
PHYSICAL REVIEW A VOLUME 31, NUMBER 2 FEBRUARY 1985

Alignment of He- and H-like P states of 48-MeV foil-excited Mg ions

J. Palinkas and G. J. Pedrazzini
Cyclotron Institute, Texas Ac%M University, College Station, Texas 77843

D. A. Church and R. A. Kenefick
Cyclotron Institute and Department ofPhysics, Texas Ad'cM University, College Station, Texas 77843

C. A. Fulton and R. L. Watson
Cyclotron Institute, Texas AckM University, College Station, Texas 77843

D.-W. Wang
Cyclotron Institute and Department of Physics, Texas Ad'cM University, College Station, Texas 77843

(Received 20 August 1984)

The angular distributions of the 'P, P, and P lines of 2-MeV/amu Mg projectiles excited by col-
lision with carbon and aluminum atoms in thin foils have been measured with a pivoted plane-
crystal Bragg spectrometer. Both the polarizations of these lines and the reflection properties of the
ammonium dihydrogen phosphate (ADP) diffraction crystal have been determined. The o.o/o. l

cross-section ratios for populating the 2p (
~

m
~

=0) and 2p (
~

m
~

= 1) states in the 1s 2p He-like
and the 2p H-like configurations were deduced from the polarization values and compared with the
coupled-states calculation of Reading et al. , assuming that the mechanism populating these states is
the capture of electrons from the E shell of the target. The agreement between theory and experi-
ment is very good for carbon excitation, but for aluminum excitation the theory significantly overes-
timates the cross-section ratio. The influence of foil tilting and cascade contributions on the polari-
zation were investigated experimentally and taken into account in the analysis of the measurements.

I. INTRODUCTION

The knowledge of the angular distribution and/or po-
larization of x radiation arising from the decay of atomic
and ionic excited states produced in ion-atom collisions is
important from several theoretical and practical view-
points. The angular distribution and polarization of an
x-ray line are determined by the relative magnetic substate
population (or more generally by the alignment and orien-
tation) of the excited states. ' The magnetic substate
cross sections provide more detailed information on the
excitation mechanism than the total cross sections
(summed over the magnetic substates), and hence mea-
surement of the angular distribution enables detailed test-
ing of the different collision theories and approximations.
From a more practical point of view, the knowledge of the
angular distribution and polarization is very important in
interpreting absolute and relative intensity measurements,
especially if the radiation is detected by polarization sensi-
tive devices such as crystal spectrometers.

Despite considerable effort to clarify the mechanisms
which govern the population of projectile states inside and
at the surface of solids, a number of features are still puz-
zling. In projectiles emerging from thin solid targets,
high-lying Rydberg states are populated by excitation of
projectile core electrons, capture of electrons from the
solid, and possibly capture of convoy electrons at or near
the foil surface. These Rydberg electrons cascade down to
the lower states and give rise to a long-lived or "delayed"
component of the x-ray intensities. The delayed com-
ponents contribute to the measured intensities, and should

be taken into account when the polarizations of the dif-
ferent x-ray lines are measured.

The target foil surface plays a very important role in
beam-foil excitation of outer shells. Tilting the target sur-
face with respect to the beam direction may influence the
alignment of the projectile states, producing nonzero
higher-order alignment tensor components and orientation
of the excited states. ' In the inner shell processes investi-
gated here, the atomic character of the collision process is
expected to dominate bulk or surface effects. However,
the radiative lifetime of the ls2p P state is long enough
to cause a significant contribution to the observed radia-
tion from ions decaying behind the foil. Since radiative
decay of the P state occurs mainly for ions excited into
this state at or near the back surface of the target foil, the
question of the influence of the foil-surface inclination on
the alignment of this state naturally arises, but has not
been previously addressed.

Our previous investigation of the 'P&-'So and P&-'So
transitions of He-like sulfur excited by passage of 2-
MeV/amu sulfur ions through a thin carbon foil revealed
that these states are highly aligned. The relative substate
population deduced from the measured angular distribu-
tion is in good agreement with the relative substate cross
sections calculated by Reading and Ford in their one-
and-a-half-centered-expansion (OHCE) approximation '

if it is assumed that the mechanism populating these
states is electron capture from the L shell of carbon. This
study demonstrated that measurement of the angular dis-
tribution is superior to polarization measurements using
Brewster reflection for the study of angular correlations
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in ion-atom collisions, because it provides additional in-
formation on the otherwise unknown polarization sensi-
tivity of the diffraction crystal itself.

In the present investigation, angular distribution mea-
surements were performed for the H- and He-like 2p-1s
transitions of 2-MeV/amu Mg projectiles excited by pas-
sage through thin (50—70 pg/cm ) carbon and aluminum
foils. The primary purpose of this work was to test the
theoretical calculations at significantly different projectile
and target atomic numbers than had been done previously.
Further motivation was provided by a recent study' of
the spectra of H- and He-like Mg projectiles traveling in
thin and thick solid carbon targets, which revealed that (i)
the resolution of the ammonium dihydrogen phosphate
(ADP) crystal for the Mg lines is superior to that of the
NaC1 crystal for S lines, (ii) relatively high-lying states
(n=4, 5) are populated to a measurable extent, (iii) the
measured 'P/ P ratio significantly deviates from the ex-
pected value of one, indicating strong polarization.

To search for possible tilted foil effects on the align-
ment of the projectile states, the angular distributions of
the 1s2p 'P and is2p P heliumlike lines of Mg projectiles
excited by untilted and tilted (+45') carbon foils with
same beam thicknesses have been measured and com-
pared T.o estimate the effect of the delayed component of
the x-ray emission on the measured angular distributions,
we have measured the ratio of the delayed x-ray intensity
to the total intensity. The effect of this contribution on
the measured polarization has been taken into account.

II. BACKGROUND OF THE METHOD

The measured angular distribution of an x-ray line is
determined by the alignment and orientation of the excit-
ed state, the angular momentum of the initial and final
state of the x-ray transition, and the properties of the
detection system. In the mathematical formulation of an-
gular correlation, the preceding factors are described by
the orientation vector and alignment tensor of the excited
state, and the angular momentum coefficients of the ini-
tial and final states and the emitted radiation, and the ef-
ficiency tensor of the detection apparatus. The general
mathematical formulation of angular correlations can be
found in standard textbooks and review articles. ' ""
The following discussion makes use of the Fano-Macek
geometry convention and formulation"" with some
reference to the Percival-Seaton formulation.

In cylindrically symmetric ion-atom collisions (where
an unpolarized, unidirectional beam of ions excites or is
excited by unpolarized target atoms), the cross section for
production of the different magnetic substates of a given
angular momentum state in the target or in the projectile
depends on the absolute value of the magnetic quantum
number but not upon the sign. Excited states produced in
such collisions cannot be oriented, but they can be aligned
if the angular momentum of the state is greater than ( —,

' )fi.
The angular distribution of electric-dipole radiation from
aligned ions, measured by a crystal spectrometer with
crystal planes oriented to accept radiation with the electric
vector perpendicular to the quantization axis (beam direc-
tion) is given by

I(8)=(go/47r)ReQ[1 —,
' p(1 3Q)

P('P)=(op a)) (/ Op +cr)—),
P('P) = —(Oo —o., )/(op+ 3'.i)
P(zP)=3(op —o))/(7op+llcr, ) .

(3a)

(3b)

(3c)

If the cylindrical symmetry of the collision is broken by
having another distinguished direction (i.e., outgoing par-
ticles detected in coincidence with the radiation or an in-
clined foil surface), the higher-order components of the
alignment tensor and the orientation vector can be dif-
ferent from zero. If this second distinguished direction is
in the plane containing the beam direction and the spec-
trometer, the angular distribution of electric dipole radia-
tion detected as described previously is given by

I(8)= (Ip/4rr)R eQ[ 1 —
2

P'( 1 —3Q ) +P2( 1+3Q )

+ —,P'(1 —Q)cos 8

——,P~(1 —Q)sin(28) ], (4)

where the anisotropy parameters P', P„and /32 are given
by I

+ —,P(1—Q)cos 8],
where Io is the total intensity emitted into the 4m-rad
solid angle, R is the reflectivity of the crystal for unpolar-
ized radiation (usually referred to as reflectivity), e is the
efficiency of the detector used to count the x-ray photons
reflected by the crystal (usually a flow-mode proportional
counter), 0 is the solid angle of the spectrometer, Q is the
polarization sensitivity of the crystal, P is the anisotropy
parameter of the radiation, and 8 is the detection angle.
The anisotropy parameter P is related to the alignment
tensor component Aq' of Fano and Macek' by

co1

p= ——,'h"'(j; jf)Ao"

where h' '(j;,jf) is the angular momentum coefficient
which depends on the initial and final states of the x-ray
transition. The relationship between the anisotropy pa-
rameter and the linear polarization fraction P measured at
90 to the beam direction is given by

P=3P/(P 2) . —

The Ap" alignment tensor component is simply related to
the cross sections for producing the different magnetic
substates of given excited states. By calculating the ap-
propriate h' ' angular momentum coefficients, one'' ob-
tains an equation which relates the anisotropy parameter
(and hence the linear polarization) of a given x-ray line
and magnetic substate cross sections. For the heliumlike
1s2p 'P& —1s2p 'So and 1s2p P& —1s2p 'So and the hy-
drogenlike 2P P 2p S (unre—solved doublet) lines, the
cross sections for production of the

~

m
~

=0 (op) and

~

m
~

= 1 (o &) magnetic substates of the 2p state are relat-
ed to the linear polarization fraction at 90 by the follow-
ing formulas:
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p2 ————,h A2'+ .(2) col

If the radiation arises from excited target ions, the pa-
rameters R, e, A and Q in Eq. (1) do not depend on the
observation angle, and hence the anisotropy parameter P
(and consequently the polarization fraction P) for a given
x-ray line can be determined by fitting the measured an-
gular distribution with Eq. (1) using 13 and Io as fitting
parameters. The polarization sensitivity g plays a crucial
role and must be known to deduce the polarization from
the fit.

If radiation from projectile states is observed, the mea-
sured angular distribution has to be fitted by Eq. (1)
transformed into the laboratory frame of reference. This
transformation is straightforward and the effect on the
observation angle, on the solid angle, and on the observed
x-ray energy (and consequently on e) is easily taken into
account. The effect of the Doppler shift on the reflectivi-
ty and polarization sensitivity is somewhat complicated
by the fact that the dependence of these quantities on the
x-ray energy is not known precisely. The reflectivity and
the polarization sensitivity are not simply multiplicative
factors (as in the case of target x rays), but depend on the
observation angle due to the Doppler shift and thus affect
the shape of the angular distribution. One can take ad-
vantage of this fact, however, by noting that information
on these quantities may be deduced from the shape of the
angular distribution itself. The measured angular distri-
butions may be fitted with the transformed Eq. (1) by in-
corporating different theoretical reflectivity and polariza-
tion sensitivity functions into it. In addition to the deter-
mination of the polarization, this procedure leads to the
determination of the most appropriate functional form of
the reflectivity and polarization sensitivity of the crystal.

III. EXPERIMENTAL METHOD,

A beam of 48-MeV Mg + ions from the variable energy
cyclotron of Texas A&M University was directed onto
thin targets which could be inclined at different angles to
the beam direction around an axis perpendicular to the
plane containing the beam and the spectrometer. The He-
and H-like portions of the x-ray spectrum of the Mg pro-
jectiles were measured with a plane-crystal Bragg spec-
trometer rotatable around a pivot axis coincident with the
target rotation axis. The beam intensity was monitored by
measuring the intensity of the projectile x rays excited by
a 20-pg/cm carbon foil located upstream from the target
using a proportiona1 counter identical with that used in
the crystal spectrometer. The other details of the experi-
mental setup, the data acquisition system and the spectral
analysis were the same as described earlier. '

When the angular distribution of the absolute intensity
of an x-ray line is to be measured, the geometrical rota-
tional symmetry of the measuring apparatus must be very
precise. To check the rotational symmetry of the system,
the angular distributions of the L x rays from a thin
aluminum target excited by 5.5-MeV He+ and 48-MeV

Mg + beams were measured. The Ea line, which dom-
inates the He-excited spectrum, is unpolarized and isotro-
pic. With Mg projectiles, the aluminum spectrum is dom-
inated by the ECa satellite lines, which may have slightly
anisotropic angular distributions. The sum of the intensi-
ties of all the Ea satellites, however, should be nearly iso-
tropic. The measured angular distribution of the saline'
excited by He bombardment and that of the total intensity
of the Ka satellites excited by Mg proved to be isotropic
within the statistical error margins of +3%, which means
that any geometric asymmetry of the system is below that
error limit.

As pointed out in Sec. II, the knowledge of the depen-
dence of the detection efficiency of the spectrometer on
the x-ray energy is essential in the interpretation of the
angular distribution of projectile x rays because this ener-

gy dependence introduces a detection angle dependence in
the efficiency due to the Doppler shift. In the case of
crystal spectrometers, the efficiency depends critically on
the reflectivity of the diffracting crystal. Furthermore,
the crystal spectrometer is inherently a polarization sensi-
tive device since the reflectivity of the crystal (or more
generally the detection efficiency of the crystal spectrome-
ter) depends on the polarization of the detected x rays. In
order to better understand the reflection properties of the
ADP crystal used in this experiment, separate reflectivity
measurements were performed as outlined in the follow-
ing.

The reflection properties of a crystal may depend on its
previous history and should be determined experimentally.
The theory of crystal diffraction, however, provides useful
guidelines. The reflection properties of a crystal can be
characterized by the integrated reflectivity for unpolarized
radiation, and by the polarization sensitivity. ' '
Theoretically two extreme cases are distinguished: perfect
crystal (with crystallites larger than 10 mm) and mosaic
crystal (with crystallites smaller than 10 mm). The re-
flectivity and polarization sensitivity for these structures
can be calculated theoretically. ' ' The proper reflectivi-
ty function of a crystal, however, can be better described
by taking absorption into account in the perfect and mo-
saic models. These models will henceforth be referred to
as the PCA (perfect crystal with absorption) and the
MCA (mosaic crystal with absorption) models.

To determine the reflection properties of a crystal ex-
perimentally, one has to measure the reflectivity and the
polarization sensitivity as functions of the x-ray energy.
The polarization sensitivity measurements require a polar-
ized x-ray source with known polarization, and it should
be noted that synchrotron radiation presents interesting
and useful possibilities in this regard. The determination
of the reflectivity for unpolarized radiation is somewhat
easier in the sense that it does not require a sophisticated
x-ray source. As far as the relative intensity and angular
distribution measurements are concerned, only the rela-
tive reflectivity (i.e., the reflectivity normalized at a given
x-ray energy) is required.

In the present work, the relative reflectivity of the ADP
flat crystal was measured using an experimental setup
which was basically the same as that used for the angular
distribution measurements. Thick Mg, Al, Si, Li&S04, P,
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KC1, and Cao targets tilted at 45' with respect to the
beam direction were bombarded with a beam of 5.5-MeV
He ions. The K x-ray. intensity was measured simultane-
ously with the crystal spectrometer and with a proportion-
al counter identical to that used in the spectrometer
mounted at 165' behind a small aperture. The spectrome-
ter observation angle was 105'. The K x-ray intensity
measured by the crystal spectrometer relative to that mea-
sured by the proportional counter depends on the relative
solid angles of the two detectors and on the reflectivity of
the crystal. Measuring this intensity ratio in a fixed
geometry for different targets enables the determination
of the relative reflectivities for the Ir a x rays of these ele-
ments. The ICa satellites and the KP lines are not
resolved by the proportional counter, but using the
satellite-to-Eu and Is.13-to Ir:a ra-tios established by the
crystal spectrometer measurements, a straightforward
self-consistent correction can be made.

The reflectivity values measured relative to the reflec-
tivity at 2.66 keV (Cl It.a) are shown in Fig. 1 together
with the predictions of the PCA and MCA models. (The
predictions of the perfect and mosaic models without ab-
sorption are in gross disagreement with the experimental
results and are not shown in the figure. ) The experimen-
tal data of McKenzie et a/. ' for a different ADP crystal
are also shown for comparison. The experimental data
are somewhere between the perfect and mosaic model, but
give somewhat better agreement with the PCA model.
These measurements are not very definitive with regard to
the polarization sensitivity and a more direct determina-
tion of this important property is highly desirable. To
emphasize the central importance of this quantity, the
theoretical polarization sensitivity of the ADP crystal
predicted by the perfect and mosaic models is shown in
Fig. 2.
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FIG. 2. Polarization sensitivity of the ammonium dihydrogen
phosphate (ADP) crystal as a function of the x-ray energy ac-
cording to the perfect (solid curve) and the mosaic '(broken
curve) models.
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FIG. 1. Measured relative reflectivity of the ammonium

dihydrogen phosphate (ADP) crystal. The solid curve is the pre-
diction of the PCA model, and the broken curve is the predic-
tion of the MCA model. The experimental data of McKenzie
et al. (Ref. 16) are also shown.
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FIG. 3. Spectra of the He- and H-like 2p-1s transitions of 2-
MeV/amu Mg projectiles excited by passing through a 50-
pg/cm carbon foil tilted at +45' to the beam direction, obtained
at observation angles 90' and 161 .
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I( P)/I('P) intensity ratio with observation angle. Spec-
tra taken at the various observation angles were analyzed
in the same manner by means of a least-squares fitting
program (FACELIFT) using linear functions for the flat
background and Voigt functions for the x-ray lines. The
'P, P, and P lines are emitted partly inside and partly
outside of the target foil. The measured intensities were
corrected for absorption in the target foil using a simple
model developed by Watson et al. ' to estimate the frac-
tion of the intensity emitted outside the foil. The polari-
zations of the 'P, P, and P lines were determined by fit-
ting their measured angular distributions with Eq. (1) us-
ing Io and the anisotropy parameter P as fitting parame-
ters. The anisotropy parameters were converted into
linear polarizations according to Eq. (2).

As was pointed out in Sec. III, the crystal reflectivity
measurements led to the conclusion that the reflection
properties were closer to the PCA than to the MCA
model, but this conclusion was not totally unambiguous
with regard to the polarization sensitivity. To obtain fur-
ther understanding of this important quantity, an attempt
was made to deduce information on the polarization sensi-
tivity from the measured angular distribution itself. Two
separate fits were made to each angular distribution, ap-
plying the PCA and the MCA models for the reflectivity
and polarization sensitivity in Eq. (1). In Fig. 4 the fits to
the angular distribution of the P, 'P, and P lines, ob-
tained using the PCA and MCA models, are compared.
The PCA model obviously gives better fits to the experi-
mental data than the MCA model for the P and 'P lines.
The fit to the angular distribution of the P line is not so
selective, since the shape of the angular distribution is rel-
atively insensitive to the crystal structure in this x-ray en-
ergy region.

As can be seen from Eq. (3) the polarizations of the P
and 'P lines are determined by the o.o/o.

&
cross-section ra-

tio, where o.o and o.
~ are the respective cross sections for

production of the ls2p(
~

m
~

=0) and ls2p(
~

m =1)
heliumlike states of the projectile. These are essentially
the cross sections for capturing an electron from the tar-
get into the 2p state by a hydrogenlike projectile having a
Is electron. The polarizations deduced from the fits to
the angular distributions of the 'P and P lines should,
therefore, correspond to the same cro/o

&
cross-section ra-

tio. The cross-section ratios derived from the P and 'P
polarizations using the PCA model are in excellent agree-
ment [(oo/o~)3p ——1.74, (oo/o~)~p ——1.74], whereas those
extracted by using the MCA model disagree,
[(oo/o. )), =4.41, (o.o/o )), =2.03].

The o.o/o~ cross-section ratio calculated from the P
polarization may in principle be different from that calcu-
lated from the P and 'P polarizations because in the case
of the P line o.o and o.

~ are the respective cross sections
for production of the 2p(

~

m
~

=0) and 2p(
~

m
~

=1) hy-
drogenlike states of the projectile (i.e., they are essentially
the cross sections for capturing an electron from the tar-
get into the 2p state by a bare projectile). In practice,
however, the cross sections (and the cross-section ratios)
for the preceding two processes cannot differ dramatical-
ly, because the presence of the 1s electron will not strong-
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FIG. 4. Measured angular distributions of the 'P, P, and P
lines of 2-MeV/amu Mg projectiles excited by passing through a
50-pg/cm carbon foil tilted at +45' to the beam direction. The
solid curve is the fit of Eq. (1) to the experimental data using the
PCA model, and the broken curve is the fit obtained using the
MCA model. The deduced polarizations and the relative chi-
squares are displayed in the figure.

I 80

ly alter the cross section for capture into the 2p states.
Comparison of the oo/o. ] ratios obtained from the P po-
larization [(o.o/0', )~c~=5.4 (00/0 ~)pc~=2.0] with the
same ratios obtained from the 'P and P polarizations
shows that use of the PCA model results in reasonable
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values (i.e., the cross-section ratios are nearly the same),
while the MCA model gives unreasonably different
values.

There is yet another way to deduce the polarizations of
the preceding lines and thereby check the consistency of
the data analysis. The angular distributions of the intensi-
ty ratios can be measured more precisely than those of the
absolute intensities. In the case of the I( P)/I('P) ratio,
a further advantage is that one can use the relationship
between the P and 'P polarizations [see Eq. (3)], and thus
use only one polarization as a fitting parameter. In the
case of the P/'P ratio one can use the polarization of the
'P line deduced from the fits to the angular distribution of
the 'P intensity, or that of the P/'P intensity ratio, and
use only the P polarization as a fitting parameter. In Fig.
5 the fits to the angular distributions of the P/'P and
P/'P intensity ratios, assuming PCA and MCA models,

are shown. The PCA model again gives good fits and the
deduced polarization values are in agreement with those
deduced from the fits to the angular distributions of the
absolute intensities. The MCA model gives worse fits
than the PCA model, and the deduced polarization of the
P line is unreasonable because the maximum possible

value of the P polarization is 0.43 (o i
——0). Thus, the

conclusion of these analyses is that the reflection and po-
larization properties of the ADP crystal used in this ex-
periment are well described by the PCA model. The same
conclusion was reached for the NaCl crystal used in the
previous measurements of sulfur projectile x rays. '

When highly charged projectiles pass through a thin
foil, electrons are frequently captured into high-lying
Rydberg states of the projectiles at the surface of the foil
and subsequently cascade down to the inner shells. The
end of the cascading process is an x-ray transition which
is delayed compared to the prompt decay of the same
states produced by direct excitation or ionization. The
mechanism populating these states has been extensively
studied, and the decay curves measured, but several puz-
zling questions remain unanswered. ' From the point of
view of the present angular distribution study, the cascade
contribution may influence the measurements in two
ways: (i) the delayed component decays well behind the
foil and hence the spectrometer may see different portions
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FIG. 5. Measured angular distributions of the I( P)/I('P)
and I( P)/I('P) intensity ratios for 2-MeV/arnu Mg projectiles
excited by passing through a 50-pg/cm carbon foil tilted at

45' to the beam direction. The solid curve is the fit of Eq. (1)
to the experimental data using the PCA model, and the broken
curve is the fit obtained using the MCA model. The deduced
polarizations and the relative chi-squares are displayed in the
figure.

of the delayed intensity at different observation angles, (ii)
it is reasonable to assume that the delayed radiation is iso-
tropic and unpolarized since it is the result of a long cas-

TABLE I. The measured polarizations of the P, 'P, and P lines of He- and H-like 2-MeV/amu Mg
projectiles excited by thin carbon foils measured under different experimental conditions. The corre-
sponding o.o/o. l cross-section ratios are also given.

X-ray line

3p
lp
2p
1p( 3P /1 p )

2p(2p /1 p )

Polarization
Excitation by 50-pg/cm carbon foil tilted at +45'

—0.16+0.06
0.28+0.05
0.13+0.06
0.29+0.04
0.13+0.05

OO/0 1

1.76+0.30
1.78+0.20
2.13+0.60
1.82+0.16
2.13+0.50

p
lp
1p( 3p/1 p )

Excitation by 70-pg/cm untilted carbon foil

—0.21+0.06
0.31+0.06
0.33+0.05

2.06+0.36
1.90+0.24
1.98+0.20
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cade process involving many transitions.
In order to estimate the importance of the cascade corn-

ponent, the contribution of the delayed x rays to the total
emitted intensity was measured. With the spectrometer
positioned at 90 and the target foil oriented perpendicular
to the beam direction (the normal vector of the foil sur-
face parallel to the beam), the spectrometer cannot see the
radiation emitted inside or at the surface of the foil, but
will only detect the radiation emitted behind the foil. By
masking out different portions of the Soller collimator in
this arrangement, the intensities of the delayed com-
ponents for the P, 'P, and P lines were measured as a
function of the observation distance behind the foil. The
results of this measurement showed that the intensity of
the delayed radiation emitted behind the foil at distances
greater than 4 mm (-0.2 ns flight time) contribute less
than 1% to the total intensity, but the total contributions
of the delayed x rays to the measured intensities are
-6—8%. This means that the spectrometer sees the
whole radiating volume at each observation angle, but the
polarizations deduced from the measured angular distri-
butions have to be corrected for the isotropic delayed con-
tribution. If an unpolarized component is detected to-
gether with a polarized one, the polarization deduced
from the angular distribution has to be corrected to get
the polarization of the anisotropic component. Simple
mathematical manipulation shows that the corrected po-
larization P, is given by

1+k
1+—,

' kP

where P is the polarization deduced from the fit, and k is
the ratio of the intensity of the anisotropic component to
the total intensity. This correction amounts to a 5—7%
correction to the polarization of the different lines, and
the experimental results given in Tables I and III are the
corrected values.

As was briefly summarized earlier in Sec. II, the sur-
face of the target foil may in principle influence the align-
ment of the projectile states, resulting in a dependence of
the polarization of the emitted radiation on the tilt angle
of the foil surface. The measurements discussed so far
were carried out with 50-pg/cm carbon foils tilted at
+45' with respect to the beam direction. The fact that
these angular distributions can be fitted well with Eq. (1)
indicates that foil tilting has no strong effect on the shape
of the angular distribution. To check the effect of tilting
the foil more directly, a set of measurements were carried
out with a 70 pg/cm untilted carbon foil. The measured
angular distribution of the I( P)/I('P) intensity ratio is
shown in Fig. 6. The fit to the data points was made us-
ing the PCA model in Eq. (1).

The polarizations of the different lines (corrected for
delayed x rays) deduced from the angular distribution
measurements are summarized in Table I. The polariza-
tions deduced from the untilted foil measurements are
somewhat larger than those obtained with the tilted ones,
but this difference is not beyond the error margins of the
measurements.

Several mechanisms may contribute to the production
of the He- and H-like 2P states of Mg projectiles passing
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FIG. 6. Measured angular distribution of the I( P)/I('P) in-
tensity ratio for 2-MeV/amu Mg projectiles excited by passing
through a 70-pg/cm untilted carbon foil. The solid curve is the
fit of Eq. {1)to the experimental data using the PCA model.
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TABLE II. The present experimental oo/o. l cross-section ra-
tio for carbon foil-excited Mg projectiles is compared wi&h the
results of the theoretical calculations discussed in the text.

Theoretical calculations
OHCE SCE OBK

1.93 1.93 4.59

BA

2.84

Experiment

1.95+0.20

through thin carbon foils. The capture of electrons into
the 2p state of H-like and bare projectiles from the target
is the most probable process producing these states. In
Table II we compare the o.o/cr& cross-section ratios corre-
sponding to the measured polarizations with the theoreti-
cal cro/o~ cross-section ratio calculated in different ap-
proximations for the capture of electrons from the E shell
of carbon into the 2p(

~

m
~

=0) and 2p(
~

m
~

= 1) mag-
netic substates of the Mg projectiles. The theoretical ap-
proxirnations which are compared to the experimental
data ar= the Oppenheimer-Brinkman-Kramers approxi-
mation (OBK), the first Born approximation (BA), the
single-centered-expansion calculation (SCE), and the per-
turbative one-and-a-half-centered-expansion calculation
(OHCE) of Reading et al. The OBK approximation,
which is frequently used for estimation of capture cross
sections, is in gross disagreement with the present experi-
mental data. The BA calculation gives results closer to
the experimental data, but significantly overestimates the
oo/o &

cross-section ratio beyond the error margins of the
experimental data. The OHCE calculation gives excellent
agreement with the present experimental data. The
OHCE also gave good agreement with the experimental
data on the polarization of the He-like lines of sulfur ex-
cited by thin carbon foils, but in that case the difference
between the OBK and the OHCE approximations was not
as dramatic as for the Mg on the carbon system.

The experimental o.o/o.
~ cross-section ratio increases as

the atomic number of the projectile decreases from S
(Z= 16) to Mg (Z= 12). The OHCE approximation
reproduces this dependence very well, while the OBK ap-
proximation gives a much steeper dependence. The
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OHCE approximation predicts a more complicated depen-
dence on the projectile atomic number. The calculated ra-
tio increases as the projectile atomic number decreases
from Z= 18 (Ar) to Z= 13 (Al), where it has a maximum.
It then decreases as the atomic number decreases. This
dependence is not yet fully confirmed by experiments and
it is desirable to extend the measurements (e.g., to Ne pro-
jectiles) to check this predicted atomic number depen-
dence.

Besides the projectile Z dependence, another interesting
question concerns how the polarizations of the H- and
He-like lines of the projectile depend on the target materi-
al. In the course of checking the rotational symmetry of
our apparatus, measurements were carried out on the an-
gular distribution of target x rays from thin aluminum
targets using 5.5-MeV He and 2-MeV/amu Mg ions. In
the measurements with Mg ions, the He-like lines of the
Mg projectiles could be measured at all observation angles
without interference from the Al target x rays. The angu-
lar distribution of the P/'P intensity ratio obtained with
a 50-pg/cm Al target is shown in Fig. 7. The solid curve
is the fit of Eq. (1) to the measured data using the PCA
model. In Table III the o.o/o~ cross-section ratios corre-
sponding to the polarizations deduced from the fits to the
angular distributions are summarized, and in Table IV
they are compared with the results of the theoretical cal-
culations discussed before.

The experimental polarizations obtained with the two
foil materials are not significantly different. The theoreti-
cal calculations, however, give very different oo/o

&
ratios

for Al and C excitation, and the experimental oolcr& ra. tio
for Al excitation is in gross disagreement with the theoret-
ical results. The OBK and the BA calculations even give
opposite signs for the polarization, while the OHCE and
the SCE give the sign of the polarization in agreement
with the experiment, but give much higher o-0/o.

&
ratios.

It must be noted, that for Al, the comparison of the ex-
perimental and theoretical data is complicated by the
presence of an aluminum-oxide layer on the target. The

I;( p)/r(p)

i.s—
M

UJ

z'
I.O

UJ

QJ~ O.S—

TABLE III. The measured polarizations of the He-like P
and P lines of 2-MeV/amu Mg projectiles excited by thin (50
pg/cm ) aluminum foil tilted at +45 . The corresponding o.p/o. I

cross-section ratios are also given.

X-ray line

3p
Ip
'P('P/'P)

Polarization

—0.15+0.05
0.32+0.06
0.26+0.05

OP/0 I

1.71+0.18
1.94+0.20
1.70+0.16

thin Al targets were prepared by vacuum evaporation and
stored in dry atmosphere, but it is known that a -30-A
A1203 layer builds up on the surface very quickly. ' This
aluminum-oxide layer corresponds to -0.5 pg/cm effec-
tive oxygen thickness, which gives a small contribution to
the capture. Another experimental factor complicating
the comparison is the possible deposition of carbon on the
targets. The scattering chamber was pumped by a tur-
bomolecular pump to —10 Torr vacuum, and while the
reproducibility of the intensity measurements did not in-
dicate serious target thickening, they are not sensitive
enough to detect carbon deposition less than a few
pg/cm . Therefore the possibility that carbon layers on
the exit surface of the Al target inAuenced the experimen-
tal data, cannot be ruled out entirely. The surface condi-
tions would effect the P line more than the 'P, because
the fraction of the intensity emitted inside the foil is signi-
ficantly higher for the 'P line. ' The o.o/o.

&
ratios de-

duced from the 'P and P intensities, however, are very
close and therefore do not indicate strong surface effects.
Further investigation of this particular problem, however,
would be desirable.

More likely reasons for the large discrepancy between
the experimental and theoretical results for Al are the fol-
lowing: (i) the theoretical calculations do not provide sa-
tisfactory descriptions for symmetric collisions; (ii) the
capture into the 2p states of the Mg projectiles proceeds
primarily from levels above the IC shell of Al. In the
preceding theoretical calculations, only capture from the
X shell of the target is included. The breakdown of the
OBK and BA calculations is not surprising, and the fact
that the OHCE approximation gives the observed sign of
the polarization indicates that this calculation might pro-
vide a good description of the ls-2p capture even for the
nearly symmetric Mg-Al system. Unfortunately, the mea-
surement of the polarizations of the He-like lines of the
projectile produced in pure 1s-2p capture requires coin-
cidence measurements. The theoretical calculation of the
2s-2p and 2p-2p capture for the Mg-Al system, however,
would be highly desirable for comparison with the present
results.

I I I I I I I I I I I I I ) I I

0 30 60 90 t20 lSO

ANGLE (deg)
I80

TABLE IV. The present experimental op/0 I cross-section ra-
tio for aluminum foil-excited Mg projectiles is compared with
the results of the theoretical calculations discussed in the text.

FIG. 7. Measured angular distribution of the I('P)/I('P) in-

tensity ratio for 2-MeV/amu Mg projectiles excited by passing
through a 50-pg/cm aluminum foil tilted at +45 to the beam
direction. The solid curve is the fit of Eq. (1) to the experimen-
tal data using the PCA model.

7.80 7.87 0.68

Theoretical calculations
OHCE SCE OBK

0.96

Experiment

1.78+0.20
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