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investigated in a forthcoming paper. Since these inter-
ference effects show up where the phase difference be-
tween contributions from approaching and leaving ions

along the scattering trajectory are largest, they should

occur most pronounced for low-energy transitions and
their oscillation frequency should increase with bom-
barding energy of the ions,

Owe acknowledge help in the calculations by W, Betz.

Evidence for Quasimolecular K X-Ray Emission in Heavy-Ion Collisions
from the Observation of the X-Ray Directional Anisotropy*

J. S. Greenberg, C. K. Davis, and P. Vincent
Wright Nuclear Stvuctuve Labovatory, Yale University, New Haven, Connecticut 06520
(Received 3 June 1974)

We have observed an anisotropic angular distribution for the high-energy continuum x
rays emitted in high-energy collisions of Ni ions with Ni atoms. The variation of the
anisotropy with photon energy is uniquely characteristic of induced radiative transitions
in quasimolecules, and hence provides strong evidence for the quasimolecular origin of

these radiations.

A search for the formation of intermediate
electronic molecules in close collisions of very
heavy ions has been motivated recently by the
prospect that such united atom phenomena may
ultimately provide access to the spectroscopy
of superheavy atoms and, therefore, to funda-
mental processes associated with the quantum
electrodynamics of strong fields.! Proof for the
existence of such quasimolecules has been sought
in the emission of K x-ray radiation from transi-
tions between the molecular orbitals that may be
formed in the collision.?”® In this paper we re-
port on the results of an investigation to detect
such transitions in the **Ni+ *Ni ion-atom sys-
tem colliding at high energy. We discuss par-
ticularly the observation, for the first time, of
a directional asymmetry for the high-energy
continuum x rays emitted in the collision, which
we utilize as a distinctive characteristic for iden-
tifying the quasimolecular origin of these radia-
tions.

Studies with light-ion-atom systems have pro-
vided some of the more convincing demonstra-
tions of molecular orbital x-ray emission.?*®
However, the interpretation of experiments in-
volving high-energy collisions of heavy-ion-atom
systems,3’* which are more relevant to the fu-
ture investigations noted above, are presently
more speculative, relying on an ability to extrap-
olate detailed identifying features from mecha-
nisms found applicable previously in light sys-
tems. The interpretation of these experiments
is particularly complicated by the exponential
energy dependence of the continuous spectra ob-
served, by uncertainties with regard to the

mechanisms dominating K~vacancy production
during high-energy heavy-ion collisions, by col-
lision broadening effects, and most important,
by the lack of a definitive signature for distin-
guishing this radiative process from other com-
peting radiations.*

Recently, Muller, Smith, and Greiner’ have
noted that the characteristic angular distribution
expected for molecular orbital K x-ray emission
furnishes such a unique signature. This sugges-
tion centers on the existence of the important,
but previously neglected, induced transitions be-
tween molecular orbitals which specifically re-
flect the nonstationary character of the molecu-
lar electronic states as they adjust to the rota-
tion of the internuclear axis. Reflecting the nu-
clear motion, the induced transitions can only be
associated with the formation of quasimolecules.
They add incoherently to the spontaneous molecu-
lar transitions with a relative intensity that
grows with increasing photon energy. In the ab-
sence of a spatial alignment of the molecular or-
bitals, the induced radiations are predicted to
exhibit an angular emission pattern relative to
the ion-beam axis of the form 5 +% sin®0, while
the spontaneous radiations are expected to be
isotropic.” Thus the incoherent sum of the two
produces a prominent enhancement of the angu-
lar distribution asymmetry near the united atom
K x-ray energy.® As demonstrated in Ref. 8 we
note that although an alignment of the molecular
orbitals may modify these features quantitatively
by changing the angular distributions of both the
induced and spontaneous transitions, the obser-
vation of an anisotropy which peaks near the
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united atom K x-ray energy can only imply the
existence of induced transitions, and thus of in-
termediate molecular states. The presence of
an alignment of molecular orbitals, as reflected
in the angular distribution, in itself speaks for
the existence of intermediate molecules.

We have observed an anisotropic angular dis-
tribution for the high-energy continuum x rays
produced in %®Ni+ *®Ni collisions which favors
photon emission at 90° over 0°, measured with
respect to the ion-beam axis. The anisotropy
also exhibits the enhancement, referred to above,
for the higher'energy x rays. By eliminating the
nucleus-nucleus electric dipole bremsstrahlung
with the utilization of monoisotopic targets and
projectiles, and by accentuating the high-energy
portion of the spectra with an Al filter, we were
able to extend the investigation of the x-ray con-
tinuum over an intensity range of more than 3
orders of magnitude, revealing important fea-
tures of the high-energy tail. The selection of
identical nuclei for target and projectile not only
suppressed the nuclear bremsstrahlung back-
ground, but equally important, it ensured the ab-
sence of radiations from coherent interference
of nuclear dipole and quadrupole bremsstrahlung.®
Unlike the individual multipoles, which produce
an excess of radiation at 0° relative to 90°, the
anisotropy from their interference has the same
sign as the induced transitions.®

Figure 1 illustrates x-ray spectra obtained with
a thin target (~200 pg/cm?) after subtractions of
a small (~5 counts/channel) ambient background
and still smaller contributions from nuclear
Coulomb excitation and nuclear bremsstrahlung.
The total calculated bremsstrahlung intensity
shown in Fig. 1 includes approximately equal
parts of quadrupole radiation from the target
and bremsstrahlung from a Be beam stop.® It
is clear that all these backgrounds produce only
a negligible distortion of the spectra. Other pro-
cesses contributing to the x-ray continuum in-
clude (1) electron bremsstrahlung,'® (2) radiative
electron capture,’®'! and (3) collision broaden-
ing of the Ni K, K, lines.'”® Their significant
effect on the spectra, however, is confined to
photon energies below ~15 keV. The interesting
small oscillations in photon intensity, clearly
visible in the spectra for energies below 15 keV,
probably reflect interference effects from the
phase difference between radiation from approach-
ing and outgoing ions along the scattering trajec-
tory®; this effect will be discussed in more de-
tail in a forthcoming paper. We have limited the
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FIG. 1. (a), (o) Unnormalized x-ray spectra taken at
bombarding energies 70 MeV and (c), (d) 39 MeV; (a),
(c) detector angles are 90° and (b), (d) 15°. Detector
resolution is 250 eV at 6.4 keV. The Ky and Kj lines
are attenuated by factors of 3.5 X107¢ and 1.4 X104,
respectively.

present discussion to photon energies above 15
keV to avoid these complicating features and the
competing backgrounds mentioned.

Above 15 keV the spectra shown decrease al-
most exponentially with increasing energy after
they are corrected for distortion by the Al filter
and counter efficiency. With a range of 3 orders
of magnitude in intensity available before back-
ground is'encountered, it is clear that the high-
energy continuum extends beyond the united atom
K, energy of ~32 keV by a considerable amount,
and that the extent of the tail depends on the pro-
jectile energy. Muller and Greiner® have shown
that dynamic broadening'? with an effective col-
lision width of a few keV can completely account
for the extensive tails we observe. A collision
width of a few keV is reasonable for the collision
times encountered in this experiment. It is im~-
portant to note, therefore, that with sufficient
suppression of background, dynamic broadening
of the molecular-orbital spectra shifts the ap-
parent end point to a degree determined by the
projectile velocity and counting statistics. This
is particularly relevant for high-energy colli-
sions where such broadening can obscure the
identification of transition frequencies associated
with the united atom limit, thus limiting the val-
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ue of a straightforward utilization of the classi-~ -
cal united atom limit for identifying quasimolec~
ular formation.

The angular distribution asymmetries for pho-
ton energies above 15 keV were obtained from
the measured spectra after they were corrected
for absorption, counter efficiency, and Doppler-
shift effects. An absolute beam integration was
provided by an electron-suppressed Faraday
chamber, and the relative normalization was
corroborated by another x-ray detector which
was fixed in position. We define the asymmetry
as the intensity ratio [1(90°)/1(15°) - 1], where
the angles are measured relative to the beam
axis, and the photon interval summed is 5 keV.
The results are summarized in Fig. 2 as a func-
tion of photon energy for bombarding energies
of 39 and 70 MeV.

The Doppler-shift corrections are particularly
important because of the exponential dependence
of the photon intensity with energy. We must
note that the calculation of the relevant Doppler
shift involves assumptions regarding the mecha-
nisms that dominate the molecular-orbital x-ray
production. In the event that the K-vacancy pro-
duction and molecular radiative relaxation occur
in a single ion-atom encounter, it is clear that
the relevant velocity is the velocity of the center
of mass. This one-step mechanism, therefore,
is associated with the maximum possible Doppler
shift. The calculation of the Doppler-shift effect
for a two-step process (K-vacancy production in
one collision followed by the emission of a molec-
ular orbital x ray in a second encounter of either
the scattered projectile or the recoiling atom) in-
volves the impact-parameter dependence of K-va-
cancy production in the first step. We have ex-
tracted an average effective velocity for the lat-
ter case, by analyzing the Doppler broadening
and shift'® of the characteristic Ni K x rays which
reflect the K-vacancy production processes. This
analysis indicates that the mean scattering angle
for K-vacancy production is generally small; for
example, it is <10° for 70-MeV projectiles,
which agrees with the trends from other recent
studies!* and with the Massey criterion that the
ionization centers around impact parameters
nv/Eg, where E is the K binding energy. There-
fore the participation of the scattered projectile
in the two-step process produces a Doppler shift
which is only marginally smaller than the shift
for the one-step process, while the contribution
from the much slower laterally recoiling atoms
reduces the average shift particularly for the
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FIG. 2. Asymmetry = [1(90°9/1(15°) —1]; triangles
and circles are for maximum and no Doppler shift
corrections, respectively.

lower energy photons in the spectrum. Figure 2
shows the asymmetries uncorrected for Doppler
shift as well as asymmetries which have been
corrected for the maximum Doppler shift. It is
evident that even the uncorrected asymmetries
are large, and that in both extreme cases the
asymmetries exhibit the characteristic peaking
near the united atom K x-ray energy. Although
there is presently some uncertainty as to the
exact Doppler-shift correction to be applied at
each bombarding energy due to a lack of precise
information on the relative importance of one-
and two-step processes, it is clear, neverthe-
less, that the asymmetries lie between the two
extreme limits shown in Fig, 2, and that they
display the important qualitative features ex-
pected for induced quasimolecular transitions.

In addition to the data presented herein, we
have also investigated the production of the x-
ray continuum for bombarding energies from 5
to 70 MeV. These studies will be the subject of
a forthcoming paper. For the present we note
that these data display the expected changes in
the structure of the high-energy x-ray tail pre-
dicted by relativistic calculations with the two-
center potential by Muller and Greiner.® All
these observations reflect the distinctive fea-
tures that are associated with formation of
intermediate molecules, and in particular, the
measured asymmetries provide convincing evi-
dence that the continuous spectra observed in
these measurements are indeed quasimolecular
in origin.
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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



