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Radiative Transitions between Quasimolecular Levels During Energetic Atom-Atom Collisions
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We report the observation of an x-ray band which cannot be identified as a characteris-
tic atomic x ray either of the target atoms or of the projectiles. The new x ray has been
observed when 70-600-keV argon ions impinge on C, Al, Si, and Fe targets. We attri-
bute this x ray to a radiative filling of a vacancy in the 2P& orbital of the Ar-Ar system
during the collision.

Electrons from atomic shells are excited when
electron clouds interpenetrate in energetic atom-
atom collisions. ' The exchange forces generated
by the Pauli exclusion principle operating in the
interpenetrating electron clouds of the colliding
atoms is the dominant mechanism of excitation. '
Some experimental investigations' of these en-
counters show discrete steps in the inelastic en-
ergy-loss spectrum at various internuclear dis-
tances. Copious x rays as well as showers of
electrons are observed which have been attribut-
ed to radiative or Auger transitions following in-
ner-shell ionization of the colliding atoms. To
date, all of the observed x rays have been identi-
fied as characteristic atomic x rays of the colli-
sion partners.

In this paper we report the observation of a
broad x-ray line, or an x-ray band, that cannot
be identified as a characteristic x ray either of
the target atoms'or of the projectiles. Specifical-
ly, this x-ray band has been observed when 70-
600-keV argon ions impinge on C, Al, Si, and Fe
targets. From the experimental results we de-
duce that these x rays originate from Ar-Ar col-
lisions inside the target. We find the production
cross section to be increasing with the atomic

density of the target. From this we conclude that
the projectile must make at least two atomic col-
lisions to produce these x rays: The first, with
a target atom, creates an L-shell vacancy in the
moving argon ion, and the second, with an argon
atom implanted in the target, leads to a radiative
decay of this vacancy during the collision. We
are led to this assignment by considering tran-
sient molecular levels of argon atoms in colli-
sion. ' This permits us to attribute the x-ray
band to the radiative filling of a vacancy in the
2Pn level of the Ar Ar sys-tem during the colli-
sion.

The experimental arrangement is described in
detail elsewhere. ' A mass- and energy-ana-
lyzed "Ar« ion beam in the energy range 70-600
keV impinges on high-purity targets of C, Al, Si,
or Fe. The emitted x rays are registered and
energy analyzed by a Si(Li) x-ray detector with
a resolution, as measured by the full width at
half-maximum (FWHM), of 0.23 keV for 6.4-keV
x rays. Typical spectra recorded for thick sili-
con (metal purity 99.999 SSS 9%) and carbon (met-
al purity 99.999%) targets are shown in Fig. l.

We observe that, for example, -100-keV ar-
gon ions produce a broad x-ray line with a cen-
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FIG. 1. Typical recorded spectra when argon iona are incident on silicon, (a)-(c), and carbon, (d), targets. The
first arrow marks the channel number corresponding to the centroid of a 1.0-keV x ray. The second arrow marks
the Si(K) x ray (1.74 keV) in (a}-(c)and the Ar(K) x ray (2.96 keV) in (d).
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troid at a channel position which corresponds to
a 1.0-keV x ray [Fig. 1(a)]. This broad x-ray
line, or x-ray band, is distinctly separated from
and bracketed by the characteristic x-ray lines
of Ar(L) (0.22 keV) and Si(K) (1.74 keV). On in-
creasing the beam energy the centroid of the x-
ray band shifts from -0.95 keV at 70-keV to
-1.05 keV at 240-keV incident energy [Fig. 1(c)].
The width of the x-ray line, as measured by the
FWHM, is 40% to 100% wider than it would be
for characteristic target x rays. A broad x-ray
line very similar in energy and intensity to the
x-ray band observed in Si is detected in all of the
other targets. In the case of a carbon target
there is no characteristic target x ray on the
high-energy side of the x-ray band, and we find
that the energy of the emitted x rays is extended
considerably [Fig. 1(d)].

In Figs. 1(b) and 1(c) an additional x-ray line is
observed which is identified as the Si(K) x ray.
The intensity of the Si(K) line increases rapidly
with beam energy. so that above 300 keV the x-
ray band can barely be resolved from the Si(K)
line. The Ar(K) x-ray line (2.96 keV) appears
with low intensities at energies ) 300 keV. We
find the centroids and width of the Si(K) and Ar(K)
x-ray lines to be the same as those observed with
protons and Si or Ar targets.

One should not seek the origin of the x-ray band
in target impurities or in ion-target interactions
alone, since the band occurs for all targets in-
vestigated. This leads one to the conclusion that
these x rays are due to an Ar-Ar interaction. It
follows then, that the intensity must increase
with dose, since some of the argon atoms are
retained in the target. Indeed, this is observed
experimentally. For example, for 200-keV Ar-Si the intensity of the x-ray band increases by
a factor of 4 over that observed in the first run
(for a dose of -10"atoms/cm'), and reaches a
saturation value at doses in excess of -10"at-
oms/cm'. Meanwhile, the Si(K) x-ray intensity
remains constant.

In search for the origin of these new x rays we
view the colliding atoms as a diatomic molecule
with varying internuclear distances. For the Ar-
Ar system, Lichten' has constructed the energy-
level diagram of diabatic molecular orbitals
shown in Fig. 2. At large internuclear distances
the energy levels are those of Ar, while at zero
internuclear distance they are those of the united
atom Kr. At intermediate distances, electrons
form molecular orbitals in compliance with the
Pauli exclusion principle operating between the
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FIG. 2. Energy levels of molecular orbitals for the
Ar-Ar system (Ref. 5).

occupied atomic states.
In this scheme the x-ray band, centered near

1 keV, can be attributed to the radiative filling
of a previously formed vacancy carried into the
2Pa' molecular orbital during an Ar Ar enco-unter.
For this process to occur we require that the Ar
projectile has a 2P vacancy prior to such an Ar-
Ar collision. During the collision this Ar 2P va-
cancy may follow the 2Pw orbital as the internu-
clear distance shrinks and ends up as a 2P vacan-
cy in the electronic configuration of the "com-
bined" atom, which approaches that of a krypton
atom. For the filling of this vacancy to occur
dumog the collision, the lifetime of the vacancy
must be of the same order as the collision time,
which is -10 "sec for argon ions of keV energy.
It is known that the lifetime of a 2P vacancy in Kr
is 1 order of magnitude shorter than the lifetime
of a 2P vacancy in Ar, viz. , -4&&10 "sec versus
-4&&10 "sec." Consequently, in close Ar-Ar
encounters the lifetime of a vacancy in the 2Pw
orbital could in fact be comparable to the colli-
sion time. In addition, the observation of this
transition should be aided by the fact that the
fluorescence yield of the Kr I shell is some 100
times larger than that of the Ar L shell. '

From inspection of Fig. 2, we note that the en-
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ergy difference between the 3d and 2P orbitals
varies with internuclear distance, from a few
hundred electron volts up to 1.6 keV. Thus, in
contrast to sharp characteristic x-ray lines of
isolated atoms, the x rays emitted by the com-
bined atoms during the collision [molecular or-
bital (MO) x rays] are expected to have a distri-
bution of energies which shift to higher values as
the collision energy increases. The observed x-
ray band shows precisely this type of behavior
(Fig. 1). In this respect it should be noted that
the energy of the characteristic x rays excited
by atoms are generally found to be slightly higher
(~ 5%) than x rays obtained by proton or electron
excitation. ' This increase in the characteristic
x-ray energy is indicative of changes in the ex-
ternal screening during the de-excitation pro-
cess, which can be attributed to multiple vacan-
cy formation during the collision or to vacancy
formation in the aftermath of the collision-in-
duced atomic excitations. ' At the impact ener-
gies we consider here, the changes in screening
are not sufficient to account for the observation
of the x-ray band nor for the observed widths or
energy shifts of the x-ray band.

An x-ray band corresponding to a combined
atom of Ar-target-atom encounters is not ob-
served with intensities approaching the intensity
of the x-ray band attributed to Ar-Ar encounters.
This is surprising, since the target-atom densi-
ty is at least 1 order of magnitude greater than
that of the implanted Ar. Still, x-ray distribu-
tions are observed [Fig. 1(d)] which differ from
the Ar-Ar x-ray band. However, the small inten-
sities of these distributions, relative to the Ar-
Ar x-ray band and characteristic atomic x-ray in-
tensities, prohibit any meaningful analysis at the
present time.

One of the essential requirements for the emis-
sion of the "MO x rays" is that a 2P vacancy in
the Ar projectile be brought to the Ar-Ar encoun-
ter. Most solid targets can create such condi-
tions because in the penetration process Ar L-
shell vacancies are created copiously and be-
cause argon atoms become implanted with suffi-
cient concentrations to make Ar-Ar encounters
likely before the decay of a previously created
Ar I--shell vacancy. From measured values of
the Ar L-shell ionization cross section' we esti-
mate that as much as 10% of the argon beam in
the target will carry the required L-shell vacan-
cy.

The requirements for observing the x ray of the
combined atoms (MO x ray) are rather stringent

and can be summarized as follows: The time be-
tween collisions has to be less than the lifetime
of the projectile inner-shell vacancy, and the col-
lision time has to be the order of the lifetime of
the vacancy in the combined atom. Nevertheless,
it would appear that these requirements can be
met in many systems, and experimental observa-
tion of the combined atom x-ray line should be
feasible in symmetric as mell as asymmetric pro-
jectile-target systems. a

If the mean time between collisions is of impor-
tance for the observation of the x-ray band, then
its x-ray production cross section must depend
on the atomic density of the target. This is ame-
nable to experimental verification. By using a
standard procedure, ' the production cross section
is determined to be -10"cm' for 250-keV Ar
ions incident on Ar-saturated Si targets. In a
similar experiment with a dilute Ar-gas target,
where the time between collisions was about 8
orders of magnitude longer than in the solid tar-
get, we were unable to detect x rays other than
Ar(1.). This allows us to estimate an upper limit
to the above cross section in an Ar-gas target to
be less than -10 "cm'. These experimental re-
sults are consistent with the requirement that the
time between collisions has to be less or on the
order of the lifetime of the projectile inner-shell
vacancy.

It appears that the molecular orbital scheme of
atomic collisions' requires that colliding atoms
bring a vacancy into a collision to produce even
the observed characteristic x-ray lines of Si(K)
and Ar(K) (Fig. 1), as well as for many other
heavy-projectile-target combinations. This infer-
ence should lend itself to experimental scrutiny
by experiments similar to the one described here,
where the time between collisions is changed in a
systematic manner relative to the vacancy life-
times.
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The magnetic hyperfine splitting of ™Pt(Ee)was determined by the technique of nucle-
ar magnetic resonance on oriented nuclei as pII/hI =89.6 +0.6 MHz. With additional p-
ray anisotropy data for the l.29- and 99-keV y rays, we derived the spin, I=/, and the
magnetic moment of the isomeric state, p(P) =+ (0.597 +0.015)pz. , as well as the E2/Ml
mixing ratio of the 99-keV y transition, 6 =-0.16 +0.02.

Nuclear magnetic resonance on oriented nucle1
(NMR-ON)' provides precise information on the
magnetic splitting of nuclear sublevels (p&,rr/I).
On the other hand, the magnetic hyperfine inter-
action (p&, rr) results from an analysis of the
temperature dependence of y-ray anisotropies.
By a combination of both measurements the spin
of the nuclear state can therefore be obtained di-
rectly. The present paper reports on the first
application of this method to an isomeric state in
determining the spin of the 259-keV state (&«,
=4.1d) of "'Pt. In addition, the magnetic moment
of the isomeric state and the mixing ratio of the
S8.8-keV y transition of "'Pt were derived.

The "' 'Pt activity was produced by neutron ir-
radiation of 57%%uo-enriched "4Pt metal in a neutron
flux of 2.5X10"n/cm' sec. Samples containing
l-at. /o Pt in an iron matrix were prepared by
melting the '" 'Pt activity under a hydrogen at-
mosphere with high-purity iron, already contain-
ing a matched amount of 60Co activity to be used
for thermometry. Thin foils (-20000 A thick),
produced by cold rolling and annealing, were at-
tached to both sides of the Cu fin of an adiabatic
demagnetization apparatus. y-ray spectra were
taken at 0 and 90 deg relative to the external po-
larizing field H,„,with high-resolution coaxial
Ge(l i) diodes. For the NMR-ON experiment an
rf field II, was applied perpendicular to II,„„and
the amplitude of H, was measured by a pickup

Oll,
Figure 1 shows the results of the NMR-ON ex-

periment, with the counting rate of the 98.8-keV
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FIG. 1. Frequency dependence of the 99-keV y-ray
intensity, observed in the direction of the polarizing
field II«, =1 kOe, for (a) increasing and (b) decreasing
frequency. The rf frequency was modulated with 100
Hz over a bandwidth of 1 MHz, and the rf amplitude
was 0.8 Oe. The tiIQe span between neighboring
points is 3.5 min.

y rays, observed at 0 deg, plotted versus the rf
frequency. The temperature of the sample in-
creased during the run from I/T =145 + 5 K ' to
125+ 5 K ', causing the sloping background no-
ticeable in Fig. 1(b). Despite a total time span of
3.5 min between adjacent data points, the reso-
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