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Anisotropic Emission of Noncharacteristic X Rays from Low-Energy I-Au Collisions

G. Kraft
Gesellschaft fiiv Schwevionenforschung, Davmstadt, Germany

and

P. H. Mokler
Gesellschaft fiir Schwevionenforschung, Davmstadt, Gevmany, and Universitit zu Koln, Koln, Germany

and

H. J. Stein
Institut fiiv Kernphysik, Kevnforschungsanlage Jilich, Jiilich, Gevmany
(Received 10 June 1974)

The x-ray emission for 6- to 60-MeV iodine bombardment on thin Au targets was mea~-
sured. Spectra, cross sections, and angular dependence of x-ray emission are reported.
Special emphasis is placed on the noncharacteristic radiation formerly interpreted as M
radiation of a quasiatom with an effective atomic number of 132. The emission of this
radiation is found to be nonisotropic strongly supporting the model of induced emission in

the collision molecule.

X -ray spectra from heavy-ion-atom collisions
may show both characteristic lines of the sepa-
rated collision partners, as well as broad non-
characteristic bands. In slow collisions the non-
characteristic x rays have been ascrivbed to radi-
ative transitions between molecular orbitals

(MO’s) of transiently formed collision molecules.!'?

Such noncharacteristic x rays, for instance,
were observed at 11-MeV iodine bombardment on
thick gold targets.®* In these measurements the
noncharacteristic band revealed a broad peak at
about 8 keV. This energy corresponds to 4f —3d
transitions® in a united atom. Therefore, the x-
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ray band has been interpreted as M radiation
from a short-lived “superheavy quasiatom” with
an effective atomic number Z=2,+2,=132. A
double-collision mechanism is assumed to be re-
sponsible for these x rays. In a first collision an
L vacancy is produced in the moving I ion. In a
second collision this inner-shell vacancy can de-
cay in the I-Au collision molecule. The existence,
as well as the origin, of these x rays has been
confirmed by measurements at the University of
Rochester.® Nevertheless, this MO x-ray emis-
sion is still not completely understood. Two crit-
ical features remain unexplained: first the high
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yield and second the spectral distribution.

In order to get more information on the emis-
sion mechanism we investigated in more detail
the I-Au collision system at the Cologne tandem
accelerator. Using thin Au targets and a high-
resolution Si(Li) detector we determined the
spectral distribution more precisely and we mea-
sured the x-ray production cross sections. In
addition, the angular dependence of the x-ray
emission was studied.

The experiments were performed with differ-
ent setups. For spectral-distribution and cross-
section measurements a conventional arrange-
ment was used, see, e.g., Ref. 4 (target angle
a=45°, x-ray emission angle 6=90°, cf. inset in
Fig. 1). In order to determine cross sections it
is necessary to count the total number of inci-
dent ions. For this purpose a special beam moni-
tor was developed.” The primary ion intensity is
measured via x rays produced in a beam chopper
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FIG. 1. X-ray spectra from I— Au collisions. (De-
tector resolution 170 eV at 6.4 keV.)

added just in front of the target chamber. For
the measurement of the angular dependence of x-
ray emission a special target chamber was used.
X-ray emission angles ¢ between 15° and 105°
were feasible (target angle a =-30° cf. inset in
Fig. 2). The beam intensity was monitored via

X rays registered in a fix-positioned proportion-
al counter. The 30-mm? Si(Li) detectors used had
resolutions of 170 and 260 eV (full width at half-
maximum) at 6.4 keV. In all cases pile-up rejec-
tion with at least 1-usec pulse-pair resolution
within the whole energy range was applied. To
reduce the rate from lower-energy x rays, Al
absorbers could be inserted between target and
detector.

Figure 1 shows good resolved spectra from a
200-pg/cm? Au target. To determine the true
spectral shape at low impact energies, spectrum
(a) was taken without Al absorber. Absorption
due to detector and target-chamber windows (0.3
mil Be, 5 mm air, 6 ym Hostaphan) and target
self -absorption is only significant for lower-en-
ergy x rays. In the interesting energy range be-
tween 7 and 9 keV the total transmission varies
by less than 2% per keV. Therefore, spectrum
(a) definitively proves the existence of real peak
structure. To get better statistics spectrum
(b) was recorded with an 18-um Al absorber. In
both cases the count rates were low enough to en-
sure negligible pile-up contributions. A com-
parison of both these spectra indicates that at 6-
MeV I impact the 8-keV band is composed of a
broad peak (at 8.3 keV with a width of 1.5 keV)
and a steeply descending continuum. With in-
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FIG. 2. Two x-ray spectra applying two different
x-ray emission angles. (An 18-um Al absorber is in-
serted between target and detector, detector resolution
260 eV at 6.4 keV.)

ﬂ&mlfﬁa

477



VoLUME 33, NUMBER 8

PHYSICAL REVIEW LETTERS

19 Aucust 1974

TABLE I. X-ray production cross sections (barns)
for I Au collisions.

I energy
(MeV)
11 34 57
IL (3.6—6.5 keV) 4.0x10% 2.5x10* 9.5x10%
MO (6.5—9.5 keV) 4.5x10!  1,8x102
AuL (9.5-14.5 keV) 6.5x10° 2.3x10! 8.0 x102

creasing impact energy the peak broadens; at
57 MeV only a flat continuum is present, cf.
spectrum (c) in Fig. 1.

In Table I total x-ray cross sections are given
for the 8-keV band as well as for the characteris-
tic radiations of the separated collision partners.”
These cross sections correspond to x-ray emis-
sion within the energy ranges indicated in brack-
ets. The typical uncertainty is below 50%; iso-
tropic emission has been assumed.

In order to check the emission characteristic
we have measured the angular dependence of the
x-ray emission at 11 MeV. Figure 2 displays
two spectra taken at a detector position 6 of 15°
and 105°, respectively. Target angle (a= - 30°)
and emission angles were chosen in such a way
that target self-absorption is equal for both de-
tector positions. The spectra are normalized to
equal beam intensity. Besides the small Dop-
pler shift of the I L radiation a significant dif-
ference is only seen for the 8-keV band. In Fig.
3 the angular dependence of the x-ray emission
for the 8-keV band is given. Each datum point
comprises all x rays in the corresponding spec-
trum between 7.1 and 9.5 keV. All spectra were
corrected point by point on absorption® and on the
tails of the characteristic lines. Uncertainties
due to these corrections and errors in beam
monitoring add to the indicated uncertainty of 4%.
A sin? function is fitted through the data points,
yielding a mean anisotropy of 15% for all x rays
in the band. However, it should be noted that the
anisotropy varies with x-ray energy, cf. Fig. 2,
being largest between 7.5 and 8 keV.

Summarizing the experimental facts we point
out: (i) At low impact energies the 8-keV band is
peaked. (ii) The peak structure broadens and
finally vanishes with increasing impact energy.
(iii) At 11 MeV the cross section for x-ray pro-
duction between 6.5 and 9.0 keV is about 50 b.
(iv) At 11 MeV the x rays are preferentially
emitted perpendicular to beam direction. Re-
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FIG. 3. Anisotropy of the noncharacteristic x rays
between 7.1 and 9.5 keV for 11-MeV I impact on a 400~
pg/cm? thick Au target.

garding these facts, significant contributions
from nuclear bremsstrahlung and bremsstrahlung
from & rays can be excluded (cf. the spectral
shape and the high cross sections).® Contribu-
tions from target contaminations and radiative
electron capture are also negligible.>* Only MO
radiation remains to be responsible for the 8-keV
band. However, it is difficult to explain quantita-
tively the data in the simple model based on a
comparison of collision time and spontaneous
decay time of the vacancy carried into the quasi-
molecule in a second collision.®* To overcome
this difficulty a collisionally induced de-excita-
tion reducing the lifetime of the vacancy in the
quasimolecule has been proposed in Ref. 3, cf.
also Ref. 7. Recently, from a theoretical point
of view, Miuller, Kent-Smith, and Greiner have
postulated the occurence of such induced transi-
tions in heavy-ion collisions.® In their model the
rotation of the internuclear axis during collision
is responsible for induced radiative transitions.
As consequences they find: (a) The ratio between
induced and spontaneous emission increases rap-
idly with decreasing distance of closest approach
(as long as small- or medium-angle scattering
prevails). (b) This ratio increases with increas-
ing collision velocity. (c) The induced x-ray
emission is nonisotropic showing—in dipole ap-
proximation—an angular dependence given by
I(6) <3+ 5sin?6.

This induced-emission mechanism has the ap-
propriate features which in principle can explain
the experimental results reported here: From
point (a) the observed peak structure may be de-
duced. From point (b) the dependence of the
spectral shape on impact energy may follow. The
large cross sections can be caused by the re-
duced lifetime due to induced transitions. Finally,
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we would like to emphasize the principal agree-
ment between observed anisotropy of the nonchar-
acteristic x rays and the theoretical predictions.
This can be regarded as a strong evidence for the
existence of stimulated emission in heavy-ion
collisions contributing appreciably to quasimo-
lecular x-ray emission.
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