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771.5, 771.9, 772.4, 772.9, 773.0), 780 A (lines
0 IV 779.8, 779.9, and a weak unidentified line
at 779.0), and 790 A (lines 0 IV 787.7, 790.1,
79Q.2, and weak unidentified lines at 786.8,
789.3). On the ordinate is plotted the collected
electron current per unit light intensity. Cor-
rections have been made for scattered light
and background gas. The retarding potential
is plotted on the abscissa. At zero retarding
potential, the height of each curve should be
proportional to the ionization cross section.
It is clear that some process which may be
assumed to be autoionization has made the cross
section at 780 A much larger than it is at 772
or 790 A. The light-source lines at 780 A ap-
pear to lie at a wavelength which is on the shoul-
der of an autoionization peak shown in the work
of Cook and Metzger' and Diebler, Reese, and
Krauss. ' The arrows on the figure mark the
calculated appearance potentials of the vibra-
tional states of H, (no account of rotational
structure was taken). Double arrows are used
at 790 A to illustrate the energy spread among
the several lines within the bandwidth. Any
vibrational excitation of H2+ molecule ions should
have been reflected in a decrease in the ener-
gy of the ejected electrons. Thus, as the re-
tarding potential is decreased at any particu-
lar wavelength of exciting radiation, a rise
in the current per unit light intensity should
be noted at the appearance potential of each
vibrational state excited. As shown in the fig-
ure, such rises are noted, the vibrational states
have been resolved, and a strong enhancement
of the excitation of the e =1 state has taken
place at 780 A, but not at 772 A. It is assumed
that at 780 A the v = j. state was excited large-
ly through autoionization. The v =0 state could

have been excited directly.
In the case of hydrogen the autoionization

comes only from vibrationally excited states
of highly excited electronic configurations of
H, . In other molecules, however, the possi-
bility exists of producing autoionization from
electronic configurations with no vibrational
excitation. In some of these cases, also, a
change in the vibrational-state distribution
from that of the directly excited ion may be
expected on the basis of different internuclear
separations in the autoionizing state and in
the ion. This possibility has been pointed out
in the electron-retarding results from CO.
It would appear to be possible in 0, ' and should
be sought in other molecules, also.
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This Letter presents a new expression for
the variation with pressure of the spectral in-
tensity distribution in microwave absorption
lines of gases, with specific application to the
ammonia inversion spectrum. Earlier attempts
to apply the prevailing Van Vleck-Weisskopf'
(VVW) line shape expression has only a par-
tial success, and only at the price of regard-

ing the resonance frequency and the linewidth
as freely adjustable functions of pressure.
Most notable is the behavior of the ammonia
inversion spectrum under pressure, '&' which
is seen to shift gradually from the resonant
(VVW) to the nonresonant (Debye) line shape
as the pressure is increased, with an accom-
panying reduction of the collision cross sec-
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tion.
The expression presented here follows from

the existing line shape theory first expounded

by Baranger and re-established by Fano' from
the point of view of relaxation theory. In Fano's
terminology, each line in the spectrum is as-
sociated with an eigenstate of the Liouville rep-
resentation: The initial (i) and final (f ) levels
of the absorption line form together the eigen-
states lif) of the Liouville operator L„wh ose

eigenvalues are the resonance frequencies u,f .
The effect of collisions, statistically averaged,
is to introduce a time-independent non-Her-
mitian perturbation' A to the single-molecule
operator I, Its diagonal matrix elements give
rise to the shift and width of isolated lines of
the kind discussed by Anderson, whereas the
nondiagonal elements describe the coupling
of lines by inelastic collisions. '

The Liouville representation, though appar-
ently more complex than the conventional Ham-
iltonian representation, has a more direct ap-
peal to our experience (since lines and not en-
ergy levels are observed by spectroscopists)
and to our intuition (since its eigenstates cor-
respond to the "oscillators" of the classical
theory).

A peculiar property of I., is that to each ei-
genstate lif), with positive frequency ~,f, cor-
responds an eigenstate Ifi), with negative fre-
quency afi = ~if, which will also give rise to
absorption when sufficiently broadened by col-
lisions. This absorption is represented by
the "negative resonance" terms in the VVW

expression.
The derivation of the new expression is based

on the realization that the positive and negative
eigenvalues are coupled by inelastic collisions,
just as any two distinct positive eigenvalues.

Consider a single, nondegenerate dipole-ra-
diation line' and the corresponding pair of ei-
genvalues of L, (+v, in wave numbers). Sup-
posing Baranger's impact approximation is
valid, the coupling between these eigenvalues
is represented by a single real parameter P

which, like the shift 6 and the width y, is pro-
portional to the gas density. This parameter
(P) is, in essence, the rate of inelastic colli-
sions that cause transitions between the initial
and the final states of the line. Neglecting cou-
pling with other resonances, ' the relevant per-
turbed Liouville matrix reduces simply to

Vo+ 5-ly Sg

2 g —Vo —5 —lp

The absorption coefficient for a microwave
line (h&u «kT) is then found to be

a(v) =(4v N/3kT)p. l p l v F(v),
Z Z

(2)

with the "shape factor"

E(v) = 2 (y- g) v'+ 2 (y + g) [(v, + 5)'+ y'- g']
[v'-(v, + 5)'-y'+ g']'+ 4v'y'

where all frequencies are expressed in wave
numbers. In case the coupling coefficient g

is negligible, Eq. (3) turns into the familiar
VVW expression

(3)

( )
Y + Y (4)

PVW (v-v -5)'+y' (v+v, +6)'+y'

with a reduced width y-g.
Figure 1 shows the fit of Eq. (3) to the NH,

inversion data' at six different pressures, us-
ing the resonance frequency v0 = 0.78 cm ' and
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FIG. 1. Ammonia inversion spectrum —comparison
of theoretical line shape, Eq. (3) (solid lines), with
the measurements of Bleaney and Loubser at various
pressures.

On the other hand, when the resonance frequen-
cy v, + 5 becomes negligible, Eq. (3) takes the
nonresonant (Debye) line shape

F (v) =2(y-g)[v'+(y-g)']
D
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the total intensity factor (4m'N/3k T)Q&fp& l pfyP
=6.85&10 'xp (where p is the pressure in
atmospheres), with the three parameters

y/p =0.58 cm '/atm, g/p =0.38 cm '/atm,

6/p = -0.015 cm '/atm,

determined by trial and error (no least-square-
deviation adj ustment was attempted) .

This figure shows that the single-line ex--
pression is inadequate at low pressures (be-
low -z atm) where the finite spread of frequen-
cies in the inversion band, composed of many
lines, is still comparable to the pressure broad-
ening. However it can be shown that, with in-
creasing pressure, the broadening and coupling
of the lines will make the band profile approach
the shape resulting from a single resonance
line.

Equation (3) is still valid, even with very
low pressures, far out in the wings of the band.
But there too it shows a significant departure
from the VV% line shape. The absorption,
in the limit of low pressure, is proportional to
P(y+ f) near v =0, and to P(y f) at-v»vo, where-
as with the VVV' expression it would be pro-
portional to py in both wings. This may account
for the considerable departure from the VVW

expression observed in the low-frequency wing
of ammonia. 'o Using Eq. (3), with the param-
eters given here, the value of n/v2 calculated
for NH, at v=0.094 cm ', P =10 cm Hg, is
3.86X10 cm, compared with an experimen-
tal value of (3.7 + 0.2) X10 ' at a temperature
T = 288 K. There is some evidence of the ex-
istence of similar effects in both wings of ND,
and in the low-frequency wings of the rotation-
al spectra of COS and N,O."

The value of y used in Fig. 1 (0.58) is sig-
nificantly lower than the average width (0.62)
derived from the low-pressure data. ' Such
a difference is expected owing to the coupling
of the various inversion lines. The value of
the band shift 5 is inconclusive since, being
so small, the line shape is only slightly sen-
sitive to its variation. It has, anyhow, the
order of magnitude of the shifts of constituent
lines reported by various observers. "

A behavior similar to that of ammonia has
been observed in the magnetic-dipole spectrum
of oxygen. " Its analysis is complicated by

the existence of a nonresonant (zero-frequen-
cy) spectrum at low pressures, in addition
to resonant absorption.

A more detailed exposition of the theory
and its interpretation, with further implica-
tions for the microwave spectra of a,mmonia
and other gases, will be presented in future
publications. These will include discussions
of the validity of the Van Vleck-Weisskopf ex-
pression, the coalescence of a group of lines
under pressure, nonresonant absorption by
symmetric-top molecules, and saturation
phenomena.
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