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when potassium vapor in several amagats
a krypton-ion laser, The very pro-
erature and xenon density is consistent

s with n ranging from 1 to at least 4.

sion peak remains well defined over a broad
range of temperature and xenon densities and it
can be used as a reference of intensity for the
polyxenide band.

From data such as that shown in Fig. 1, sever-
al important properties of the polyxenide band
can be recognized:

(1) The polyxenide band narrows substantially
at higher temperatures. The monoxenide band,
in contrast, broadens slightly with increasing
temperature.

(2) The polyxenide band broadens substantially
with increasing xenon density. The monoxenide
band width is comparatively much less affected
by xenon density.

(3) The peak of the polyxenide band shifts sub-
stantially toward longer wavelengths for decreas-
ing temperature.

Intense green emission bands are observed
of xenon is illuminated with the 4067-" line of
nounced dependence of this green band on temp
with the behavior expected for KXe„exciplexe

Radiative processes in dense gases have re-
ceived considerable attention in the past few
years. One of the motivations for the study of
such systems has been the great success of ex-
cimer lasers in producing efficient, high-power
visible and ultraviolet radiation. At sufficiently
high gas pressures, excited atoms often react to
form bound electronically excited states of rather
improbable molecules (noble-gas fluorides' and
alkali-noble-gas combinations ) which are dis-
sociative in the ground electronic states. These
"exciplex" molecules are often good laser species
since the ground states self-destruct by dissocia-
tion and do not accumulate in sufficient numbers
to reabsorb the laser light.

In this Letter we report on our observations of
an unusual class of polyatomic exciplexes, KXe„
(58) molecules, which can be thought of as clus-
ter ions Exe„', with n =1, 2, 3, .. ., and a rather
extended valence electron in an orbit which re-
sembles the first excited S state (5S) of the potas-
sium atom.

We produce these exciplex molecules by excit-
ing a glass cell containing saturated potassium

0

vapor in high-density xenon gas with the 4067-+
line of a krypton-ion laser. This laser line,
which has a power of 140 mW, excites the pres-
sure-broadened red wing of the (4044/4047)-A
second resonance line of potassium. The fluores-
cence from the cell is observed with a mono-
chromator. The entire visible region of the spec-
trum is dominated by an intense green emission
band. The most striking features of this band
are illustrated in Fig. 1. The band consists of
two parts, a well-defined symmetrical peak cen-
tered near 5220 +, which is known' to be an emis-
sion band of potassium monoxenide KXe(5S)
-KXe(4S), and a broad assymetric emission band
between 5300 and V000 A which we attribute to
the superposed emission bands of polyatomic ex=
ciplexes: KXe„(5S)-KXe„(4S)with n =2, 3, 4, .. . .
We shaB henceforth refer to these bands as the
monoxenide and polyxenide bands, respectively.

This system is particularly convenient for quan-
titative study since the narrow monoxenide emis-
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FIG. 1. Fluorescence spectra of potassium mono-
xenide and polyxenide at various ce11 temperatures
and xenon densities (given in amagats). At low xenon
density gower curves), the monoxenide component is
dominant. The small peaks observed near 4600 and
5750 A for txe] =0.9 amagat are due to alkali dimer
f1uorescence, since they are also observed in the ab-
sence of xenon. At high xenon density, the relative in-
tensity of the red-shifted polyxenide component be-
comes progressively greater as the temperature is
reduced.
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The dependence of the polyxenide band on tem-
perature and xenon density can be seen with par-
ticular clarity by using the monoxenide band as a
reference of intensity. We define the relative in-
tensity S(&, [Xe], &) of the polyxenide band to the
monoxenide band by

I(X, [Xe],T) —oI(X, [Xe]„T)

lines in Fig. 2(b) are proportional to the energies
E(&). We have made plots similar to those of
Fig. 2 for xenon densities of 11.4, 8.4, 8.1, 6.6,
6.4, 5.4, and 4.0 amagats. We find that the ener-
gies E(A. ) are independent of the xenon density to
within our experimental accuracy of + 5/o, and
they can be well represented by the empirical
for Dlula

where &, is the wavelength of the peak of the
monoxenide band, and the constant o.' is defined by

I(A. , [Xe],T)'
&

-o.' for A. & 5220 &. (2)I, Xeo, T

Here I(&, [Xe]„T)is defined as the fluorescence
spectrum at low xenon densities, when only the
monoxenide spectrum is present. We have found
that the polyxenide spectrum is negligible at [Xe]
= 0.9 amagat, and so we can take I(&, [Xe]„&)as
the fluorescence spectrum at [Xe]= 0.9 amagat.

The relative intensity S at a xenon density of
8.4 amagats is shown in Fig. 2(a). The tempera, -
ture dependence of the relative intensity was
found to be given by

S(&, EXe], &) = ~(&, EXe]) exp[EP. )/0&]. (3)

Some typical plots of lnS(A, [Xej, T) versus 1/T
are shown in Fig. 2(b). The slopes of the straight

E(X) =2.125K. —10675, (4)

n(X) —1 =1.74X10 5 —8.23 (6)

with Ep. ) in cm ' and A. in the range of 5400-
6400 A.

Our measurements of xenon density are prob-
ably in error by + 1(Po because of the cell prepar-
ation procedure, which consists of freezing xenon
at a known initial temperature, pressure, and
volume into a small glass cell of known volume.
To within the uncertainties of the xenon-density
determination, the constants of proportionality
&(&, [Xe]) of Eq. (3) have a power-law depen-
dence on the xenon density,

&P. , [Xe])=[Xe]"'"' 'G(&), (5)

where the exponent e(&) —1 depends strongly on
wavelength and can be represented by the empiri-
cal formula

I.O--
piI

lb I /
Q 1 /

with X in anggtroms.
Finally the line shape factor G(&), which is in-

dependent of temperature and xenon density over
the range of our experimental investigations,
110't. & 7' ~ 300'C and 1 amagat ~ [Xej & 12 ama-
gats, is given by the empirical formula

G(&) =1778.5 -0.66@.y 6.28&&10 'X'. (7)
0.6—

0.4—

0.2—

CU 2
OC

(A

In summary we have found that over a rather
large range temperature and xenon density the
polyxenide emission band is represented by the
f or Dlula

S(X, [Xe],r)

= G(~)[xe]"'" 'exp[E(~)/ur]. (8)
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FIG. 2. (a} Spectra of the polyxenide component at a
xenon density of 8.4 amagats, measured at various
temperatures, The polyxenide spectra are obtained by
subtracting the monoxenide component from the origi-
nal data and then normalizing to the amplitude of the
monoxenide peak. (b) The logarithm of the polyxenide
component is shorn plotted against the reciprocal of
the absolute temperature for several different fluor-
escence wavelengths.

The parameters, E(&), n(X), and G(&) are plotted
in Fig. 3.

Because nothing is yet known about the poten-
tial surfaces for polyxenide molecules we cannot
give a detailed theoretical analysis of the experi-
mental data. However, we can assign a plausible
physical meaning to the empirically determined
parameters of (8). We may assume that each
polyxenide species KXe„has a characteristic
emission band, similar to but broader than the
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FIG. 3. Experimentally determined empirical func-
tions n (X), E(X), and t" (X). The function B(X), repre-
senting the binding energy per xenon atom, and a
typical polyxenide line shape S(A) are also shown.

monoxenide band, for integral values of n (n
=2, 3, 4, . ..). The peaks of the emission bands
of KXe„shift systematically to longer wave-
lengths for increasing values of n. A large part
of the red shift is due to the binding energy of
Xe atoms to K(5S). The polyxenide bands of Fig.
2 therefore consist of the superposed and unre-
solved emission bands of KXe» KXe» KXe4,
etc. Collisional rates are very fast in the high
density systems we a,re studying (two-body col-
lision rate is 10"sec ', and three-body col-
lision rate is 10' to 10' sec ' for a xenon den-
sity of 10'o cm '). The radiative deca, y ra, te of
K(5S) is comparatively slow (2X10' sec ').
Hence we expect to have thermal equilibrium
among the various species K(5S), KXe(5S), and
KXe„(5S) for n being 2, 3, . .. . Therefore we ex-
pect the intensity of the emission band due to
KXe„ to be proportional to [Xe]". Since there is
substantial overlap of these bands the apparent
density dependence of the fluorescence of wave-
length & is [Xe]" where n(X) is the measured
noninteger exponent represented by the empirical
formula (6). In this interpretation the exponent
n(&) is the average number of xenon atoms at-
tached to a potassium atom when the fluorescent
wavelength is &. The values && defined by n(&~)
=P with P = 2, 3, 4, etc. , can be identified approxi-
mately as the peak wavelengths of the emission
bands of KXe„KXe„KXe„etc. From Fig. 3
we see that X, =5500, ~, =5900, and ~4=6400 A.
The peak of the well-resolved monoxenide spec-
trum occurs at ~, =5220 A.

The energy E(&) can be thought of as the inter-
nal energy (not enthalpy because of our conditions

of constant density rather than constant pressure)
released in the reaction

KXe(5S) + (n —1)Xe-KXe„(5S)+E.

We may define a quantity B(A.) by

B(X)=Z {1)/[n(X) —lj,
and we shall call B(&) the mean binding energy
per xenon a.tom attached to the KXe(5S). This
mean binding energy is only approximately equal
to the mean energy required to detach a xenon
atom from the polyatomic molecule (the two en-
ergies differ by a quantity of the order of &&).
Figure 3 shows a plot of B(A,), which is of the
order of 100 cm 'per xenon, and it increases
slightly as more xenons are added. In our experi-
ment, the thermal energy k& 300 cm ', and so
any given Xe atom in the cluster has a probability
of only 0.1 to be moving fast enough to escape
from the cluster.

The line-shape factor G(X) is perhaps the most
remarkable property of the polyxenide band. The
function G(X) is proportional to a, fa.ctor which
measures the statistical weight of the configura-
tions of potassium polyxenide molecules which
radiate at &, and a mean transition rate of the
configurations. Since the statistical weight fac-
tor decreases with increasing n, the rapid growth
of G(X) with increasing X must be due to an in-
crease in the decay rate with ~. Indeed we expect
a substantial increase in the radiative transition
rate with ~, that is, with the number of attached
xenon atoms, because both the monoxenide and
polyxenide emission bands of Fig. 1 correlate
with a highly forbidden electronic transition of
the free atom K(5S)-K(4S). Each additional xenon
atom in KXe„(5S) will cause further mixing of the
electronic wave functions of the free potassium
atom, and the radiative transition will therefore
become increasingly more allowed as more xe-
nons are attached. The unprecedented promi-
nence of the green potassium polyxenide band is
due to the fact that it originates from a forbidden
electronic transition of the free potassium atom.
This seems to be one of the main reasons that
multiple-perturber effects are so much more
striking in the data presented in this paper than
in the pressure-broadened resonance lines of the
alkali atoms. 4 Since the first excited I' states of
free alkali atoms have fully allowed transition
rates to the ground state, they can only be weak-
ened by multiple-perturber effects, while forbid-
den lines are strongly enhanced.

The nature of these polyxenide exciplexes is

545



VOLUME 41, +UMBER 8 PHYSICAL REVIEW LETTERS 21 AUGUST 1978

sketch to indicate the dimensions of such a sys-
tem is shown in Fig. 4.
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FIG. 4. Schematic representation of the physical
dimensions of potassium polyxenide molecules. The
ionic core of K+ has a radius of 2.Gal {az —-Bohr radi-
us) and a xenon atom has a radius, 3.6a~. For the 5S
state of potassium the mean radius of the electron
charge distribution is 11.8a» so that the xenon atoms
are primarily affected by the polarizing influence of
the ionic core. After a transition to the ground state,
the electronic mean radius is only 4.7a~, and the Xe
atoms are no longer bound.

still uncertain, but it is interesting to note that
cluster ions of the form K'(H, O)„have been ex-
tensively studied, ' ~ and six or more waters of
hydration are observed by mass-spectroscopic
techniques. Similar bonding of alkali ions to
other neutral molecules (O„N» and CO,) has
been observed' and calculated theoretically. '
The highly polarizable noble gas xenon (a =4 A')
can be expected to form analogous cluster ions
K'Xe„, and an electron could bind to such a clus-
ter ion to form the initial and final states of the
polyxenide transitions reported in this paper. A
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