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SUMMARY

The problems of communication in space and through planetary atmo-
spheres, and the problem of electromagnetic exploration of the solar sys-
tem and the cosmos require a knowledge of the spectral excitation, and
absorption properties of the planetary atmospheres and the gases in the
cosmos. The work under this program has begun the study of these prop-
erties with first attention to absorption measurements by coherent radia-
tion methods. In this report, after an introduction to elementary line
broadening theory, the instrumentation development for absorption mea-
surements is discussed. Calculations and a search for Oy submillimeter
transitions are described in the next section. Spectroscopic investigations
of the Stark effect in water have been used to confirm level assignment and
to determine a new value of the dipole moment of water by a more accurate
dc voltage method. D3O, a chemical analog of water has been observed
near 300 GHz. One of the major efforts has been to provide a better under-
standing of relaxation processes. A discussion of orientation relaxation
theory is presented, as well as a consideration of quadrupole interaction
in COg. A computer program that is suitable for computation of low J
value transitions in asymmetric top molecules has been developed for the
Kivelson-Wilson theory of centrifugal effects. Based on all available data
from 100 to 1000 GHz, the absorption spectrum of water is computed by
two methods with different form factors, in order to present a comparison.

xi
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I. INTRODUCTION

Under two consecutive contracts* the propagation of millimeter and sub-
millimeter waves has been studied in those gases which are important ab-
sorbers of electromagnetic radiation in the earth's atmosphere. The over-
all objective of the program was, by experiment and theory, to determine
the absorption by these gases in the 100 GHz to 1000 GHz frequency range,
and by determination of the parameters, to allow the computation of the
absorption due to water vapor, oxygen, or air. The program has been car-
ried out so as to obtain the utmost generality, in order to be able to apply
the results to the computation of absorptions of other gases when the neces-
sary line locations and widths become available either through experiment
or computation. In addition, an investigation of all current theories applic-
able to line broadening in the microwave and far infrared regions has re-
sulted in the detailed consideration of two theories, those of Van Vleck-
Weisskopf (Reference 2) and Zhevakin-Naumov (Reference 3). These
theories are similar except for different line shapes. For low pressures
these theories differ negligibly at the line peaks, but for low frequencies
and even at atmospheric pressure, the theories may differ in the valleys.
The comparison of these theories is presented under Conclusions, sec-
tion IX.

As shown in section IV the oxygen molecule is a negligible absorber com-
pared with water, everywhere except the many lines clustered around 56
GHz and the single line at 118 GHz. The other lines, near 400 GHz and 800
GHz, are of the same order of magnitude as the valleys in the water ab-
sorption. For this reason the principal effort in this task has been to put
the theory of the broadening of the water molecule on a secure footing and
to compare it with all known experimental facts, including those obtained
in the literature and under this task.

The success of the task depends upon what use is made of the results.
If a system design above 600 GHz had no margin for error in the absorp-
tion coefficient because of lack of power, the results could not be guaran-
teed. It is probable, given the consistency between theory and data becom-
ing apparent from recent studies, that for fairly wide pressure ranges

*NASw-963 (July 1964-July 1965) and NAS 12-10 (July 1965-November 1966).



around the atmospheric there is probably no more than 15 percent to 20
percent error in the absorption curves. The effects of temperature are
not as well understood and the data is estimated to be in good agreement
only within 25 percent of T = 293°K.

Although it was not possible to obtain detailed data in the higher fre-
quency range, the use of all available data has given a consistent picture
for water. The energy level calculations under this task, the more accu-
rate ones by Clough and Benedict* using a method of diagonalizing the
whole secular equation, the theoretical studies of Benedict and Kaplan (Ref-
erence 4) on linewidth as a function of temperature and pressure, the data
on linewidth, the accurate measurement of spectral line position and posi-
tive identification by Stark effects, the data obtained from lower resolution
Michelson-Fourier spectrometer runs throughout the whole region, and the
indirect data obtained from Gebbie's solar studies (Reference 5) have been
welded together in this report to give a consistent picture of water from
100 GHz to 1000 GHz. In addition, the data and formulas have been pre-
sented in such a way as to enable the revision of the calculations whenever
additional data is obtained or the theory of the linewidth parameter depend-
ence on pressure and temperature becomes more precise. Curves are
presented for a variety of conditions to allow the system designer daring
to think in terms of this region, to find quick answers and if these do not
cover the situation, to consult the formulas.

The report consists of a theoretical introduction, a description of ex-
perimental methods, and several sections dealing with the theory of the
HZO and Oy molecules and the data obtained for each. Pertinent spectro-
scopic investigations are described and contributions to linewidth theory
and symmetric top molecule theory are followed by a final compilation of
data on water.

*S. A. Clough, Private Communication.




II. THEORY OF LINE BROADENING AT
MILLIMETER WAVELENGTHS

It is not possible to review completely the theory of line broadening in
this report, even if only millimeter spectra are considered. However,
the theory is a framework on which our measurements are based and it is
desirable to have a brief review in order to clarify the formulas used
here. Of particular interest are the assumptions under which the theory
is developed, and the limitations of applicability of the theory. The theory
here developed is not able to stand the closest scrutiny, but is adequate
in view of the accuracy desired in this study. More detailed studies of
broadening would be very desirable from the point of view of molecular
interaction studies, but would require greater accuracy than obtained in
this task for experimental confirmation,

The most important gases of the earth's atmosphere in their effect
on millimeter waves are water vapor and oxygen since these possess rel-
atively large dipole moments. Other gases such as CO, NO, NOg, and N3O
have some weak absorption lines in the millimeter region. Gases such as
Ngo and COg are nonpolar, having no permanent dipole moment, but their
induced moments on collision can allow absorption which is only consider-
able at high pressures. The dipole moments of the gases are:

Gas Dipole moment (u)
HZO 1.88 debye
-20
0, 1.854 x 10 erg/gauss
CcO
NO
NO2 ~ 0.1 debye.
N20

Further, the concentrations of the latter group of gases are less than
0.0001 percent in volume, hence make very little contribution to the ab-
sorption; thus for communication purposes, only water vapor and oxygen
are significant.



In this section, after brief attention to natural, Doppler and saturation
linewidths, the Lorentz-Van Vleck-Weisskopf theory and the Zhevakin and
Naumov theory are reviewed, and the formulas adopted for use in this
study are stated.

The natural linewidth of an absorption or emission line is related
classically to the finite length of the wave train and the gradual decrease
of the amplitude of the oscillator. Quantum mechanically natural line-
width is often described as a consequence of the Heisenberg uncertainty
principle, AEAt 2 h or AwAt 21, This relation means that, if a time
of measurement A t is available, the frequency can be measured at best
with an accuracy Aw. The natural line shape and linewidth can also be
attributed to the declining probability of initial atomic state. The ex-
pressions for the natural line shape can be derived from quantum mechan- .
ical radiation theory. According to Heitler (Reference 6 ) the absorption
coefficient for a line in an unperturbed molecule is

11'2 02 Y 1
a(w) = NW R
ab ) 2T 2 2
w, (w—wo) +y /4

Here N = number of atoms per cm3 in absorbing state a

Wab = transition probability for spontaneous emission b ‘-

w = angular frequency, radians per second

Y = linewidth at half intensity

In this theory it is shown that y, the linewidth, is just equal to Wap, the
total spontaneous transition probability per unit time. This transition
probability is

323
Wb=32"—e3—l’— |<al r |b>|2
a 3hc
or
2
3 3
2 .
Wab=——-——3 | u|
3hc
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where u=e<a | r | b>is the matrix element of the transition. Natural
widths are thus much less than one Hz for frequencies in the range

1012 Hz > v > 101! Hz. Even thermal fields, stronger than the zero point
field for room temperatures and frequencies, give a negligible width in
comparison with that caused by other types of broadening, of the order

of 10-° Hz.

Likewise, although larger than the natural linewidth, the broadening
due to the Doppler effect is small compared with pressure broadening,
since the half width at half maximum is

Av=3.58x 10" V%;[- v

where T = absolute temperature

M = molecular weight.
-6
Then for room temperature and a molecular weight near thirty, Av/v~10 .
Thus, for v in the range 1011 < y< 1012, 109 < Aw< 106_ That is, in the
range of interest in this report the half-width is less than 1 MHz.

Saturation broadening is generally of no importance in the frequency
region of interest. In order to be significant the power generally must
be higher than 1 mW/cm2 (Reference 7) at pressures sufficiently low to
produce linewidths less than 1 MHz., Saturation effects could be helpful
for some communication problems if sufficiently high powers could be
produced, since the effect of saturation is to decrease the absorption at
all frequencies.

The principal absorption process for this report is absorption by unco-
operating molecules, whose absorption linewidth is determined by collisions.
Of the several approaches to this problem, interruption broadening is most
applicable to the range of pressures, temperatures and frequencies under
consideration. The principal applicable theories are by Lorentz, by Van
Vleck and Weisskopf (Reference 2) and by Zhevakin and Naumov (Reference
3). We will review these theories and then indicate by a discussion of the
data available which is the most reliable.

In their fundamental paper Van Vleck and Weisskopf determine the
absorption coefficient for a single line to be

-E./kT
8wy 2 le Ve

-E,/KT
" 3 he '“ij | G

S (v,vij, Av)



where v = the frequency of the incident radiation

N = number of molecules per cubic centimeter
h = Planck's constant, erg-s
¢ = velocity of light, cm-s~1
|“ij|2 = dipole moment of the transition (see section VIII)
Ei = energy of the molecular state i -
T = absolute temperature .
k = Boltzmann constant
* 3 | 7| -E(J,7)/KT
G=)y Y L2-(1 (2T +1)e ’
j=o0 T==J

where J, T are the state designations of the rotational states, E(J,7) are
the same as Ej,with the state designations given specifically. This
formula is derivable from the Einstein transition coefficients and hence
must be universal. The problems arise however in the choice of the
"shape factor" S (v, vij» Av) (where Av is the linewidth), and in the
dependence of Av on pressure, temperature and composition.

The development of line width theory is well documented. However,
it is useful to give a derivation of the formula for the absorption coefficient
in order to note the fundamental factors which enter into it and to obtain
a complete theory without some of the approximations indulged in by
some writers. These approximations are normally accurate in the micro-
wave range, but for frequencies in this report which range into the far
infrared, it is necessary to present a theory as free of approximations
as possible. This derivation will be partly quantum mechanical, correct
to first order, but the line shape, dependent on a theory of collision
broadening, will be obtained from either Van Vleck and Weisskopf or from
Zhevakin and Naumov.

We consider a gas, N molecules per cc, traversed by radiation whose
energy density at transition frequency v, is p(v,,,), assumed for the
moment to be isotropic. (If E2(y) is the average value of the square of
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the electric field strength, p(v) = 1/4 = E2(v) and E4(v) = Exz(v) +
Eyz(v) + Ezz(v). Then the probability of a transition of a system originally
in state n, to state m (Reference 8) is

3 2

S j@lPm) | p () (1)

3h

where P is the dipole moment operator of the molecule. In this deriva=-
tion no assumption was made nor required as to whether n or m was the
state of higher energy. Thus the probability of induced emission and
absorption are equal. It is here assumed that the probability of spontaneous
emission for the frequencies and power levels is negligible. There may

be situations where the effect of spontaneous emission is of comparative
importance. The ratio (R) of spontaneous to induced emission is

N A
m m-n

Nm Bm - np

R

where N, is the number of systems in mth state, A, B are the Einstein coef-
ficients. Then ’

for v ., = 1012 gz, where I is the intensity (ergs per second) through an
area of one square centimeter. Thus for R =1,1=2x 10-10 erg/s or

2 x 10-3 watts. These power levels may occur. Since spontaneous emission
is not coherent, it represents a loss mechanism. However, in this report
we confine ourselves to absorption and coellision processes.

Returning to expression (1) we write

811'3

3h2

hv__ N(n) - N(m) |(n| P | m) |2 plv )

3

as the net number of transitions per second per cm*® and finally,

Net energy absorbed 8 3 9

per cm3 at frequency = —":—2- hv [N(n) - n(m)] I(n|P|m)| plv_ )
v sp* ™ nm
nm



where N(n) = number of systems per cm? in state n. Since the transitions
occur over a range of frequencies, (that is over the line shape) and since
the lines are not perfectly narrow (due to collisions, ignoring natural
width) this expression must be multiplied by a shape factor S(v1 Av ).
The shape factor will not be derived here, but can be found in the 11terature
The absorpt1on coefficient is defined as o = 1/I dI/dx where I denotes the
power (per cm 2) carried by the radiation, and dP/dx its rate of loss with
distance. But I = cp and ¢ = dx/dt is the velocity of the radiation, hence

v[N(n) - N(m)] |(n|P|m)| S(v ,V,Av),

The factor 3 in the denominator is retained from the assumption of iso-
tropic radiation and should be removed for a plane wave. However it re-
turns when one averages over all orientations of the atom with respect to
radiation propagation vector, since cos2 6 = 1/3,

The factor (N(n) - N(m)) is the excess of atoms in the lower level
over those in the upper level per cm3, We may assume thermal equilib-
rium and determine

-E /KT

N gie

G

N(i) =

where N is the total number of systems per cm3 and gi is the total de-
generacy of the ith Jevel whose energy is Ei' G is the partition function

o J
6=3 ¥ [2-n 1] @y o -B@AV/ET,

The notation here and hereafter is the notation of the asymmetric top
molecule (Reference 7); J and 7 are the numbers designating the states.
The degeneracy g must include both the Zeeman degeneracy and the
nuclear degeneracy. The nuclear degeneracy arises from the nuclear
spins of the protons in the water molecule and is either 3 or 1 as 7 is
respectively odd or even. This degeneracy must also appear in de=-
termining N(i), i.e.,

N[Z - (-1)H] (25+1)e” B TY/KT

N(i)= G

However, in the computation of the effect of the Zeeman components of
a level, line strength Sy = n ‘v | (@|P|m)]| 2 is often used; the factor
(2J+1) is not used in the expression for N(i).

8




Thus far we have only considered the components of a line, However,
since S(v, Vit Avji) is a bell-shaped curve, the effects of absorption may,
under the right conditions, extend far from the line center, hence it is
necessary to sum over all transitions when determining the effective
absorptions. It is customary also to put the results into units of decibels/
kilometer (dB/km) by multiplying by 108 logjg e. With these changes,
the absorption is

3
N 8" VN 3} -E,/kT {1 -E /kT]
@ =10 log el o —c S [{1 e - 3} e u Mz Sgy Svy oY, ),

u

where Sy, is the line strength connecting the lower and upper level, u =
pérmanent dipole moment of the molecule, and the summation is over all
transitions in or sufficiently near the frequency of interest to contribute.

Because Lorentz' formulas did not fit the Debye theory at low fre-
quencies, Van Vleck and Weisskopf justly critized his treatment; they
substituted a line shape of the form

S(v..,v,Av,,) =— Av + Av
ij ij

i (v..-v)2+Av2 (v,, + v)2 +Av
ij ij

21,

where vj; is the resonent frequency and Av is the half width of half height.
This shape factor was derived under the assumption of ''strong collisions'".
Strong collisions may be defined as those in which the impact is suffi-
ciently strong so that no "'memory" remains of the orientation or dis-
tribution after collisions. An additional assumption was that after
collisions the electrons of the molecules were distributed in position and
velocity according to the Bolizmann law rather than at random.

However, these assumptions, made for mathematical convenience, are
surely not completely correct and it is possible to replace the assumption
of Boltzmann distribution by a distribution function for the optical electron
under collisions and an external sinusoidal magnetic field (Reference 9).
This method has the advantage that it replaces an assumed distribution
by a calculated one. Over a wide range of assumptions on the masses of
the oscillator and molecular particles, both in quantum and classical
theory, the same form of spectral line shape is obtained. Under the
assumption that the time of collision is shorter than the period of the
external field, the line shape (Reference 3) is

YYij 4A vy
(vijz - 22 1 .2000)2

S(v,v..,AvV) =
1}



Thus, using the general form of the equation above we obtain (temporarily
omitting the summation)

| -E,/kT -E /KT
u S vV, Vv
o= 106 log 81'r vN|42 . _fu fu ' 4Av
10 3hc G T 2

(VI u

2 -
-V2) +4v2Av2

(We will, in future writings of this equation, introduce the factor 106 logjge
in order to express o in dB/km). We note that for v = v, ,, the Van Vleck-
Weisskopf and Zhevakin-Naumov equations are substantially equal in the -
range where (vy,)2 >> Av2 (true for the millimeter range):

2 1 , .
) 1051 e87r "guN! | 2[ e-EI/kTI s (Zhevakin-Naumov)
@= 1020810 °3he g ' Heu . N
— \ -
Aot 5 5-) (Van Vleck

2(v1 u) +Av Weisskopf)

Further, it can be seen that the Zhevakin-Naumov form of « tends to zero
for both v+ 0 and v—~ «, whereas the Van Vleck-Weisskopf form tends to
a constant for v—+ .

The broadening constant Av has a dependence on both temperature and
pressure. In a single gas the dependence may be expressed as

. P \/T\ ™™
(Av);; = AV)iana. P_I\T,

where (Av)gtanq is the half width of the ijth line at a pressure Pg and
temperature Tg. In the case of mixtures

(c,)
M _ (%2) 3
(A= Cyy (an *+c

Ck
where (Av){; is the half width at standard temperature and pressure for

self-broadening due to component k. The C,,,, coefficients are the fraction-
al composition of the mixture. For an average summer day when Ng is 78
percent, Og 21 percent, HoO 1 percent (7.5 gm/m3) and assuming that

H50 - HoO collisions are approximately five times larger in cross section
than the HpO-Ng collisions (Reference 3) and that HoO-Og collisions are
one third as effective, we may obtain with Zhevakin and Naumov that:

10




H, O:N -n..
(av) = 0.9(av) 2772 (_P_) (_1_"_) i

where P is in millimeters of Hg.

A convenient form of this equation for a three component mixture, say
Nz, 02, HZO, is:

H,O HO N N 0] O H_O:N ij
2 2 2 2 2 2 2 2 [P T
= . . + . iy | P
Avij Re f + Re f Re f (Aij) (760)(300)

N
where Rg 2 ignifies the relative effectiveness of Ny in collisions with

water, etc., f 2 is the fraction of N2 molecules in the mixture. The for-
mula may be easily varied to fit other mixtures.

11
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III. INSTRUMENTATION AND MEASUREMENT
A. THE FABRY-PEROT INTERFEROMETER
1. Introduction

The use of resonant microwave cavities to observe molecular resonances
in gases, and their absorption coefficients, is not of recent origin (Ref-
erences 10 through 12). Weidner (Reference 11), for example, used a

~ resonant cavity at 6700 MHz to measure the loss of iodine monochloride
with a sensitivity of 6 x 10-8 ecm-1, Since the method relies upon the
reduction of cavity Q as a result of gas loss, the sensitivity of the instru-
ment is proportional to the Q of the evacuated cavity. Therefore, it is
desirable to design for maximum Q.

The low loss cylindrical cavity mode TEQ1 is usually employed for
maximum Q. At submillimeter wavelengths, however, the wall losses of
this mode become appreciable, and it becomes increasingly difficult to
couple into the circular waveguide TEQ] mode from the rectangular wave-
guide TE]0 mode over a large range of frequencies.

[

These problems of loss, coupling efficiency, and tuning range have been
greatly alleviated by the Fabry-Perot (F-P) interferometer (References
13 through 17). For example, the diffraction loss of a semiconfocal F-P
interferometer, 61 cm in length and 12.1 cm in diameter, is 2.17 x 10-4
dB (Reference 18). The analogous wall loss of a cylindrical copper cavity
of the same dimensions supporting the TEQg] low loss mode is 7.68
x 10-4 dB.

The resonance spectroscopic technique also possesses the advantage
of high resolution when compared to long waveguide absorption cells or
grating spectrometers borrowed from the infrared. Molecular resonance
lines can be examined in fine detail at pressures near atmospheric, or
lower than 20 microns.

The F-P interferometer has been employed extensively as a resonant
component in the microwave and millimeter wave region (References 13
through 17). Its application to the field of laser technology has also
received extensive treatment (References 18 through 20).
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2. Operating Principles and Fundamental Relationships

In its simplest form (Figure 1), the F-P interferometer consists of two
partially reflecting mirrors separated by many wavelengths. When il-
luminated by a monochromatic plane wave, resonances occur at half-
wavelength intervals in mirror separation. The shape of the transmission
resonance curves (Reference 21), as a function of mirror separation d, is
given by

2
(1-r")
I = (2a)
T 1-2r2 cos %r<_i_+ r'2
or
1
I = (2b)

T

2
2r . 2 27nd
1+ sin® —
2 1N
l-r

where r represents the reflectivity of the mirrors.

COLLIMATING - a |
LENS
LLIMATING
LENS
HOR
T n ﬂ DETECTOR
2a n “
0 0
0 [
SOURCE l] “ METER
L / o

PARTIALLY REFLECTIVE MIRRORS

Figure 1. Flat Mirror Fabry-Perot Interferometer

The quality factor Q of a flat mirror F-P interferometer is given by

f n

= —— E — 3
Q Af a\ d (3)
where
f = frequency of resonance
N = wavelength of resonance
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Af

frequency separation of half-power points on response curve

R
1

losses of the resonator, per reflection.

For a given mirror spacing and wavelength, the Q is limited only by the
loss «, consisting in vacuo of mirror conduction loss, mirror transmission
loss, and diffraction loss.

Conduction loss is minimized by choosing a noncorrosive metal of high
conductivity, which can be made to conform to a surface of maximum
possible smoothness by plating, machining, and grinding processes.

Transmission loss is determined by considerations of output power of
available sources and the sensitivity of the detector employed.

Diffraction loss is minimized by proper choice of mirror size for a
given mirror separation. Mirror size should be limited to the point where
diffraction losses have been reduced to be equal to other mirror losses.
Further reduction of diffraction loss by increasing mirror size is not very
effective since mirror loss will predominate.

Diffraction losses are most drastically increased by misalignment of
the flat mirrors from true parallelism, destroying the high Q's of which
the F-P interferometer is capable with large mirror separations.

Spherical mirrors may be employed to ease the mirror alignment
problem as shown in Figure 2. The resonant modes which can be supported
by the resulting confocal resonator (Reference 14) are commonly designated
by the notation TEMgmn, Where

Q = number of integral half wavelengths between spherical mirrors

m = number of field reversals in a direction transverse to the inter-
ferometer axis of symmetry

n = number of field reversals in a transverse direction which is
orthogonal to the direction chosen for m and the interferometer
axis of symmetry.

The index q is usually very large (>103) and, as a result, is omitted,
resulting in the notation TEMpmyp.

The conditions for resonance of the spherical mirror interferometer

(Reference 14) for arbitrary mirror spacing d, and mirror radius of
curvature b, are given by:

15



PARTIALLY REFLECTING
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SEMICONFOCAL INTERFEROMETER
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TWICE MIRROR SEPARATION (2d)

Figure 2. Confocal and Semi-Confocal Fabry-Perot
Interferometers

4d 4 ~1 b-d

=< . - — 4

~ 2q+(1+m+n)(1 7r’l:an b+d) (4)
For the dominant mode, m=n=O(TEM00).

When the mirrors are separated by their common radius of curvature
d=b, the system is said to be confocal, and Equation (4) reduces to
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— = 2q + (1+m+n) (5)

It should be noted that because of the boundary conditions imposed on
the electric field by the flat mirror (tangential E=0), the index q is restric-
ted to "even' integral values when applying Equation (4) to a semi-confocal
interferometer such as the one outlined in Figure 2. The index q refers
to the number of half wavelengths in a confocal system. Also, the quantity
4b/\ of Equation (5) must take on integral values. This requirement is not
imposed on 4d/\ of Equation (4) as a condition for resonance of a noncon-
focal system. In addition, the modes associated with a confocal system are
degenerate in (m+n). This degeneracy is removed in the nonconfocal case.

In addition to making mirror alignment less critical, the use of spherical
mirrors reduces diffraction losses for the dominant TEMgo mode, and
permits the suppression of higher-order modes (m+n=0) by the proper
choice of mirror radius. For the mirror losses usually encountered, the
criterion for optimum mirror radius a in terms of confocal mirror spacing
(b=d=radius of mirror curvature) and wavelength \ is

Referred to as the Fresnel number, Equation (6) ensures that the dif-
fraction losses associated with unwanted higher-order modes are signifi-
cantly larger (>10 dB) than the diffraction losses associated with the
TEMgQ mode, serving as an effective means for suppression of higher-
order modes.

Another concept useful in the design of the microwave feed system is
the "spot size'" defined as the radius at which the field distribution falls
to 1/e of its peak value. From (Reference 19) it can be shown that the

spot sizes at the mirrors of a semi-confocal F-P interferometer (Figure
2) are

rg = V dx at the flat mirror
T

rg = V 2dn at the spherical mirror
T

The losses o of Equation (3) are additive. The loss of the propagating
medium forms part of this loss when the system is not evacuated. Since

17



all other sources of loss remain unchanged, the loss of the propagating
medium (gas or vapor) between the interferometer mirrors can be de-
termined by measuring the Q of the interferometer with (Q2) and without

(Q1) the absorbing gas, and subtracting to provide the following difference
equation for the gas loss a:

2 (1 1 2m -1
a —T(-@--al—)— . tan & cm (7)

Equation (7) can be written in a form which is more easily handled and
less subject to the error associated with the difference between two large
measured quantities such as Q] and Q2. If A is the output of a loosely
coupled square law detector at the output of the F-P resonator, then
Q1/Q2 = (A1/A2)%, and (7) becomes

1 i
o =%[(A1/A2)2 -1] — (8)
1

When expressed in terms of dB/km with \ in millimeters, Equation (8)
becomes

6 1
a = 27—'2:QX¢|3A1/A2)2 -1] dB/km (9)
1

Equation (8) implies thatthe F-P resonator possesses an ''effective
pathlength'', given by

Qlk
EPL = —— (10)
27

Equation (10) makes the desirability of a very high Q system obvious
since it implies a greater effective pathlength and, therefore, greater
sensitivity. For example, a mirror separation of about 60 centimeters and
a Q of 106 at 300 GHz will result in an effective pathlength equivalent to a
waveguide absorption cell about 162 meters (530 feet) long.

The fractional change in detector output, A1/A32, is plotted as a function
of o for a typical interferometer in Figure 3.

18
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3. Design

The interferometer (Figure 4) was designed as a semiconfocal device
with the following characteristics:

1 Q=108
2 Mirror spacing, spherical to flat, 61 cm
3 Mirror radius of curvature = 122 cm

Mirror diameter = 22.86 cm.

| >

Figure 4. Photograph of Interferometer Removed from Vacuum
Chamber

The spherical mirror is mounted to a threaded shaft (80 threads per
inch) to permit tuning while the interferometer is mounted in a vacuum
chamber. Electromagnetic energy coupling into and out of the inter-
ferometer is accomplished with two pieces of RG-135/W waveguide mounted
symmetrically at the center of the flat mirror (Figure 5). The lateral
position of the end of the waveguide relative to the mirror face is con-

tinuously adjustable, thus providing some tuning capability to reduce in-
sertion losses.
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Figure 5. Microwave Feed Assembly and Components

It will be noted that the mirror diameter of 22.86 cm (9 inches) is much
larger than required by Equation (6). This was done in order to accommo-
date the largest possible range of frequencies without the mirror size
restrictions of Equation (5). Suppression of higher-order modes is ac-
complished by using a constricting iris of the aperture radius required.

To minimize undesirable reflections within the vacuum chamber, the
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chamber walls and iris were lined with sheets of black viton vacuum seal
rubber, which proved to be an effective absorber of millimeter waves in
the region of interest.

Mirrors were ground and polished from tool steel blanks to a surface
tolerance of a few microns, copper plated, and gold flashed.

4, Instrumentation and Measurement Procedures

Figure 6 partially illustrates the instrumentation, showing the inter-
ferometer installed in the vacuum chamber, the gas manifold system, and
vacuum gauges.

The basic measurement procedure consists of employing Equation (8)
to determine the loss of water vapor as a function of water vapor density

and pressure, using nitrogen, oxygen, and carbon dioxide as foreign gases.

Two basic systems were instrumented as shown in Figures 7 and 8.

These two systems differ only in the method employed to generate frequency

markers for the measurement of Q; of Equation (9).

Figure 6. Complete Measurement System
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The vacuum chamber is first evacuated with the fore pump to a pressure
of 25 to 30 microns of mercury. The evacuated Q of the interferometer is
then measured by displaying frequency markers (zero beats) on the face of
an oscilloscope along with the detected output of the interferometer.

As the 60V10 klystron is linearly swept with a sawtooth reflector voltage,
the frequency response of the interferometer is displayed on the oscillo-
scope. As shown in Figure 7, the swept frequency output of the 60V10
klystron is sampled by a directional coupler, prior to multiplication from
60 GHz to 180 GHz in the crossed guide harmonic generator feeding the
interferometer. A zero beat is then produced between the sampled 60 GHz
GHz swept signal and the sixth harmonic of a phase-locked Varian X-13
klystron.

By adjusting the frequency of the 100 MHz signal generator in the phase-
lock loop, the frequency of the X-13 klystron can be adjusted to place the
zero beat at the maximum and the half-power points of the displayed inter-
ferometer response curve. The frequency of the 100 MHz signal generator
is measured with a frequency counter, permitting the determination of the
OKI 60V10 frequency to an accuracy of one part in 108, This data was
used to determine Qq and \. The interferometer response showing the
zero-beat marker appears in Figure 9.

Once Ql and \ have been determined with the above procedure, water
vapor is introduced into the vacuum chamber containing the interferometer
by opening the water flask valve on the manifold until the desired partial
pressure (density) is obtained. Therefore, the dieleciric constant of the

[N |
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1 <
ferometer tuning must be slightly adjusted by changing the mirror sep-
aration to maintain a resonant condition. As a result of water vapor loss,

Figure 9. Oscilloscope Display of
Interferometer Response Show-
ing Zero-Beat Marker on
Second Trace - Fre-
quency 183.3 GHz
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the detected output of the interferometer will be reduced from Aj, cor-
responding to an evacuated condition, to Ay, corresponding to the reduced
system Q. The amount of this reduction is determined by removing video
attenuation with the linear helipot to bring the output response back to its
original level. The ratio of helipot settings then corresponds to the re-
quired ratio A1/A2 of Equation (9), and the loss « can be calculated.

It should be noted that retuning of the interferometer is required each
time the pressure is changed. The tuning adjustments result in a total
change in mirror separation of about 0.025 inch. Because of the large ini-
tial mirror separation, this retuning will produce a Q change less than 0.1
percent. The error can be ignored compared to the error in Q measure-
ment inherent in the marker placement technique.

When using a Varian VA-714 klystron, operating from 137 to 155 GHz
frequency marker (zero-beat) generation was not possible using the tech-
nique described above. This was due to the large multiplication (x15)
required of the X-band phase-locked frequency.

As a result, the marker generator system shown in Figure 8 was em-
ployed as a unique method for producing a series or fence of zero beats
of accurately known separation. These zero beats are obtained by mixing
the harmonics of a stable unit oscillator with the swept 30 MHz IF signal
derived from the VA-714 klystron, mixing with the fifteenth harmonic of
the phase-locked X-13 klystron. By adjusting the unit oscillator frequency,
a zero beat can be placed at each of the half-power points of the displayed
resonance response of the interferometer. The width of the response
curve is then given directly by the unit oscillator frequency as measured
with a frequency counter.

The frequency of interferometer resonance is obtained by adjusting the
unit oscillator to 30 MHz (or some known submultiple thereof) and ad-
justing the X-13 klystron frequency until a zero beat is superimposed on
the peak of the response curve., With the aid of the wavemeters to obtain
multiplication factors, the frequency of the VA-174 klystron can be de-
termined to one part in 108 at the peak of the interferometer response
curve. The oscilloscope trace of the interferometer response, at 150 GHz
and the zero-beat markers are shown in Figure 10. The interferometer
response at 300 GHz (second harmonic of VA-714 klystron) is shown in
Figure 11. The measured Q of 0.33 x 10° at 300 GHz compares favorably
with the design Q (unloaded) of 106. The difference is attributable to cou-
pling and vacuum chamber loss not initially anticipated.

In conclusion, it has been demonstrated that Fabry-Perot inter-
ferometers are feasible as coherent spectrometers of quality factors

26




-

v

Figure 10. Oscilloscope Display of Inter-
ferometer Response Showing Zero-
Beat Marker on Second
Trace - Frequency
150 GHz
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Figure 11. Oscilloscope Display of Inter-
ferometer Response at 300
GHz - Measured
Q= 330,000

exceeding 3 x 109 at 300 GHz. The Q reduction technique of loss meas-
urement has consistently provided a sensitivity on the order of 10-7 cm-1
at frequencies as high as 300 GHz using video detection methods. Heter-
dyne detection techniques will result in a further improvement in sensi-
tivity.

27




In general, it was possible to measure Q repeatedly to about +3 percent.
However, the values obtained varied with coupling changes that occurred
as a result of mechanical operations made on the cavity, either in in-
tentional adjustments or during pressurization. These changes often
amounted to £15 percent of the initial set of readings. It is very doubtful
that such large changes actually occurred during a given measurement
series, or that they were systematic enough to affect the average results
of repeated measurements by more than 5 percent. The origin of the Q
sensitivity to mechanical influences lies primarily in the relatively tight
coupling into and out of the interferometer. As more power becomes
available, a higher insertion loss and less coupling are feasible. .

The major benefits derived from using the Fabry-Perot interferometer
are its long effective absorption path and its high resolving power Q. These v
qualities suggest other areas of application. Some of these areas, such as
filtering applications, have been employed (Reference 22) in the far infrared.
Another area, that of transform spectroscopy using incoherent sources
suggests itself as worthy of investigation. The Michelson interferometer
has been employed for this purpose in the past, providing a low Q dual beam
device for which a Fourier transform exists to obtain by computer tech-
niques the output spectrum of a ''multiple bounce'' long path cell.

In the event that an inverse transform can be obtained for a kernel of )
the type provided by a Fabry-Perot interferometer (Reference 10), other
spectrometer components normally employed for long path cells or v.
multiple filtering processes could be eliminated, resulting in a significant
simplification of instrumentation normally employed in the far-infrared
region.

B. FOURIER SPECTROMETER

The use of coherent radiation methods of attenuation measurement are
superior in many ways to the incoherent optical sources previously used.
However, in the present state of the art the production of sufficient power
above 600 GHz to perform such measurements is very difficult unless suf-
ficient funds to buy carcinotrons at 750 GHz are available (It is estimated
that close to $40,000 would be necessary to put one carcinotron at that fre-
quency into operation, counting the cost of the source and its power supply,
and one source would cover only a very narrow range.) In order to provide
a general coverage over the 600 to 1000 GHz range a Michelson-Fourier
spectrometer was obtained. It has only sufficient resolution and accuracy to
approximately confirm the location and shape of absorption lines, but it shows
that oxygen is inconsiderable compared to water vapor in this frequency
range. No evidence of the Og lines discussed in section IV was found.
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Figure 12. Optical Layout of Fourier Spectrometer

The Fourier spectrometer is a FS-520* far infrared interferometric
spectrometer with a conventional Michelson interferometer. This type of
spectrometer is superior to a dispersion type instrument due to the
improved signal-to-noise ratio achieved by simultaneous measurement of
the radiation throughout the spectrum and the absence of sorting problems.

Figure 12 shows the optical layout of the instrument. The source is a
high pressure mercury lamp with a thin wall quartz envelope, mounted in
a prefocused, water-cooled holder. The beam splitter consists of a sheet
of polyethylene terephthalate (thickness chosen for wavelength region of
operation) stretched in a precision spot ground circular frame. The
detector is a diamond window Golay cell with a synchronous detection sys-
tem.

In Figure 12, energy from the source is collimated by mirror 1 and
reflected onto the beam splitter, from which it passes to the fixed mirror
2 and the driven mirror 3. The recombined beam is condensed by the
concave mirror 4 and brought to focus at the detector through the
Cassegranian system shown.

* RIIS, London, England
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Mirror 3 is driven along the optical axis by a precision lapped piston and
cylinder system. A grating attached to the piston, along with a grating which
is fixed in position, make up a Moire fringe system which determines mirror
movement to an accuracy on the order of 0.1 microns. The sampling in-
terval is either 4 or 8 microns, and the mirror can be driven at speeds
ranging from 1 micron per second to 250 microns per second.

A block diagram of the overall system is shown in Figure 13. The same
chopper blade which modulates the source at 15 Hz, also provides a
reference signal for the synchronous detector through the addition of a
photovoltaic cell and lamp mounted on the chopper. The signal from the
Golay cell is amplified, synchronously detected, integrated, and fed to the
analog-to-digital (A/D) converter. Basically, the A/D converter is a
summing ladder fed from eight bi-stable circuits. The current in the lad-
der is compared with the analog input and the required number of bi-stables
set to balance the input.

The A/D converter is shown in detail in Figure 14. The eight bi-
stable circuits are all set to zero by the start pulse, so that the current
fed into the summing ladder is zero. After a short delay the first bi-
stable is set to 1. This causes a constant current to be fed into the summing
ladder, creating an output from the ladder equal to half the maximum
analogue input. The output from the ladder is compared with the analogue
input by a comparator. If the output from the ladder is greater than the
analogue input, then the comparator output will cause all the gates it con-
trols to open. The delayed output from the first bi-stable will then pass
through the first gate and set itself to zero thereby removing its current
feed from the ladder. Alternatively, if the output from the ladder is
smaller than the analogue input, then the gates controlled by the comparator
will remain closed and the current controlled by the first bi-stable will
remain being fed into the ladder.

The delayed output from the first bi-stable also sets 1 on the second bi-
stable, putting a current into the ladder which produces an output equal to
one quarter of the maximum analogue input. The sequence of events de-
scribed above is then repeated and so on down the ladder each feed giving
a ladder output which is 2:1 down on the preceding one.

At the end, the output from the ladder will be within one digit of the
analogue input, and the state of the bi-stable circuits, fed through buffer
amplifiers reflects this in a straight digit reading.

The digital output is recorded on a standard Addo paper tape punch unit.

This data, the interferogram, is the Fourier transform of the required
spectrum. That is:
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I(v) = Sa F(x) cos(27nv x)dx

o

where I(v) is the spectral intensity at v em~1 and F(x) the observed
intensity at path difference x cm. The maximum theoretical resolution
(Av) is directly related to X, the maximum path difference by

1
AV—i-.

That is, if the actual mirror travel is 5c¢m (x = 10 cm) then Av = 0.1 cm'l.
The transformation from interferograms to spectrograms performed
by the computer is given by:

I(v)

Sa F(x) cos(@m v x)dx

o

(14

1/2 F(0) Ax + ) F(x,) cos (27 v x,) Ax.
i

where Ax is the sampling rate chosen, either 4 or 8 microns.

C. 600 GHz SUPERHETERODYNE RECEIVER

The power available at frequencies over 500 GHz by harmonic genera-~
tion has not been measured, but is estimated to be less than 10-9 watts.
Such power has been observed by lock-in techniques and even by video
detection, under the most favorable circumstance where the detector is
connected directly to the harmonic generator. When it is considered that
at least 20:1 signal to noise ratio is needed for accurate measuremegnt and
the Fabry-Perot insertion loss is between 20 and 30 dB, it is clear that a
better detection method is necessary. Accordingly a program was begun
to build a superheterodyne receiver. The gain in using a high intermediate
frequency comes from the fact that most mixer and local oscillator noise
is below 2 GHz. With the increase in signal-to-noise obtained by the super-
heterodyne receiver, the additional increase available with integration
techniques, either lock-in, boxcar integrators, computers of average
transients or waveform eductors should then make the measurement
possible. Such methods, of course, require a very stable system, and
power supplies must be of the highest quality, with stable mechanical or
electrical sweep.
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In order to improve the available signal-to-noise ratio the super-
heterodyne receiver shown in Figure 15 was designed and constructed by
Martin Company for operation at 600 GHz. The system was designed to
utilize harmonic mixing with the second harmonic of the 300 GHz local
oscillator. The IF output frequency of the mixer was chosen to be as high
as possible in order to reduce local oscillator noise. The specific frequency
of 2.5 GHz was chosen because traveling wave tube (TWT) amplifiers in
this range were available from previous programs.

The mixer (Figure 16) was, in principle, similar to the conventional
crossed-guide harmonic generator described in Reference 10, however,
several new and unique fabrication techniques were devised by E. Horvath
and employed in its construction. The waveguides, complete with the
crossover junction, crystal hole, and whisker hole were electroformed in
one piece with 0.002 inch thickness of gold followed by approximately
0.020 inch thickness of copper, producing a precision seamless unit with
all gold internal surfaces. The output (or IF) port was designed to match
a 50-ohm line over a broad band centered at 2.5 GHz. Although no quan-
titative measurements have been made, it should be noted that the per-
formance of this unit as a harmonic generator or as a detector of milli-
meter waves has been observed to be consistently superior to that of ex-
isting units specifically designed for these functions. It is concluded then T
that the use of this technique should be extended to other microwave com-
ponents intended for operation at these frequencies.

The TWT amplifiers used were not the best available. Even so, the
overall system consistently provided considerable improvement over a
video detector or a 60 MHz IF amplifier. An increase in signal-to~noise
ratio over video techniques of better than a factor of ten was observed at
the OCS 291,839 MHz transition. Insufficient time remained in the task to
couple the receiver with an integration system to perform the measure-
ments.

D. MILLIMETER WAVE TUBES

Several new millimeter wave sources and power supplies were pur-
chased by the Martin Company at a total expense of over $60,000 in an at-
tempt to generate significant microwave power above 500 GHz. These con-
sisted of a CSF COE-10 carcinotron and five of the Varian 714 series re-
flex klystrons.

The carcinotron generates up to 50 milliwatts from 275 to 315 GHz but

is too unstable for most uses with a high Q interferometer due to its ex-
treme sensitivity to power supply fluctuations.
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The specifications on the Varian tubes are given in Table I. These de-
vices are very stable but operate at about half the frequency of the car-

cinotron,
TABLE 1
Available Varian Klystrons
Model Frequency Range (GHz) Power (mW)
v VC 714D 134 - 142 80
VC 714D 137 - 145 150
vVC 714D 137 - 145 110
: VC 714E 142 - 150 80
VC 714F 149 - 157 150

A CSF COE-10-~1D carcinotron which generates up to one watt of power
at 300 GHz has also been obtained but has not yet been put into operation
for lack of a suitable power supply. The power supply requirements for
both carcinotrons are summarized in Table II.

. TABLE II

Carcinotron Power Supply Requirements

Model COE-10 Model COE-10-10
Electromagnet None 0-70 Vdc at 12A
Heater 0-10 Vdc at 3A 0-10 Vdc at 3A
Collector 1-6 kV at 80 mA 0-3 kV at 50 mA
Anode 0-3 kV at 10 mA 0-3 kV at 10 mA
Delay line None* 3-12 kV at 50 mA
Grid 0-100 Vdc at 10 mA None
Insulation 13 kV 25 kV

* The delay line and collector are internally connected in the COE-10.

E. UP-CONVERSION TECHNIQUES

A technique showing some promise for generation of submillimeter

waves is up-conversion from lower frequencies. Kempf, Cupp and Gallagher

from this laboratory have mixed a 50 GHz signal and a 71.624 GHz signal
to produce a sum output frequency of 121.624 GHz. This was accomplished
through the use of the apparatus shown in Figure 17. The 70V11 klystron
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was operated CW and the 50V10 klystron was driven by a sawtooth sweep.
The mixer is an RG-98/U to RG-135U point contact run-in type, commonly
used in the laboratory. The RG-98/U waveguide was flanged at both ends
to accept the klystron inputs. The RG 135/U waveguide was flanged at one
end with a tunable short on the other arm. A 0.001 inch tungsten whisker
was used with P-type silicon crystals. Figure 18 is a view of the mixer
assembly.

Figure 18. Close-Up of Millimeter Mixer

The 50 GHz oscillator was swept rather than the 70 GHz klystron in
order to prevent the higher frequency mode from propagating in the har-
monic waveguide (RG-135/U). In order to confirm that the mixing was oc-
curring, a rotational absorption line of OCS was observed. The scope is
externally swept by the 50 GHz klystron power supply and is on the 0.5
volt/cm gain setting with a times 100 external preamplifier. No attempt
was made to optimize the equipment setup or the mixer run-in. Consider-
ing the possible combinations of the two fundamental signals, the observed
line could only result at the sum frequency and not at a harmonic of one of
the klystrons. The up-conversion action appears to be readily repeatable.
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Power variation of either klystron alters the output signal in the same man-
ner. By tuning the RG-135/U waveguide short, it was possible to obtain
either the third harmonic of the 50V10 klystron or the sum of the two os-
cillators. This was observed to be dependent on the whisker point as well
as on the mixer run-in.

In another experiment, two CW 70 GHz klystrons were mixed; the out-
put transmitted from the mixer was detected by a superheterodyne receiver
employing harmonic mixing and a swept local oscillator. The output mode
then showed three zero beats; two of these beats could be identified as the
harmonics of the two 70 GHz oscillators and the third as the sum of the
two signals.

Subsequently, a 300 GHz CSF COE-10 carcinotron and a 70 GHz OKI
klystron were mixed. The up-conversion action appeared to occur although
the 369 GHz 4,~43 rotational transition of H9S was not observed in ab-
sorption. Instability in the carcinotron power supply caused an uncertainity
in the results.

F. FAR INFRARED LASERS

A program was instituted to develop long wavelength lasers, because of
the problems involved in instrumentation due to the lack of good sources
above 600 GHz.

Operation was attained with HypO at 118 and 220 microns after consider-
able problems involved with electrode heating. The unit developed is a
tube with 2 1/2-inch diameter and 8-foot length. Fuzed quartz windows
are used and one electrode has to be water-cooled. The power supply re-
quirements are approximately 1100 volts at 1.0 ampere, after an ignition
voltage on the order of 1500 volts. The detector used is a Golay cell with
suitable filters.

Operation with CN (333 microns) is expected but cannot occur early
enough to benefit the program.

G. FROOME GENERATOR
A Froome generator (Reference 42) has been under design in order to

increase the amount of power available in the submillimeter range. After
its completion, results will be reported in the literature. '
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IV. THE EFFECT OF OXYGEN ON ABSORPTION
IN THE EARTH'S ATMOSPHERE

A diatomic molecule has its rotational energy given by W = hz/(81r 2I)

J(J+1) and the frequency of rotational transitions by v = 2B(J+1) unless the

.- rotational motion interacts with the electronic motion. (Here J = rotational
quantum number, B = h/8w 21 and the selection rule AJ = +1 holds.) How-
ever, in the Og molecule the ground state is a 3T state. Since the spin

. quantum S is 1 (two uncompensated spins), the molecule has a magnetic
dipole of 2 Bohr magnetons. The spin angular momentum S combines with
the rotational angular momentum J to give the total angular momentum N.
By the vector coupling rules, a given value of N has three J values, J =
N-1, N, N+1. The energy level for N =Jis W = BON(N+1) + B1N2(N+1)2,
where B and B, are the rotational and distortion constants respectively.

The energy levels for the other cases given by Miller and Townes (Refer-
ence 23) are

-

W(I=N-1) = B_N(N+1) - Bo(2N-1) - A~ L + [xz -2\ (BO - Y—)+ (2N-1)?

2 2
2] £
(=~ %]
= = - - l - 2 - - l 2
W(J=N+1) BON(N+1) + Bo(2N+3) A= [x 2\ (BO 2>+ (2N+3)

(= - 3]

Values of the constants given by Miller and Townes and Mizushima and
Hill are

B
o

43,100 MHz \ = 59,501 MHz

B

1 -0.141 MHz y =-252 MHz

Figure 19 is the energy level diagram for the region of interest in this
report.
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The lines near 56 GHz and that at 118 GHz are known experimentally
(Reference 26). During both years of the contract the lines near 400 GHz
were sought unsuccessfully. These lines and those near 800 GHz are weak,
however, in the area near 400 GHz they are stronger than the 56 GHz group
as shown by calculations by Mizushima (Reference 25). A search for these
lines with a Zeeman spectrometer cooled to liquid nitrogen temperatures
has been unsuccessful. It is certain that the region where the lines are, was
covered. Very probably the best way to observe these lines will be with a
Fabry-Perot absorption cell equipped for cooling. The long equivalent path
length of the Fabry-Perot makes the observation of weak lines much easier
than the conventional cell. It would not be difficult also to equip such a cell
with a Zeeman modulation coil to improve the sensitivity since the splitting
is 5.6 MHz/Gauss and even a weak uniform field would produce good modu-
lation.

In addition to an experimental search, the literature was examined for
evidence of oxygen absorption in the earth's atmosphere for the region
above 200 GHz. The work of the far infrared spectroscopists on the obser-
vations of the sun through the earth's atmosphere has not revealed any
evidence of oxygen absorption, probably because of the masking effects of
water. For these reasons the investigation of oxygen was discontinued and
the major effort was put into the water investigation.
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V. SPECTROSCOPIC INVESTIGATIONS

A. STARK EFFECT OF THE WATER
MOLECULE AND DETERMINATION OF THE DIPOLE MOMENT

The dipole moment of water has been previously measured by Birnbaum
and Chattergee (Reference 27) and by Golden, et al (Reference 28). Birnbaum
and Chattergee employed dielectric relaxation methods, measuring the
dielectric constant as functions of temperature. Golden measured the Stark
effect on the 5_1 - 6_5 transition near 22 GHz. The value obtained by
Birnbaum was u = 1,846 £+ 0.005 debye; Golden obtained u = 1.94 + 0.06 de-
bye. A third value of 1,884 + 0.012 debye was obtained by Lichtenstein,
Derr, and Gallagher (Reference 29), an average of measurements on the
lines:

Frequency
Transition (MHz)
5.1 - 6.3 22,235.1
29 - 3.9 183,309.5
31 - 4.3 380,196.8

The measurement of the dipole moment was motivated by the availability
of phase stabilization equipment, by the accessibility of higher frequency
lines than previously observed, and by the need for an accurate dipole
moment for the calculation of line intensities for water. Previous work by
Golden, et al, employed the energy levels of Randall, et al (Reference 30)
and obtained the line strengths for HoO from King, et al (Reference 31) to
calculate the Stark coefficients. Better accuracy can be expected by using
the energy levels given by Benedict, et al (Reference 32) and the line
strength tables of West and Mizushima (Reference 33).

The region from 22 GHz to 520 GHz was searched systematically for
water resonant transitions, using the frequencies computed from Benedict,
et al, as a guide. His values were obtained from infrared measurements.
They were presented with four to six significant figures, but as shown by
Table IV, they are accurate to three or four significant figures. Location
of lines so poorly known is a time consuming process in this frequency
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region, but when they are located, the frequencies can be measured to be-
tween six and eight significant figures quite simply. Figure 20 shows the

spectrometer.
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Figure 20. Diagram of Stark Spectrometer
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The Stark cell, a conventional RG-96/U waveguide with a center septum
for production of the electric field, was calibrated by observing the Stark
effect on the OCS molecule and by using the dipole moment of u = 0.7124
debye given by Marshall and Weber (Reference 47).

The Stark effect measurements were performed with the microwave
sources phase-locked to a General Radio Type 1101A frequency standard.
A 10 MHz phase-lock apparatus was employed (Figure 21). The outputs of
the frequency standard at 1 GHz and 100 MHz were applied to a crystal to
generate a frequency 10 GHz from an X-band klystron. A 10 MHz reference
for the phase-lock was obtained from a James Knight frequency standard.
The X-band radiation was then frequency multiplied from 12090 MHz to
24180 MHz (K-band). This K-band output was mixed with the output of the
interpolation oscillator, a stable variable RF oscillator measured by a
Hewlett-Packard counter (itself driven by the frequency standard). The
output of the counter was recorded digitally by a printer that produced a
marker on the recorder trace. The K-band klystron was then swept in the
phase-locked condition by varying the interpolation oscillator. In this man-
ner the frequency of the OCS Stark components could be determined.

A dc electric field was applied to the OCS molecule in the Stark cell and
modulated for detection purposes with a small 100 kHz square wave. The
results of these measurements yielded a septum-waveguide separation of
d = 0.0185 cm, comparing favorably with the physical measurement of d =
0.187 cm. The dc field was measured by a calibrated voltage divider and
a Leeds and Northrup potentiometer.

A similar phase-lock system was used to measure the Stark effect on
the 25 - 3.9 rotational transition of H90 at 183,309.5 MHz, at room tem-
perature (23°C) and 5 microns pressure. The main difference was that a
60V10 (OKI) was used instead of the K-band source, at a frequency equal
to 1/3 of 183,309.5 MHz.

Measurement of the 5_1 - 6_5 water Stark transitions at 22,235.1 MHz
was performed by using a signal of 22,205 MHz, which is the 233rd har-
monic of 95.3 MHz obtained from a Hewlett-Packard 608C signal generator,
varied by a motor drive. This frequency was mixed with the output of a
K-band oscillator set at 22,234 MHz; the 30 MHz difference frequency was
fed into a Dymec oscillator synchronizer unit controlling the K-band klys-
tron. The reference frequency of 10 MHz was obtained from the frequency
standard and multiplied by 3 in the Dymec unit. The 608C signal generator
was measured by a Hewlett-Packard counter that obtained its 1 MHz refer-
ence signal from the frequency standard.

Stark measurements were also performed on the 380,196 GHz line in
H20, but with less accuracy because the klystron was not phase locked.
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However, the line was identified as the 3; ~ 4_3 transition and the meas-
urement of the dipole moment agreed well with the more accurate meas-
urements of the low frequency lines.

The energy levels were obtained from Benedict, and the rotational con-

stants were

A = 27.877cm™' - 835,741 MHz

B = 14.512 cm™' = 435,064 MHz

C - 928 cm’! - 278,361 MHz,
yielding an asymmetry parameter, « = -0.437715.

Using the line strengths computed by polynomial interpolation and the
energy level differences of Benedict, the Stark splittings may be computed

from (Reference 1)

JT = 4_3 AE4
J’r = 3_2 AE3
JT = 31 AE3
JT = 22 AE2
JT = 5_1 AE5
JT = 6_5 AE6

These expressions were
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For water the first summation is over b only, since the dipole moment of
water lies along the b axis. For the summation Z' is over all states ex-
cept J,ro. These are limited in number by the selection rules that allow
transitions between states for which AJ = £1 or 0, and for which K_1K_;

change by ee <= 00 or eo <« oe. Here e designates even numbers, o, odd
numbers,

As an example, the Stark splitting of the line at J. = 29 - 3_9 is given
by

Av = u?E% x 1078 (8.78100 - 4.82013MJ2).

The only transitions observed are for AM = 0, since the radiative electric
field is parallel to the dc Stark field. Figure 22 is a recording of the Stark
spectrum of this transition. Since the dc is always applied in this measure-
ment, the zero field line is not seen; the advantage of this method is that
the Stark components are not obscured by the main line.

Combining the results of this measurement with those on the 5.1 - 6_5
transitions of 22,235 MHz, a value of u = 1.884 + 0.012 debye was obtained.

The measurements on the 3; - 4_g3 transition at 380,196.8 MHz yield a
dipole moment of u = 1.882 debye; with a nonstabilized source the rms de-
viation is £ 0.062 debye. These results serve to identify the transition, but
have not been used in the computation of the dipole moment stated above.

This computation of the second order Stark effect has been performed
on the basis of a rigid rotor molecule, without including centrifugal distort-
ion effects. The line strengths have been calculated for « = -0.437715.
Future changes for the better in the rotational constants of water will be
reflected in the evaluation of the dipole moment. Voltage measurements
and voltage drifts were less than one part in 103, Frequency measurements
were accurate to one part in 107. The effects of motion of the center sep-
tum under the influence of the applied modulation were negligible.

The value of u = 1.884 + 0.012 debye is higher than the value of u = 1.846

+ 0.005 debye obtained by dielectric relaxation measurements. Here the
molar polarization P is chosen as

However, when an additional temperature term (Van Vleck) is added, modi-
fying the equation to
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the same dielectric relaxation measurements produce a u = 1.889 debye
(Reference 27). It is suggested, therefore, that the calculation of the pola-
rization requires the Van Vleck term.

It must be noted that the calculations of the dipole moment are strongly
dependent on the energy levels and the line strengths, and any inaccuracy
in their values can lead to unrealibility in the quoted value of the dipole
moment. Recent calculations of the lines by S. A. Clough and W. Benedict
have given better fits than previously obtained. There was not enough time
to recalculate the dipole, but this will be done in the future and appropri-
ately reported.

B. OBSERVATION OF D20

The D9O molecule, chemically similar to water with the hydrogen re-
placed by deuterium offers an opportunity to study transitions which, in
H20, would be at such a high frequency that the lack of power would make
measurements difficult. Some of the transitions lie within the range of the
carcinotron, 270 GHz to 315 GHz, and therefore can be observed with a
good signal-to-noise ratio through the Fabry-Perot interferometer.
Several lines have been calculated to lie in this region from constants of
low accuracy by rigid rotor formulae. Table III shows the lines calculated.
The following lines were observed:

Strong
GHz Medium, Weak
317.8 M
313.8 S
311.8 W
308.0 M
307.0 M
304.5 w

A = 461,284 MHz, B = 217,417 MHz, C = 145,048 MHz, « = -0.54232 are the
asymmetric rotor constants for D20. It is not certain that all lines in the
range were found, since the carcinotron has a variable power output spec-
trum, with many deep nulls. The identification of these lines is not com-
plete; it is expected that future Stark effect studies will provide positive
identification and will be published. The strongest line in the group, at

52




313.8 GHz, is strong enough to go to the baseline when displayed in the cen-
ter of the Fabry-Perot mode. This makes it highly probable that this line
is the 1_1 - 1 transition calculated by rigid rotor formulae to be at 316

GHz.
TABLE III
Calculated D,O Rotational Line Frequencies in MHz

2, =3, 8,314 4, =5_, 327,575 4, >4, 692,267
33 - 4_1 29,065 52 - 60 398,371 3_1 - 31 698,926
43 - 51 50,592 2_2 - 2O 402,459 60 - 7_4 707,555
77 - 83 65,615 7_3 - 8_7 406,359 41 =5, 712,726
75 - 81 69,861 21 -3 454,683 7_1 - 8_5 731,831
5_1 - 6_5 91,855 65 - 73 459,708 20 - 22 745,549
44 - 50 95,166 66 - 72 460,712 5__3 - 5_1 750,913
6,7 110,270 1, ~2_, 467,208 4, >4, 781,034
63 -7 117,237 " 73 ~8_, 508,014 2_1 - 3_3 849,682
3, -4, 150,328 3_3>3_, 553,710 6,6, 892,024
4, ~5_, 181,266 | 5, —~6_, 563,845 1,—~2_, 896,430
32 - 40 212,657 72 - 80 582,151 61 - 7_1 901,545
54 - 62 264,598 00 - 10 606,333 30 - 4_2 928,617
55 - 61 272,025 62 - 72 623,231 71 - 8_3 932,851
53 - 6_1 273,908 76 - 84 650,528 2_1 - 21 948,709
1_1 - 11 316,236 77 - 83 650,648
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VI. CONTRIBUTIONS TO THE DEVELOPMENT
OF THE THEORY OF SPECTRAL LINE WIDTHS

A. ORIENTATION RELAXATION IN SYMMETRICAL-TOP
GASES AND BINARY GAS MIXTURES

A theory of orientation relaxation has been developed which will be
summarized in this report. Details may be found in an article by L.
Frenkel (Reference 34). The frequency dependence of the absorption co-
efficient in the dielectric behavior of gases is governed by

sz T

1 +w2 F2 (11)

where C is a constant and I'is a measure of the average time between
collisions which randomly reorient the dipole (Reference 2). By kinetic
theory I' may be determined if each collision can take a molecule from any
populated initial state to any final state, Under this assumption of strong
collisions the parameter I'is given by kinetic theory as

r =7b v N, (12)

where begr is the effective collision diameter, vV is the average velocity,
and N the number of molecules in a unit volume. However, Equation (11)

is still correct for the case of weak collisions, where the initial orientation
is remembered through many successive collisions if the probability of a
reorientation of the dipole moment from solid angle element d2 to d2' de-
pends only on the angle between the elements i.e., Ag o dQ2 det = f(e) do

and if I" is replaced by I'!,

' = (y- 6)-1

Yy = S‘S&?d(e) and § = S‘gdﬂf(e) cos 0.

where
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Thus calculation of (I'")"} = f§ £(6) ( 1 - cos 8) d® will allow calculation of
I''. Calculation of this quantity is difficult because of the form of f(6), and
it is normally best found by the measurement of the nonresonant absorption
of microwaves in symmetric top gases (Reference 35). However, a macro-
scopic phenomenalogical model may be devised which will permit a cal-
culation of the cross sections and shed some light on intermolecules inter-
actions.

The colliding molecules are divided into groups according to the internal
angular momentum i J of the top, the relative velocity of approach v and
the impact parameter b. The plan is to determine the equivalent number
of strong collisions in order to determine the parameters of Equation (12).
The first assumption is that only those collisions are cons1dered strong in
a given partial cross section 27b db for which mrvb/‘hJ ¢ where ¢ is a
constant assumed the same for all gases. r is the mass of the rotor.

Its value is to be determined from experimental data. An alternative way
of stating this assumption is; only those collisions are to be counted for
which the input parameter is larger than bypijn(J,v) = ¢ ('ﬁJ/mrv).

By defining a maximum impact parameter

2 1
bmax(V) = bo [1+(2€/V mr)]2

where b, is the hard core impact parameter and ¢ is the potential energy
at b, we may state the second assumption; count only those binary colli-
sions in the velocity range (v,v + dv) which actually result in a collision
within the hard core b, for which it is less than b, .. The factor

[1 + (Ze/mvz)] may be interpreted as the contribution to the effective colli-
sion cross section arising from the bending of the path as encounter nears.
The total number of equivalent strong collisions per unit time and volume
in the range (v,v + dv;J) is

2 2
N ) Ndv aJ” +BK
‘r‘](V,J,K) = —2- F—P' [(ZJ + 1) exp( '_""k—T—_‘]

JK v

2 bax
[47rv3 exp( - z m)] g 27b db, (13)
2kT
bmin

where Py and Pyk are partltlon funct1ons, J and K are symmetric top quan-
tum numbers, a = A /ZIB, = 52 [1/214 - 1/2Ig] , N = number molecules
per unit volume, and k = Boltzmann constant and T = absolute temperature.
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The total number of equivalent strong collisions is then obtained by summing
Equation (13) over J and K and integrating over velocity. By proper atten-
tion to the limits of integration, affected by the values of bypyjy and b ,

by replacing the symmetric top by an equivalent spherical top of effective
moment of inertia I = 1/2 (Ip + Ig), thus eliminating K from the sum-
mation, and replacing the summations by integrations we may obtain a

value for negr. Then a quantity Z = my1/neps

where
7rb2 2
i} o N2 S"4 V3 . (-v m,
Tt ~ 2P_ ™ SR

may be defined which is the ratio of all collisions occurring per unit time
to the equivalent strong collisions. The result of the calculation is:

-1 N
z = JEOA® SF)e’ip('FT*) + exp(-,i};) (1+F) @[—-—2(;,,1:’*F)] 2
(rFT*)% (1 + F)

-1 3F 2 \?
+<1+T* -7)1-¢<__FT*)

where

®is the standard error function and F = ¢ I and T* =(—€—> -1 .

The general agreement between the model presented and experiment
lends some plausibility to the basic assumption that the ratio of internal
angular momentum to orbital angular momentum is an important quantity
in deciding the efficiency of a collision. Further discussion and details
may be found in the article by L. Frenkel (Reference 34).

B. MICROWAVE ABSORPTION IN CO2

As part of the effort to develop the theory of absorption in gases, ex-
periments were performed on carbon dioxide COg (Reference 36). Carbon
dioxide is of only small importance in the atmosphere of the earth as far
as absorption of radiation in the region 100 to 1000 GHz is concerned, but
it may be of great importance on Venus.
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Since carbon dioxide has no permanent dipole moment, the unperturbed
molecule does not absorb in the microwave region. Non-resonant ab-
sorption of radiation has been detected by A. A, Maryott and G. Birnbaum
(Reference 37) in compressed COy near 9 and 22 GHz, and H. A. Gebbie
and W. B. Stone (Reference 38) observed a broad resonant absorption re-
gion in the far infrared. This absorption is probably due to the quadruple
moments of induced dipoles which develop during collisions. Measure-
ment of the loss at points between these can give an indication of the fre-
quency dependence of the effect.

The measurements were made at 800 torr and room temperature and
150 and 300 GHz. At 300 GHz a loss tangeént of 1.2 x 10~ 7 was measured,
while at 150 GHz no losses were noted. The instrumental loss tangent
sensitivity was approximately 5 x 10-8,

Tentatively, there is a minimum loss between the centimeter and far
infrared regions, especially between the centimeter region and one milli-
meter wavelength. The losses detected at 300 GHz were probably due to
the low frequency wing of the far infrared bands.

60




-a

VII. DEVELOPMENTAL COMPUTATIONAL METHODS FOR
ASYMMETRIC TOP MOLECULES

A. CALCULATION OF ASYMMETRIC RIGID
ROTOR ENERGY LEVELS

The water molecule is the particularly complex type known as asymme-
trical, characterized by the inequality of its principal moments of inertia.
Standard methods of computation for the rigid rotor asymmetric top mole-
cules exist and are summarized here. However when it is necessary to take
into account the stretching of the molecule under the centrifugal forces of
rotation, one must employ approximations such as the Kivelson-Wilson
method or diagonalize the secular equation. It is here that economics en-
ters the picture, since the extensive computations of the more accurate
method require much computing machine time and the Kivelson-Wilson
method is a considerably cheaper operation. However, for such a mole-
cule as water which is very asymmetrical, the Kivelson-Wilson method
does not give very good prediction and computing costs must be balanced
against the time spent searching in the laboratory.

The energy levels of an asymmetric rigid rotor may be determined
through the solution of the operator equation (References 7 and 39)

-— - 2 -2 =2
Hy = (an +be +cPZ )¢-wo¢

= Hamiltonian operator

, P, P = angular momentum operators in a body-fixed principal
axis coordinate system

molecular constants associated with the moments of

] inertia of the molecule and chosen so that a=zb=c

Wo = energy of the rigid rotor

V7 = wave function of the rigid rotor

»

c
(¢
I

A direct solution to this equation is not possible unless b = a (the oblate
symmetric rotor). In these cases the energy is:

g
n

aJ(J+1) - (a=c) K2 for the oblate rotor,

cJ(J+1) + (a-c) K2 for the prolate rotor,

g
1l
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where

2

y e e d=1,J.

NN

J 0, 1,
K=20,1

b4 ’

In all other cases the Hamiltonian matrix must be diagonalized.
An asymmetry parameter useful in the solution of this problem is

2b-ae-c
a=c

Since a =b =c it is seen that -1 = k =1, and that « = 1 corresponds to the
oblate symmetric rotor (b = a) while k = -1 corresponds to the prolate
symmetric rotor (b = c).

It is apparent that, for a given J value, a general asymmetric rigid rotor
state may be specified by the K values of the limiting oblate and prolate
symmetric rotors. Denoting the value of K in the oblate symmetric rotor
limit (« = 1) by Ky and in the prolate limit («x = -1) by K., the energy levels
are specified by the notation JK_y, K;. Another useful notation is obtained
through the use of an index, 7, which assumes the 2J + 1 integral values
- J = 7 = J such that 7 = J identifies the level of highest energy and 7 = -J ~
identifies the level of lowest energy for a given value of J. 7 =K. - K..
Asymmetric rigid rotor levels may also be specified by the notation J.

The use of these quantities generates a considerable reduction in the labor
required to diagonalize the Hamiltonian matrix. It is found that the energy
may be written in the form:

_a+c a~-c J
o 2 JO+ 1)+ 2 E'r('()

where the quantity EJ (x), called the reduced energy, is found by diagonali-
zation of the one of four matrices, designated as EY, E™ , OF, and O~. These
matrices have the form:

kol 0 0 0---
blkll 0 0---
0 b2k21 0---
00 b3k31---




the matrix elements being

FJ(J+1) + (G-F) (2m)°
= 2H%1(J, 1) >
H2 £(J, 2m - 1) C(m A1)

o T x
)

i

where
m=0,1,2,...,J/2 forJeven (k = 2m)

=0,1,2,... (J-1)/2 for J odd

FI(I+1) + (G-F)[Z(m + 1)]2 g

=

[]

=
n

Hzf(J, 2 m+1)

o
"

where
- m=0,1,2,... (J-2)/2 for J even, ; [k - 2(m+1)]

=0,1,2,... (J-3)/2 for J odd

ot k, = FJ(J+1) + (G-F) & HA/T(T, 0)
k_=FJ(J+1) + (G-F)(2m + 192 mfo

b =H2f(J, 2m)
m

where :
0,1,2,... (J-2)/2 for Jeven
=0,1,2,... (J-1)/2 for J odd.

The proper matrix and the values of F, G, H, and K are determined by the

parity (even or odd) of J, K_1, and K; and the polarity of k(positive or
negative) in accordance with the following tables.
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and
f(J,K) = 1/4[(J-K)(J-K+1)(J+K)(J+K+1)]

A polynomial solution to the secular equation produces the correct eigen-
values but does not identify the energy states to which they belong. One
diagonalization process which retains this information is the continued
fraction approach. The eigenvalue associated with the level JK-1' K1 is
found by

1 Choosing the proper matrix from Table V .

Choosing the proper identification of K with K_; or K; from Table VI

3 Calculating the value of m
4 Expanding the matrix about the chosen m value as shown below
bm
A =k =
m m
kK . -\_ - m-1
m-1 m k -\ - . -
m=2 m
bm+1 --
m+2
k -\_ -
m+1 m km+2 - )\m - e
where )‘m = E;I_(K) for the energy state associated with the chosen value of m.
TABLE V

Reduced Energy Matrix Selection

Polarity of «
Negative Positive

K_1 Ky J Even | JOdd | J Even J Odd
Even | Even Et E- E+ E~
Even | Odd E- joud o~ ot
Odd Even ot o~ E- ET
Odd | 0Odd o~ ot ot o~
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TABLE VI

Matrix Constants

Polarity of K
Negative Positive
K - 1 « + 1
F 2

K - 3 k + 3

G-F T2 -T2
k + 1 K - 1

H T2 2

K K-l K1

B. KIVELSON - WILSON THEORY OF
CENTRIFUGAL EFFECTS

The rigid rotor solution does not account for the effects of centrifugal
stretching of the chemical bonds of the molecule as it rotates at different
angular rates. It can be shown (Reference 40) that such effects may be in-
cluded in the Hamiltonian by an expansion of the form

-_ - = _ = = = —6
H:(%q;aBPaPB-PET P P PP +O(P)+....
uv

where each of the indices are summed over the three space coordinates.
The first term is the rigid rotor Hamiltonian, while the second introduces
the effects of centrifugal distortion. The Kivelson-Wilson theory (Re-
ference 41) consists of an approximate calculation of the energy levels due
to the first two terms through the use of first order perturbation theory.

If the rigid rotor term is taken to be the zero order approximation and
the centrifugal distortion term is taken to be the perturbation Hamiltonian,
then the Hamiltonian becomes

H=H +H
o 1

where

]

rigid rotor term

o =l

centrifugal distortion term
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and the energy of the system is

w = wo+<ﬁ1>. (14)

Here, the brackets indicate the diagonal term_s_(average values) of the en-
closed quantity in a basis which diagonalizes Ho.

Since this calculation is based on first order perturbation only the
diagonal elements of Hy are required, and in most cases of interest many
of these terms are zero. It can be shown that the only distortion terms
which enter into the calculation are those with coefficients of the form

T
HUuG

T T
Huvv vvHa

T T T
uvuv uvvi VUVL,

Combining these terms with the commutation rules for angular momentum,

the Hamiltonian may be reduced from the form

\

H = g +H'
o 1
H = al?2+b§2+ci32
o x y z
- 1 -_— — — —
H =+ X 7 P PP
1 4
uvEL uv€l u v T ET L
to the form
H =H +H
o 1
= 2 2 2
H = BP +yP" +aP,
" = 1 ' 52352
I-Il 4 uuvau Pv
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where

a = c+3rT -27 -27
Xyxy XZXZ yzyz

B = a+3r -27 -2
yzZyz Xyxy XZXZ

Yy = b+3r7 -27 -2
XZXZ yzyz Xyxy

7! T
[1 [0

T =T +27 .
. upvv uuvyv uvuv
. The problem reduces to one of computing the value of
-2 =
<H> = <-1-Z ' F°p 2>
1 4 upvy u v
uv
—l[' <P >+ <P <P s
4 | xxxx x y 2222 z
- + <p?52+8 28 %5+ <527 %47 %5 %>
xXXyy x "y b xXzZ X @ Z z X
B . <F2'132+§2'132>]. (15)
yyzz y 2z z 'y

The techmque to be e Zisloyed consists of computing these averages in
terms of < P,2 >, < P,4 >, w,, and the molecular constants. < P,2 > and

< P,4 > will then be computed by a technique similar to that of computing
Wo- The computation is started by considering the total angular momentum
operator

+?2. (16)

2

Operating successively with P2 and P,* we have

28y - 52w - BRpEsug = au+ B2y

<P “P°> = JI+ 1)<'15x2

P2 commutes with '13X2 and -Isyz so that
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N
e/
+
o
ot
[ V)

v

'

= 2<Px2P2>=2J(J+1)<'15x2>

2

2<.T54>+<P'2152+P P2>
X X y y X

+<l52152+152?2> (17)
Z X X '
and
<1“=2§2+i52§2> = 2<'152P2> = 2J(J+1)<F2>
y y y y

4>+<F21‘15'2+T~'5’2'132>
y x X

= 2<P
y y

+<P°P +f>'2'152>. (18)
z 'y y "z

Squaring H, and averaging we have

<fi?>-a?<B%>+p%2<P > +y2<i54>+a3<1—>2152+i52152>
o z x y zZ X x "z

5252, 21—’2>+w<1-’21_’2+f"2?2>- (19)
x X y "z z 'y

Eliminating <Fy2 > by substitution of Equation (16) into Equation (17) and
differentiating with respect to a

2
3<yH “>
o~ 4 2 = 2 2= 2 2
o = 2(¢71-\()<fl5z >+(B-Y)<'1="x P, +Fz ?x >+ 2y NI+ 1)<T’z >.
(20)
Similarly eliminating <Py2 >
2
8<g “>
o~ 4 2 o 2 2w 2 2
— — = e -B) <P, >+(\,-B)<15y F°-F, Py >+28 33+ 1)<P ~>
(21)
But
< 2> =z w 2
o o
and
2
8<h °> g a_"_'g (22)
& o Ba °
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Differentiating Hy with respect to @ and averaging

bR, J 2
B Tz
2 3_ﬁo ow
<P = — - -0
Pz > < % > Fym (23)

Then substituting Equation (10) into Equation (22)

9 <H 2> 2
o =
- Y . <
3 2w0 Pz >,

Substituting Equation (23) into Equations (20) and (21) and rearranging we
have obtained two of the terms required in Equation (1):

- 1 = 2 =4 =2
P> =3 I:zw0 <P,">-2a -y) <P > -2¢J(J + 1) <P, >] (24)

<

2 1 4

f">=B

>+ 28J(F + 1) <1_>z2 >].

(25)

= 2 —
- < -
[2w0 Pz >+ 2(a B)<pz

<

=2 = =2 =2 _ = =2 2 =2 =2
Bpx _Ho-apz 'YPy -Ho-azPz -y(P Px Pz)
2 1 = 2
= - - < > - + .
<P °> B-Y[WO (@ - y) <P > -y37 1)]
Similarly
- 2 1 = 2
<P “> = [w +(a - B) <P >+BJ(J+1)].
y B-y Lo z

Equations (17), (18), and (19) form the following set of simultaneous equa-
tions in three unknowns
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- = 2 = - 2 = - = 2 = -2
<P +1eP?P 27282 -50e<P 2>-1<P 2P 2,5252,
X 2 y 'x x 'y X 2 Z X X "z
<'15'4> +1<152152+§2'152>=J(J+1)<152>-1<?2'P'2+352152>
y 2 y X X y y 2 z 'y y 2
32<15 4>+Y2<?4> + By<P 21‘3 2+'§2§2> = w2-a2<P4>-aB<P2 p2,p2 p2s
X y y x x 'y o z z X X 'z

-~ <P 2P 24525 2
z 'y y "z

since all the terms to the right of the equality sign have been expressed in
terms of the independent variables W <i5zz >, a,B and y. Solving this set
of equations and substituting them along with Equation (15), Equation (24),
and Equation (25) back into Equation (14) we have the desired expression

2 2 2 = 2
= +
w v Alwo +A2WOJ(J+ 1)+A3J(J+1) +A4J(J+1)<Pz >

+A <P 4>+A w <P 2>
5 z 6 o z

where
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<'I522 > and <'13z4 > may be evaluated by means of the following argument.
Fz is diagonal in the limiting symmetric rotor basis, having the eigenvalue
K. Then the nth power of P, will also be diagonal in this basis, having the
eigenvalue K". Consider the operator

AMik,gq) = Mx)+qr -

where N(k) is the operator associated with the rigid rotor reduced energy,

T is an operator which is diagonal in the limiting symmetric rotor basis,
and q is a variable, independent of the rotational quantum numbers.

Averaging and differentiating with respect to q,

8 <\'(x,q)>

<F> =
4 3q

At q=0, \M'(k,q) = A (k) so that the basis which diagonalizes \(k) also di-
agonalizes M (k,0). Evaluating the derivative at q=0 and denoting the eigen-
value of \'(x,q) by \'

= - '
<z> = 3q|q=0.

The reduced matrices - that is the E £ and O + matrices -~ are written in
the limiting symmetric rotor basis. Sincer is diagonal in this basis, the
only differences between the )\'Zk,q) matrix and the NK) matrix are the
diagonal terms qr,,, the X\'(k,q) matrix taking the form

+ 0
ko q7r0 1
+ 1 .
b1 k1 q1r1
A (k,q) = :
0 b k., +qn




where the 7y, is the mm element of ¥ in this basis. The continued fraction
solution of the associated secular will be identical with that for \(x) with
the replacement of the k., terms by k, + q ;. Then

brn
A =k +qrm -
m+1
k R - T -
m-1 m-1 km- ) N +q"m-2 )
- bm+1 .
b
-\' + - m+1
fmr1 "M T Ty k U .
m+2 U7+
differentiating with respect to q and setting q=0.
B\Ioting that \' (x,0) = x(K)]
a\! i + Pm . _ o
9q[q=0 "m b 2\"m-1 "5qq=0
k -\ - m-1
m-1 k - .
m-2
" bm-l _ AN _
b 9 ﬂm_z —5-6 q=0 .....
Kk - - m-2
m-2 k E2 VA
m-3
b + e
+ m*1 5 | m+l Bq|q=0
Kk -\ - bm+2
m+1 km+2 X
. Pm+2 _ )
b 2 |["m+2” Bqlg=0 " """
kK - N- 8
m+2 e ot
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Defining R_ = ntl
n b 2
- n
[T
n-1 ", .
bn
' =
R b 2
k-x-_n;l]
n kn+1-h,..
- an! = <F> =1 +R T -<¥>+R T -<7>+R ( )
3q q=0 m m-1 m-1 -2 | m-2 -3 }
' ' !
. +Rm+1{ me1 - ST>HR +2 [1r 42" <T>*+R +3( )]}
Solving for <7 >
) +R!
<E> = "m [m m-2 ] Bt [m+1 m+2("“)]

1+R [ (1+ ..)]+R;rl [1+R['n+ (1+....1'

For the PZ2 reduced matrix rm = K2 and 7 +n = (K+n)2 and for the <P 4>

. reduced matrix 7, = K* and Tm+2 = (K+2n)*. Then
k2+Rr__ [x-22+ R ) (R PO
F 2> - m-1 m-2 ¢ m+1 m+2 ")
- 1+ 1 1
z 1+R__| R__(1+. ..)]+R M [1+Rm+2(1+....)]
4 4 \ 4.
sty KR [x-2®+r_,..0] +re EK+2) +R G )]
' 4
z 1+Rm_1[1+Rm_2(1+...ﬂ+R +1[1+Rm+2(1+....ﬂ

The use of the computing program on molecules such as HDS or SO2
produces excellent results. However, the results for H9O are not as ac-
curate because of the high degree of asymmetry. It is probable that the
addition of the nexttermin the approximations <P,6 > would improve this
situation considerably. From the data computed, it is clear that the fit is
best for low J values, but rapidly becomes poor for J values larger than 5.
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The best constants obtained were:

A = 835710 MHz

B = 434231

C = 278798

A = -0.3477x 10”7

A, - 0.2651 x 10~}

A, - -0.3289 x 10%

A, = -0.2524 x 10t
4

A5 = 0.,1467 x 10

A - -0.3743 x 10”2
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VIII. ABSORPTION BY WATER VAPOR

The formulas for absorption by water vapor take the form

\ {3_} e-El/kT {i} e-Eu/kT
|, .6 87 1 " 2
* - [10 logig e%]Nz G [“ Slu]
4Av
¥ 2 fu
T 5 e o 2| &N
v -V + 4v Av
£ £
X
v2 Av!u Avlu
+ 3 (VVW)

v 2 2 2
fu (vlu-v) +Av!u (v1u+ v) +Av£u

e

where Z N indicates the Zhevakin and Naumov form of the shape factor and
V V W indicates the Van Vleck-Weisskopf form (both have an additional fac-~
tor of v from the common part of the formula and the factor 7 has been
absorbed in the numerical factor). The symbols have been explained in
section II. The summation is overall transitions which materially contri-
bute at the frequency v being considered. We will consider each group of
factors.

The constant contains factors 10610g10 e which give the absorption in
units of dB/km. If these factors are left out, the units are in cm~1. If N
is stated in terms of p, the mass density, we may divide each side by p,
and state the attenuation as o/p in units of dB/km per gm/cm3 of water
vapor. Often the units are changed to state p in terms of gm/m3,

The quantity N is the number of HoO molecules per cc. By use of the
gas law it may be written, since N = n No/V where n = number of gm-moles
and Ny = Avogadro's number, as N = p No/RT. If p[dynes/cm2], V[cm3],
n[gm-mole], T[’K], then R = 8.31 x 107 erg/mole °K. If p[atm], V[liters],
n[gm-moles], T[K], then R = 0.08207 liters atm/mole °K. Since R = poVy/T,
where the py = standard pressure, T, = standard temperature and V, = molar
volume, we may write N = p NgTo/poV,T. The molar volume is Vg, = V/n.
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The number of moles is n = m/n, where m = mass of the gas, M = molecular
weight, and p = m/V is the density. Thus N = 10-6 Nyp/M when p is in gm/m3
(N = 6.025 x 1023),

It is sometimes convenient to state the conditions on water content of the
atmosphere in terms of the total water content of the path. The total ab-
sorption is then independent of the length of the path. If the total path has
b4 gm/cm2 of precipitable water vapor, then considering that the path is of
one cm¢ cross-section, of length 1, then the density of water vapor consid-
ered spread evenly throughout the volume is x gm/lO5 ccor 10 x gm/m3.

If « is then stated in dB/km per gm/m3 of H50, then 10 (af p) x is the atten- -
uation for 1 kilometer, and hence for any distance containing a total of x
gm/cm?2 of precipitable water.

The Boltzmann factor has included the nuclear degeneracy {:1,’} in the nu-
merator as well as in

00 J
NSNS S (L) PR
J=0 1==J

Zhevakin and Naumov (Reference 3) show this degeneracy in G, but do not .
show it in the numerator, since they, like Van Vleck (Reference 41) include

it in the factor |#ij |2. This factor arises because the nuclei forming the

H20 molecule have a non-zero spin, producing symmetric and antisymmetric --
states with different statistical weights. The HoO molecule has a ratio of
statistical weights of 3 to 1 for antisymmetric and symmetric states. For

any other molecule the braces in the Boltzmann factor and the brackets in

G may be replaced by the appropriate statistical weight. This statistical

weight is in addition to the Zeeman degeneracy. The value of G is taken to

be 170, for T = 295°,

The matrix element of the dipole moment |I-lij|2 which enters the ex-
pression for the absorption coefficient is |(a| P|b)|2 where P is the dipole
moment operator £j e ri, where sum is over the electrons. Here a,b refer
to specific states, i.e., components of a level. The total absorption due to
all the components is found by summing over a,b; i.e., Iuijlz = ZbI (al|P| b)|2.
This quantity is called the line strength: &

v

2
S;.p = Ll@[PD" .
a,b

Thus if the intensity of a line is
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3h\~ a,b

the quantity N(j) is the number of molecules in one component, and

-Wj/kT

e N

N(j) = e

where N is the number of molecules per cc. It is not necessary to enter
a factor of 2J+1 to account for the degeneracy of the level, since all pos-
sible transitions are accounted for in the summation producing the line
strength. On the other hand, if the quantity N(J), the number of molecules
in the level, are used, N(J) = (2J+1) N(j) and the intensity may be written

4

]

1(J3,J") = N(J) hvg%%‘%]l—)) ]
3h)

Further, the dipole moment is frequently broken up into factors containing
the square magnitude of the moment, u2, and direction cosine factors. There-
fore the line strength is often seen in the form MZSJJ: where Syj1 is called
the transition strength by authors Townes and Schawlow (Reference 7) or
again the line strength by King, Hainer and Cross (Reference 31). Thus it
is necessary to verify the definitions when using tables. The tables of line
strength being used in this report are those of West and Mizushima (Refer-
ence 33); it is necessary, in order to obtain the dipole moment matrix ele-
ment to calculate:
2

2 . b Sy

ij 2J+1

|

where u is the dipole moment in debye. However, it should be noted that
when the |I~lij |2 is used in this form, as in Townes and Schawlow (Reference
7), in intensity type formulas it must be used in conjunction with (2J+1)N(j)
as a multiplier, so that the factors (2J+1) cancel and the Zeeman degener-
acy is borne by the transition or line strength Syj'. The line strengths are
included in Table IV. In this report the number of molecules in a given
component of the level is N e=W(JI)/KT without multiplying by (2J+1) and

we take account of the l#ijlz by using it as u2 Syji, without dividing by
(2J+1). However, note the next paragraph.
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Due to the nuclear spins one other degeneracy arises. The states func-
tions of water are divided into symmetric and asymmetric states. States
of one symmetry only combine with other states of the same symmetry.

The linewidths of the various transitions in the form factors vary de-
pending on the particular levels involved. A calculation of the linewidths
in H9O-Ng collisions has been made by Benedict and Kaplan (Reference 4).
These values were adjusted to give precisely the results obtained from
accurate measurements on the 5_1—+6_5 microwave line (Reference 39).
The half-width of the line as given by Benedict and Kaplan is

_ [nv 2 [ -1 -1]
Aij = (Zc) [%: sz (bij, Jz)] cm ~ atmos
2

where
n = number of colliding molecules per cm3 at one atmosphere
v = mean collision velocity
[P = fraction of molecules in the state Jo, from Boltzman dis-
tribution
bij j partial collision diameter. -

2

The quantity bjj,j, is obtained from a quantum mechanical calculation
of the rate at which the combined effects of all the intermolecular forces
induce a simultaneous transition in the radiating and colliding molecule.

The variation of the linewidth with pressure has been well established
over wide ranges to be Aj; « p and this has been assumed for this report.
However, the variation with temperature is more complicated. An expon-
ential law (T/300)-1ij re-presents the results calculated by Benedict and
Kaplan quite well if n is allowed to vary from line to line. Their results
correspond to constant pressure, the variation at constant density is
X « T(l-n), The values of n may range from -0.045 to 0.756. Values of
n are listed in Table IV for the lines of interest.

The linewidths at T = 295°K, p = 1 atm are listed in Table IV. One column
lists the widths calculated by Benedict and Kaplan; the adjacent column lists
the observed values. The constants used in the final calculation of the H,O
absorption spectrum are the observed values where known, and the calcu-
lated values otherwise.

The frequencies vy, are the observed frequencies when known, otherwise
they are taken from Clough and Benedict. Both observed and computed fre-

quencies are shown in Table IV,
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Ideally, the computation of the absorption should be done by performing
the summation. However, although there are only ten important lines in
the regions of interest the absorption there is affected by all the lines, to
some extent; in the case of water this amounts to almost 900 lines in rota-
tional states. Many of these are of low strength, and poorly populated since
the J values are high. However, their combined effect may be considerable.
Van Vleck (References 40 and 41) has introduced a method of computing a
residual term approximating the effect of the other lines, or background.
This method was followed in the first report (Reference 1) on this program
but was not carried out here because of the desire to see the influence of the
two form factors of Van Vleck-Weisskopf and Zhevakin-Naumov. Accord-
ingly, the results presented here are obtained by summing over the transi-
tions below 1000 GHz and as many lines as contribute significantly from
the infrared into the band 1000 GHz. These lines contributing to a residual
term were determined by dividing the lines in tables assembled by Benedict*
into sets depending on their strengths and rotational quantum numbers and
by multiplying an average contribution of each group by the number of lines
in each group. Using these sums an approximate curve of residual contri-
butions may be drawn through the region 100 to 1000 GHz and added to the
contributions from all the lines in this region. The results agree well with
the Zhevakin-Naumov results.

The results of this computation differ from Zhevakin and Naumov because
a slightly different value of the width of the 183 GHz line is used and because
more accurate values of the line center frequencies are used. The values of
the line strength used here are probably more accurate than those previously
employed.

Four graphs are presented in Figures 23 through 26. The conditions of
the computation are shown on each graph. The residual effect of the infra-
red lines are contained in the graphs, estimated as described above. It can
be seen that the Zhevakin-Naumov shape factor gives larger values in the
valleys which are consistent with the conclusions of the first report on this
task (Reference 1),

Figure 27 is a graph of atmospheric absorption over the range from
microwaves to 10 microns wavelength reconstructed from several sources,
chiefly Zhevakin and Naumov (Reference 3) and Yates and Taylor (Reference
46).

*Private communication from Benedict to L. Frenkel
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IX. CONCLUSIONS

A large effort during the contract period was expended on the develop-
ment of methods and equipment to perform measurements above 600 GHz.
Although it has been possible to observe spectral lines above 600 GHz, there
is a major difference between observation and performing accurate meas-
urements. A signal-to-noise ratio of at least 10:1 is required in order to
measure absorptions as low as 50 dB/km and higher ratios are needed for
less absorption. With single harmonic generation and with video detection,
the signal-to-noise ratio is nearly 1:1 at 618 GHz. An additional increase
by a factor of 20 dB is required in order to overcome the insertion loss of
the Fabry-Perot interferometer. In order to solve this problem, a new,
broad-band, harmonic generator was designed and built and a high gain
traveling-wave tube amplifier was assembled. An increase of a least 12:1
in signal-to-noise ratio was obtained by this superheterodyne receiver.
The new harmonic generator is also the best mixer and best detector of
all that have been tested at Martin Company. Further increase in signal-
to-noise ratio can come about by the use of integrating procedures. These
require stable sources; stability of the various klystrons is sufficient, but
the carcinotron power supply would require major revision. Since the cost
of carcinotrons above 600 GHz is prohibitive, other sources have been
sought. Lasers appear to be a partial solution, although the narrow tuning
range would require lasers with many lines in the output or several dif-
ferent gases. Water lasers have been operated and a cyanide laser was
completed but not tested as the task terminated. These equipment develop-
ments, used cooperatively, appear to solve the problem of measurement
above 600 GHz, at least to the extent that the present coupling to the Fabry-
Perot remains efficient.

Because of the insufficient power available, development of the theory
of line broadening and the theory of asymmetric top molecules was a major
effort. A study of the broadening in COy and a contribution to the theory
of orientation relaxation have been made. The application of Kivelson-
Wilson distortion theory to several asymmetric top molecules was made
and a computer program was prepared by which constants of the molecule
could be determined by a best squares fit. This program used only terms
through <1_3‘zl> and this limitation allows good fit of the data only to the lower
levels, those for small J values, in molecules which are very assymmetri-
cal. In the case of water, where distortion is large, it is clear that the
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addition of the <?S> terms is necessary in order to have an expression use-
ful for prediction of transition frequencies. The addition of this term to
the computation is not complicated.

A compression of the shape factors of Van Vleck-Weisskopf and of
Zhevakin and Naumov has shown that with the limited data available on
water, the fit of the latter is better in the valleys of the absorption curve
in the microwave-millimeter region. Zhevakin and Naumov point out that
the high frequency tails of the Van Vleck- Weisskopf expression remove
windows at 10u which actually exist. The comparison of these expressions
for other gases must be done before the entire significance of the different
line shapes is understood.

The small absorption of oxygen has prevented detection above 118 GHz
by coherent or incoherent methods. In the presence of appreciable quan-
tities of water vapor the oxygen absorption is negligible and the frequencies
of the lines have been calculated; they can thus be avoided in the design of
communication or other equipment.
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X. RECOMMENDATIONS

The present task was part of an extented program* recommended by
Martin Company to NASA on the radiation propagation characteristics,
absorption scattering and dispersion of gases, smokes and dusts of the
earth and the other planets. Because of internal changes in programs and
funding, the sponsoring agency is not continuing this aspect of the work at
Martin Company although participation in some field experiments, trans-
mission of microwaves between earth and satellite for NASA-Goddard, is
beginning as this task ends. It is in terms of the more ambitious program
that these recommendations for future work are made.

The problems of space communication and the electromagnetic explora-
tion of space either from the earth or from space vehicles depends on the
characteristics of the media through which radiation must travel or from
which it must reflect, or from which, due to black body or other excitation,
it must emit. The characteristics of the planetary atmospheric gases are
least known in the region from microwave to infrared frequencies.

The laboratory phase of such studies would include the absorption spec-
tra with identification of levels by Stark and Zeemann effects, the absolute
absorption, the effects of pressure and temperature on line broadening,
and the effects of mixtures of gases.

The theoretical studies include the further development of molecular
theory, particularly collision effects and the theory of the temperature
dependence of linewidth. An investigation should be made of the importance
of spontaneous emission and scattering processes. The theory of linewidth
is still not complete, particularly for mixtures, although unexplained effects
are-still found in self-broadening.

The gases to be studied should include Ny, Oqg, NO, NO,, O3, Hg0O, COg
from the earth's atmosphere as well as CO, N2O, CHy, CoHy, NH3, SO
as possible components of other atmospheres. In addition, free radicals
and molecular ions found in the ionosphere should be studied as these are
of potential importance to the planetary heat balance.

*An Outline of the Problems Associated with Deep Space Communications,
Martin Company Report OR 6046, June 1964.
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It is of course necessary to develop sources and detectors for the milli-
meter and far infrared regions. The gas laser and the solid state mixing
and parametric oscillator and amplifier are the most likely devices to
possess sufficient power and stability. A necessary concomitant must be
the development of oversize waveguide and power coupling methods.

It will not be necessary to investigate every spectral line of every gas;
it is sufficient to verify a developing theory to the point where confidence
in calculations may enable the system designer to obtain enough data to
produce a device which can perform its mission.

This confidence will be completed when the necessary field tests to verify
the theoretical and laboratory predictions have been performed.

Of the required information for system design probably only the know-

ledge of water and oxygen in the range 100 to 1000 GHz is sufficient at this
time.
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APPENDIX A

SUMMARY OF DATA FROM PREVIOUS REPORT
(CONTRACT NASw-963)

The present program is the continuation of a previous one year contract.
In order to make this flnal report self-contained the most important data
from the previous report 'Propagation of Millimeter and Submillimeter
Waves' Contract NASw-963, Martin Marietta Corporation, OR 6607, July
1965, are summarized in this appendix.

The data often graphs tan 6 instead of o = 2'% tan 6. p; = partial pressure
of H20 and py is the partial pressure of the foreign gas.

Figures 28 and 29 show some data taken for the determination of kll
and k11, respectwely Using Equation (17b, Reference 1) at various fre-
quencies, k§; was found to be 22 MHz/mm and k] about 200 MHz/mm.
Other data taken supported this large value but the precision of the meas-

W, ; . , .
urement of ki is subject to a number of systematic errors which are hard
to detect.

Figure 30 gives a plot of tan 6 for fixed values of p; and py as a function
of frequency. Using Equation (16, Reference 1), k12 could be determined
to be 18 MHz/mm.

Two groups of data were taken for the determination of kcl’z with Ng in
order to detect any deviations from the assumed shape factor. One group
of measurements was made at fixed frequencies approximately 100 to 200
MHz from the center of the line at 183.31 GHz using values of pj of 1 to 2
mm and up to 300 mm of the foreign gas. In these data tan 6,,,, Was used
to determine the exact pressure of HyO by means of Equation (18a, Ref-
erence 1) since this way of determining small pressures was found prefer-
able to the Dubrovin gauge. Using the attenuation by pure HzOomeasured
as the first point of each set of measurements in this group, ki, was care-
fully determined as well as klz which is 1ndependent of p;. Figure 31 shows
typical curves of tan § versus the logjg of py.
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Figure 29, Tan § versus p?;, v = 190.000 GHz
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Figure 30. Tan §' versus v, Py = 15 mm, Py = 800 mm N2
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Figure 31. Tan é versus Log p' for N2, T = 300°K
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The

second group of measurements was made at frequencies between 1

and 3 GHz from line center and here corrections for the background were
necessary. On the other hand, the partial pressures of HyO used in this
region ( 15 mm) could be determined accurately and the line strength

could be compared to theory.

Figure 32 shows a set of data together with

the background corrections.

tan 6 x 107‘

30

25

20

15

10

— — — — Corrected for Background

1 | | } ] 1

1.6

1.8 2.0 2.2 2.4 2.6

1
Log 19 Pg

Figure 32. Tan § versus Log p' for Ny, v - vg = 1,5 GHz,
T = 300°K, P, - 15 mm

Tables VIla and VIIb give summaries of results in these two groups:

TABLE VIla

Results for Group 1 Measurements
(100 to 200 MHz from the Line Center at 183.31 GHz)

Verr =V P1 ktl)z kc1,1 k?l/kcl)z tan 6,5 1 '
cH, o1 (mm/Hg) MHz/mm MHz/mm  MHz/mm Percent A3 log (po)*
+0.310 2 4.7 21 4.5 1.23
+0.180 1 4.8 30 6.2 1,17
+0.110 1 (4.3) 24 (5.6) 1.20
+0.110 1 (4.6) 25 (5.0) 1.20
+0.115 1 4.6 24 5.2 1.21
+0.115 1 (4.7) 25 (5.3) 1.18
-0.210 1 4,7 24 5.1 1.15
-0.170 2 4.7 19 4,0 1.00
-0.182 2 (4.3) 28 (6.5) 1.30
-0.117 1 4.7 22 4.7 1.25
< 4.7 24 5.0 >
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TABLE VIIb

Results for Group 2 Measurements
(1 to 3 GHz from the Line Center at 183.31 GHz)

-2.7 10 4.0 21.0 5.2 97 1.14
=2.7 16 4.1 24.5 6.0 91 1.00
+2.3 10 (4.3) (17) (4.0) 98 1.04
+2.3 15 4.3 24 5.6 98 1.00
+3.0 18 4.3 19 4.4 119 0.9
+1.5 14 3.9 21.7 5.6 100 1,02

< 4.1 22.0 5.4 100 1,02 >

* This column gives the 1/2 amplitude width of the tan 6 versus logjgp curves in units
of '1og1 oP

The sixth column gives the value of tan 6,,,, in terms of a percent value
compared to theory. In Table VIIa this column is left blank since 100 per-
cent agreement was assumed. The values in parentheses were adjusted on
the basis of the corrections that had to be applied to p; and are not counted
in the averages in the bottom rows.

It is not possible to ascribe the difference between k(1)2 as measured in
group 1 and group 2 experiments definitely to the lineshape since an ex=-
perimental error of 5 percent cannot be excluded. For the present these
values will be averaged in the overall results in Table VIII.

TABLE VIII

Linewidth Parameters in MHz/mm

H20 N2 C02 O2

k 22 + 2 - - -

k 200 £ 40 - - -

k - 4.4 +£0.2 6 £ 0.3 2.7+ 0.2

k - 19 £ 2 65 £ 7.0 -
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Figure 33 gives the absorption calculated by Equation (1b, Reference 1)
using these values over the range from 10 to 300 GHz. Figure 34 gives
absorption coefficient o for various gases.

30—

10—

g
&
N
M
o
l
3
0.31—
Legend:
0.1 X Becker and Autler
A Tolbert and Coworkers
[o] This work*
Equation 1b*
— —— Significant Deviations (?)
0.03 —
0.01 l | |
0 100 200 300
v ~GHz

Figure 33. Absorption Coefficient @ Due to 7.5 mm of HyO in 750 mm of

N2 versus Frequency v

* See Reference 1.
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Legend:

7.5 mm of H,O, 750 mm of a
—eoe¢ — hypothetical broadener similar
to H20

[ 2

7.5 mm H20 + 750 mm of CO2

e / ———7.5mm HyO + 750 mm of N,
0.3 +— / o This work*
./ T Tolbert and Coworkers

—e+— 7.5 mm H20 + 750 mm
of N2 Van Vleck
(Calculated)

| J

.1
100 200 300 400
v ~GHz

Figure 34. Absorption Coefficient o for Various Gas Systems,
Py = 15 mm, P, = 750 mm

The coefficients k are the multipliers of pressure to obtain the broadening
Av: Av = kp, The subscripts indicate either self-broadening kj] or foreign
gas broadening kqs. kle is the broadening, caused by foreign gases, in

the residual broadening term or background term.

* See Reference 1,
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There have been indications in the literature that anomalies observed
in the atmospheric absorption between 110 to 140 GHz may be due to an
interaction of HyO on Oy near the oxygen absorption line at 118,75 GHz.
At present, the capabilities of the resonant cavity do not permit measure-
ments in the wing region of this line but an anomalously large effect in the
wings should also result in an excessive broadening near the line center
where the sensitivity of the cavity is adequate.

In these experiments another technique was found expedient which per-
mitted the evaluation of the effect of HyoO on Oy in terms of that of Ny and
of the self-broadening of Ojy.

The cavity was tuned to 118,760 GHz and the attenuator adjusted for a
full response on the oscilloscope screen. Ten millimeters of Oy were then
admitted into the cavity and the amplitudes of the attenuator were read. Ten
millimeters of H20, N2, or O2 were then added and the amplitudes were
again read. Using Equation (18, Reference 1) at (v - vg) = 0 gives

v
t 0
tané = Py COl_—_—, 0
Py 12
where the subscript 1 refers to Oy

For pure Oy, k‘;z = kcl)1 and p(') = p, so that,

This is independent of pressure so that the amplitude does not change.

This step was used to check on the instrument's performance in this series
of tests. For Ny, it has been shown that k(fl ~ kcfz so that from Equation
(12a, Reference 1)

Pog TP1 T Py

and therefore, on adding 10 mm of Ny to 10 mm of Oy

tané = Ct 0
01 2 ko
11

so that the loss now is cut in half. This, too, was used as a check.
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When 10 mm of HyO were added to 10 mm of Og, the amplitude dropped
by the same amount, indicating that the cross section for H9O collisions
with O, is not significantly larger than that for the other two gases.

As pointed out in Chapter III, section C (Reference 1), the O3 molecule
has no electric dipole and its spectrum in the millimeter region consists
primarily of transitions in which the electronic spin alignment with respect
to the total orbital angular momentum changes by one unit. These transi-
tions lie in a band about 60 GHz except for one line at 118.75 GHz and have
been extensively studied.

Because of the perturbation of the wave functions of Oy by the electron
spin, the orbital angular momentum N of the molecule is not a good quantum
number and AN = 2 transitions between the levels usually denoted by N+,

0, - are possible. Mizushima has predicted three such transitions (Table
IX).

TABLE IX

Rotational Transitions Predicted in O2

Frequency Relative

Transition in MHz Strength
10 - 3 368,447 0.55
1+—> 3 424,613 9.12
1+ - 30 487,199 7.94

The intensity of the strongest one of these lines (1, - 3 ) is given by him
as roughly 10 times the intensity of the (1+ - 1g) line in the magnetic
spectrum. This would still make it a relatively weak line* and in view of
the small amount of power available at that frequency, special efforts must
be made in the search for it. For one thing it is advantageous to cool the
cell; secondly, since the O, molecule is magnetic, Zeeman modulation and
synchronous detection may be employed. The search for this line was,
therefore, made in an existing absorption cell which had provisions for
cooling and Zeeman modulation. A number of problems developed partic-

* The absorption at the peak of these lines would be comparable to the
losses in the gaps between the HZO absorption lines.
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ularly in connection with cooling, such as condensation on the windows and
an inconveniently high consumption of coolant. These difficulties made the
use of this particular cell very tedious. In addition, calculations showed
that the predicted strength of the line would make a longer cell desirable.

Since the effort on O competed for men and materials with more im-
portant and promising 1nvest1gat10ns on H5O, it was decided to postpone
this phase of the work until a new cell could be made available.

The NOy molecule is an asymmetric top with one unpalred electron. The
unpaired electron spin interacts with the nuclear spin on (N14) to give a
hyperfine structure. NOj is found in the upper atmosphere and is, there-
fore, of some interest. A number of lines not previously reported in the
literature were found but no final assignments have been made. This work
is progressing as a continuing effort and will require further experimental
and theoretical study. To date the following series of lines have been cross
checked from two different fundamental frequencies (Table X).

TABLE X

Transition Tentatively Assigned to NO2

235,055.5 MHz
235,030.6 MHz
235,077.6 MHz
235,510.2 MHz

215,269.8 MHz
215,262.9 MHz
215,255.5 MHz
215,246.6 MHz
215,243.3 MHz
215,236.4 MHz
215,075.7 MHz

102

()

»~



.t

APPENDIX B
PUBLICATIONS ARISING FROM THE PROGRAM

This list includes talks and articles published by personnel working on

the contract or on which work was performed during either of the two con-
tract periods.

1,

Valkenburg, E. P. and Derr, V. E., "A High-Q Fabry-Perot Interfer-
ometer for Water Vapor Measurements in the 100 Ge¢/s to 300 Ge/s
Frequency Range,'" Proc IEEE, 54, 493 (1966). Also presented at
Boulder Mm Wave Conf (Sept 1965)

Frenkel, L. and Woods, D., "The Microwave Absorption by HyO Vapor
and its Mixtures with Other Gases Between 100 and 300 G¢/s,'' Pro-
ceedings IEEE 54, 498 (1966). Also presented at Boulder Mm Wave
Conf (Sept 1965)

Frenkel, L., "Orientation Relaxation in Symmetrical-Top Gases and
Binary Gas Mixtures," Jour Chem Phys, 45, 416 (1966)

Frenkel, L., Kryder, S. J. and Maryott, A. A., "'Debye Relaxation in
Symmetric-Top-Foreign-Gas Mixtures; Temperature Dependence of
Collision Cross Sections," Journ Chem Phys 44, 2610 (1966). (Based
on thesis of L.. Frenkel, Univ of Maryland 1964)

Frenkel, L. and Woods, D., '"Microwave Absorption in Compressed
COy." Jour Chem Phys 44, 2219 (1966)

Woods, D. and Strauch, R., ''Submillimeter Wave Harmonic Mixers,"
Proc IEEE, April 1966

Frenkel, L., Gallagher, J. J., and Smith, W. T., "'Dipole Moment of

FCIO3, Jour Chem Phys 45, 2251 (1966)

Frenkel, L., ""Precision Absolute Measurements in the Millimeter
Region,' Talk, Society for Applied Spectroscopy, Chicago, 16 June 1966
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11,

Frenkel, L., '"'Bulletin American Physical Society for Mexico City Meet-
ing," Orientation Relaxation, Abstract, 1966

Frenkel, L., "Symmetric Top Molecules in Collision Broadening," Talk,
American Physical Society Meeting, Washington, D. C., March 1966

Lichtenstein, M., Derr, V. E., and Gallagher, J. J., "Millimeter Wave
Rotational Transitions and the Stark Effect of the Water Molecule,"
Jour Mol Spectroscopy, August 1966
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APPENDIX C

UTILIZATION REPORT FOR TRANSITION CALCULATIONS
(Problem No. Z@127)

ORIGIN OF PROBLEM

The need to calculate the rotation energies of asymmetric molecules
measured by microwave spectroscopy.

PROGRAM DESCRIPTION

For a molecule selected the program computes the rigid rotor energy
and the semi-rigid rotor energy and their respective transitions in mega-
hertz. Given constants a, b and ¢ for some molecule and the six coeffi-
cients of the Kivelson-Wilson equation, the program computes the proper
transitions based on the maximum J value and selection rules input. Given
a, b and ¢ and laboratory observed transitions, the program will compute
the six Kivelson-Wilson coefficients and fit these coefficients to the transi-
tions input.

If only transitions are available as data, the program will compute a,
b, ¢ and the six Kivelson-Wilson coefficients and fit these values to the
transitions input. It is pogsible to load in the data in two blucks such that
the first block is very accurate. From this accurate data the a, b, ¢ and
six Kivelson-Wilson coefficients can be obtained. Then these accurate
values can operate on the second less accurate blocks of data to compute
transitions. This option is available with or without starting values for a,
b, c.

RESTRICTIONS AND SPECIAL CONSIDERATIONS

In the least squares portion of the program there are three error mes-
sages. One of these indicates a singular matrix was encountered in the
fitting process. The second error message indicates that in ten passes the
fitting process did not converge. The third error message indicates a, b,

c were not determined correctly. The message most likely to be encoun-
téred is that the system did not converge after ten passes. If this happen
the data is possibly at fault. If the data proves to be correct then the incre-
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ments used to take the derivatives in the "LEAST" subroutine may be too
small. These increments can be changed by changing the factor on cards
corresponding to internal statement numbers 103 and 145 of the listing for
"LEAST". The factor chosen was determined by trial and error and in-
spection of the computation arrays. If the increments are made cruder

there is a higher probability of convergence, however the results will be
cruder, and it is doubted if they will be of use. It has been noted that even

if part of the input is accurate it is possible the resulting a, b, ¢ will pro-
vide useful transition calculations. The "lighter'' molecules seem to give

the most problems in this area (Hg0, HDS). If more accurate results are
necessary for heavier molecules then it is recommended that the afore men-*
tioned increments be reduced to three ten thousandths of a percent. The
problem is optimizing the size of the derivative taking increment such that
the system will just converge. .

The external sort has an upper limit of three thousand energy levels. If
more than 3000 energy levels are to be sorted, they are sorted into groups
of 3000. |

The selection rules will not permit a J value greater than 12.
TIMING

Program execution time is a function of the number of energy levels
requested and input versus calculated coefficients. The program should -
not run more than ten minutes unless an unusually large amount of data is
input. Most of the runs will take about 5 minutes. A ten minute time card
is recommended with all runs.

DESCRIPTION OF OUTPUT

All of the output is identification labeled and it includes the six a input
coefficients, the inertial constants a, b and ¢ along the principal axes, the
rigid rotor energy for each level, the rigid rotor transition energy, the
transitions with the distortion factors added and the input transitions.

The energy levels are written on a scratch data file and reprinted after
a second pass sort,

DESCRIPTION OF INPUT
Numerical input data must be divided into two forms: the real number
data and integer data. Real number data must contain a decimal point and

it may be placed anywhere in its input field. Integer data contains no deci-
mal point and it must be right adjusted in its input field.
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There are several options available in the program which are selected
via input cards. Card A of the input deck is a title card. Card B of the

_input deck is the option card. The four options are listed below:

OPTION 1: Readina, b, c,al,.. ., a6, maximum J value and symmetry
indicators. The correct energy levels are computed and the
transitions between them are computed.

OPTION 2: Read ina, b, c,al,. .., a6, J, Tau, J, Tau and Nu. The rigid
rotor and semi-rigid rotor transitions are computed.

OPTION 3: Read in a, b, ¢, J, Tau, J, Tau and Nu. This option assumes an

accurate a, b, c,al,. . ., a6 are computed by least squares,
then the rigid rotor and the semi-rigid rotor transitions are
computed.

OPTION 4: Read in J, Tau, J, Tau and Nu, a, b, c are determined from a
sub-routine, and the program proceeds the same as option three.

FLOW OF PROGRAM UNDER EACH OPTION
IN =1
Z@127> SELECT ZCALTRN > CALCON ZREDUCE I SUBRED ” TRIX
IN = 2

Z@127 2 CALTRN 2 CALCON ZREDUCE ZSUBREDZ TRIX

IN = 3
Z§$127 = LEAST = CALCON Z REDUCE  SUBRED = TRIX
L } L—rqsoL
CALTRN = CALCON Z REDUCE = SUBRED = TRIX
IN = 4

Zg127 -+ ABC ZCALCON ZREDUCE < SUBRED > TRIX

! LL'_""EQSOL

LEAST ZCALCONZ REDUCE ZSUBRED 2~ TRIX

L - CALTRNZ CALCON ZREDUCE ZSUBRED ” TRIX
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DESCRIPTION OF EACH ROUTINE

Z9127: This is the control program. It senses the option selected and
channels the input of data to the correct subroutines. It termi-
nates the computation when control is returned to it by the sub-
routines.

SELECT: Up to a maximum J value of 12, "SELECT" computes the correct
J(K 1 Kl) for the types of symmetry input.

LEAST: Chooses the best set ofal,. .., a6 basedona, b, ¢c input or a, °*
b, ¢ computed by "ABC'". It modifies a, b, ¢ and fits the al,
. , ab to the data again and repeats this a maximum of ten
times. When convergence is obtained the data calculated is
printed.

ABC: If a, b, ¢ are not input, this routine calculates these variables
based on data input.

EQSOL: This is a double precision equation solving routine. It solves
n xn + 1 systems of equations and returns an error indication
if the coefficient matrix is singular. »

CALTRN: This routine calculates rigid rotor transitions and semi-rigid
rotor transitions. =

CALCON: Calculates the terms which multiply al,. . ., a6 in the Kivelson-
Wilson equation,

REDUCE: Forms and solves the reduced energy matrix for the current
approximations of a, b, ¢ and the transitions input. It forms
the terms of the continued fractions used to calculate the PZ2
and PZ4 terms of the Kivelson-Wilson equation.

SUBRED: Solves one term of a tri-diagonal reduced energy matrix spec-
ified by "REDUCE".

TRIX: Calculates a single term of the continued fraction sequence
formed by "REDUCE".

DESCRIPTION OF INPUT VALUES

These inputs are real numbers and their units are described below:
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a, b, ¢c are in megahertz

al is in reciprocal megahertz

a2 is unitless

a3, ...

ab is unitless

, ad are in megahertz

Nu is in megahertz

Conversion factor:

1 wave number

= 29977.6 megahertz

The other inputs are described in the next section.

The following is a detailed description of the input deck under all options.

Cards A and B of the input deck have the same format for all options.

Program
Variable | Variable
Card | Columns Name Name Description
A 1-72 TIT(I) Appropriate title
1-5 IN(1) IN(1) and LP are integers and must
6 - 70 Blanks be right adjusted in their fields., IN(1)
B 71 - 72 {LP is option signal and is 1,2,3, or 4.
If convergence is not obtained after
10 iteractions under option 3 or 4, a
1 placed in column 71 and a 3 placed
in column 72 will cause the arrays
computed by "LEAST'" to be printed
out after each iteration. By exam-
ining these array values, it can be de-
termined whether convergence is
likely with the data being used.
1 ) 72
A Data for XXXX Molecule Option X Apr 15, 1999
5[ 6 71 72
B| 2 1 3
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Program
Variable|{ Variable
Card | Columns Name Name Description
1-10 a A(7) Inertial constants a, b, ¢ are real
11 = 20 b A(8) number inputs. They must have a
21 - 30 c A(9) decimal point. The numbers may be
C 31 - 72 Blanks punched anywhere in their fields.
1-10 al A(l) al, ..., a6 are the six coefficients
11 - 20 a2 A(2) in the Kivelson-Wilson equation. They
21 - 30 a3 A(3) are real numbers and must have dec-
31 - 40 a4 A(4) imal point. The numbers may be
41 - 50 as A(5) punched anywhere in their field.
51 - 60 ab A(6) They are 0.0 if only the rigid rotor
D 61 - 72 Blanks energy is desired.
IEXTRA
1-5 J (12 These four variables are integers and
6 - 10 IE?QIT A Imust be right adjusted in their five
X col field if IEXTRA(13) = 1, A type
11 - 15 (14) symmetry, if 0, no A type symmetry.
16 - 20 IEXTRA [1f IEXTRA(14) = 1, B type symmetry,
(15) _ lif 0, no B type symmetry. If IEXTRA
E 21 - 72 Blanks (15) = 1, C type symmetry, if 0, no C
type symmetry.
Examples:
1 10] 11 20(21 30 72
C {_.123000.0 .124E06 125000.0
1 10|11 20|21 30{31 40141 50|51 60|61 72
D] 12300.0 | 12.4 .125E-5 .126E02 12700, 1280.
1 56 1011 15j16 20| 21 72
E 8 1 0 1
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IN =2

. Program
Variable| Variable
Card | Columns Name Name Description
1-10 a A(7) Inertial constants a, b, ¢ are real
11 - 20 b A(8) number inputs. They must have a
21 - 30 c A(9) decimal point. The numbers may be
C 31 - 72 Blanks punched anywhere in their fields.
1-10 al A(l) al, .. ., a6 are the six coefficients
11 - 20 a2 A(2) in the Kivelson-Wilson equation.
21 - 30 ad A(3) They are real numbers and must have
31 - 40 a4 A(4) a decimal point. The numbers may be
41 - 50 ad A(5) punched anywhere in its field.
51 - 60 ab A(6)
D 61 - 72 Blanks
1-10 Blanks J and Tau are integers and must be
11 - 20 J XJA(1,1) [right adjusted in their fields. Nu is
21 - 30 Tau |TAUA(1,1)|a real number and must have a dec-
31 - 40 J XJA(1,2) [imal point. Nu may be punched any-
41 - 50 Tau |TAUA(L,2)|{where in its field.
51 - 60 Nu XNU(1)
E 61 - 72 Blanks
1-5 LL LL is the integer 11111 and signals
F 6 - 72 Blanks the end of data.
Examples:
1 1011 20121 30|31 72
C .123E06 12400.0 125000.0
1 1011 20121 3031 40} 41 50151 60 |61 72
D | .1234 .124E-3 .125 126.0 12,7 1.28
1 10} 11 20(21 30|31 40| 41 50|51 60 {61 72
E 7 3 6 -5
1 516 72
F 11111

111



IN=3

! Program
| Variable | Variable
Card | Columns Name Name Description
110 a A(7) Inertial constants a, b, ¢ are real num-
11 - 20 b A(8) ber inputs. They must have a decimal
21 - 30 c A(9) point. The numbers may be punched
C 31 - 72 Blanks anywhere in their fields,
1-10 Blanks J and Tau are integers and must be \
11 - 20 J XJA(I,1) |[right adjusted in their fields. Nu is
21 - 30 Tau TAUA(IL 1) ]a real number and must have a dec=-
31 - 40 J XJA(I,2) |imal point. Nu may be punched any- |
41 - 50 Tau TAUA(L2) [where in its field.
51 - 60 Nu XNU(I)
D 61 - 72 Blanks ‘ A
l1-5 LL LL is the integer 11111 and signals
_E 6 - 72 Blanks the end of the first block of data.
1-10 Blanks J and Tau are integers and must be
11 - 20 J | XJA(1,1) Iright adjusted in their fields. Nu is
21 - 30 Tau TAUA(1,1)]a real number and must have a dec- te
31 - 40 J XJA(1,2) [imal point. Nu may be punched any-
41 - 50 . Tau TAUA(1,2)|where in its field. This data is to be
51 - 60 Nu XNU(1) used to compute transitions based on
F 61 - 72 Blanks the constants found using the input
just prior on D cards. The D card in-
put is assumed as accurate as pos-
sible,
1-5 LL LL is the integer 11111 and signals
G 6 - 72 Blanks the end of the second block of data,
and must present even if no F cards
are input.

Note: D, E and G cards are always present when using option 3. F cards,
may or may not be present.

Examples:

1 10{ 11 20| 21 30} 31 72
Cc | 12300.0 .124E06 125000.0

1 10:11 20|21 30|31 40| 41 50 |51 6061 72
D f 7 5 6 -3 | 99900.00
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1 516 72
E | 11111
1 1011 20121 30|31 40| 41 50|51 60|61 72
F 2 -2 1 1] 999900.0
1 516 72
G| 11111
IN =4
Program
Variable | Variable
Card | Columns Name Name Description
1-10 Blanks J and Tau are integers and must be
11 - 20 J XJA(I,1) |right adjusted in their fields. Nu is
21 - 30 Tau TAUA(I 1)]a real number and must have a dec-
31 - 40 J XJA(I,2) |imal point. Nu may be punched any-
41 - 50 Tau TAUA(I,2) [where in its field,
51 - 60 Nu XNU(I)
C 61 - 72 Blanks
1-5 LL LL is the integer 11111 and signals
D 6 - 72 Blanks the end of the first block of data.
1-10 Blanks J and Tau are integers and must be
11 - 20 J XJA(1,1) |right adjusted in their fields. Nu is
21 - 30 Tau TAUA(1,1)]la real number and must have a dec-
31 - 40 J XJA(1,2) [imal point. Nu may be punched any-
41 - 50 Tau TAUA(1,2)lwhere in its field. This data is to be
51 - 60 Nu XNU(1) used to compute transitions based on
E 61 - 72 Blanks the constants found using the input
just prior on C cards. The C card
input is assumed as accurate as pos-~
sible,
1-5 LL LL is the integer 11111 and signals
F 6 - 72 Blanks the end of the second block of data,
and must be present even if no E
cards are input.

Note: C, D and F cards are always present when using option 4. E cards
may or may not be present.
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Examples:

C

D

1 10]11 2021 3031 4041 50 |51 60161 72
3 -2 2 1| 444.E3
1 72
111115 6
1 1011 20|21 30131 40|41 50151 60161 72
10 =5 10 -8 671000.0
1 516 72
11111
114 NASA-Langley, 1967 — 17 CR-863




