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Angular Correlations between Characteristic L X Rays and Scattered a Particles
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From the complete angular correlation between the L x rays and scattered 0, particles
after ionization of the Dy Lgg) subshell by 16-MeV e particles, the impact-parameter-
dependent +20 +22 and Qg~ alignment tensor components were determined. These align-
ment tensor components which characterize the magnetic substate ionization and the rela-
tive phases between the ionization amplitudes are in reasonable agreement with semi-
classical-approximation predictions.

PACS numbers: 34.50.Hc

The alignment of the 1.», subshell induced by
collisions with charged particles has attracted
steadily increasing interest in recent years. In
an ion-atom collision process a quantization axis
(z axis) may be provided by a perturbation of the
spherical symmetry of the target atom by the
Coulomb field of the ionizing projectile. This
causes a spatial distribution of the different angu-
lar momentum states with respect to such a quan-
tization axis and thus different ionization prob-
abilities for the different magnetic substates
(alignment) in the collision process. The align-
ment of the target atom after the collision can be
determined by studying its subsequent decay by
characteristic x-ray or Auger-electron emis-
sion. ' Frpm a nonisptropic angular distributipn
of the L, x rays (3s„,-2p„, transition) in coinci-
dence with scattered particles we were able to
extract the impact-parameter dependence of the
A2p A22p and A» alignment tensor components,
and of coarse also the ionization probability of
the L», subshell. This is almost the greatest
degree of information about the ionization proc-
ess of an atomic shell with total angular momen-
tum j ) —', that can be obtained from an angular
distribution measurement.

Most of the previous experimental studies of
alignment of inner-shell ionization' ' were done
without coincidence with the scattered particles.
From such experiments, which represent an
average over all impact parameters and are axi-
al symmetric along the beam direction, only an
average A„ tensor component can be extracted.
These values, which correspond to the difference
in the total ionization cross sections of magnetic
substates with Im, l

= 2 or lm&l = —,', were meas-

ured' ' as a function of the projectile energy. As
regards this dependence, the data were found to
be in reasonable agreement with the predictions
of first- order perturbation theory [plane-wave
Born approximation, semiclassical approxima-
tion (SCA)].

In this Letter we report the first measurement
of the impact-parameter dependence of A2p A22,
and A» alignment tensor components of the L»,
subshell of heavy target atoms induced by light-
ion bombardment. These alignment tensor com-
ponents were determined for collisions of 16-
MeV n particles on Dy from the measured angu-
lar distribution of the L, x rays detected in coin-
cidence with scattered e particles. Besides our
experiment, one other coincidence measurement
for inner-shell alignment, induced, however, by
electron collisions, has been made. ' There, an
incomplete angular distribution of the L,-M23M23
Auger electrons emitted only in the scattering
plane at two different scattering angles was meas-
ured. From these results only two correlation
parameters were derived and the alignment ten-
sor components could not be determined.

In our experiment a well collimated 16-MeV +-
particle beam from the EN tandem accelerator
at Max Planck Institut fur Kernphysik, Heidel-
berg hit a Dy target. The x rays were detected
with four Si(Li) detectors mounted in one plane
at four different polar angles 8 (25', 38', 90',
and 100') with respect to the beam direction.
The energy resolution of the Si(Li) detector at
8 = 38' was = 240 eV (full width at half maximum)
and for the other three Si(Li) detectors it was
better than 190 eV (full width at half maximum)
at 5.9 keV. The scattered particles were detect-
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ed with a radial and azimuthal position-sensitive,
avalanche detector (PPAD). ' The particle de-
tector consisted of two detector layers; the one
with radial resolution was divided into fourteen
concentric rings and the detector with azimuthal
resolution was divided into sixteen sectors.

By a coincidence requirement between the de-
tected x rays and the signal of the radial posi-
tion-sensitive detector, we measured the photon
emission probabilities as a function of the im-
pact parameter b. By requiring an additional co-
incidence condition between the radial and the
azimuthal position-sensitive detectors in the
PPAD, we simultaneously determined the impact
parameter and scattering plane of the scattered
projectiles in coincidence with the detected L x
rays. Thereby 14' 16x 4 different particle scat-
tering angles with respect to the direction of pho-
ton emission were measured simultaneously.

During the experiment the total L x-ray rate
in each Si(Li) detector was typically on the order
of 50 Hz, whereas the detected-particle rate
varied between 0.1 and 0.5 MHz depending on the
scattering angle. The ratio of true-to-random
coincidences varied between 2: 1 and 4: 1. The
procedure of data reduction is described by Hoff-
mann et a/. ' The background in the x-ray energy
spectra, for which the data were corrected,
amounted to = 30/o of the l., intensity in the win-
dow of the L, line. In order to determine the
solid-angle ratios between the different Si(Li)
detectors we used the isotropic K radiation of a
Mn target without coincidence requirement. Ad-
ditionally, the coincidences with the L& and L„
lines were used to test the setup for any other
possible apparatus anisotropy, because the L
line should be emitted isotropically and the L
line should have only a small anisotropy of about
5%%uo at 100%%ug alignment. Indeed, for the f. and I.„
lines we found no anisotropy in the dependence
on 5, nor either the polar or azimuthal photon
emission angles, as would be expected for a set-
up with no anisotropy.

The measured anisotropies of the L, line have
to be corrected for an isotropic contribution from
Coster-Kronig transitions from the L, and L»
subshells. This correction factor (calculated
from theoretical ionization probabilities ) de-
pends on the impact parameter and varies, for
the system investigated here, between 1.12 at
100 fm to 1.15 at 3000 fm. In Fig. 1 the meas-
ured photon emission probabilities dP(b, 8)/dQ
of the L, line per unit photon detector solid angle
0 at 0 =25' and 90' polar emission angle are plot-
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FIG. 1. Photoemission probabilities as a function
of p. Squares and dots correspond to two different
distances between target and particle detector.

where P'(b) is the total L, emission probability
at impact parameter b, I', is the Legendre poly-
nomial of second order, and n, = —,

' is calculated"
from the angular momenta of the Ss», and 2p„,
states. The values of A„(b) do not depend on the
absolute values of the measured probabilities,
e.g. , on uncertainties in fluorescence yields,
transition width, absolute solid angles, and nor-
malizations of the probabilities. The absolute
ionization probabilities will be discussed in a
forthcoming paper.

The resulting A„ tensor component values are
shown in Fig. 2 as a function of the impact pa-
rameter b. These different values of A20 mean
a different ionization of the l~, l

= 2 and lyyg, l
=

&

magnetic substates of the L», subshell; e.g. ,
the negative A„values at small 5 show that the
ionization probability of an electron in the mag-
netic substate lm, l

=-,' is larger than for one in
lan, . l

= &. This is a result which can be qualita-
tively understood by considering the spatial dis-
tribution of lm,. l

= —,
' and —, 2p wave functions in

comparison with the size of the adiabatic impact
parameter x~=Sv/Es in this collision system (v

is the projectile velocity, and EI, is the L»& bind-
ing energy). The transition between the positive

ted versus impact parameter b. Prom the cor-
rected polar anisotropy of the L, line in coinci-
dence with only the radial position-sensitive part
of the PPAD, the values of A„(b) are determined
by using the following relation":

(b, 8) = [I+n, A„(b)J',(cos8)],
P'(b)
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due to the choice of H-like electron wave func-
tions, as calculations with Dirac-Fock wave func-
tions indicated. ' The deviations at very small b

between the predictions of SCA theory and the ex-
perimental A» values are not understood at pres-
ent. We want to note that in an earlier experi-
ment with the same collision system and a differ-
ent experimental setup, large negative App values
of the same size at b below 200 fm were also
found.

The A» tensor component can be determined
by detection of the I., photons in the scattering
plane (y = 90 ) and use of the relation'

dP/dQ(b, cp) - I+p(b) cos2y,
where

p(b) = 6"'o.,A»(b)/[2 —[)[,A„(b)].
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and negative regions of A2p occurs at about the
adiabatic impact parameter, because this is the
impact-parameter region where the 1-», -shell
ionization probability falls off as seen clearly in
Figs. 1 a.nd 2.

The plotted curves in Fig. 2 represent SCA cal-
culations with relativistic hydrogenlike wave
functions (solid line) and with nonrelativistic hy-
drogenlike wave functions" (broken line). The
SCA calculations are able to reproduce the over-
all b dependence of the A„values and are in rea-
sonable agreement with the absolute value of A»
in the b range from 300 to 3500 fm. The shift to-
wa, rds larger impact parameter of the theoretical
curve compa. red to the experimental data may be
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FIG, 2. &2p pp| and ppg alignment tensor components
as a function of g. Open and full points correspond to
two different distances between target and particle de-
tector.

These A» values as a function of b are displayed
in Fig. 2. The values of A» (and also of A») are
displayed for different impact parameters than
those of A„, as a result of adding up rings of the
PPAD in order to get smaller statistical errors.
This was possible because the results before
summing showed, within the error bars, only a,

weak dependence on b, which is also expected by
the calculations (see below). In order to under-
stand the b dependence of the A» component one
has to know that it is the negative product of the
ionization amplitudes of the magnetic substates
~, =+ 2 and m,. = —2 normalized to the ionization
probability of the total 2p subshell. " Therefore
A» should approach zero where the ionization of
the lm, .

l
= 2 state dominates, corresponding to a

negative value of A». At large b, A» should ap-
proach ——,', where the ionization of the lm, .

l
= 2

state dominates, corresponding to a positive val-
ue of A», respectively. This physical connec-
tion between A„and A» can be clearly seen from
Fig. 2. The prediction of the SCA' for A»(b)
(solid line in Fig. 2) reproduces very well this
dependence of A» on b.

The A» component, which is a measure of the
relative phase difference between the !m, I

= —', and

lm, . l
=

& substate ionization amplitudes, was de-
termined from the coincident 1., emission prob-
ability at six different a.zimuthal angles cp and the
four polar angles 0, by use of the following rela-
tion'.

dP/dQ(b 0) I +p))(b cp) cos[2I) $(b p)] (3)

where

n, {[BA»(b) —6"'A»(b) cos2@]'+24A»'(b) cos'p J"'
4+[)[,[A»(b) + 6"'A»(b) cos2y]
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2 x6'i'A»(b) cosry
g=tan '

3A„(b) -6"A *(b„)cos2p)

The A» values are shown in the middle part of
Fig. 2. The A» values show, within the error
bars, no dependence on b and are consistent with
an absolute value of about zero. This would
mean that the relative phase difference between
the amplitudes for lm, . l

= z and lm, .
l
= —,

' ionization
is close to p/2. The experimental A» data are
in agreement with the SCA predictions' (solid
line), where a very weak increase to positive
values with decreasing b is predicted.

From the results of this experiment we con-
clude that by measuring the angular distribution
of photons and scattered particles by a particle-
photon coincidence technique the impact-param-
eter-dependent A», A», and A» alignment ten-
sor components can be determined. These to-
gether with the ionization probability provide
(beqjde being an average over the electron final
states) almost complete information about the L-
shell ionization in a heavy target atom. Our re-
sults show an overall agreement with first-order
perturbation theory in the semiclassical approxi-
mation where the internuclear axis is used as
the quantization axis. The experimental obser-
vation of nonzero A„and A» tensor components
is a clear hint that the Coulomb field of the ioniz-
ing projectile breaks the spherical symmetry of
the target atom. Besides the sensitivity to elec-
tron-correlation effects in the wave function the
alignment tensor components should give access

to the dynamical behavior of electronic states by
investigations at different collision velocities.
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