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The Bi Ka lines observed in 460-MeV (lab) Xe + Bi encounters are significantly Doppler broadened. The
x-ray line shapes can be calculated using theoretical models for the impact-parameter dependence P(b) of
the probability of making lso vacancies in Xe + Bi collisions. The measured line shapes are in good
agreement with those derived from values of P(b) calculated by Betz et al.

I. INTRODUCTION

Recently there has'been much speculation about
the impact-parameter dependence P(b) of the
probability of making 1sc vacancies in 1600-MeV
U+U collisions.!” The magnitude of P(0) indi-
cates whether it is possible to observe spontan-
eous or induced positron decay when the 1so
level dives into the negative energy sea.*® Gen- .
eralizing from collisions with atomic numbers
Z =< 50, where the binding effect is important, 2*3°
predicted P(0) values for U+ U collisions are of
the order of 10° to 10™.%3 Recently, however,
Betz et al.* made approximate perturbed-station-
ary-states calculations of P(b) using relativistic
wave functions and obtained P(0)=0.045. The
difference between the prior extrapolations and
the new predictions can be understood qualitative-
ly by introducing correction factors for electronic
.relativistic effects.®

To test the predictions of Betz et al.,* the cross
section and P(b) must be measured in asymmetric
collisions where the K x rays emitted by the high-
er-Z collision partner result solely from excita-
tion of electrons from the 1so molecular orbital
(MO).* Most K x rays observed in nearly sym-
metric collisions result from the excitation of
electrons from the 2poc MO.>” [P(b) shall denote
P, (D) in this paper.] An ideal projectile-target
combination for measuring P(b) and o, , is ;,Xe!*®
+43Bi%. In these collisions, the Bi K x rays
signal 1so-vacancy formation. Also, the Bi K-
vacancy production cross section has a negligible
contribution from nuclear Coulomb excitation fol-
lowed by internal conversion.”

Predictions of P(b) may be tested by measuring
the Doppler-broadened line shape of the Bi K
X rays. Doppler broadening of the target K x rays
requires (i) that most of the 1so vacancies should
be made in collisions with small impact paramet-
ers where the target atom receives the largest
possible energy transfer from the projectile and
(ii) that the ratio of the projectile to target mass
should be sufficiently large so that the target

atom receives a large energy transfer. The first
requirement is most important. In most K x-ray
measurements with target atoms with Z < 50 and
comparable masses of the projectile and target,
Doppler broadening of the target K x rays is
small compared with the resolution of solid-state
detectors. In those encounters most 1so and 2po
vacancies are made in collisions with large im-
pact parameters where the target atom remains
nearly stationary.

While this work was in progress Greenberg et
al.® independently proposed a method for mea-
suring P(b) based on the fact that P(b) can be
uniquely extracted from measurements of line shapes
of x rays detected at 0° with respect to the beam.
Also, by using the Kessel model'° for P(b) [P(b)
=P(0) for b<b, and P(b)=0 for b>b,], Behncke
et al.® were able to extract critical impact para-
meters b, from measurements of linewidths of
K.x-ray lines observed at 90° with respect to the
beam.

II. METHOD

Line shapes were measured at the Berkeley
SuperHILAC using a 460-MeV Xe'*® beam and a
1-mg/cm? Bi?® target. An intrinsic Ge planar
x-ray detector with a resolution of 480 eV for the

. Bi Ko lines was used to detect the Bi K x rays.

The 74- and 77-keV Bi Ko lines were observed at
6 angles between 10° and 130°. The detector sub-
tended an angle of 6°, No attempt was made to an-
alyze the Bi K lines because of their complex
structure. _

To calculate x-ray line shapes, the double dif-
ferential cross section'! for the inelastic scatter-
ing of the projectile into a center of mass (c.m.)
solid angle d€2, and the emission of an x ray into
a CM solid angle df2, must be considered:

do(®,,®,,6,,¢x)_dogp(O;)
dQ,dQ, e, 4ar

(1)
Here doy/dS, is the Rutherford-scattering cross

section, p(0,)= aP [b=(d,/2)cot(0,/2)], d, is the
distance of closest approach in head-on encount-
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ers, and a is the probability that the Bi K vacancy

will decay emitting a Ko, or Ka, X ray. We as-
sumed that the K x rays are emitted isotropically
in the c.m. system. [We found that the Bi Ka x rays
are emitted isotropically to within 3%.in the lab-
oratory (lab) system.] The relationship between
the energy of the Doppler-shifted x ray E, and

the unshifted energy E,, is given by

E,=E,(1-8'2/(1-Bcosé,,)
E,o(1'-38%)/(1 - B Cosé,,), ()

where B=v,/c, v, is the lab velocity of the recoil-
ed target atom, and 6,, is the angle between ¥, -
and the d1rect1on ‘of the emitted photon. : The use
of Egs. (1) and (2) to calculate the cross section
for the emission of photons d?s/dE,dQ. into a

lab solid angle d/=d cos6,d¢, with energy E, is
described in Ref. 11. The relationship between
6., and v, and the angles 6,, ¢/, &, and 6, may
be used to solve for cosO, as a function of E,,

®,, ¢!, and 6]. The cross section can then.be

written
do(E,, 6 '¢>) sy, fd d cos© doRp(OJ) )
dE. A, asit dE d, 47

Since ©, depends on E, as well as &,, to obtain
the Doppler-broadened line shapes at 6,+0°, we
must integrate over p(6,(®,)). (For further de-
tails, see Ref. 11.)

Two additional integrations must be made 1
First, one must integrate over the detector solid
angle d$;. This integration affects the line shape
insignificantly; hence, the line shape at the angle
-0, between the center of the detector and the beam
direction was calculated, and the distribution was
multiplied by a constant solid angle AQ/. Second,
an integration over the finite target thickness
should be made. Since the energy loss by the pro-
jectile is negligible with respect to the beam en-
ergy, we appr0x1mated this integration by multi-
plying the ‘cross section for the 1n1tlal beam en-
ergy by the target thickness.

' Finally, we must account for two other sources
of broadening of the Bi Ko lines: the detector
resolution and unresolved satellite-peak structure.
The detector resolution is easily accounted for
by folding a 480-eV full width at half maximum
(FWHM) Gaussian detector response function into .
the calculated Doppler line shape. The detector
response was measured using radioactive sources.

Unresolved satellite-peak broadening can only
be estimated. Satellite peaks arise because of
the presence of outer shell vacancies when the
K x ray is emitted. A‘shift in the Bi' Ka line of
137 eV for every L vacancy present can be ex- '
pected.’? We neglect smaller shifts due to the
presence of M and N vacancies. Since the detector

resolution is 480 eV, it is not possible to resolve
individual peaks. However, one can measure the
average line shift. Behncke et al.® measured
shifts of 280 eV in 4.66-MeV/amu Pb+Z, col-
lisions with Z,>40. This indicates the presence
‘of about two Pb L vacancies on the average from
which we can expect a distribution of O to 4 L
vacancies. Assuming that the distribution is ap-
proximately Gaussian, we therefore expect that
the un-Doppler-broadened Bi Ka, and Ka, lines
are Gaussian with widths of about 550 eV. The
satellite peak width may be less in 3.5-MeV/amu
Xe+ Bi encounters because of the lower projectile
velocity. Also, multiple-collision L-shell strip-
ping may increase the number of Pb L vacancies
when Pb is the projectile.

The detector resolution and satelhte-peak broad-
ening can be taken into account by folding into the
calculated Doppler line shape a Gaussian response
function with a FWHM A, given by

A,=(A2+ A§)1/2=730 ev, (4)

where A; =480 eV is the detector resolution and

A =550 eV is the satellite linewidth.. Figure 1
compares calculated line shapes observed at 90°
and 10° using Gaussian response functions with
widths of 430 eV (= 4,, the detector resolution
only) and 730 eV (= A, the detector resolution plus
estimated satellite-peak broadening width). The
P(b) values calculated by Soff using Betzs meth-
od* were used in this comparison. Near the Ka,
and K&, peaks the distribution calculated using the
smaller detector resolution width A, is sharper.
However, at the wings of the lines where the Dop-
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FIG. 1. Comparison of measured (points) and derived

(curves) photon distributions observed at 90° and 10°.
The derived distributions were calculated using detec-
tor response. functions with widths of 480 eV (the de-
tector resolution) and 730 eV (detector resolution plus
estimated satellite-peak broadening). Soff’s calculated
P () values were used (Ref. 4).
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pler line shape depends less steeply on E,, the
calculations using the two different linewidths are
nearly identical. Therefore, as long as the com-
parison between the calculated line shapes and ex-
periment is done at the wings of the line instead
of near the Ko, and Ka, peaks, the comparison
will be relatively insensitive to the uncertainty in
the satellite linewidth. A response function with
a 730-eV FWHM is used throughout the remainder
of this paper.

III. RESULTS

Figure 2 éompares experimental and calculated

photon distributions observed at six angles between -

10° and 130°. In this figure, the P(b) values calcu-
lated by Soff using Betz’s method were used. The
agreement between the calculated and observed dis-
tributions is good indicating that Soff’s calculation
of the shape of P(b) in Xe+ Bi encounters is fairly
accurate. However, the absolute magnitude of
P(b) is not used in these comparisons since the
experimental and calculated distributions are nor-
malized to the same area under the Ka line. The
absolute magnitude of the theoretical P(b) is easily
tested by comparing 1so-vacancy production cross
sections. For 460-MeV Soff calculated 0,,,=1.1Db
whereas we observed 2.1 b,

In obtaining the experimental photon distribution
shown in Fig. 2, a continuum background with
approximately 300 counts/channel on the low-en-
ergy side of the K« peak and 100 counts/channel v
on the high-energy side was subtracted. The shape
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FIG. 2. Experimental and theoretical distributions
observed at 10°, 45°, 70°, 90°, 110°, and 130°,
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FIG. 3. Experimental and theoretical photon dis-
tributions observed at 10° and 90° calculated using
Eq. (5) and various values of the falloff parameter
a and the constant C which determines P(0). (The
values of A and d are held constant. The dotted and
long-dashed curves cannot be distinguished from the
solid curve.) i '

and maghitude of this background is uncertain,
hence the minor deviations between theory and
experiment at the far wings of the lines are not
significant. i :

Additional evaluations of the Doppler~broadened
line shapes were made to see how sensitive the
line shapes are to the detailed form of P(b).
Soff’s results can be written

- P(b)=Aexp(-b/a)[1 -C exp(-b/d)], (5)

where A=0.011, a=39 fm, C=0.18, and d=5.25
fm. Figure 3 shows calculations using different
values of @ and C. While the line shape is very
sensitive to the value of thé fall-off parameter

a, it is not sensitive to the constant C which,; when
A, a, and d are held constant, determines the
magnitude of P(0). Furthermore, one can con-
clude from Fig. 3 that a falloff parameter of

a=35 fm fits the distributions better than a=39 fm
computed by Soff.

IV. CONCLUSIONS

Betz’s calculations of the probability for making
1so vacancies P(b) predict the shape of the Doppler-
broadened Bi Ka x rays observed in 460-MeV Xe
+ Bi collisions fairly accurately. The cross sec-
tion calculated by Betz et al.? is a factor of only
0.5 lower than experiment. Since prior predict-
ions®3 for 1600-MeV U+ U collisions and similar
predictions for Xe+ Bi encounters give P(0)=10"*
to 107, the present work is an important experi-
mental verification of Betz’s results for Xe+ Bi
collisions.
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Betz’s calculations are expected to be even more
accurate in U+ U collisions.!® The calculations
are based on.a monopole approximation to the
molecular 1so and continuum wave functions.
Atomic electron wave functions calculated for a
potential due to a nucleus with a blown-up radius
given by 3R, where R is the internuclear distance
in the actual collision, are used.*!3 This approxi-
mation is good as long as the matrix elements
of the radial coupling operator 8/8R have their
maximum value at R =0.'® In quasimolecules with
small united atom charges Z;, the matrix ele-
ments of 8/3R approach 0 as R approaches 0 for
o~ 0 transitions. As Z,, decreases and the mo-
lecular wave functions become less relativistic
than in U+ U quasimolecules, and become less
dominated by the finite nuclear potential, the

monopole approximation will be less good. For
Xe+ Bi, Zy, is equal to 137, This is approxi-
mately the lowest value of Z,, where the monopole
approximation remains valid.!* Nevertheless,

we have shown that the calculated 1so cross sec-
tion agrees within a factor of two with experiment,
even at this low value of Z,,, and that the calcu-
lated P(b) values accurately predict the shape of
the Doppler-broadened Bi K x rays.
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