeV/amu) requires additional rela-
tivistic corrections. The reflectivity of a Bragg
crystal spectrometer varies strongly with both the
Bragg angle and the polarization of the incident ra-
diation. Calibration of these dependences using the
transitions investigated here are described by Wang
et al. , hereafter denoted Ref. A. An alternative
to the procedure used in Ref. A is to normalize the
angular distribution of a polarized transition to that
of an unpolarized transition in the same spectrum.
This provides a direct measure of the relative angu-
lar distribution. If a transition for which polariza-
tion is forbidden by the symmetry of the system is

for the 2p-1s transitions in heliumlike ions, where
op and o~ are the cross sections for populating the
m =0 and m =+1 substates, respectively.

Jamison et al. " have measured the polariza-
tion fraction of K x-rays directly by using the polar-
izing properties of a Bragg crystal. When the
Bragg angle is equal to the Brewster angle of the
crystal, a rotation of the spectrometer about the in-
cident photon axis (at 90' to the ion beam direction)
provides a direct measure of the polarization frac-
tion P. When the Bragg angle departs from the
Brewster angle, as it must for most transitions,
corrections dependent on the (generally unknown)
crystal reflectivity are required. ' Since the spec-
tra containing the sulfur E x-rays of interest here
are recorded with a NaC1 crystal at a range of
Bragg angles far from the Brewster angle, an angu-
lar distribution measurement was attempted. In
principle, this yields the same polarization informa-
tion. Low (energy) resolution angular distribution
measurements of certain target and beam E x-ray
transitions have beem made previously by Ellsworth
et al. ' using Si(Li) detectors.

The angular distribution of radiation in the refer-
ence frame of the emitters is expressed in terms of
the polarization fraction, and of the angle 8 between
the forward (downstream) beam direction and the
axis for light collection by
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III. EXPERIMENTAL METHODS

The collision and detection geometry, and the ro-
tatable, plane-crystal Bragg spectrometer are di-
agrammed in Fig. 1. A beam of charge-to-
momentum selected 2-MeV/amu (+ 5) sulfur ions
accelerated by the Texas ARM Variable Energy Cy-
clotron was focused using a fluorescent target, and

BEAM-MONITOR
PROPORTIONAL COUNTER

ION
BEAM

DIFFRACTIO
CRYSTAL

PLANK-CRYSTAL
BRAGG SPECTROMETER

STEPPING MOT

SPECTROMETER PIVOT

CE SOLLER SLITS

OMETER PROPORTIONAL
COUNTER

FIG. 1. Collision and detection geometry, showing

the relationship of target carbon foil to rotatable Bragg
plane-crystal spectrometer and monitor counter. Foil
was rotated 90' when downstream angles were observed,

but remained at 45' to beam axis. Spectrometer angle

OL was defined relative to downstream beam direction.
Geometric limitations restricted OL to the range of
20'& 0 & 161'.

not present in the spectrum, relative polarization
fractions can still be obtained and subsequently nor-
malized to an absolute polarization calibration.
This is the procedure that has been adopted here,
since partial polarization of the various other x-ray
lines lying near the transitions of interest is likely.

The angular distribution of the ratio of the inten-
sities of the 1'S 2'P a-nd 1'S 2P t-ransitions is a
function of the polarization fractions P('P) and
P( P) and the angle 8. The advantage of using an
angular distribution ratio is that the ratio is rela-
tively insensitive to the effects of crystal reflectivity
and absorption. One might flt the data to this func-
tion to simultaneously obtain the two polarization
fractions. A superior choice is to use the relation-
ships of the polarization fractions to the cross sec-
tions oo and O.i to construct a theoretical expression
for the transition intensity ratio which is a function
only of op/Oi, the intensity ratios at 90', and 8.
The cross-section ratio o.p/0'i is obtained from the
fit, and from this result the polarization fractions
may be calculated and compared to the results ob-
tained in direct determinations from fits to the an-

gular distributions of the intensities.

subsequently directed onto a nominal 80 pg/cm
carbon foil inclined at an angle of 45' to the beam
direction about an axis perpendicular to the plane
containing the beam and spectrometer. This angle
was set at either + 45' or —45' for forward or
backward spectrometer observation angles, respec-
tively, so that the spectrometer viewed a broad sur-
face of the foil. The angles were set using a digital
angle calibrator, and spectra were checked for possi-
ble angle-related errors; none were observed. The
spectrometer was pivoted in a horizontal plane
about an axis coincident with the foil rotation axis.
The spectrometer observation angles ranged from
20' to =160' with respect to the heavy-ion beam
direction. At the largest angle, the beam passed
through an open portion of the spectrometer itself.
X-rays emitted from the sulfur ions were collimated
with Soller slits having a plate spacing of 0.013 cm,
and were diffracted by a plane NaC1 crystal. The
diffracted x rays passed through another Soller slit
collimater having twice the plate spacing of the en-
trance slits (primarily for background rejection) into
a gas-flow proportional counter (90% argon and
10% methane at 1 atm) equipped with a 530-
pg/cm Mylar window.

Several beam normalization systems were tested,
including integration of the beam current generated
in the target foil, and measurement of Rutherford
scattered ions from an upstream foil using a solid-
state detector. The final, and most satisfactory,
method involved the use of a second proportional
counter having specifications identical to the one
described above, mounted with a direct view of the
sulfur x-rays produced at the target foil.

The spectrometer counter and monitor counter
signals were processed by two identical electronic
systems, each consisting of a preamplifier, a spec-
troscopy amplifier, and a single-channel analyzer
for pulse height discrimination. The x-ray signals
from the monitor system were scaled by a spec-
trometer controller which automatically advanced
the Bragg angle by 0.046' each time the preset mon-
itor count was reached. The preset monitor count
was set sufficiently high to make statistical fluctua-
tions associated with the measurement of the dif-
fracted x-ray intensity negligible compared to other
uncertainties. The diffracted x-ray intensity mea-
sured at each Bragg angle was sent to a VAX
11/780 computer system via a CAMAC interface,
where plotting and analysis procedures were per-
formed upon completion of the spectral scan. Spec-
tra obtained at the observation angles 140' and 55'
are compared in Fig. 2. Differences in the relative
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pected to have a net negative polarization fraction.
Shown in Fig. 5 (top) are the Al KL /KL inten-

sity ratios obtained in the present work. One sees
that these ratios are independent of angle, having a
fitted value of the polarization fraction

P(KL )=0.004+0.011 .

This result shows that the spectrometer system has
no significant intrinsic dependence on observation
angle. The KL' peak consists of five multiplet
transitions, of which the most intense are the
Ka3( P- P and S- P) and the Ka4('P-'D). The
most strongly polarized component of the KL ' peak
was found by Jamison et aI." to be the Ka'
transition. Unfortunately, the energy resolution in
the present measurements was not sufficient to en-

able a meaningful analysis of this very weak com-
ponent. However, the initial-state P levels of the
E(x3 and Ea 4 transitions can also be collisionally
aligned. In these two cases, the polarization frac-
tions and the sublevel cross sections are related by
the formulas'

20 40 60 80 100 I20 I40
CHANNEL NUMBER

FIG. 4. Spectrum of aluminum target K x-rays show-
ing KL, KL', and KL multiplets fit with analysis pro-
gram. KL multiplet is composed of the Kai 2 S- P
transitions.
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FIG. 5. Angular distribution of aluminum target
KL' and KL x-ray intensities measured relative to un-
polarized Ka i 2 transitions. The KL group contains a
number of transitions, and is expected to have no net
polarization, while the KL ' group is expected to have a
net negative polarization fraction, as is verified by ob-
served angular distribution.

is shown. The sign of the above result is in agree-
ment with the earlier measurements of Jamison
et al. ; however, the magnitude is significantly
larger.

The analysis of transition intensities from fast-
moving projectile ions is complicated by the
Doppler effect, which (as noted above) causes a
dependence of the Bragg angle on the observation
angle, thereby requiring a calibration of the crystal
reflectivity for absolute intensity comparisons at
different observation angles. Such a calibration was
carried out, as reported in Ref. A, for the case of
He-like S ion x rays analyzed by a NaC1 crystal. It
was determined in this study that the best represen-
tation of the data was given by a reflectivity func-
tion described as "perfect crystal with absorp-
tion. " ' The best least-squares fits to the data
with the polarization fraction P set as an adjustable
parameter, yielded

P ('P) =0.35+0.05
P(Kai ) = —15(o'p —o'i)/(67o'p —149o'i)

P (Ko4) =(op ai)/(7o p+13o i—) .
and

P( P)= —0.11+0.05 .
Full spin-orbit coupling is assumed for the P state.
In general ~ap

~
&

~

o.
i ~, and so it is to be expected

that P(Ka3) will be negative, giving the entire KL '

peak a negative polarization fraction due to the
high relative intensity of the Kai components (see
Fig. 4). This was indeed found to be the case, as
may be seen in Fig. 5 (bottom) where the best fit to
the intensity ratio of KL '/KL, given a value

P =—0.109+0.02, and

Ni (8)=N i (1—P, cos 8)

However, other reflectivity functions with different
assumed polarization fractions could also be fit
reasonably well to the data. In the work reported
here, the angular distribution of relative intensities
of the 'P and P transitions are analyzed.

If in the emitter rest frame
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N2(8) =Nz(1 P—cos 8)

then the ratio is

Ni (8 )/N2(8 ) =(N I /Ng)(1 —PI cos 8)

X(1—Pecos 8) ', (1)

where NI(8) and Nz(8) are the P and 'P intensi-

ties, respectively, recorded in the angular distribu-
tion measurement at each angle 0. When the transi-

tion intensities are transformed to the laboratory
frame and dispersed by a spectrometer, the expres-
sions are complicated by the crystal reflectivity
dependence of the Bragg angle and the Lorentz
transformation of angles and energies, as discussed
in Ref. A.

The expression for the measured x-ray intensity
obtained with a perfect crystal with absorption, as a
function of laboratory angle OL, , is (Ref. A)

e(A)AN9, p
N(OI, )=

p(E)(1—PcosOI )

1 —P sin Op
tanOp(1 —

i
cos28~

i )+ . i
cos28&

isin20p

X {1—P[(cosOI —p)/(1 pcosO—I )] I

Here 8~ is the spectrometer Bragg angle (which depends upon Oi ), N9p is the x-ray count at Ol ——90', and 2 is
composed of constants or slowly varying functions. e(A, ) and p(E) are the detector efficiency and crystal ab-
sorption coefficient, respectively. For the closely spaced transitions originating from the P and P states,
e(A, )=e(A, '), p(E)=p(E'), and Op=Op, where the primed quantities denote parameters associated with the P
transition. The ratio of x-ray counts for the two transitions can then be written

N( P, OL ) N9p(1+
i
cos28~

i
(2 cos—8)+(op/o&)(1+

i
cos28&

i
cos 8)

N ('P, OL ) N9p(1+
~

cos28~
~

cos 8 )+(opla &)
~

cos28~
~
(1—cos 8)

X (0'p/O'I+ 1)/( po/ ~0+ 3),

where

for

p/ai ——a2. 1+0.24

P('P) =0.35+0.05

and

cosO=(cosOL —P)/(1 —PcosOL ),
and where the polarization fractions are expressed
in terms of the cross-section ratio crp/o~. This
equation is fit to the data to obtain the ratios op/o ~

and N90/N90.
Measurements over a range of angles were made

with a single foil. Repeated measurements at
8& ——90' were used to check for possible foil thick-
ening or deterioration effects during a run. None
were observed. Different foils ranging in thickness
from 50 to 80 pg/cm were used, but no significant
changes in the polarization were observed over this
small range of the foil thicknesses, although the
thickness dependence of the ratio of the P and 'P
intensities was observed.

From the fits to the reflectivity functions deter-
mined in Ref. A, it was found that

ciao/a) ——l.S+0.1S

P ('P ) = —0. 11+0.05;

the mean value is

From the fits to the relative intensities of the angu-
lar distributions, it was found that 0 p/cT

&

=1.79(0.1). The distribution at angles less than 90'
was deemed less precise than the distribution at an-

gles & 90. This is due to larger uncertainties in the
least-squares fits to the spectra at the smaller an-

gles. Each partial distribution was separately fit,
and the results combined with a weighting ratio of
two to one favoring the n1ore precise data at the
larger angles, shown in Fig. 6.

Calculations of the cross sections op and 0~ for
capture to the 2P sublevels of sulfur from the K
shell of carbon for 2-MeV/amu collisions have been
carried out by Reading and Ford' using the "per-
turbative" version of their OHCE method, as well
as the Oppenheimer-Brinkman-Kramers (OBK) ap-
proximation and their single-centered expansion
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FIG. 6. Ratio of P to 'P transition intensities as a
function of laboratory arigle. Solid curve represents best
fit to the data. Departure from symmetry about 90' is
due mainly to Doppler effect.

(SCE) method. In the calculations, both the target
and projectile were assumed to be hydrogenic, so
the calculations specifically refer to

S"++C'+(ls)~S"+(2P )+C'+

The absolute magnitude of the cross sections will

depend somewhat on the specific atomic potentials
used, primarily through the effect of screening on
the orbital energies. However, the polarization frac-
tions, which depend on cross-section ratios, are
thought to be much less sensitive, and these calcula-
tions for a single-electron collision system should be
a reasonable approximation to the experimental col-
lision. Note also that the calculations were carried
out for the time-reversed collision for which the
electron is initially bound to the sulfur; the large set
of expansion functions are centered on the sulfur
ion. The experimental and theoretical results are
summarized in Table I with the cross sections ex-
pressed in units of 10 ' cm . The effects of direct
excitation from the ls and 2s levels of S xvt by C+

in the time-reversed collision are expected to be at
the 1% level. Both the OHCE and SCE results are
in agreement with the measurements, while the
OBK results are not. Additionally, the OBK cross
sections are about an order of magnitude larger
than those calculated by the other methods. The
close agreement between OHCE and SCE results
for these sublevel capture cross sections is con-
sistent with the previous calculations of total cap-
ture cross sections and supports the accuracy of the
method.

The intensity ratios of the transitions from the 3P

and 'P levels depend on the foil thickness, as noted
earlier. Small variations in this thickness shift the
absolute ratio, but do not significanly change the
polarization fractions. It is possible that there are
foil thickness and structure effects on the p-state
alignment, due to the differences in the excitation
mechanisms of the 'P and P levels described in Sec.
I. The data analysis used here assumes that such ef-
fects are small. It was decided that a study of the
target thickness dependence of the polarization
fraction should be carried out using magnesium
projectiles rather than sulfur projectiles, since the
energy resolution is better for magnesium x rays
and the structural feature lying between the 'P and
P peaks is expected to contribute to a much smaller

extent. This study is currently in progress.
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TABLE I. Calculations and measurements of the cross-section ratio o.o/o. i are compared.
The calculations of oo, oi, and the ratio o.o/o. i by three theoretical approximations are given
(see text) with the derived values of the polarization fractions P('P) and P( P). The experi-
mental results are the polarization fractions and the derived value of o.0/o i (Ref. A) and the
ratio oo/o i with the calculated polarization fractions (present results).

OHCE

Theory

SCE OBK

Experiment

Ref. A Present results

o]
oo
O.o!O I

p( p)

2.41g10 ~

4.26)& 10
1.76
0.28

—0.16

2.36y10 2

4.26' 10-'
1.80
0.29

—0.17

0.12
0.17
1.42
0.17

—0.093

1.8(0.3)
0.35(0.05)

—0.11(0.05)

1.79(0.1)
0.28(0.05)

—0.16(0.03)
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