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reflections, those indexed as 200 were very weak.
The average interplanar spacings, as determined
from eleven photographs of helium at 1.73'K and
29.01 atm, are

dzio=2 911+0.009 A

d20O = 2 ~ 053 + 0~ 005 A»

Upon assigning equal weight to each set of meas-
0

urements, one obtains 4.11 A as the length of the
cell edge. This implies a molar volume of 20.91
cc which is in good agreement with the value
20.928 cc obtained from the recent PVT meas-
urements of Grilly and Mills. '

Seven diffraction photographs mere taken of He4

in the hexagonal phase at the same temperature
but at the higher pressure of 29.70 atm. Under
these conditions the hexagonal cell axes were
found to be a=3.650+0.012 A and t."=5.945+ 0.014
A. The molar volume is 20.66 cc which is slightly
lower than the 20.700 cc computed from the PVT
measurements. ' The gross difference in molar
volume of the two different phases as determined
by x rays is 0.25 cc. After correcting for the dif-
ference in pressure by taking 26x10 ' cc/atm as
the average molar compressibility of the two sol-

ids, ' one obtains 0.21 cc/mole for bVtr. Within
the experimental error this agrees with the di-
rectly measured value' of 0.191 cc and the value
of 0.187 cc computed from Pauling's equation. 4

This research will be continued with a cylin-
drical camera in an effort to obtain reflections
at greater Bragg angles.

We wish to express our appreciation to Mr. Rob-
ert Chrisman and Mr. Earl McGowen for their ex-
cellent work in the construction of the equipment.

Work performed under the auspices of the U. S.
Atomic Energy Commission.
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DISSOCIATIVE EXCITATION TRANSFER AND OPTICAL MASER OSCILLATION
IN Ne-O, AND Ar-O, rf DISCHARGES

W. R. Bennett, Jr., W. L. Faust, R. A. McFarlane, and C. K. N. Patel
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received May 7, 1962)

This Letter is intended as a summary of exci-
tation studies conducted in low-pressure rf dis-
charges containing noble gases with varying
amounts of oxygen impurity. We have found that
the dominant mechanisms by which radiative ex-
cited states of atomic oxygen are produced under
these conditions involve quasi-resonant transfer
of energy from noble gas metastables to repulsive,
neutral excited states of the oxygen molecule.
Application of these results to Ne-O, and Ar-O,
mixtures has permitted continuous optical maser
oscillation on the 3'P, -3'S, fine structure transi-
tion of atomic oxygen at 8446 A. The success of
these gas maser systems suggests that dissocia-
tive excitation transfer represents a more gen-
eral method for obtaining population inversions

in gas discharges than is possible with methods
based on inelastic atom-atom collisions. ' In sys-
tems of that type, a close energetic resonance
discrepancy (=—a few kT) is required for efficient
transfer. With systems of the present type, there
are usually a moderate number of repulsive states
of the impurity molecule which encompass an en-
ergy range =—1 or 2 eV at typical internuclear sep-
arations and which terminate in the same excited
states of the dissociated impurity atoms. Hence,
a close coincidence with the energy of the initial
metastable carrier is not required and a greater
number of possible systems may be expected.

A number of relevant energy levels are shown
in Fig. 1. All have been defined in respect to the
ground-state oxygen molecule. Only dissociation
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FIG. l. Relevant energy levels. Oscillation occurs on the 8446A line of atomic oxy-
gen. The paths of excitation in the Ne-02 and Ar-02 masers are shown by the arrows.

limits involving one ground-state oxygen atom are
shown, with the exception of the 0 +0+ limit.
The O'P-O'S and O'S-2'P transitions of oxygen
are strongly allowed and the radiative lifetimes'
of the O'P' and O'S levels are obviously suitable
for obtaining population inversions. As is well
known, electron excitation cross sections are
roughly proportional to the electric-dipole transi-
tion probabilities between a given pair of levels.
Consequently, population inversions on the 3'P-
2'S transitions cannot be maintained by electron
impact with ground-state oxygen atoms, and se-
lective dissociation into excited states of atomic
oxygen is required to produce amplification on the
8446A transition. The first two excited states
(2'D, 2'S) of atomic oxygen are metastable. and do
have large exchange cross sections for electron
excitation of the O'P term, however. The 3 'S-2'P
transition is forbidden to first order. Consequent-

ly, the O'P and O'S populations may not be inverted

and absorption of the 3 'P-O'S transition at 7773 A
permits a convenient method for probing the 3'S
density. The dashed horizontal curves in Fig. 1
represent repulsive curves estimated from the
present work and are only intended for qualitative
purposes. The dashed vertical lines indicate the
region over which the Franck-Condon principle
would predict excitation from the ground-state 0,
molecule to be probable. The validity of this prin-
ciple in the present case is not obvious. However,
previous studies' of inelastic atom-molecule col-
lisions have shown that the Franck-Condon prin-
ciple is at least approximately obeyed in transfer
processes of the present type. The shaded area
in Fig. 1 represents a range over which various
(in many cases, unclassified) absorption bands
have been observed from the 0, ground state.
Presumably, many of these bands terminate in
repulsive potential curves. The four' metastable
levels ('P2, SP„'Po, and 'P„in order of increas-
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Ne('P, ) +O, ~O(3 'S, 3 'S) +O+ Ne,

represented an important source of 3S levels.

(2)

(b)

0
FIG. 2. (a) Fluorescent decay of the 8446A line in

Ne-O~ mixtures superimposed on the pure exponential
decay generated by an RC network (RC = 37 @sec);
(b) buildup of the 8446A line in Ar-O~ mixtures super-
imposed on the response of an RC network to a step
function {BC= 180@sec).

ing energy) of Ne, Ar, and Kr are denoted by as-
terisks.

Absorption studies in the afterglow of pulsed
discharges containing varying quantities of oxygen
demonstrated that the total destruction cross sec-
tions for all of the metastable states of Ne, Ar,
and Kr in two-body collisions with ground-state O,
molecules were comparable and in the general or-
der of 2x10 5 cm'. Comparison of the exponen-

0
tial decay rate [see Fig. 2(a)] of the 8446A emis-
sion line with the decay of neon metastable den-
sities in similar afterglow experiments demon-
strated that the reaction,

Ne('P„'P,)+O, O(3'P)+O+Ne,

was a dominant source of O(33P) excitation for
the conditions in the Ne-O, maser. A similar re-
action contributed to a lesser extent to the forma-
tion of the 0 (3 5P) term, and fluorescent enhance-
ment in the afterglow was not encountered in the
only three excited states of atomic oxygen ob-
served with energy levels occurring above the
neon metastables. From the time dependence of

0
the maser output and absorption of the 7773A line
in pulsed rf discharges, it was found that the re-
actions,

The total destructive frequency [(0.6+ 0.3) x10 "
cm'jsec at 300'K] for Ne('P, ) -0, collisions is
less than that [(2.0+ 0.5) x10 'o cm'/sec at 300'K]
for Ne('P„'P,) -O, collisions. Hence, the com-
bined effects of reactions (1) and (2) lead to a
sharply rising spike in the maser output when
the rf is turned on and a slower decrease to the
equilibrium output. A monotonic, rapid decrease
occurs when the rf is turned off.

Time-dependent studies of the 8446A emission
line in Ar-O, and Kr-O, mixtures demonstrated
that the excitation arose almost entirely through
the two-step process:

Ar Ar+0, ~0*+0+Kr* ' Kr

(energy) +e+O* ~o(3'P) +e,

where 0* represents a metastable level of atomic
oxygen. The identity of these reactions was estab-
lished from the slow buildup time [characteristic
of diffusion, Fig. 2(b)] and extremely fast decay
(characteristic of electron thermalization) found
in the emission line and Ar-O, maser output un-
der pulsed rf excitation. Relative intensity meas-

0
urements made on the 7773 and 8446A lines showed

0
an order-of-magnitude increase in 8446A emis-
sion in going from Kr-O, to Ar-Q, mixtures. The
latter clearly implies a resonance effect in the
production of oxygen metastables and may be ex-
plained either through increased production of 2'D
metastables (e.g. , by dissociation into two 2'D at-
oms) or by increased production of 2'S metasta-
bles.

Oscillation in the present masers has been ob-
served using two-meter, confocal Fabry-Perot
interferometers' with external mirrors and win-
dows placed at the Brewster angle. Measurements
obtained with a 7-mm i.d. quartz discharge tube
gave optimum pressures of 0.014 mm Hg of 0,
and 0.35 mm Hg of Ne in the Ne-O, case and 0.036
mm Hg of 0, and 1.3 mm Hg of Ar in the Ar -0,
case. Output powers of = 2 mW are obtained in
each case, corresponding to an optical gain =—3 /0

per meter. Measurements made with 10-' and 7-
mm i.d. discharge tubes show the gain at optimum
conditions varies roughly as the reciprocal of the
tube diameter. The higher pressures required
for the Ar-O2 case are consistent with the differ-
ent excitation methods discussed above. Fluores-
cent intensity measurements made with a high
resolution (1:272000) grating spectrometer under
these conditions show that the 3'P populations are
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distributed according to their statistical weights
and that the fluorescent widths(= 3 kMc/sec) in
both masers are primarily determined by pres-
sure broadening. With both masers, an anom-
alous shift has been observed in the oscillation
frequency towards shorter wavelengths than the
fluorescent peak of the 'P, -'8, component. This
anomaly suggests the presence of an unidentified
absorption line in close proximity to 8446 L.

The authors wish to acknowledge helpful discus-
sions with C. G. B. Garrett and D. R. Herriott and
the valuable technical assistance of R. H. Eick,
J. D. McGee, and W. D. Strohmaier.
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AZBEL'-KANER RESONANCE IN TIN WITH MAGNETIC FIELD PERPENDICULAR TO THE SURFACE
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We are reporting the observation of Azbel'-
Kaner resonance in white tin with the external
magnetic field at large angles, including 90,
relative to the crystal surface. In all cases,
large angle resonances were observed only when
the magnetic field was directed along or within
roughly 10' of the [100]axis. For the 90' case,
cyclotron resonance signals were found to depend
on the direction of the linearly polarized rf cur-
rents relative to crystal axes in the surface.

The theory of cyclotron resonance in metals as
proposed by Azbel' and Kaner' predicts a resonant
behavior of the surface impedance periodic in 1/H,
when the field is aligned parallel to the surface.
Azbel' and Kaner predict that even a very small
angle of inclination of H to the surface would se-
riously diminish the amplitude of such oscilla-
tions. Experiments on a large number of metals
have born out these predictions. Tipping the field
out of the surface to 1 or 2 degrees in most in-
stances destroys the resonance entirely.

Contrary to expectation, we have found cyclo-
tron resonance signals in Sn with the character-
istic subharmonic structure clearly resolved,
when the magnetic field is perpendicular to the
surface and along the [100]axis of the crystal.
This resonance series, as observed at 35 kMc/
sec and with rf current directed along the [100]
axis in the surface, is shown in Fig. 1. We have
also plotted the 1/H dependence of the absorption
derivative maxima indicating an m = 0.57 me.
Both fundamental and first subharmonic show

H, kilo-oersteds
4 6 10

Mc

1
4-

H

= 0.57 me

0
0

FIG. 1. Cyclotron resonance with H perpendicular
to the surface and along a [100l axis of the Sn crystal.
The rf currents are along the other [100j axis in the
surface. Absorption derivative maxima show the char-
acteristic 1/H dependence of cyclotron resonance in
metals.

some distortion whose cause we do not understand
as yet, and the points chosen are such as to fit
well with the remaining higher subharmonics.
Signals observed persist for about 10' in the vi-

473




