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With a new method to determine the impact-parameter dependence, P(p), of &-shell
vacancy production, which utilizes a kinematic analysis of Doppler-broadened x-ray
lines, we show that the &-shell excitation probability in heavy collision systems at Cou-
lomb barrier energies is both large and narrowly peaked at small impact parameters.
In particular, for isa excitations, &(p ~ 0) can exceed a few percent with approximately
half the total cross section contributed by collisions with p ~ 40 fm.

The current search' for the predicted positron
decay' of strongly bound quasimolecular hole
states in heavy collision systems has focused at-
tention on the associated K-shell ionization re-
quired to observe some of these more interesting
aspects of the unusually strong electronic binding
expected in superheavy atoms. Not only is the
magnitude of the cross section for vacancy pro-
duction in the deepest-lying molecular level, the
1sa state, a central consideration in most of the
experiments, but because of the dominant one-
collisi. on nature of the production and decay proc-
esses, the feasibility of observing these phenom-
ena depends critically on establishing that a sig-
nificant part of the excitation probability is pro-
duced by small-impact-parameter collisions
where the energy levels are most strongly bound.
Recent calculations by Betz et a/. ' have demon-
strated that the same relativistic energy-level
structure which is being sought in the positron
search experiments' qualitatively modifies the
previous small estimates ' (10 '-10 ') for the ex-
citation probability at zero impact parameter,
P(p = 0), extrapolated from light systems. These
small limits would certainly have relegated the
above- mentioned positron-decay experiments to
failure.

In this Letter we present the first results of a
determination of the impact-parameter depen-
dence, P(p), for K-shell vacancy production in
collisions where relativistic effects are expected

to contribute significantly. We show that P(p = 0)
is, indeed, as large as a few percent for 1sa va-
cancy production in heavy collision systems, and

that a substantial part of this cross section is
contributed by impact parameters p S40 fm. A

method of measuring P(p) is introduced which ex-
ploits the one-to-one correspondence between the
differential cross section and the Doppler-broad-
ened line shapes of both the target and projectile
characteristic x rays observed at 0 relative to
the beam direction. ' It is particularly sensitive
to probing the small-impact-parameter depen-
dence of P(p) where the relativistic effects are
most important. The feasibility of this technique
was initially demonstrated by Greenberg et al. '
Recently Anholt' and Behncke et al. ' fitted the
shape of Doppler-broadened lines, observed for
angles other than 0 in heavy collision systems,
with analytic functions for P(p).

The main features of the relationship between
the impact parameter and the observed photon
energy are readily illustrated. With the detector
located at 0, the Doppler shift, 4E„, for an x-
ray of energy F.„,emitted by the projectile or tar-
get is given to first order in the velocity by,

b,E„=(E„,v, /c) [1+( 1)"'K,. cos8,],-
independent of the azimuthal scattering angle.
Here v~ is the center-of-mass velocity; 0, is
the scattering angle of the projectile in the c.m.
system; t, =1 and 2 refer to projectile and target,

1404



VOLUME 39, NUMBER 22 PHYSICAL REVIEW LETTERS 28 NovEMBER 1977

respectively; K, =A, /A, and K, =1. The line shapes reflect a particularly simple analytic form for this
case of azimuthal symmetry and for isotropic emission of the K x ray':

d[N(b, E,)] 2iTc
[ ]

a'
1 P(bE„) a ' E„

(2)

where $(E„) is the photon frequency response of
the detector atE„,+&8„, and a is half the dis-
tance of closest approach in a head-on collision.
Equation (2), correct to first order in t/c, clear-
ly displays the one-to-one relation between the
impact-parameter dependence and the photon en-
ergy observed at 0 . The 0 observation angle is
unique in this respect. This essential feature is
rapidly lost as the detector is moved away from
the forward observation angle. However, at the
larger observation angles, and particularly at
90', there exists an increased sensitivity to larg-
er impact parameters over that available at 0;
this can yield valuable complementaxy informa-
tion for larger p values.

The measurements reported herein were car-
ried out with "'Xe and "'U beams from the GSI
(Gesellschaft fiir Schwerionenforschung) Unilac
at energies of 4.7 MeV/amu. In order to observe
the x rays at 0' relative to the beam direction,- 1-mg-cm' "'Pb targets were evaporated onto
25-mg/cm' Ni beam stops. To avoid the possible
interference from backing-generated proj ectile
x rays, which contribute as a background to the
Doppler-shifted projectile x-ray peak, and be-
cause the high-energy portion of the detector in-
trinsic line profile is more easily analyzed, tar-
get excitations were studied preferentially when
possible. In most cases investigated, x-ray
backgrounds from internal conversion, following
nuclear excitation, were negligible. The nuclear
excitations ere monitored by a large-volume
Ge(Li) detector. It is important to note also that
since the lifetime of the K-shell vacancies for
heavy atoms is much shorter than the slowing-
down time in the target (backing), a finite target
(backing) thickness does not distort the line shape.

We illustrate the results obtained from two sys-
tems studied, '~Xe+"'Pb and '"U+"'Pb at ob-
servation angles of 0' and 90', in Figs. 1 and 2.
For each system, the Pb-target excitation of the
K+1 and K&2 lines were analyzed. It is clear that
the maximum Doppler broadening is an order of
magnitude larger than the detector resolution of- 500 eV. These specific projectile-target combi-
nations were chosen to isolate ayproximately both
1sc'- and 2P»,c-related excitations, respectively,
by selecting sufficiently asymmetric cases where
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FIG. 1.. (a) «&- and «&-line profiles of Pb from
&e+ 208Pb collisions observed at 0' before and after

background (BG) subtraction, and at 90' after BG sub-
traction. Also shown (bottom of figure) is the normal-
ized background from the Ni beam stop, and the &0'~
and «2 lines of Pb from Bi decay. The solid line
through the 90' spectrum represents the 90' line shape
calculated with a P(p) [inset (b)) extracted from the 0'
line shape. The dashed line in (b) reflects only mean
values of P(p) for the reasons cited in the text.

! vacancy sharing between 1sc and 2p», v states10

is small, as suggested by recent total-cross-sec-
tion measurements. " A'n untreated spectrum ob-
tained with '~Xe+"'Pb, as well as the radiations
from collisions with the thick Ni backing normal-
ized to the same integrated beam, are shown in
Fig. 1(a) to illustrate the level of the background
contribution to the spectra. Also included in
Fig. 1(a) is a spectrum of Pb x rays following
"'Bi decay, providing a measure of the line shape
for monoenergetic x rays. (At 90', the shift of- 300 eV in centroids between the in-beam and
source lines is due to multiple vacancies in the
collision. ) These source line profiles together
with other single line sources were utilized to
isolate the photopeak-related fractions of the
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spectra, and in particular, to simulate systemati-
cally the low-energy-tail contributions produced
by scattering in surrounding material and by in-
complete charge collection in the detector. After
subtraction of the ambient and beam-induced
backgrounds, a progressive unfolding of these
tails was carried out for radiations above Ko.,
and Kn, lines to yield the Doppler line profiles

. and their low-energy tails shown in Figs. 1(a)
and 2(a).

The correlation between the photon energy for
the Kn, line and the impact parameter, also in-
cluded in Figs. 1 and 2, shows that even the qual-
itative observation of the distinctively broadened
line shapes at 0 is an immediate indication of
an appreciable contribution to the total cross sec-
tion from small-impact-parameter collisions.
Moreover, an analysis of the symmetry and mag-
nitude of the broadening observed at 90 estab-
lishes that these line-broadening effects are Dop-
pler-shift related, and are not produced by conti-
nuum emissions or by multiple-charge-state dis-
tributions of the decaying atoms.

To obtain a quantitative measure of P(p), first
the 0' photon distributions were deduced by un-
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FIG. 2. {a) «~- and &&2-line profiles of Pb from
U+ Pb collisions observed at 0' and 90' after back-

ground subtraction. The solid line through the 90'
spectrum represents the 90' line shape calculated with
a P(p) tinset (b)l extracted from the 0' line shape.

folding the experimental resolution of the detec-
tor with an iterative defolding procedure. The
location of the unshifted-line centroids were ob-
tained from the 90 data where the Doppler-broad-
ened line shape is symmetric. The resolution
function of the detector, modified by a small line
broadening due to the satellite structure, was de-
termined by examining the low-energy portion of
the 0 line profiles. It is important to point out
that the satellite structure produces only small
aberrations in determining the average P (p) dis-
tributions for p s40 fm.

P(p) was derived from the unfolded 0 photon
distribution using Eq. (2) integrated over finite in-
tervals in p. The deduced P(p) are shown in
Figs. 1(b) and 2(b). The accuracy of obtaining
P(p) for p) 40 fm diminishes with increasing p
because of the uncertainties in determining the
centroids and widths of the unshifted line. For
p)100 fm only the summed cross section is mean-
ingful so that P(p) for these values of p has not
been plotted on these graphs. This part of the
cross section contributes to the central. unshifted
part of the line shape. The absolute probability
scale is based on measured" total cross sections
of ax=5+3 b for the Xe+Pb system, and 170+60
for U+Pb. In Figs. 1(a) and 2(a) we also illus-
trate the simultaneous good fits that are obtained
to the 90' data. by utilizing P(p) deduced from the
0' distributions. The fact that the reflection of
specific impact-parameter scatterings occur in
different parts of the line shapes observed at 0
and 90 emphasizes the relevance of the 90 data
as a test of the P(p) derived from the 0 line
shape.

It is evident from these measurements that the
prominent general feature of the impact-parame-
ters dependence for ionization of deeply bound
iso and 2p», o states is a concentration of large
excitation probabilities at small impact parame-
ters. Even for the case of 1so' excitation, P(p)
near p = 0 is as large as a few percent. More-
over, (43~ 5)Wo of this total cross is contributed
by collisions with p ~40 fm. In general agree-
ment with the predictions by Betz et al. ,' both
these observations indicate that 1so vacancy for-
mation is considerably more favorable for ob-
serving the spontaneous and induced emission of
positrons' than suggested by the earlier pessi-
mistic estimates for P(p =0) of (10 '-10 ')1.4'

In addition to these main conclusions, an ex-
amination of the detailed features of P(p) also
provides interesting information on aspects of
the excitation process. In particular, the posi-
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tive slopes observed for P(p) near p = 0 in Figs.
1(b) and 2(b) imply that the radial coupling as-
sumed by Betz et al. ' cannot be the only source
of excitation, since for this mechanism the slope
of P(p) is expected to be zero for p =0.' In fact,
these P(p) distributions suggest that a rotational-
coupling mechanism may be involved also. It is
of considerable interest to explore these ques-
tions in detail. We have demonstrated that the
Doppler-shift technique introduced in these exper-
iments provides such an opportunity.
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Experiments using a controlled electron beam interacting with a caviton containing co-
herent rf fields demonstrate the importance of transit-time damping of localized high-
frequency fields. A small transverse magnetic field (I3 ~10.6, &,/&& 0.1) was sufficient
to eliminate such transit-time damping. A modulated electron beam is used to demon-
strate that the interaction between the beam and the caviton field is phase sensitive. Re-
generation of cavitons by streaming particles is discussed.

We wish to report experiments which demon-
strate that localized oscillating fields together
with their density perturbations (hereafter re-
ferred to as cavitons') are sensitively dependent
on the ambient background electron distribution
function. Our experiments consist of monitoring
the amplitude of the localized electric field of the
caviton in the presence of an electron distribu-
tion whose fast-electron population can be con-
trolled. Our results agree with recent theoreti-
cal studies' ' on the effective energy exchange
between cavitons and particles and the role of

this interaction in determining the saturation val-
ue of localized fields.

Our first experiment is performed in a modi-
fied double-plasma device. " A density gradient
is formed in the target side by arranging the fila-
ments preferentially. Our operation conditions
are hT, =2 eV, T,/T, =10, n=10' cm ', n, /Vn,
=25 cm, and y, „/&v~=10 '. A quasistatic exter-
nal rf field (mo/2m=300 MHz) is imposed on the
plasma by applying a signal to an antenna located
at the low-density side of the cha, mber ($o =3
V/cm). At the resonance region an intense local-
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