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"A pressure-scanning refraction spectrometer for atmospheric
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STUDIES OF OXYGEN AND WATER VAPOR
MICROWAVE SPECTRA
UNDER SIMULATED ATMOSPHERIC CONDITIONS

Hans J. Liehe¥*
ABSTRACT

Atmospheric radio wave propagation in the 40 to 140 GHz
band is influenced by microwave spectra of oxygen (0,-MS) and
water vapor. The report treats the complementary roles of
contrelled laboratory cxperiments and computer analysis for
providing detailed molecular transfer characteristics. A
pressure-scanning differential refractometer was operated at
fixed frequencies between 58 and 61.5 GHz., The variability of
0., and H,0 spectra with frequency, pressure, temperature, and
magnetic field strength was studied under conditions which occur
in the atmosphere..  Results gbtained (a) for oxygen and air on
the 9 line, the 7 /5 and 3 /9 doublets, and the continuum
spectrum and (b) for water vapor on nonresonant effects are
reported. The experimental 0,-MS data are used in thecretical
analyses of attenuation and dispersion rates which are extended
to other lines, to irequencies identified for remote sensing
applications, and teo temperature and pressure sensitivities
between 40 and 140 GHe.

Key Words: Atmospheric mm-wave propagationi attenuation

profiles; dispersion profiles; EHF transfer characteristics;
oxygen microwave spectrum; water vapor microwave spectrum.

1. INTRODUCTION
Radio wave propagation in the 40 to 140 GHz band through the first
hundred kilometers of the clear atmosphere is strongly influenced by
many (> 30} lines of the oxygen microwave spectrum (OszS) and to a
lesser extent by a nonresonant spectrum of water vapor. Attenuation,
Phase dispersion, and thermal noise associated with these molecular

cffects of air impose ultimate propagation limitations as well as

*The author ig with the Institute for Telecommunication Sciences, Office of
Telecommunications, U.S. Nepartment of Commerce, Boulder, CO 80302.



affording unique system opportunities (e.g., transmission security and
remote sensing of atmospheric variables). This is the last in a series
of three reports which all address the problem of establishing a reliable

correlation between clear air transfer properties and meteorolegical

1}3—:13“195 9?3) rn‘--: - I | \{S

+
W LCWwEL Ll e

2

-

\identified directions for experimental research, and demonstrated
computer analysis of transfer properties for various path configurations.
Part 2 (Liebe, 19?4)* described in great detail a new experimental
technique capable of measuring, under simulated atmospheric conditions,
molecular attenuation and phase dispersion rates.

This Part 3 treats the complementary roles of contrelled laboratory
experiments and computer analysis in providing information on the
complicated dependences of gaseous atmospheric microwave spectra. The
repert treats oxygen, air, and water vapor behaviors. Section 2 dwells

upon the variability of 0,-spectra with frequency V, pressure p,

2
temperature T, and magnetic field strength H as they cccur over the
altitude range h = 0 to 80 kilometers. Such a description of electro-
magnetic properties of the atmosphere is fundamental to treatments of
amplitude, phase, and directional responses of any emergent signal. In
addition, above 40 kilometers height, the Zeeman-effect causes depend-
ences upon polarization and orientation (unisotrepic medium). Sectiaon 2

is organized in Paragraphs A and B, separating experimental and

analytical OZ—MS studies. The variable for experiments is the gas

*) Referred to throughout this report as Part 1 and Part 2. Both reports
have been condensed to Journal publications:
Liebe, IEEE Trans. MTT-23, 380-385, (1975); Rev.Sci.Instr, 46, July (1975)
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pressure p, which is paralleled by the microwave frequency v 1in
analytical treatments of molecular transfer and emission characteristics.
Three problem areas are investigated; namely, (a) in Sections 2.1 and

2.2, pressure-broadening of individual lines in O in binary mixtures

97
of 02+ air components, and in air; (b) in Section 2.3, isolated line
behavior as the pressure appreocaches zerec; and {(c) in Section 2.4, the
band shape (Oz—MS continuum} formed by more than thirty overlapping
lines. The experimental results are taken into gccount in Sections 2.5

and 2.6 to arrive at specific 0,-MS properties under atmospheric conditions.

2
Section 3 discusses laboratory measurements of water vapor at 23, 30.6,
and 61.2 GHz, which yield anomalous high attenuation and dispersion

rates when the saturation pressure is approached.

Past experimental and theoretical studies of 02 and Hzo microwave
spectra have been carried out te a large extent at universities, ag
manifested by numerous Ph.D, theses (P-1 to P-17) all addressing funda-
mental problems related to the interaction of gas molecules with microwave
radiation. Each work in its own right has furthered and refined the
understanding, although invariably some frustraticn is expressed in
regard to the lack of reliable absclute intensity data.

The ability to describe molecular transfer characteristics of air
under general metecrolegical conditions is of great practical importance
particularly for extending the radio spectrum into the 40 to 140 GHz
range and for "all-weather" remote sensing of atmospheric temperature

structure via satellite, Mictowave radiometers are operating in two

research satellites (NIMBUS 5, 6) and are planned for an cperational



~—M5 emission in terms of

satellite (TIROS N). The interpretation of 02

atmospherie temperature hinges on accuratly known dependencies of the

OZ—MS upon the physical parameters, hence, providing the main impetus to

our studies.

[Ny I T ot Uy . J R upp. S S . ST 1
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trolled conditions but, of course, they cannct compete with the long
path lengths (> 106m, inhomogeneous) encountered in the atmosphere. The
limited effective path length (< 5-102m, homogeneous) of a laboratory
microwave experiment requires extraordinary means to achieve the necessary
detecticon sensitivity. It is easy to gimulate pressure and temperature,
but a new apprecach had to be taken teo secure reliable spectroscopic
information, which traditional absorption spectroscopy had not delivered.
The spectrometer, as described in Part 2, utilizes dispersion instead of
absorption intensities versus variable pressure instead of frequency.

The usefulness of such experimental technique had been proven by studies
of the 22 CHz water vapor line (Liebe, 1969). Over the 50 to 75 CH=z
range, the same method, however, posed several problems stemming from
requirements of extreme detection sensitivity and novel data diagnostics.
Changes in frequency had to be resolved to better than 1 part in 109,

and the reductien of OZ_MS dispersion data to parameters of the band
components (> 30 individual lines) as well as their reassembly to band
intensities turned out to be quite challenging. By and large, the
progression of experimental observations, learning, and revised measure-
ment strategy proceeded satisfactorily, and the results of our findings

are the topic of this report.



1.1 Complex Refractivity and Propagation Parameters

The interaction between EHF radiation and air is described by a

complex refractivity
N o= (0eD10° = [N+ AN () + AN ()] - § IO+ NI T, ()

where Vv is the microwave frequency, n 1is the refractive index, and
3= Vci', No is the frequency-independent refractivity, f'_\.l\T(\J)d’W

are molecular dispersion spectra of dry air (02) and water vapor

(HZO, HZOOHZ)’ respectively, while N“(\))d’Wr are the associated

extinction spectra, all in units of parts per million {ppm].

The refractivity No is given by

1)
N = N%p = ROp/T [ppm] , (2)
o] *) 0 .
where R = 95.,67(10) [ppm°K/torr} for Q._,
103.56{(2) " for AIR,
105.60(3) " for N, ,
55.5 + 499500/ " for H20 vapor.

Additional values of R° for the individual air components are listed
in Table 8.
The relationship to propagation parameters such as power attenua-

tion @ and phase rate ¢ 1is simply

]

o = 0,1820v N [dB/km},

d,w
and (3)

~2
+ A = 2.095-
¢0 Ap o= 2.095-10 v (N0 + ﬂNd,w) [rad/km],

]

¢
where V 1is the frequency in gigahertz [GHz].

T) Pressure proportionality is indicated in general for all appropriate
parameters by a superscript?.

#) Ddgits in parenthesis following a numerical value represent the

Standard Deviation of that value in terms of the final listed digits.




2, GSTUDIES QF THE OXVGEN MICROWAVE SPECTRUM

Al. THEQRY (Versus Experiment)
Oxygen microwave (v = 10 to 150 GHz) spectra of dispersion AN and
extinction N are introduced as a sum of 44 lines identified by the

guantum number N,

43

po(SF') 2 fppm] ,
NT=] n

43

no(SFMY 4

4y N [ppm]

L=

—

=
1

(4)

=
1

The isolated line properties of strength § [Hz] and shape ', IV
[1/MHz] have been discussed in Parts 1 and 2. Theoretical treatments of

the band shape composed of overlapping OZ—MS lines exist from Dillon and

Godfrey (1972) and Mingelgrin (1972, 1974). The complexity of Lheir
computations, however, prevented applications to practical problems
related to the atmospheric 0,-MS. Several empirical approaches to solve
equation (4) for atmoespheric conditions (1 te 800 torr, 180 to 320°K)
which were discussed in Parvt 1, are fairly adequate in describing ad hoc
the existing data body;, but rather arbitrary assumpiions disqualify them
from being of general validity. Recently, Rosenkranz (1975) has come up

with a manageable 0,-MS band expression. As a [irst order solution (in

2

respect to pressure)} of a general band shape, he derived interferonce

coefficients T; [1/torr] attached to each line and calculable from

s P L0
line parameters. 'The coefficients 1

e produce with increasing pressure

(overlap) a redistribution of each line contribution within the 60 GHz

hand.



The line shape factors for a line within the O_-MS are given by

2

{(Rosenkranz, 1975)

y VeV F YOIOPZ vty v°1%p%
Y o= N ) — - s , (5)
o (v(;v) + (Y p) (v0+v) + (v p)
y YO— (\)Ou\)) 1° Yo_ (\)D-H)) T°
F” - p T _ 2 .-,.0 2 + ______._2,_,,_,_OH____Q___ . (6)
0 (vO“V) +(vy p) (v0+v) +{v p)

The line strength § = Sop remains as defined in Part 1 {Eqs. 7-12;:
Tables 3, 7) and Part 2 (Fgs. 18, 19; Table 1}. In the vicinity of a
resonance [L(vouv) =50 MHz] and at lower pressures (p < 100 torr,

Q . . .
T = 0), the shape factors reduce to simple Lorventzians,

RV y '\0 v

o ! n P

. —— F = . . (7)
2 2 2 2

(W~ Yo (v -+ Yo

F' =

The resonant linewidths iIn 0, are (sec Tables 6, 7)

. ) 9
¥© 2 (2.00—0.0235\[)(300!1‘)0 [MHz/torxr] , (8)
whereby the quantum number J dependence is predicted by theory

(Dillon and Godfrey, 1972; Mingelgrin, 1972; Pickett, 1975).

The interference coefficients are calculated as shown by Rosenkranz (1975)

¥

oL ; d;urz ‘q‘; s 2 d;vz by el 1 M ®
N d; Vo vN_F_Z Ve " Vo K (VN vy 60 GHz) ’
when assuming the following:
i.) the nonresonant Jlinewidth in 02 is
yz = 0.75(300/T)0'9 [MHz/torr] ; (10)



Table 1. Interference Coefficients Io(Nt) at 252, 281, 200, and 325K
and the tempevature exponents zt
Nt N
T[°K] 252° 281° 300° 325° z+ 252° 281°¢° 300° 325° 7z
Nt 10 [l/lO4 torr] IO [1/104 torr]
1 9.13 8.36 7.93 7.43 .8 -0.42 -0.39 -0.37 -0.34 .8
3 S.,58 8.86 8.45 7.97 .7 -7.61 -6.99 -6.65 ~6.24 .8
5 5.80 5.54 5.38 5.17 .5 -6,92 ~6.48 -6.22 ~5.91 .6
7 2.04 2.25 2.34 2.41 -~ .7 -3.82 -3.81 -3.77 -3.70 .1
9 - 1.13 -0.51 -0.20 0.10 9.5 -0.48 -0.91 -1.10 -1.29 -3.9
11 ~ 3.69 -2.72 ~2.24 -1.73 3.0 2.38 1.57 1.17 0.76 4.5
13 - 5.76 -4,51 -3.88 -3.21 2.3 4.68 3.56 2.99 2.40 2.6
15 - 7.32 -5.86 -5.11 -4.,32 2.1 6.51 5.14 4.45 3.71 2.2
17 - 8,69 -7.05 -6.21 -5.31 1.9 7.96 6.39 5.59 4.74 2.0
19 - 9.66 -7.90 -6.99 -6.01 1.9 9.08 7.37 6.49 5.55 1.9
21 -10.41 ~8.56 -7.61 -6.57 1.8 9.92 8.12 7.18 6.17 1.9
23 ~10.93 -9.04 -8.05 -6.98 1.8 10.53 8.66 7.69 6.64 1.8
25 ~11.26 -9.34 ~8.35 -7.26 1.7 10.91 9.02 8.03 6.96 1.8
27 -11.39 ~9 49 -8.50 ~7.41 1.7 11.10 9.21 8.22 7.15 1.7
29 -11.35 ~9.49 -8.51 ~7.44 1.7 11.09 9.24 8.27 7.21 1.7
31 -11.15 -9.36 -B8.42 =7.40 1.6 10.93 9.15 8.21 7.19 1.6
33 -10.78 -3.08 ~8.17 ~7.17 1.6 16.58 82.88 7.98 6.98 1.6
35 ~10.32 -8.76 -7.93 -7.02 1.5 10.14 8.58 7.7% 6.85 1.5
37 - 9.59 -8.10 -7.29 -6.39 1.6 9.42 7.93 7.12 621 1.6
39 - 9.2 -8.0 -7.3 -6.6 1.3 9.0 7.8 7.2 6.5 1.3
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60 69 10
Frequency, GHz

99

90

L to 39 02~MS

for N

o]
N

i
. 4 s
lines at tempuratures chosen for experliments,
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ii) the line coupling elements are obtained by the iterative

procedure (N = 43 to 1),

0N - o _ .0 2N+1 -
a {N=43) =0 , a_N_2 bN N3 exp{~2.069 (4N-2)/T} ,
©., 0_ .0 0,
by = Yo T Y By (11)

cas . ; + -
iii) the line amplitudes for the J and the N line Branches are

d+

(NCM3) /(L) WD 12 0.91 o 1),
(12)
[N C2N-1) NG T2 (082 to 1).

j="
il

Results for I° between Ni = 1 to 39 are listed in Table 1 at four
experimental temperatures and depicted in figure 1. Also given is an
approximate temperature exponent =z defined by
1.(T) 2 17(300) (300/T)7 . (13)

Frequency and pressure dependencies of equation (4) are expressed
explicitly while the temperature dependence is implicit in SO, YO, 1°

Equations (1) to (13) define a theoretical model of the intensity
distribution by the pressure~broadened (pa1 to 800 torr) OZ—MS under
atmospheric conditions. One value of AN or N'" is determined, more

or less, by contributions from over thirty lines and their mutual inter-

ferences {Eq. 4}, The main purpose of this work is to verify and/or

modify that model by reliable measurements. Experiments start with
finding the parameters (S, v, vo) for as many individual lines as
possible. These data are obtained at lower pressures {p < 100 torr).
The next step is to measure at higher pressures (100 to 800 torr) the

band envelope and compare the results first with theoretical predictions

10



based on the linear addition of line. terms (I; = 0} and then find out if
inclusion of interference terms (I; # 0) improves the fit.

A2, EXPERIMENT (Versus Theory)

Quantitative studies are performed using dispersion data from the
PRS (Pressure-Scanning Refraction Spectrometer - Part 2). Counditions

have been simulated as follows:

Pressure s p = 10_3 to lO3 torr.
Frequency of resonabkor R2Z, vR: (58 to 62 GHz) + 5 kHz,
Reference frequency by R1, Vo vaZ.

Temperature , T = 252 to 325°K.

Magnetic field stremgth , HAQ and 0.53 G.

The variables for experimental and analytical treatments are different

{see helow}.

Part A Part B

Experiment Atmospheric Transfer

Prediction Characteristicg
Gas 02, Adir, 02 + N2 (Ar, etc.) AIR
Variable 1 Pressure p Frequency V
Variable 2 Frequency V Altitude h

Y o= vR(l—NOp) (Pressure p)

Parameter 1 Temperature T
Parameter 2 Magnetic Field Strength H when v:%vo and p < 3 torr
Regult 1 AN(p) = N(vR) - N(vR/Z) a{v)
Result 2 alp) = fet (al, Q, B) Ad (W)

In part A, experimental data are reduced to line parameters (strengths SN’

widths YN) which in turn are applied to theoretical predictions. The

11



task is completed once a set of parameters can reproduce satisfactorilv

the experimental data. The same set of line parameters is then, of
course, valid for analytieal treatments of transfer characteristics as
given in Part B.

2.1 BSelf-Pressure~Broadening of OE—MS Lines

Pressure-~broadening of a line sets limits on pressure and freguency,
2.5= p <100 [torr] and 5 = Vi < 50 [MHz] . (14)
The Lorentzian shape (Eq. 7) ig valid within these limits; below, Zeeman
and Doppler broadening effects govern the line shape (Section 2.3) and
above, overlapping lines interfere within the 02+MS band {(Section 2.4).
It is impossible to study properties of a pressure-broadencd OZ—MS
line in abseclute isclation since the presence of all lines within the
band adds a continuum term. For conditions specified by equation (14)

one can scparate line and continuum contributions and express equation

(4) through {Egs. 24 to 27 - Part 2)

N o] [0} - Q
ANd = ANL + (nl + &\an)Lp ﬂNL +Kp, (15
and
ND = N" 4 (" - m}m”)p2 = N" + K"p2 (16)
d L 1 2 L ’
where
K vy oS, and K" v ¥ (yS) (17)
r o= s * B
N N N

Quantitative experimental work relied on dispersion pressure profiles

MN{p). The best candidate to start is the 5+ line, which has the smalli-

est continuum term (Table 2 - Part 2}, K°(5') = -1.25 + 0.0170 Av

-3
[10 ~ ppm/torr] at 300°K. So, introducing the theoretical value for

12



KO(5+) in equation (15) will have the least error in reducing line para-

o
Nt

meters (SO, YO) in case the theoretical strength values §
are incorrect.
The pure line dispersion is
= s/ +yT)  [opm] . (18)
The pressure is normalized to v = p/pM with

p = thu/(xy° - NOvR) = favl/v®  [torr] (19)

M
being the pressure at the maximum of &NL :

&N{;(pM) = 5°/2y° [ppm] , (20)
and Av = v — v [MHz] . (21)

From figure 2, we realize two important diagnostic values of AN(p)

cceurring at P and P namely, the maximum &No(pm) and ﬁNd(po) = 0.

The pressure P, follows from —NL = K P, s
p =pvA-1, (22)
o m

where
a =8y . (23)

The pressure P is shifted in respect to Py as Av changes sign and

is obtained from d(ANd)/dp = 0 (Eq. 13) to be

1
= =[-A - 2 £/(A + 4)7 - 16 24
P pM\/zl (A + 4) ] (24)
{(e.g., A =100, -100, 1, -8 yields pm/pM = .981, 1.021, ¢ [min], & [max]).

Another diagnostic eveolves from dispersion data pailrs &N(pl) = &N(pz)

as shown in figure 5.4 of Part 2. The locus of pc = (pl + pz)/Z is a

straight line for AN=z20.75 ﬂNO and intersects the peak value &No(pm).

13



For these pairs,

28w« AN/ (8% + 200k%) (25)

Pe

vielding p

Py Af(a +2) . (26)

The measured values of P Py and P, Serve as check marks for line
parameter combinations.

A family of dispersion profiles recorded in the vicinity of a
1ine is '"pelluted™ by the phase error AN,, The error is induced by

¢

OZ—MS extinction as a consequence of the finite sweep speed ¢ and

amounts to {(Section 4.5 - Part 2)

+AN
¢

where vR is the resonance frequency of R2,

Q is the loaded Q-value of R2, and

o’ (+6) /2m5 (@ + Q) (27)

QM = 106/2N3 = 9.099’104vR/a is the medium Q-value (e.g.,

AN, = 0.037 ppm for a typical PRS setting of Vg = 61.2 GHz when

6 = 10 kHz/us, Q = 360000, QM = 1137000 [4.9 dB/km]). Dispersion

pressure profiles differ by 2AN, when recorded with increasing (+0)

¢

and decreasing (-0) sweep spead., The systematic instrumental error
can, at least in principle, be eliminated by
M, = (AN (+6) + AN (-9)1/2 . (28)
In our case, the procedure of (28) was not valid since an asymmetry
of the reflected R2 resonance curve caused more phase error (compared
with Eq. 27) when the steeper slope was excited first and less when the

-+
reverse was true yielding, with &N¢/5N¢ =g>1,

+ -
ANtrue = (gAN + AN Y/ (1+g). (29)

14



The phase error can be approximated by
. 2 2
288,% € 27/ [p% + (/)] (30)
as leng as N < 106/2Q (see Eq, 27). Equation (30} is a single line

d
Lorentzian extinction pressure profile (Eg. 13 - Part 2).

True line dispersion profiles (Eq. 15) will be recorded only when
the phase error is reduced below the noise level of the AN- detection
(<0.001 ppm). This calls for untolerably low values of & (Eq. 27).
Averaged line dispersion data require knowledge of the phase error ratio g
{Eqs. 28, 29), or taking advantage of specific line properties. For
example, the error &N¢ at p_ ig approximately constant (¢ = const.,
Fig. 8) for all data recorded under constant sweep speed &, Alsgo, P is
symmetric te Py in respect to i&vl (Egs. 24, 26) for data groups below
30 Mz, These properties, in conjunction with {33}, permit the data

diagnestic

L. .
5N0= [ANO(—&vl) - ﬂho(+ﬂvl)]/2 ,

v° 2 2{av]/lp_(-8vy) +p (HAV )T, (31)
ny 2 [AN_(=8v)) + BN (+0v))1/(p (=Bv)) + p (+dv)]

and the results are independent of * sweep direction, since the phase error
cancels,

At this peint it is best to discuss the relevancy of equations (15)
to (31) in the light of an example. Extensive data have been recorded

+ .

for the 9 1line.
2.1.1 The 9" Line (252-325°K).

The strongest 0,-M5 line at 300°K is 9+. The assumed line para-

2

meters are

15



H

N (300) 0.319 [ppm/torr] (Eq. 2),

v, = §1,150567 [GHz] (Table 2 - Part 1),

s®(300) = 1.590 [Hz/torr] (Table 3 - Part 1),

W = 2,33 {Table 4 - Part 1), (32)
¥v°(300) = 1.79 [MHz/torr] (Eq.8)

u = .9 (Eq.8)

k2(300) = (=3.10 + 0.0117Aw) 107" [ppm/torr] (Table 2 - Parc 2).

Pressure and frequency profiles are predicted for various Av and p para-
meters as depicted in figures 2 and 3.

Experimental conditions are identified by (a) the frequency VR s
which was tuned symmetrically to Y, vielding data in iAvl groups
between 5 and 50 MHz; (b) the temperature T, which was kept constant at
325, 300, 281, or 252°K; (c) the pressure p, which varied between 0 and
150 torr at a rate of roughly #0.1 torr/second; and (d) the sweep speed *6
(Eq. 27), which was constant at each T (12 to 15 kHz/us). Oxygen was of

regearch quality with a purity of 99.995 percent., Dispersion AN(p)} and

relative attenuation ar(p) profiles have been recorded.

Dispersion Pressure Profiles

The body of 9+ line data consisted of 190 dispersicn prefile pairs
+
AN"(+8) recorded in i&vl greups. Each profile consists of three con-

tributions with various sign combinations:

Line |Continuum ‘ Phase Error

+ - Q _ +
AN («Avl) = ANL + Kap &N¢ .
AN (=Av.) = AN, + ®%p + ANg

1 \ a th (33)
+ (o] + |
+ = - -

AN ¢ &vl) QNL + Kbp AN¢ ,

- - _ o) +_
AN (+Avl) = ANL + K, P + ﬂN¢ g

16



The dispersion intensity was calibrated (Sect. 4.4 - Part 2)
applying the refractivity N° reported by Newell and Baird (1965) for
nitrogen (Fq. 2, Table 9), which was confirmed by us. Data reduction
started with the peak values AND(pmj which proved to be most reliable
of all data. The known experimental quantities are p, vo, Av, T, and
NY: the recorded output is hNi(p) with the extraordinary points &Ni,

p; and pz. Table 2 presents an overview of the interrelationships
between these quantities, all caleculated with the simplifying assumption
expressed in equation (15). The symmetry of P with respect to Py is
assured when *Av = 5 to 30 MHz thus setting limits on the applicability

of equation {(31). A plot of ANO and p,, vVersus Av is basically nonlinear

since K” depends upon Av. The results of Table 2 can be compared in

0-—

N 0.

fipgure 2 with a computer calculation based on (4) and I
Selected 9+ line raw data are listed in Tables 2a-c as obtained
for + sweeps at four temperatures between 252 and 325°K. The pressure

range was up to 4530 torr, although above about 300 torr {(e.g., Fig. 27)

the line loses its identdity. Three parameters are determined immediately

Q

by (31), namely ANT, v°, and n-
Q "

The agreement of calculated values
{Table 2) with experimental ones is excellent, since one input (Yo) was
the experimental result. Typical plots of extracted data points are
depicted in figures 4 to 7. FEach point is averaged from several (3 to
8) measurcments, The error estimates were obtained with the aid of
conventional propagation-of-error methods.

Figure 6 and Table 2b give an example of another diagnestic applicable

to AN(p)-profiles, that is the starting slopc identified by P (see Fig.

17



2.1 - Part 2). 7Tt follows that for a Lorentzian shape plus a pressure-

linear continuum term (Eq. 15)

p /o, = 2(1 - 1/4), (34)
transforming te the approximation (A>>1)
vo 2 (av]/2p ) [a/(a+D)] + Mo, (35)

that supports g line width parameter. An example is given in Table 2b.
+
¢

advantage of the line symmetry (Eq. 31) yields correct line parameters,

The simple concept of assuming AN, = const. for ﬁNZ and taking
although only one data peint cut of many is utilized. A computer program
was written to adjust 5% and YO te pive the best fit in the least
squares sense to a large number of AN+(p) or AN (p) data points.
Unfortunately, the program did not converge to unique values of s°  and

YO as evident from the example listed in Table 3. The large fluctuations
are caused by the phase error ﬂN¢ (Eq. 22), which distorts AN(p)}~profiles
in a systematic way. Such analysis, however, is astill ugeful in that

the mean of each parameter agrees reasonably well with the more reliable
values deduced from &N:(p;).

The analysis demonstrated in Tables 2a-c was alsoc performed on the
&N;(p;) data and the results were essentially the same with slightly
larger error margins due to the larger phase error ﬁN& = BANg (e.g.,
Figs. &4, 7).

In summary, it is possible to deduce 9+ line parameters from disper-
gion pressure profile maxima without paying attention to the phase error
&Ni, The uncertainty (standard deviation from the mean) was 0.7, 1.1,

¢
and 6 percent for &Ni, YO, and ni, respectively, for the data at 281

18
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Tabl

e 2.

+
9 0.,MS Line calculations at T = 300°K (Parameters see Eq. 32)

2
*

Av K’ A P ) P, P Ap AN

Eq. 32 Eq. 23| Eq. 19| Fig, 2 O Eq. 22| Fig. 2 " Eq. 24 Eq. 26| ) Eq. 15

} I -
[MAz] || [ppm/torr] {torr] [ppm]
-5 23.16-10731 +100.6 2.76 - 27.1 - 2.69 2,70 - .07| .436
+5 -3.04 ~104.6 2,82 ® - 2.89 2.88  + .07| =-.453
-10 -3.22 + 49.4 5.54 38.5 38.5 5.3 5.33 5.32 - .21 427
+10 ~2,98 - 53.4 5.65 0 5.9 5.87 5.87 4 .22| ~.461
~20 -3.33 + 23.9 11.05 53 52.9 10.2 10.18  10.2 - .87 409
+20 -2.87 - 27.7 11.30 o 12.2 12.18  12.2 + .88 -.478
-30 ~3.45 + 15.4 16.58 63 62.9 15 14.7 14.7 ~1.9 .390
+30 -2.75 - 19.3 16.94 o 19 18.9 18.9 +2.0 -.493
-40 ~3.57 + 11.1 22.11 70.5 70.3 19 18.9 18.7 -3.2 .371
+40 ~2.63 - 15.1 22.59 w0 26.5 26.4 26.0 +3.8 ~.508
~50 -3.69 + 8.6 27.63 77 76.2 23 22.7 22.4 ~4.9 .352
+50 -2.52 - 12.6 28,24 % 34.5 34.5 33.6 +6.3 ~.522
+) _ .
Py = Py Ap.
%} o o
pM(+) = pM(—)(1+a)/(l—a) where a = N vaY = 0.0110,
p,(+) = 1.022 b ().
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Table 2a. 9+ Line data points for oxygen at T = 300°K (64 AN-profiles)
Av - + - +
e + + + + + — [s] Q
&No ANO &No QNo P P m pm Y _3 "1
[MHz] [ppm] [torr] [MHz/torr]|[10 “ppm/torr]
Figure 4 Figure 5 | (a)

5 422 435 ~. 466 ~.453 2.68 2.91 2.79 1.79 -3.1
10 L412 L425 ~. 476 ~.463 5.30 5.88 5.59 1.79 -3.3
15 L403 L416 ~. 485 ~.472 8.0 8.9 8.45 1.78 -3.3
20 .393 L4006 -.490 -.477 10.5 12.0 11.25 1.78 -3.1
25 . 385 .398 -.505 -.492 12.5 15.5 14.0 1.79 -3.3
30 377 .3%0 -.512 -.499 15.0 18.8 16.9 1.77 -3.2
QN¢ +0.0613

%
&Né‘ = t.464(3) ) ¥2 = 1.79(2) ny = -3.2(2)
40 . 356 .369 -.521 -.508 20 25.5 22.75 1.76 -3.1
50 L334 .347 ~.540 -.527 66 24 34 29 1.72 -3.1
100 .230 L243 ~.614 -.601 84 38 90 64 1.56 -2.8
150 L1396 84 39
200 .049 66 30
360 - .98 at 450 torr 0 >450
460 ~1.02 at 450 torr G >450 +
500 - .74 0 159(7 )
*
) . )
¥ [[AND(+A\;) [+AN0(«Av)]i/2n (a) ny = [AN_(+AV) + BN (-Av)]/2p_

i=1
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Table 2b. 9+'Line data points for oxygen at T = 281°K (98 AN-profiles)

v - + - + Average Y0= - +
+ + + + + - - + o
QND ﬂNo QNO AN P, P Py P &v/pm P ny
[MH=z] [ppm] [torr] [MHz/torr] [torr] [lDHBppm/torr]
| | Figure 6 (a)
5 A4l L4864 —,503 —.480 | 23 2.54 2.72  2.63 1.90 1.32 1.35
7.5 .435 .458 -.512 -.489 | 28 3.8 4,1 3.95 1.90 -3.9
10 432 455 —-.518 -.495} 31 4.8 5.4 5.2 1,92 2.68 2.70 -3.8
15 422 445 -.528 -,505 7.0 8.6 7.8 1.92 -3.8
20 413 436 -.536 -.513| 46 9.5 11.3 10.4 1.92 5.35 5.29 -3.7
25 407 L4300 -.546 ~.523 11.9 14.3  13.1 1.91 -3.6
30 .395 .418  -,554 ~-.531 |57 13.8 17.8 15.8 1.80 8.36 7.86 -3.6
AN +0.023
¢ L o *) o
&NO = £0.474(3) ¥y = 1.91(2) s 1.90(4) n1=-3.7(2)
35 .380 .403  -.559 -.537 15.5 21.8 18.65 1.88 -3.6
40 .372 +395 -.566 -.543 | &5 17.2 25.5 21.35 1.87 11.1 10.5 -3.5
45 .365 .388 -.574 -.551 19.5 29.0 24,25 1.86 -3.4
50 . 355 .378  -.579 -.556{72 21 33 27 1.85 13.8 12.8 -3.3
100 L2117 -.68 87 35 80 57.5 1.74
150 .137 83 40
200 046 58 29
*)

Analyzed with equation {35) and averaged by [Yo(+ﬂv) + YD(—&v)]XZ
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Table 2¢. 9 Line data points for oxygen at T = 252 and 325°K

Av —_ - M +
4 + + + - o o
ﬂNo ﬂNo ﬂNo ANo pm Pm pm ¥ -3 1
[ppm] [torr] (MHz/torr]i[10 ~“ppm/torr]
252°K (16 AN-profiles) * (a)
10 51 .53 -.60 -.58 4.7 5.0 4.85 2.06 -5.1
20 49 .51 -.63 -.61 8.4 10.7 9.55 2.09 -5.2
30 46 A48 —-.65 ~.63 12.9 16.2 14.55 2.06 “5,2
AN +0.02
¢
ﬂ\Nf, = +.56(1) v® = 2.07(4) n?_ = -5,2(5)
40 L44 .42 -.66 -, 64 17.3 22.2 19.75 2.02 -5.6
50 40 .38 -.67 =.65 21 29 25 2.00 ~5.4
325°K (12 AN-profiles)

5 .368 .385 -.415 ~.398 3.4 2.5 2.95 1.69 ~2.2
10 . 360 . 377 —. 420 ~.,403 6.2 5.8 6.0 1.67 ~2.2
20 . 345 . 362 -.437 -.420 11.9 11.9 11.9 1.68 -2, 4
30 .340 . 357 —.460 -.443 17.0 18.2 17.6 1.70 -2.4

AN +3.017
u
L
AN = £.39(1) v° = 1.68(3) n; = -2.3(3)
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Table 3, Fit of AN(p}-Profiles for 9" Line {Qxygen, T = 281°K)

1

Data Input i Theoretical Assumptions } Output "of Computer Fit
Pressure l No. Sweep Freq. Dev. K° VRN* s° ¥®
Range ; of Data Direction (9} N + - + - + Mean - + Mean
i Points
[torr] | [MHz] [103 ppm/torr] [kHz/torr] [Hz/torr] [MHz/torr])
{0.1 - 10 120 + 1.672 1.860 1.77 1.898 1.863 1.88
- 5 -3.98 -3.84 20.826  20.830 1.930 1.643 1.79 1.667 1.980 1.83
0.2 - 15 176 + 1.756  1.804 1.78 2.000 1.863 1.88
- 10 405 =TT 20.625  20.831 1.818 1.758 1.79 1.717  2.025 1.87
0.3 - 30 106 + 1.724  1.882  1.80 1.933  1.860 1.90
- 20 419 -5.65 20.821  20.835 1,922 1.689 1.8l 1.704 2.076 1.89
0.6 - 45 144 + 1.695 1.891 1.79 1.979 1.806 1.89
- 0 -4.32 -3.50 20.818  20.838 1.852  1.791  1.82 1.736 2,053 1.89
1 - 60 120 + . 1.770 1.972  1.87 2.0 1.752 1.80
- 50 -4.60  -5.22 20.811  20.845 1.925 1,843  1.88 1.693 2.142 1.91
] -3
660 n1 = -5.91 10 1.81(7) 1.88(5
a2 =1.38 1077 3406 vy
(Eq. 26-Part Z)
. . +
Results of computer-fitting 9 Line ﬂNBdata for p = (0.5 to 2)pm were as follows:
. o) s
a) T = 281°K and assuming K (see above) yielded
o 0 o
§ = 1.81(8) Hz/torr, Yy = 1.90(2) MHz/torr, N Vp = 20(2) kHz/torr.
. o .
b) T = 300°K and assuming S = 1.59 Hz/torr yielded
o o =3 o] -5
¥ = 1.80(3) MHz/torr, =n. = 3.1(2)-10 ~ ppm/torr, R, = 1.0(6)*10 - ppm/MHztorr,




and 300°K. The error margins are about double at 252 and 325°K since
the number of individual AN-profiles was smaller,

The Phase Error

8

i L ra — i -
M =10 1in a plot of AN -ve-Av (e.g., Fig. 4). The error ratio g

The phase error at P, appears as a discontinuity 2AN, at

(Eq. 29) is determined by the offset. The ratic g is alsc found in
ANi(p}-profiles recorded at Av = 0, Here, the line contribution is

zero (Eq. 18) and the continuum term nip is offset by &N; (e.g.,

Fig. 7). The ratio g remains constant, at least for pressures up to

100 torf (Fig. 7). The operation of {(29) can now be performed upon the
recorded data ﬂNi(p) which then are treated as true melecular information.

The functional form of &N;(p) is proportional to OzmMS attenuation
o (Eq. 27, Fig. 8). The line attenuation dominates when p < P and
equation {30) is a good approximation. The constant C is determined
by averaging the "C of best fit" for the differences &N+ - AN (e.g.,
Fig. 5.6 — Part 2}. The value of C was constant to within 4 percent
for tﬁv(9+) = 5 to 30 MHz., With ¢ known, it is possible to recoustruct
MN(p) from ﬂN+(p) and vice versa.

Obviously, the phase error ﬁN¢ can be reduced by slower sweep
speeds & (Eq. 27). The first PRS design, however, did not permit
operation below & = 11 kHz/uUs. A new digital phase meter has just been
completed (APPENDIX C) that can be operated as low as 1.5 kHz/us with a
detection sensitivity of ﬂNmin < 0.004 ppm. An example is shown in
figure 14. The error 2&N¢ at p_ reduces hereby from 0.24 QNO at
§ = 11.4 kHz/us (Fig. 12) to 0.035 QNO at & = 1.52 kHz/us

according to the ratio of &.
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Attenuation Pressure Profiles

The theoretical profiles are expressed through equations (3), (4),

+
{(6). An example for the % 1line, which assumes 10 = 0, is depicted in

N
figure 8. A comparison of attenuation o and dispersion AN favors
the latter for line studies, the reason being that «(p) lacks extraordinary
points and a distinction between + and - Av data.
The peak detector at vR generates a voltage aq (APPENDIX C,
Fig. Al) simultaneously with &Ni(p)—profiles. The voltage 2, relates

to attenuation o by (Egs. 39, 29 - Part 2)
a,(p) = aof{[@(p)LRM.%B] + 1]}B . (36)

The relation between ay and © requires knowledge of the detector law
8 and the effective length LR(Q), both of which are very difficult to
measure accurately. The best we were able to achieve was ¥ 5 percent
for Q and * 10 percent for B, This accuracy cannot compete with the
dispersion results.

Various biased and unbiased point-contact and Schottky-barrier
dicdes have been employed at Vo with conversion efficiencies between
80 and 400 mV/mW. The detection law varied between 8 = 1.0 and 1.5
since the diode is always subjected to the full reflected power (0.5 to
5 W) .

Table 4 and figure % exhibit two examples of attenuation pressure
profiles, just to demonstrate the difficulties of any undertaking to
obtain absolute data, The first is a result of fitting 9+ pressure

profiles o [axfal(p), but calibrated in decibel with precision attenuator]

to the expression (Eq. 32 - Part 2)
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PREDICTION
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Figure 2. 0,-MS dispersion pressure profiles around the 9+ Line as
predicted for detection by the PRS.
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igure 3. Calculated frequency profiles for the 2 0,-M5 Line at
10, 40, and 150 torr {Mingelgrin, 1972).
Assumed was YO = 1.95 Miz/torr (Table 7).
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o, = 4.3438/D {1 + 10701 + [200% + 107637} (37)

The best fit was obtained using "dispersion' line parameters (Table 2a)

5

and Q@ = 3.25-107, B 1.20. The measured parameters for this experiment

were ¢ = 3.45(20)0105 and B = 1.2(1). Although the agreement Is reason-—
able, we can state for sure that this type of procedure does not add
much to support the "dispersion' line results.

The second example in figure 9 depicts a family of attenuation
profiles recorded at 252°K. The measured vacuum Q-value was 4.0(3)'105,
‘but varied probably slightly as Av was tuned. The vertical scale is
calibrated in dB/km from the known maximum line value ao(9+), which is
measured at Av = 0 as a constant over a limited pressure range (1.5 to
15 torr). From figure 22 we read a, = 3.45 dB, which converts to
uo(9+) = 3.451'1/0.312 = 12.5 dB/km in agreement with the dispersion
result {Table 2¢; Eq. 14 - Part 2) 22.26 ﬂNo = 12.5(2) dB/km.

The Amplitude Error

The ai—profiles are dependent upon the sweep speed & in similar
manner as the dispersion profiles. The increase of al(Q)/al(5=0) to
al(QG)/al(6=O) {see Egq. 40) tends to record less attenuation than the
true molecular value. This error is net more than ~0.4 dB/km for
typical PRS conditions (see Fig. A3). The amplitude error, too, is
smaller for the 4+ sweep direction, although the difference bhetween
aI(P) and aI(p) profiles was mever more than 3 percent., The error

can be estimated by substituting different £ for different QG. For

T

the example (Fig. A3), Q = 4'105 drops to QG = 1.6'105 when o = 20 dB/km
at 60 GHz, which is equivalent to changing fT from 2.5 to 1 kHz

(error < -0.,1 dB/km).
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Table 4.  Example of Fitting Attenuation Pressure Profiles
in the Vicinity of the 9 Line (T = 300°K, 0,).

av(eh 20 MHz ~30 Miz
#) . *) )
P . ac Differ. o ac Differ.
Qx— ac @x_ ac
[torr] [dB] [%} [dB] [%]
0 D 0 n 0 0 \;
3 20 .186 7.0 .10 . 008 Z
6 .62 , 091 4.7 .35 . 328 6.3
g 1.02 , 985 2.5 .65 .625 2.9
12 1.33 1.308 1.7 .96 L9195 4.3
15 1.55 1.535 1.3 1.22 1.175 3.7
18 1.70¢ 1.695 .3 1.42 1.385 2.5
21 1.80 1.809 - .5 1,57 1.554 1.0
24 1.88 1.892 - .6 1.70 1.689 L7
27 1.93 1.825 - .2 1,80 1.764 L3
30 1.96 2.001 - .5 1.88 1.87% .1

*) Calculated attenuation using the experimental parameters
Q = 325,000 and B = 1.20,
and the §' line parameters:

S° = 1.59 Hz/torr, +«° = 1,79 MHz/torr, and K" (see Eq. 26
of Part 2).
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2.1.2 The Four 0,~MS Doublets (300°K)

For eight 0,~MS lines the separation is only about 1/5 of the

2
nermal frequency spacings (Table 3). These neighboring lines are called
a doublet since they keep their identity as an overlapping line pair
before merging with increasing pressure into the unstructured continuum
{(Fig. 28). The doubleis provide the opportunity te study over a limited
pressure range the overlap of two lines in quasi-isolation. The idea of
measuring nonlinear overlap on such a two-line system had to be abandoned
since Reosenkranz (1975) showed theoretically that, to first order,
appreciable interference is only expected between neighhoring lines in
either the N+ or N branch. However, the doublet is a good candidate to
check the N-number dependence of the width (Eg. 9) since the spread in
N is considerable for three doublets (Table 5).

Doublet pressure profiles are predicted based on equaticn (4), the
line parameters listed in Table 1 - Part 2, and assuming l; = 0.
Fxamples are in figures 10, 11 (?+/5'), 13 (3+/9'), and 15 (1+/15_).
Data analysis is morc complicated than for a line, Equation (15} for

dispersion becomes

AN

ANLl + (i\NL2 + K°p) . (38)

Data, recorded for +Av 5 to 15 MHz and p < 15 torr, however, can be
treated as a line (Sect. 2.1.1) since the contribution of line 2 is
still pressure-linear,

The attenuation pressure profiles for a doublet (Fig. 10) are not

too much different from those of a line (Fig. 8) except for a cross—over

pressure p_ where the attenuation is constant over some frequency
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range (~ 40 MHz in the ?+/5_ example). Experimentally, the pressure P
can serve as check point for the validity of a theoretical prediction,
even when the data 2y (Eq. 36) are recorded as relative attenuation.

The dispersion pressure proflles are significantly different in the
vicinity of cne or the other line (Fig. 11). The doublet dispersion
displays two extraordinary points, ANO(pm)Ll and &No(pm)Lz, that are
sensitive to the width parameter of line 1 and 2, respectively. A wrong
value of Y; in the prediction will cause noticeable discrepancies with
the experimental data, The profile at Av = 0 1is, up te 100 torr,
mostly the contribution from the other partner in the doublet. The
3+/9_ doublet is well suited to study N-dependence of the linewidth.
Predictions that assumed the same width parameter (1.79 MHz/torr) for
both lines did not agree with measured data.

Resultsg

Recorded dispersion profiles for 7+/5“ and 3+/9_, which were restricted
in #*Av (5 te 15 MHz) and p (< 15 torr), have been analvzed for line
parameters. Data analysis was by equation {31), and the results are
summarized in Table 5. The same phase error problem existed as for the
9+ line. Two examples (Figs. 12 and 14) are representative of details
of many individual data rums. The 7+/5“ averaged data points agree well
with predictions based upen equations (4), (7), (8), and I; = 0,
Deviations from a pressure—linear overlap of the two doublet lines are

not detectable, This finding is supported by the pressure P, that is

kind of a balance point between the two line contributions,
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Very recent results on the 3+/é~ doublet profitted from smaller
phase errors due to reduced sweep speeds & possible with the new phase
meter (APPENDIX C). It can operate at a sampling rate fT = 1 kHz. For
the example, figure 14, the low Q mode of R2 (Sect. 3.5.2 - Part 2) was
used. The reduction in phase error ig significant, especially when
compared with figure 12, The slight positive slope of the Nz—baseline
is caused by a sloping power mode of the doubler generating Vp = 58.4 GHz
{Eg. 64 — Part 2) that was later avcided by more careful tuning and by
operating with less sweep width in the high Q mode.

Under any circumstance, it is of advantage to operate the PRS at
the highest Q-values that possibly can be achieved. The reason for this

ig that the two competing requirements of low sweep speed and sufficient

sweep width have to be met by observing (Egs. 36, 52 - Part 2)

AN/At =g 10fT/QG (39
where

1/QG = (1.1*10_Sa/vR) + 1/Q (40)

(vR in GHz, o in dB/km from figures 8, 10, 11, 13, 15, etec). This

adjustment causes the R2 resonance curve to be swept to ten times its

bandwidth, which assures wminimum phase and amplitude detection errors.
Although the number of observations made on the 7+, 5_, 3+, 9

lines are not enough for indisputable conclusions, the results (Table

5} do support two assertions: i) the line width depends upon the quantum

number N {(Gardiner et al,, 1975) and ii) the strengths S; agree

within 5 percent with the theoretical values.
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EXPERIMENT

1 T T T ] T T T
+, -~
04 775 Doublet
300°K
Av(7%) =+10MHz
& { « AN
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& = 11.4 kHz/us
Figure 12.

Measured 7+/5_ Doublet dispersion pressure profiles for 02 and
AIR at Av(7T) = *+10 MHz. Averaged by the measured ratio,
g = &N$/3N$ = 3 (Eq. 29). Predictions see figure 11.

37



0.2 PREDICTION
g I; =0 —
Q A
g 0
c
K
%02 Figure 13. _Computer plot of experi-
a mental 3 /9 dogb1$t pressure profiles,
y = £ =123 MHz; S (3 )/S(9 ) =0.612 .
Y 1 {
| 50 MHz= Av (1) )
- 02 - 3+/9-
€ | 300%
@ 0
5 | |
<
s L 4
]
=l = -
c
2 -
I 4
0 1 | I 1 ] ] ] ] i
0 20 40 60 80 100

Pressure, torr

0.2

0, - 3*/9 DoUBLET
300°K

+ — 4
(7)) = ~10.0 MHz 1
Av(97) = +112.7 MHz

4
—+J0.1 torr fo— N Q = 156 000

+
NO(NZ) & = 1.52 kHz/us

Dispersion AN, ppm
L]

0.0675 ppm = lus

T4

-02 1 | I ] | i | Pressure, torr —J
0 ) w0 8 % 100
Figure 14, Measured dispersion profile of 3+/9_ doublet at A\)(3+) = -10 MHz

using the new phase meter (APPENDIX C).
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39



v

(d)

See Table 10

Table 5. Overview of DzﬂMS Doublet Data at 300°K
Thecry Experiment
+
N~ vy 3 n; &NE YO ni 5° Example
iGHz] [Hz/torr] [10_9/t0rr] [ppm] [MHz/torr][lO_gftorr] [Hz/torr]
(a) (a) (b) (c)
3, | 62.486 255 .9634
13 62.411 223 1.2272
7t 60.434 776 (d) 1.5626 -11.2 L43(1) 1.82(3) -11.2(2) 1.57(%) Figs., 10-12
5 60.306 044 1.3487 +10.0 .35(1) 1.86(4) 1.30(7) Figs., 10,11
3t 58.466 580 .9251 - 9,40 .233(5) 1.92(3) 90(2) Fig. 13
9 58.323 885 1.5150 + 9.25 LA2(D) 1.79(4) 1.50(8)
15, 56.363 393 .8539 + 1.41 Fig., 14
1 56.264 778 . 3487 ~-12.6
(a) Table 1 - Part 2
(b) Table 2 - Part 2
(c) Equation (20)



2.1.3 Summary of Line Parameters (02—02)

After all the complications connected with the PRS and the understanding
of its output, we can finally report some results. The guintessence of
the studies of self-pressure-breoadened lines is given in Tables 5 to 7.
The actual deduced numbers indicate that dispersion profiles are suited
for gquantitative work. Line parameters (YD and &Ni) and continuum term
(ni) werc inferred from a large number of reliable and reproducible data
points. The width YO is the only line parameter directly measurable:
derivation of the strength s° from &Ng requires prior knowledge of
YO (FEg. 20). The uncertainties in terms of standard deviation from the
mean are small for line parameters; namely, 1 to 2 percent for YO and
2 to 3 percent for s°.  The larger uncertainties associated with 252
and 325°K results reflect a smaller body of raw data and, at 252°K,
difficulties in maintaining drift-free stable PRS operation. Data
scattering due to instrumental instabilities and S/N limitations make up
the main error sources; errors in p, T, NU, and v are at least one order
of magnitude less significant.

The conclusions to be drawn from comparison with theory for conditions
specified by (14} are enumerated as follows
1. The Lorentzian shape (Eq. 7) is wvalid.

2. The strength parameters 50(300) are correct for the lines

studied (97, 77, 37, 97, 57).

+
3. The temperature dependence of the strength, f}(g )} predicts at

252°K slightly higher values than measured {(w - Eq. 32).
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4, The width parameter Yo is proportional to pressure and decreases
with higher gquantum numbers N (3+ to Qi) which is tentatively
expressed in (8).

5. The width Y0(9+) varies as THO'9 at p = const.

6. Line and continuum intensities can be separated.

7. The continuum coefficient n; supports the findings expressed
under 2 and 3.

8. Nonlinear overlap up to pressures of 150 torr is not detectable as
expected from the magnitude of 1° (Table 1).

9. A pressure—induced shift of the line frequency vo is smaller than
* 20 kHz/torr if it exists at all. Such non-existence is predicted
by theory {Dillen and Godfrey, 1972; Pickett, 1975).

10. Artenuation pressure profiles play only the role of supplementary
information due to their limited quantitative value.

We concede that line measurements are by no means completed and that for

reliable analysis of atmospheric OZ—MS transfer characteristics addi=-

tional lines need to be studied with particular emphasis on low tempera-
tures {180 to 260°K). One way to improve on the reliability of line
parameters is by extending the PRS frequency setting to * Av=0.5 MHz

(e.g., Fig. 18) when the earth magnetic field, present in the laboratory,

is compensated for, thus removing Zeeman splitting (Sect. 2.3). A con-

structive approach to remaining uncertainties is to assume the validity
of the statements 1 te 9 for all lines in order teo predict OZ—MS band

structure {Sect. 2.5), and then deal with the feedback from continuum

data {Sect. 2.4) to direct more work to lines, the band components.
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Table 6.

+ . ,
9 Lorentzian Line Parameters for 0.,-0

2772

Temperature 252°K 281°K 300°K 325°K Remarks
Observed: Table Z2e Zb Za 2c

AN [ppm] .56(1) JATH(3)  LA444(3)  L39(D) Eq. 20

v®  [MHz/torr] 2.07(3)  1.91(2) 1.79(2) 1.68(3) u = 0.90(3)

s®  [Hz/torr] 2.32(8) 1.81(3) 1.59(3) 1.31(5) | w = 2.25(20)

a? 11072/ torr] 25.2(5)  =3.7(2)  =3.2(2)  ~2.3(2)

o [dB/km] 12.5 10.55 9.88 8.7 o = 22.26 AN_

Eq. 14 - Part 2

Theory:

s; [Hz/torr] 2.396 1.855 1.590 1.315 Table 3 - Part 1
() (10" /torr]™ ~5.58 -3.91 ~3.10 ~2.35 Table 2 — Part 2
Comparison:

s°/s$ (%] 97(3) 98(2) 100(2)  100(4)
n;/(ng)T (%] 93(9) 95(5) 103(5) 98(8)

) n(i = [K°(-Av) + R°(+a0)1/2



Table 7. 0,-M5 Line Width Parameters Versus The
Rotational Quantum Number N
Additional reported values see Table 6 - Part 1.

N ¥°
(T = 300°K)
AN
Theory ’ Experim. Experim. Predicted
1 2 *)
[MHz/torr]
+ —_
N N
1 a) (2.37) 2.05(5) 1.98
3 (2.35) 2.01(5) 1.92(3) 1.93
5 2.05 1.96(8) 1.86(4) 1.89
7 2.10 1.91(8) 1.82(3) 1.84
9 1.95 1.87(5) 1.79(2) 1.79(4) 1.79
11 1.95 1.82(7) 1.75
13 1.91 1.78(9) 1.70
15 1.71 1.66
17 1.73 1.61
19 1.58 1.56
21 1.60 1.52
23 1.52 A 1.47
25 iy 1,
271 . A S o 1.33
29 F~ o e 1.33
31 o =il 1.29
33 “n W o 1.24
35 ﬁ E 3 p 5 1.20 b
37 i 1.15
39 %D}Ei Eg = 1.10
41 g © E 4 1.06
43 pa 5 = 1.01
*) Eq. {(8): iZ.OO - 0.023 N) based upon Experiment 1 but adjusted

to match 9 wvalue of Experiment 2,
+) Alsc, see P-7 (Dillon, 1969) and Dillon-Godfrey (1972).

a} Values too high due to classical treatment (R. Gordon, private
communication, 1973).

b} No experimental or theoretical evidence for further decrease.
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2.2 Toreign Gas Pressure Broadening (AIR)

The relative concentration of atmospheric air remains constant up to
80 km height (Table 9) except for water vapor. We separate the total
atmospheric pressure into a dry and a water vapor term,
P=pqtp. (41)
and treat dry air (AIR) as one homogeneous gas.
Changing from oxygen, which has been treated exclusively so far, to
atmospheric air requires two adjustments in the theoretical OZ—MS scheme

(Sect. 2.1.1 - Part 2). First, all line strengths SN are reduced by

Erl = 0.2090, the product of the portion of 0%6 molecules and the

relative concentration of 02 in AIR; second, the pressure-broadened

widths Y; are modified by broadening efficlencies m, for atmospheric
constituents other than oxygen. The atmospheric line widths, replacing

equation (8), become
%)
o e} u e} v
YP = deN(300/T) Py + meN(BUOIT) P, - (42)
2.2.1 Comparison of AIR—to—O2 Data.

In conmnection with 02 dispersion and attenuation profiles, we have

repeataed the same experiment with ATR on numercus occasions (e.g.,

Fig. 12). We can write for 02 that

~ L
mqo(Pm) B &NOkA’ (43)
where

A2
k, = {1-4/[1+ vy 111 - Af2) (44)

asing (26), (15), (19), (20), (23), and neglecting refractive tuning

vRNO. This approximation is wvalid for +Av = 5 to 30 MHz. Since the

experimental parameter A is the same for 0O, and AIR (Eqs. 23, 20, 17),

2

# A reduction of the nonresonant width parameter YO (Eq. 10) may be
necessary leading to slightly difierent I;—values (Eq. @)
5



the ratio of peak dispersion for AIR and 0, becomes simply

2
ANO(AIR)/ﬁNO(OZ) = 0.2090/md. (45}
Dispersion ratios for a Lorentzian line are
AN(ATR) /AN(O,) = 0.2090 (A2 + vO) /[AvE + (mdy)zl (46)
which reduces at p = const. >> ﬂvfyo o
AN(AIR) /AN(0,) 0.2090;m§, (47)
and at p = Dy to
AN(ATR) /6N (0,) = 0.4180/(m§ +1). (48)

+
The evaluation of AIR/02 dispersion ratios in the vicinity of the 9
line and 7+/5_ doublet are given in Table 8. Equation (45} in particular,
determines the broadening efficience of AIR to be m, = 0.94(2). For
attenuation follows
] ' o 2 2 o .2
u(ALR)/a(Oz) = (3.2090 md[ﬂv + (yp)Y 1/ [Av + (mdy )71, (49)
which for Av = 0 and Y0p>>&v reduces to
a(AIR)/a(OZ) = 0.2090/md . (50)

A good approximation to convert 0, into ATR intensities is a multiplication

2
with the factor 0.225.
2.2.2 Broadening by Individusl Air Components.

The indirect determination of a broadening efficiency my for AIR
using selected dispersion ratios was confirmed by direct measurements of
m for eleven air constituents. The measurements were made in two
steps. First, oxygen was admitted to generate the self-pressure-—broadened
dispersion profiles ﬂNi. The second step was to stabilize the O2
pressure at pi and then to slowly introduce a foreign gas with increasing
total pressure p = pi + Py while the dispersion profiles &N: were

recorded (Fig. 16).
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The broadening effect on the 9+ iine was studied at 281°K for

binary mixtures of O, with N,, Ar, CO

9 29 Ne, He, CHq, Kr, N,0, Xe, and

2? 2

H20 vaper. The experiments were done at +Av = 5 MHz in order to

approach isolated line behavior (Kopm = 0.001 ppm»0). This permits for

data analysis the application of (Eq. 17 - Part 2)

/2

m = pm{[(ZﬂND/&Nf) -1} - 1}/p2 . (51)

+, .+

The results listed in Table 9 are based upon ANO/ﬂNf ratios, although
they were found to be independent of the + or - sweep direction. The
individual broadening efficiences add up (weighted average) for a

standard dry air composition to

11
¥ (mr), = my = 0.929(5), (52)
k=1

in agreement with the value found from dispersion ratios.

The influence of water wvapor on 0.-MS line broadening is important

2

+
in tropospheric wave propagation. The 02~H20 afficiency on the 9 line

was measured to be
mo= 1.25(10). (53}

o .
The temperature dependencies of m and meN have not been studied.

o
a'w
For air calculations it was assumed that

u= 0.9 and vo= 1. {54)

Mingelgrin (1972) did "ab initic" caleulations of 0,-Ar line broadening

2
and chtained at 298°K that m{Ar) = 0.817, which compares Ffavorably with
our result (Table 9).

Refractivity measurements on eleven atmospheric constituents were

performed at 61.2 GHz and the refractivity coefficients R; (Eq. 2)
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determined by a comparison with nitrogen refractivity for which
R® = 105.6 ppm°K/torr (Newell and Baird, 1965) was assumed. The results

are included in Table 9. The weighted average

11
) (R”r)k = RO(AIR) = 103.49 ppm°K/torr (55)
k=1

verifies a direct refractivity measurement of AIR at 30.6 GH=z.

Relative attenuation pressure profiles were recorded simultaneously
with foreign gas dispersion profiles. Figure 17 depicts an example.
02~to—AIR data (Sect. 2.1.1) and attenuation of a variable mixing ratio
02 + Nz, both can be analyzed for efficiencies mys m(NZ)’ respectively.
The ratio at 1 5.2 torr, for example, is a(AIR)/a(NZ) = (.42/1.67)1'1
= 0.22 yielding my = 0.95, which confirms a smaller line width in AIR

than in 02. Analysis for m(Nz) was not attempted.

2.3 Doppler and Zeeman Line Broadening

In this section we briefly elucidate the intensity distribution of
o*, 7%, 3%, and 17 lines in the vicinity of a line center (*Av = 0 to
1 MHz), and with the pressure below 10 torr. In the atmosphere,
the magnetic field strength H~0.3 to 1 G is omnipresent thus introduc-
ing the complications of Zeeman splitting (Sect. 2.3.3- Part 1). In the
laboratery, it is possible to compensate to H=s0 (Sect. 3.5.4 - Part 2)
and study the simpler case of approaching Doppler-breadening with an
unsplit line (Sect. 2.4.3 - Parc 1).

The H = 0_case is of experimental value in several respects: (a)

Pressure-breadening of a quasi-isolated (p = 0.5 to 10 torr) OszS line

can be studied, which facilitates data analysis by avoiding the
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Table 8. Ratios of AIR-to-0, Dispersion hetween 61.4 and 60.4 GHz.

2
Line Temp. Freq. Dev,
+
*
N T Av Pm(OZ)/pm(AIR) &NO(AIRY&NO(OZ) m, D my
K MHz Eg- (45) Eq.(47)
gt 300 ~100 0.94 0.22 0.95 <450 0.94
300 ~10 0.94 0.225 0.93
300 +10 0.94 0.218 0.96
300 +50 0.92 0.221 0.94
300 +100 0.91 0.225 0.93 <450 0.94
300 1216 0.93 0.219 0.95
281 -3.5 0.96 0.218 0.96
281 +7.5 0.96 0.216 0.97
252 ~100 0.92 0.230 0.91
7t 300 ~10 0.92 0.220 0.95 150 0.95
0 - — — 150 0.95
+10 0.93 0.219 0.95 150 0.95
416 0.94 0.225 0.93
+116 0.92 0.222 0.94
ot 300 ~200 - - - <450 0.95
300 — - - <450 0.96
~400 — - - <450 0.94
~500 - - _— <450 0.96
0.54(2) 5.95(2) 0.95(1)

*Average of ten [ﬂN(AIRYAN(OZ)]P — ratios between 150 and 450 torr.



Table 9, Broadening Efficiency m{9+) and Refractivity N°
Measured at v= 61 156 MHz, T = 281°K, p < 20 torr,
for Different Air Components, and the Relative
Concentration r of Dry Air Components,

k Component T N°®(281) R® m{9+)
ppm by ppm/torr  ppm°K/torr
vol
1 Oxygen 0, 209 460 | 0.3405 95,67 () 1
(£60)
2 Nitrogen N, 780 840 | 0.3758 105.60" 0.911(5)
3 Argon Ar 9 340 | 0.3549 99.73 0.805(5)")
4 Carbon CO2 320¢ 0.6335 178.0 0.85(1)
Dioxide
5 Neon Ne 18,18 0.08659 24 .33 0.61{1)
6 Helium He 5,24 0.0450 12,65 0.70(1)
7 Methane CH4 1.2—2% 0.5672 159.4 1.03(13
8 Krypten Kr 1.14 0.5428 152.5 0.68(1)
9 Hydrogen H2 0.5# -- 48.9 --
10 Nitrous Oxide N,0 0.5%| 0.7138 200.6 0.88(1)
11 Xenon Xe C.087 | 0.8636 242.7 0.63(1}
b b

Dry Air AIR 10% | 0.3696 103.§ ) E(rm)=0.929(5)

k=1

Water Vapor R0 variable| 6.666 fet (T) ] 1.25(10)

— (Eg.2)
*
Reference value; zll measured RY are relative to the RO(N2) - value

given by Newell and Baird (1965).

+) m(Ar) = 0.817, calculated by Mingelgrin (P-13).

¥ Average
(b) Measured at vw/2 =

value

{(a} - See Table 13
30.6 GHz
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Figure 16. Recorded 9 1line dispersion pressure profiles for foreign gas
(Ar) broadening studies (see also Fig. 2.2 and Eq. 17 of
Part 2).
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Figure 17. Recorded 9+ attenuatlon pressure profile for 0,, AIR, and

0,+N, mixtures for foreign-gas-broadening studies.
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continuum; {b) the transition frequency vo can he determined more
accurately from AN(p>0) = 0; (¢) the relative maximum line attenuation a
(Fig. 22) at Av = 0 1is well defined; and (d) the resolving power of

the PRS can be evaluated. Figure 18 illustrates such a case for the 9+

~F
{5 ) =256

™y

e T P £ Lo T
fod KI& e laled

iine. The Doppler widih is
attenuation and dispersion to approach zero are 0.68 and .61 times
83 . .

S p/YD, respectively, when p < 0.01 torr. Pure pressure-broadening

(Sect. 2.1) exists for all Av when p > 0.5 torr.

+
The ancmalous Zeeman effect splits the line N = 37, 5, ... into

3{2Nt1) components that are spread as a function of H over a 1 to

2 Mz wide band to either side of the line center vo. Each Zeeman
component undergoes the gradual transition from pressure to Doppler
broadening. By a judicious choice of the orientation between H and

the magnetic field vector ?} of radiation, assumed linearly polarized,

one can selectively excite two types (o'ir and 1) of Zeeman transitions.

For example, the 97 1line splits into 197 (H||§) or 380't (HJ_E) components.
Figures 19 and 23 depict pressure profiles for m and a-types of the

9+ and 3+ lines under the field strength (0.53 G} present in the laboratory.
Pure pressure-broadening {Sect. 2.1) exists for +Av=2 MHz and p > 4 torr,

Individual Zeeman components are not resolved.

_‘_
The normal Zeeman effect of the 17 lines has the simplest splitting

pattern, either two O or one T component whereby only the o©

components shift away from the line center. Figure 24 pives examples of
+

predicted pressure profiles for the 1 line. TFor the o-type split we

note a resclution of the twoe components on the O to 1 torr pressure scale.
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Experiments on this line may permit identification of the predominant
type of polarization inside the Fabry-Pérot resonator interaction cell
and thus provide guidance for a magnetic field simulation (Sect. 3.5.4 -
Part 2).

All predicted pressure profiles are calculated by approximating the
transition from Lorentzian to Gaussian shape (Voigt profile) with a
2]lf2

Lorentzian having the linewidth Yy = [Yi)+ (Yop) (Waters, P-12).

, + + . .
Experimental results at the 9 and 7 line centers are shown in

figures 20 to 22 for several examples. It is apparent that dispersion
profiles are sensitive to frequency changes smaller than 5 kHz and that
they depend upon the magnetic field strength H. While profiles for
pressure-broadening are relatively easy to interpret because of YO, SO,
and NO, this task becomes more difficult when vy # Yop. Low pressure

(< 1 torr) profiles close to a line center serve three purposes:

1) to evaluate the PRS resolving power,

2) to determine the transition frequency UO at H==0Q,

3) to measure the intensity distribution for H=0 and H.

PRS Resclving Power. The prediction for 9+ at Av = % 20 kHz, based

upon a 67 kHz finite Doppler width, yields P, = ¢.045 torr at H =0

(Fig. 18). The experiment produces for the same condition P, = 0.06 torr
(fig. 20) which indicates a finite resolved width of Ymin = 90 kHz

close to the theoretical limit. The maximum detectable dispersion
gradient is d{AN)/dp = 7.5 ppm/torr. ‘The conventional expression of
resclving power is a Q-value, Qres = volemin = 6.8'105. Frequency
profiles can be constructed from dispersion pressure profiles with a

pressure resolution of .0l torr.
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Table 10. 9+ and 7+'Line Center Frequencies

9+ Line (Fig. 19), H =0

T VO RF IF

K MHz MH 7 MHz

252 61 150.583(5) 15.056 414(1) 40. 883 845

281 .375(5) 412(1) 783

300 .365(5) 410¢1) 830

325 .559(5) 408(1) 855
XH = 2028

Exp. LS570(10)

Th. 567 Table 2 — Part 1

77 Line H=0.53 G

300 60 434.782(5) 15.009 065(1) -4{(,883 822
Xy = 2016

Exp. .776(10)

Th. 778 Tablie 2 - Part 1

Transition Frequency. The frequency vo is defined by assuming for

H=0 that AN =0 for p = 0 to 0.1 torr. This is not exactly true
since at &v(9+) = (0, first the refractive tuning (~19 kHz/torr) produces

a small pogitive digpersion AN, until next the negative continuum

L
nip takes over. For example, 9+, 02, 300°K, H = 0 yields:

1 2 3

P, torr 3 0 0.5 3.5
8.0 Max) 6.5 3.0 0.3 -1.0 .

AN, ppm*10 0

On the other hand, the speed & = £ 16 kHz/us forces a shift upon
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Table 11, Measured Peak Dispersion AN , Pressure p_, and Width YO Around the 9 Line Center
(Av = + 5 MHz, T = 281°K, “Oxygen, H ="0.53 gauss, + Sweep).
+ f + +

AN | b P ﬁv/pm
Lav! - + Mean & Differ. - + Mean - + Mean
[MHz | [ppm] : [torr] [MHz/torT]
0.10 . 343 ~.400 372 -.057 .08 .10 .08 1.25 1.00 1.13
0.25 .410 -.435 423 : -.025 .18 .20 .19 1.39 1.25 1.32
0.50 426 -.450 438 | -.025 .28 .32 .30 1.79 1.56 1.68
1 .434 -.479 457 | -.045 .53 .61 .57 1.89 1.64 1.77
2 441 -.490 L4606 1 -.048 1.06 1.12 1.09 1.89 1.79 1.84
2.5 442 -.495 .468 1 -.053 1.31 1.42 1.37 1.61 1.76 1.84
3.5 441 -.499 .470 | -.058 1.81 1.97 1.86 1.83 1.78 1.85
5 .441 -.503 472 1 -.062 2.54 2.72 2.63 1.97 1.84 1.90
5-30 Table 2b: .474(3} 1.91(2)
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EXPERIMENT
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Figure 2g0. Recorded disgersion prassure profiles for * sweep direction
around the 97 Line center for compensated (H=0) and uncom-
pensated (H = 0.53 gauss) earth's magnetic field strength.
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Figure 22. Recorded attenuation pressure
profiles showing at the line
center the influence of the
magnetic field strength H=0.53
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(1.5 rorr}). Also, see Fig. 9,



v (6=0) with the difference |vR(+§)-~ vr(~6)| = 28(4) klz, which is
gufficient to produce close to a line center vastly different dispersion
profiles (Fig. 20). The center vo was determined when the setting

av(ety = + 14 kilz produced AN + ANT 2 0 for p = 0 to 0.1 torr.

The regults gre listed din Table 10 and there was no differvence for
H =0 and H = 0.53 G. The very slight systematic temperature dependence

of v, indicates that the above procedure was somewhat erroneous although

not more than other reported values. The line contributions +AN£( + 14 kHz} =
—ANI(— 14 kHz) probably did not cancel completely because of

g # 1 (Eq. 29, Fig. 7).

Intensity Distribution. The AN(p)-profiles have the potential for

absolute intensity measurements. A puzzling problem is whether or not
overlap interference exists between Zeeman components in analogy to the

pressure-broadened 0,-MS band shape. That question surfaced when

2
Waters (1973) measured emission from wecll-resolved (ywm3 Mz, b > 40 km)
OZ—MS lines originating in the upper stratosphere. On the edges of the
band, thermal emission from high N-number lines penetrates the lower

atmosphere. Against the continuum background, a peak emission TO at the

line centers was measured toward zenith to be (Waters, 1973)

N-number B A 23
Measured To’ °K 6.5 10 13 l 11 22 40 a5 | 5
Calculated To’ °K 2.8 5 7.8 7 2.4
Observation height h, km 0 0 0 0 3.3 4.9 11.8 o,

which -is consistently higher when compared with calculations based upon

Lenoir's (1968) formulation. Another plausible explanation for the
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enhanced center intensities can lie in assumed width parameters different
from equation (8) (Rosenkranz, private communication 1975).

Predictions of pressure profiles are given in figures 19, 23, 24 for the

+ .+ + . R . .
9, 3, and 1 lines. When 1t comes to interpreting experimental data

quantitatively one has to unravel several competing influences:

a) The orientation and pelarization of\%(TEM for the Fahry-Pérot

001)

resonater in respect to H  is not known. Hence our results are some mixture
between T7- and O-states.

+
b) Fast passage effects upon the resonator response [phase error AN, (¢,8)]

¢

and the molecular resonance have to be considered. Both effects arise when a
frequency is swepl through a resonance {circuit and/or molecular) in a time
period short relative to the relaxation process, Molecular relaxation, which
depends upon pressure (collision rate) and field strength (power saturation)
should play no role for sweep speeds ¢ < 20 kHz/us and input powers of 15 dB
below 1 to 3 nW at vR (typical PRS values) when O
{McGurk et al,, 1974).

, Pressure is above 10 mtorr

c) Dispersion detection by the frequency shift of Ve is nonlinear when

the line quality wvalue QL = vO/Y becomes larger than the resonator Q-value Q.

The consequence 1s an enhancement of experimental dispersion intensities

{(Dillon and Liebe, 1971}. For example, this is the case when p < 0.15 torr

for 97, 300°K, and 0, (q_ 2 q = 4+107).

d) The resonator cell R, causes wall broadening,

2
v, (2.30°10°/d[em]) (T/2n) /2

= 0.5 kliz (56)
As a consequence of a) to d), we cannot quote absolute dispersion values
close to a line center; however, all theoretical predictions are qualitatively

fulfilled. Table 11 demonstrates the decrease of maximum dispersion and

apparent line width appreximately as predicted for the T—state in figure 19.
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In summary, good reproducible dispersion data have been obtained at
line centers but that their guantitative value remains questionable.
. . . ] . + .
Some clarification is expected in the future from 1 1line studies
(Fig. 24) and a considerably reduced sweep speed 6.

2.4 Continuum Spectra

The pressure range for atmospheric 0,-MS continuum spectra lies

2
between > 100 to 800 torr. Lines and doublets lose their identity when
increasing pressure makes them coalesce into a relatively unstructured

band shape centered at 60 CHz and about *+ 10 GHz wide. The continuum
requires overlapping line theory which considers collisional couplings
between the rotational states., Dillon and Godfrey (1972) predicted such
couplings to be insignificant, Mingelgrin (1972, 1974), however, found
differences of 21 percent between the envelope of a sum by all OszS

lines and scattering calculations of a general band shape theory (Figs.

9, 21 -Part 1). A serious disadvantage of his approach is the fact that
the physical variables are implicit parameters in a complex, time consuming
calculation procedure. Only very recently, Rosenkranz (1973) has come

up with an elegant and practical 0,-MS5 band solution which we adopted

2
(Sect. 2A). He showed that the properties of resolved lines centain

enough information to extrapoclate the process of pressure-broadening te
800 torr, simply by limiting collisional coupling to adjacent rotational

states and assuming pressure proportiomality of the interference term

(Eq. 8).
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Since the work on this project was almost completed before
Dr. Rosenkranz kindly provided us with a preprint of his paper, we had
most of the predictions and analytical treatments already developad
based on the sum of non-interfering OZ_MS lines. In the following, a
distinction is made between "Linear Model" (I; = (0} and "Overlap
Model" (I; — Table 1). The interference terms I; force the band
narrower than the sum of individual lines. An overvliew of the condi-
tions for all treated continuum frequency spectra and pressure profiles
is given in Table 12. Before testing the two "Models" with experimental
results, we want to point out that, at a selected frequency v, the

"Linear M." can be converted into the "Overlap M." by

x°p and AN = AN +v% . (57)

oa o= .
Linear

o M
Linear

o o
A few examples of the conversion coefficients x , y at T = 300°K are

listed below (see Table 14}.

v x° v
02 ATR 02 Figure

[GHz] [lOmsdB/km torr] {10_4ppm/torr]

61.141 8.7 2.0 6.3 27
58.875 5.0 1.1 0.6 30
58,437 11 2.5 4.5 29
54.943 - 1.8 - .36 4.4 30
53.647 - 2.8 - .63 4.3 30

2.4.1 Frequency Spectra at Sea Level

At ground level, more or legs all Q,-MS lines are contributing to

2
one pair of &, AN-values. The band shape is not a very sensitive

function of the line widths . Differences between the "Overlap" and
Ty
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the "Linear" model are most pronounced at sea level pressures. To find
the maximum differences between the two models for an experimental
confirmation, we calculated some frequency spectra (Fig. 25). The
straightforward band calculation using Rosenkranz's (1973) method agrees
well with Mingelgrin's (1972) more rigorous treatment. The complete
02—MS extends over the 0 to 140 GHz range with three contributions:

i) 0 to 5 GHz - nonresonant,

ii) 40 to 80 GHz - band,
iii) 110 to 130 GHz ~ 1 1line.
These spectral features make it difficult to establish the non-dispersive
02 refractivity, As evident from Table 13, reported 02 rafractivities
vary slightly throughout the microwave range, although in agreement with
the OZ_MS (Fig. 25a). We decided to define the 9 GHz refractivity as
non-dispersive reference. Table 14 lists numerical values of "Overlap"
and "Linear" results for one 02 condition and frequencies between 20 and
140 GHz. The numbers can be used to calculate the pressure-linear

conversion coefficients xo, yo (Eq. 57).

2.4,2 Pressure Profiles at Selected Frequencies

The key to a general atmospheric OZ—MS lies in the results of line
studies. Only there is it possible to obtain sbsolute spectroscopic
parameters (width, strength) of the band components. For continuum
data, one deals with summarized values of all lines plus the theoretical
refinement of interference. The coefficients IE, however, cannot be

neasured directly. Rosenkranz (1975) supported his model by three

types of absorption data: (a) zenith attenuations {Table 10 - Part 1),
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(b) satellite (NIMBUS 5) measurements of atmospheric brightness temperature

TH at 54.9 GHz (Eqs. 58, 59), and (¢) laboratory attenuation measurenents

by Poon (1974) at 58.82 GHz (02, 295°K, 0-320 torr). Direct measurements

of o and AN between 100 and 800 torr are the most sensitive test.

The discrepancies Overlap-to-Linear are, for example {Table 14), for 02
attenuation -40, 0, +18, 0, -807% at 50, 55.4, 60, 63.6, 100 GHz, respectively;

and for O2 dispersion 2.5, 26, 82, 38, 2.5% at 50, 57, 60, 62, 70 GHz,

respectively. A main objective of this preject was the confirmeticon of

OZ—MS theory at frequencies selected by NASA and NOAA for temperature

soundings. Figure 29 illustrates the differences Overlap-to-~Linear for

the three NIMBUS 5 ©,-MS channels (Sabatini, 1972).

2

Measurements of dispersion and relative attenuation pressure profiles

have been conducted, so far, under the following conditions:

4

N v, GHz p, torr T, °K Example

+ +3.1

? 63“15{-0.5 0 - 450 (760) 300, 282, 252  Fig. 26, 27

+ +0.3

7 60.4 {—0.01 0 ~ 450 300 Fig. 28
58.87 0 - 150 300 Tig. 30

3t 58.4 0 - 800 300 Fig. 29

Dispersion measurements are sensitive to better than * 0.005 ppm
and the accuracy depends upon the assessment of the phase error AN¢.
The phase error ratio g found from line studies (Fig. 7) was extra-
polated, but there was no way to check if g remained constant up to
800 torr. This uncertainty has been considerably reduced by the new
phase meter. Averaged dispersion results (Eq. 29) are compared with

either PREDICTIONS, N(vR) - N(vRIZ), or THEQRY, AN(V). 1In the case of THEQORY,
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Table

12, Overview of Treated 0.-MS Continuum Data

2
Figure j v Ay P T 02 ATR} o AN Theory Experiment
Table Linear Overlap Predict. Measured
[GHz ] {torr] [°K]

25a 0 - 140 760 300 X X X X

25b 20 - 140 760 300 X X X X
T 13 20 ~ 140 760 300 x X
T 12 o - 72 X X

33 40 - 140 760,570,380,190] 200, 300 X

34 40 - 140 760,570,380,1901 200, 300 X

3lc | 50.300 | 0+0.1 g - 800 250 -300) x X X X

32 52.800 | 0+0.1 0 - 800 300 X X X b3

3ic | 52.800 | 0+C.1 0 - 800 250 - 3001 x X X X

31c || 53,647 | 0x0.1 g - 800 200 - 300f x X X X

30 53.647 0 G - 800 300 X X X X %
T 15 53.647 0 0 — 400 200 - 300 X | x x

32 54.900 [ 0z0.1 0 - 800 300 X| x x X

31b ) 54.943 | 0%0.1 0 - 400 200 - 300| x X x X

30 54,943 0 0 - 400 300 X X X X X
T 16 54,943 0 0 - 200 200 - 300 x| x X

31b | 54.960 | 0+0.1 0 - 800 250 - 300| x X X X

31b 55.500 {0+0.,1 0 - 800 250 - 300 x X X X

31a [ 57.950 | 0x0.1 0 - 800 250 -300| x X X X

29 58,437 0 0 - 800 300 X X X X X

3la | 58.800 {0+0.1 0 -~ 800 250~ 300] x X X X

32 58.800 | 020.1 0 - 800 300 X! x x X

30 58.865 0 0 - 200 300 ® X x X %

3la } 58.875 [010.1 3 - 200 200-300] x X X x

30 58.875 0 0 - 200 300 x X X x X
T 17 58.875 0 0 ~ 100 200 -~ 300 X! x X

28 60.435 | 0+0.3 0 - 1000 300 X X X X X

27 61.141 0 0 - 800 300 X X X X X

26 61.151 | 0+0.3 0 -~ 1000 300 X X X X b




0L

Table 13. Reported Oxygen Microwave Refractivity At 760 torr and 300°K
see Fig. 25).

Frequency v

[GHz] 0 9 23.6 24 30.6 48 72
Refractivity No - 242.4(2) - 242.6(2) 242.8(1) 243.1(1) 240.3(2)
[ppm] Reference
Refract.Modul. R®/T - 95.67(10) - 95.75(10) 95.86(5) 95.96(5) 94.85(10)
[ppm °K/torr]
Dispersion AN +0.39a) 0 +0.4(1) +0.2(2) +0.4(1) +0.7(1) -2.1(2)
[ppm]
Author Mingelgrin Essen Part 1 Essen-Froome This Newell-Baird Froome
1972 1953 P 60 1951 Report 1964 1955
*) 1973 *) *)

a) Maximum Nonresonant 02-MS Contribution, using Eq. 24 of Part 1 and corrected Debye Shape
2, .2 2
! -
Factor, Fo Yo/(v + Yo).

*
) Cited by Boudouris (1963).



Table 14. OZ-MS Attenuation o and Dispersion AN
at 300°K, 760 torr (Fig. 25b).

Frequency [0 ) AN
v 1°= 0 1°=0
[GHz] [dB/km] [ppm]
20 0.022 0.021 0.138 0.138
25 0.039 0.040 0.198 0.198
30 0.067 0.076 0.278 0.278
35 0.116 0.144 0.391 0.390
40 0.212 0.293 0.563 0.561
42 0.278  0.400 0.661 0.658
44 0.375 0.564 0.785 0.780
46 0.525 0.825 0.949 0.940
48 0.784 1.279 1.178 1.161
50 1.317 2.195 1.523 1.486
51 1.876 3.076 1.775 1.713
52 2.981 4.606 2,111 2,000
53 5.335 71.367 2.550 2.343
54 10.16 12.18 3.059 2,693
55 18.80 19.72 3.486 2.923
56 31.31  29.43 3,526 2.828
57 43.90 38.53 2.971 2,355
58 53.83 46.18 2.077 1.666
59 60.56 51.37 0.958 0.793
60 64.59 54.57 -0.231 =0.127
61 64.71 54.76 ~1.577 -1.160
62 60.17 52.12 ~2.939 -2,135
63 47.00 44.27 ~4.094 -3.108
64 30.25 32.03 -4.348 -3.513
65 17.33 21.37 ~4.006 -3.424
66 9.297 13.81 ~3.463 -3,109
67 5.047 9.091 ~2.947 -2.746
68 2.998 6.342 -2.538 -2,422
69 2.002 4,735 -2.232 =2.160
70 1.468 3.738 -2.002 -1.953
72 0.922 2,593 ~1.679 -1.653
74 0.644 1.958 -1.461 ~1.445
76 0.478 1.559 -1.304 -1.292
78 0.369 1.288 -1.183 -1.175
80 0.294 1.094 -1.088 -1.082
90 0.128 0.625 -0.805 -0.803
100 0.091 0.464 -0,660 -0.659
110 0.208  0.503 -0.552  -0.551
115 0.912 1.153 -0.469 =-0.467
116 1.507 1.730 =0.441 -0.438
117 2.778  2.982 -0.414 __-0.410
118 5.262 5.479 -0.438 =0.431
119 6.406 6.722 -0.606 -0.598
120 3.855 4.229 ~0.700 -0.695
121 1.997 2.365 -0.685 -0.682
122 1.136 1.486 -0.655 -0.653
123 0.714 1.049 -0.630 -0.629
125 0.348 0.663 -0.596 -0.595
130 0.105 0.392 -0.548 -0.548
140 0.019 0.028 -0.501 ~0.501
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the OZ—MS dispersion contribution at v/2 is subtracted from the experi-

mental result (e.g., --~3.46'10"4 ppm/torr for O,, 58.4/2 GHz, 300°K).
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Attenuation measurements are sensitive to 0.0l dB/km, and the
accuracy was estimated * 11 percent when the absolute intensity was
ohtained from measured values of { and B (Eq. 36) and was improved to
* 3 percent when relative attenuation profiles al(p) were taken at
Av = 0. At a line center, the maximum attenuation of that line, ao, is
constant over a pressure range, particularly when H=0 (Fig. 8, 10).

The value uD was calibrated using "dispersion" line parameters

(Sect. 2.1.4). The measurement range was initially limited to 30 dB/km,
but was extended to 75 dB/km by the improved peak detection of the new
design (Fig. Al).

Results are expressed as agreement with "Linear" or "Overlap" 0.,,-MS
models., Under all circumstances (see above), a better fit te the data
was obtained when considering the interference coefficients based upon
Rosenkranz's (1975) theory (see Figs. 27, 29). The results at 58.4 GHz
arc most reliable since they were obtained with much less phase error
due to the new phase meter (APPENDIX C). The 02 dispersion result at
61.14 GHz, 760 torr, 300°K was confirmed by a refractivity measurement
which invelved the readings [vR(p=0)—vR(p=760)]/vR(p=0) = N(vR),

O/torr when

correcting N(vR) for a small pressure-tuning of R2 [4‘10_1
checked against NO(NZ)] and taking the difference N(vR)—N(g GHz) = AN.

This concludes the description of completed experimental studies on
02 and AITR. The OZ—MS theory, intreduced in Section 2A, can now be

applied with some confidence to practical problems.
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B. ANALYSIS

2.5 Transfer and Emission Characteristics of Air (40 -140 GHz)

The transfer properties of the clear, dry atmoesphere are expressed
through cumulative attenuation, phase dispersion, and phase delay along

a ray path hy> By (Eq. 43) - Part 1):

hl hl hl

A= J a(RydL  [Npl, AT = J&q’;dﬁl and T = Jd)odfé frad],  (58)

h h h
0 o 0

where o, Ad(AN) are spectra of 02 whose dependency upon frequency v and
physical parameters p, T, H has been the main topic of this report

(df - path increment over which ¢ = const. and Ad = const.; 1 Np = 8.686 dB).
The transfer function of the medium is defined by (Eq. 1 - Part 1):

= exp {- (A+3(r_=om1} . (58a)

T

Equation (58) is a filter funetion that governs the propagation of signals
through the atmosphere and can, in principle, be compensated by an equalizer.
Atmospheric emissivity due to molecular attenuation is commonly
expressed by a power—-equivalent temperature,
a0

T, = J W () T (L) di, (59)
h

where the kinetic temperature structure is T(L} and its wedighting function

is
W) = o) exp (-A) . {59a)

Equation (59) represents a random noise signal that (a) determines the
ultimate detection sensitdivity of a receiver and (b) is basic to
remote sensing atmospheric temperature structure T(L) by radiometric
means. The weighting function shows band pass behavior filtering

T(L) selectively with altitude as a function of frequency. The

solution of (59) requires height profiles of pressure and temperature to
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calculate «(f). At selected frequencies v and v = 0.1 GHz between 59
and 50 GHz, we demomstrate in figure 31 the variability of ¢ (and AN)
for pressures up to 800 torr at temperatures between 200 and 300°K. The
v are those chosen in NIMBUS 5 and future TIROS N satellites for temperature
soundings. The results are for the "Linear" OZ—MS model, although they
may be converted to the more probably "Overlap" model using equation (57).
Weighting functions have been calculated at frequencies between 50 and
67 GHz, usualiy feor the U.S. Standard Atmosphere 62, by many workers
(e.g., Meeks and Lilley, 1963; Poon, 1974; Malota and Stein, 1974).
Two simplifying assumptions can be made to make W{&) tractable.

These are

il
i

1) p(h) =op_ exp(-h/H), H = 0.0293 T, {59b)

(e.g., scale height H = 7 km when Ta = 239°K);

x{V) v (V)
a(\))('g‘ ) (L]f ) {59c¢)
o o

{pressure and temperature exponents x, ¥ for small variations of

Ite

ii) adv)

p and T are listed in Table 18).
The altitude range over which W({&) 1is significant determines for an
opadue (AO > 3Np) atmosphere the weighted mean temperature TA_ that
can be received., With the help of(59 b,c) one can calculate the parameters

that govern the maximum Wm. These are (Poon, 1974)

/x

the pressure P = (x/aﬁ}l (59d)
the height hm = (H/x)1n A (5%e)
the attenuation o = x/H , (59f)
and the opacity A_ = 1 [Np] . (59g)
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The conditions at the peak of a weightling function are solely described
by a, x, and H. The values of a and x can be deduced from o(p,T)
of which, in Tables 15 to 17, an overview is given for the three NIMBUS 5
frequencies. The reliability of those numbers is compared below with

some first measurements at T = 300°K.

o[ dB/km} Y P
Linear {Table)! x Overlap Measured {GHz] ftorr]
.925 (15) |1.40 673 9(2)% 53,647 400
.926 (16) |1.25 .854 9(2)® 564.943 200
1.22 (17) [1.65] 1.32 1.5¢6)% 58.875 100
1.22 (17) {1.65] 1.32 1.26(8)°  58.875 100

a) Poon (1974). b} This report, «(AIR) = 0.225 ¢ (02) from Fig. 30.

Our direct attenuation measurements at remote sensing frequencies are
scant, so far, for several reasons. First of all, these frequencies lie
hetween line centers so that the absolute calibration is at best 10 percent
since it relies on measured values of Q and 8 {see p. 79). Most of the
effort was spent on improving the accuracy of line measurements. Other
factors are the time consuming multiple tunings when the PRS frequency
is changed in big steps, which may even go to a point where it becomes
necessary to replace the end piece of the Fabry-Pérot resonator (Fig.
3.9 - Part 2) in order to keep the coupling vaz) in the desired 1 to

2 percent range. With some certainty now about line parameters, we will
spend more effort on these important continuum measurements, preferably

to be conducted in the 200 to 250°K temperature range.
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Table 15. The OZHMS Attenuation Rate in Air,
o' [Np/km], for Channel 3 of NIMBUS 5.
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Table 15. (continued)
Pressure 200°K 225°K 250°K 275°K 300°K
140 §1.050 Uty 2.7A0. -40z Pathd 1007 2.5 18 -g0z |2l RT -gg?
Ietif -gn? S W] -102 2,713 QP ZetRr -1a0g iop.7Om -anz
3,204 -paz 2.907. -ng? 2.7nb BTN 7730 -0z 2,752 -0
Xy 1% F-2 B S-S 2T -902 | ?.873 -o02 1 z.vaz =302 _| ?.745 «302.
LI T -102 AR -107 LR =18 2,431 -2 TN -t92
AEEE -0z 1102, -0nz _ 2.93F -gue Z.08% -g02 Z.¥9% -102
KPS E -90¢ I.tn8 -9g2 2.991 -g0z2 2,031 -gav 2,910 -102
A LS -oce I.23" -go2 I.fun -q02 2,061 -0y 2.975% -402
3.7ev -qg2 3307 -paz 3.106 =302 i.Liz -00z 3.021 -ocz
L&t ST TEE ‘.3_?1 ~0072 f 3. iBk -382_4 __ 3.tAu -00z | 3.L&7 -Q0z_
160 1.59e  -tee iy -002 1.723 -ote _F {3.130 Zgaz | 1711k S002
I.5811 -0z_J . 5,609 002 | @ I.282 <ocz |7 3 is7. -ocz_ | TR -onz
TS E «1p2 1.57¢ -007 3342 -0c2 3,269 -102 . 3,208 -td2
b, 155 082 _F _ 3.654 -30e | 3.402 -ote ). 1,293 -0z b0 3.2%e -042
4,243 -102 3.722 -a02 .63 =002 3,346 =002 3.303 -ot?
k331t =002 1 3.7%4 -382 _3.574 ~002 | Jekdt «002_1  _3.352 -0z,
c. n2t -0Ge J.HB7 -302 3.58¢ “00z | dausy 342 3,u01 902
4a512 -202 L 3.040 -oLa LY ) -00z }  :3.509 -g02_} 1,449 =002
u.eaa -342 WLty 302 3,718 =002 3.564. -392 3.L739 -00z
4.E95 -0te_] . 4.089 -00zZ_ 3.775 =q02_  3ve19 S ES _ 3,545 -0tz
180 i.zas -002 L, 166 -naz 3838 =002 { _ 3.e75 __ -102 3.598 -02.
S Y1 -tz 1.942 i-8ee Y731t =002 )} 3.Eu8 =8az
4316 -102 3.967 =032 3.786: -0tz 3,635 -nge
_____ G394 -00z ] . _u.032 mG0Z_F 3845 =002} 3.750 -gez
waeu?l -goz T wpg2 [ 3,982t -tz 3.808 -362
44550 902 | b.184 i-00Z_F  3.96C: 002 | 3.8%3 “057
ha€29 -op2 baZ231 —-0p2 4aC13: -0G2 3.506 =~Qc2
l  u.708 =002 4,298 -ap2 4.076. -z __3.357 -naz
u,788 -gaz 4a36E =002 Led35 BT T BYiE
N.aas ~atz o 4.h3s -102 | wetss wage ] w.nez MLE:
j WG58 . -ap7 w502 -882 Ga25ht -ngz WA 115 -taz
| =.03z ~102_| L.571 -00z | t.3ta -oez | _:. 159 -tiz
,.115 -0c2 L.e4q -0g2 La3Te -ane | W,z22 -102
-602 w710 -z 44350 -00z 4l 278 ~gfe.
F L.780 <94z PPTETE -aog . 331 -9
) ba851 —002 ) waB5T -ocg | wazaes -n9z
002 \h.qzz -gg2 Y JELE- oY) F] Galisd -gaz
=002 § v uL.994: -0C2 ] iu.e81 =702 | 4,495 -8z
-pgz 5.06% =002 LuTuk -3az “.551 -nnz
-ae? 5.139\3)&2 .86 -ine 4.€06 -00¢8
220 Tdae -nae t.21d: ‘E“e_?': =992 L. EBD ~gaz
AEERY 54785 P e < =902 | L.719 e
7.E30: 5,359 “pfe "Rn."."se'? LE YT warrs =902
7elu?e ___5_,__:-33 -0z | 5.061 N3 BELTY T I -taz
7.259 $.507 “gg2 | '5.;'25\40_;;2\ EPELT -pCE
7 371 E.ER3 -0pg 5,199 L P LR =107
7. uam ECEER -90z t.E56 -002 R N TF)
7598 ) CEakid 5,734 ~302_ ]  s5.3218 -302 § 5.8 %
Fer13 -502 Ha513 5,810 -00E 5. 347 -pez 5,327
_3__eg_<a_ -ggz | _ e.EQS BLERTS 002 | 5.t53 ann2 | 5,472 -08Z
240 “00d [ e.597 5.96kt  ~ded [T E.eAE Lubd 5.237 SAte
a nae ST &.79% -00z 6.Cu? -0l2 ELEAE “jaz 5.295 “po2
a,179 -3a2 B.tBh -g92 B.120 -ac2 S.£51 -ngz 5,358 -nc2
E.238: =302} @ E.n72 102 6,138 -no2 _5.721 -102 | 5,615 =202
B.ui? 802 PLL73 }-n82 £.277 TeaE | S.78% T a002 ] 5,475 “ae?
CB.E37 -tz | 7.189 =102 1 Ba3%) -0c2 54857 262 § 5,535 ~0z
B EBTH -oez ELY 1a002 . hIE “udz | 5.92s -npz 5.585 -ace
B.778! ~na2 _Tu3e1 =182 | BaS16 -gg2 5.894 -gp2 _G.E5B -oez
.90"" -ac2 7. L5E -0tz R SEE EL0R SHERTE £ 716 BT
LL23 -goe_ | _7.uss “082 § . 6.E77 -302 Ba132 -ntz B.7T7 ~102
260 q 146 -39z 7eES3 ~002 £.758 =802 |77 ea282 -tee [ s.648 -00z
V270 -ro2 | 7O 7Ee SA82 ) _ . B.e4d NEE; £.272 <967 | T.GHE By
a 335 302 7. ESD =102 £.922 S -0 6.342 -nge T T 's,os57 -J02
_G.52L ~802 | 7331 zdg2 )} T.ldm w002 1 Rabt? ocz 0 E.GPM -dpe .
AT ~h2 EE -niz2 Ta0R7 -ntz [T -fa? R TEE -3n7
S T -002 f . %.151] =t . 7.170 ~ngz_| BeESU g9z 1 Belns -00z
EPLT -9p2 5.251 -ne? 7,253 -t9z BlE2E -%0¢ 6.711 -acz
1,007 -00t | 8.3%3 S ra 7.337 -0z L.Re7 -102 | 6.274 -taz2
1.015 =001 2.455 -002 ezt =027} 847819 otz T T e.132 -p02
to24 -0f1 84557 -toz FaS064 -1a2 EELLES G02 ) 0 B.bB: =431z

87




Table 15. {continued)
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Table 16,

The 0,~MS Attenuation Rate in Air,

o' [Np/km], for Channel 4 of NIMBUS 5.

" ]
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Table 16. (Continued)
Pressure 200°K 225°K 250°K 275°K 300°K
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Table 16. {(Continued)

7]
Pressure l 200°K 225°K 250°K 275°K 300°K
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Tahle 17.

The 0,-MS5 Attenuation Rate in Adlr,

' [Np/km], for Channel 5 of NIMBUS 5.
Q
v = 58.875 GHz IN =0
o =]
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2.6 Atmospheric O,-MS Properties (40-14Q GHz)

2

The transfer function of a homogeneous atmesphere is characterized
by the complex refractivity N = N' - jN” that has been treated in

depth for the 0,-MS in terms of dispersion AN[ppm] and attenuation o

2
[dB/km}. A turbulent atmosphere introduces random contributiens to the
refractivity N. Turbulence can be expressed by statistics of tempera-

ture and pressure fields; thus, a general transfer function calls for

the evaluation of temperature and pressure sensitivities (Ott, 1975},

a_, = 3afdTo b,. = 3(AN)/3TAN [%/°K} ,
T T
(60)
ap = 3o/3pa bp = 3(AN) /3pAN [Z/torr] ,
across the OZ—MS band (Fig. 25). A "modulation" of turbulence-induced
signal fluctuations occurs when the sensitivities aq D and bT

depend upon frequency. A broadband signal (several GHz) can experience
decorrelation or, in other words, the turbulent atmosphere may exhibit
an ultimate bandwidth.

b can reveal information

T,p’ T,p

about the state of the atmosphere via a differential measurement of

The fregquency dependence of a

amplitude and/or phase of a (coherent) signal pair at selected frequen-
cies. Peckham (1974) proposes to measure with a satellite-based radar the
ground-reflected signal strength at several frequencies located in the

low frequency wing of the 02~MS. If no precipitation is present, the
differential signal strengths are expected to be indicative of atmospheric
ground level (mainly over oceans) pressure, Wykes (1974) reported the
supporting calculations of OZ—MS transfer characteristics between

47 and 54 GHz.
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2.6.1 Temperature and Pressure Sensitivities
The potential applications triggered our interest to find out what

extremes of ag o and bT can be expected for typical atmospheric
» L

conditions up to 10 kilometers height (300-200°K, 760-190 torr). The

o
N

and the results are presented in graphical form (Figs. 33

linear 0,.-MS model (I

9 = () was used in a computer calculation,

to 38). The dispersion sensitivities are given by the partial derivatives
8(SN)/8T and 3(AN)/9p since the division by AN=0 poses a problem.

The dispersive O

Z_MS term is contributing 0 to * I percent to dry air

refractivity, an amount sufficient to justlfy its consideration.
Attenuation is generally more important and, at a fixed frequency v,

we use equation (59¢) to describe the variability around P, and To'

0,-MS attenuation a(v,po,To) is depicted in figure 33, and the associated

exponents are listed in Table 18. The example (below) of dry air at 760

torr, 300°K gives an overview of what to expect:

Vv , GHz 50 55 60 115 119 Reference

REFRACTION

N0 , ppm 262.2 Eq. 2, T.9

bO(T), Z/°K -0.33

bo(p), %/ torr 0,13
DISPERSION

AN y Dpm 0.3 0.7 0 -0.23 -0.30 Fig. 34

b(T) , %/°K ~0.6 ~0.6 - -0.6 —(.65 Fig. 37

b(p) , Z/torr| O0.13 0.09 - 0.14 0.13 Fig, 38
ATTENUATTION

o » dB/km 0.5 4.0 11.9 0.25 1.35 Fig. 33

a(T) , %/°K -0.80 -0.50 - 0.73 -1.13 ~0.71 Fig. 35

v -2.37  -1.50 - 2,20 —3.42 -2.19 T. 18

a(p) , %Z/torr| 0.26 0.14 0.09 0.24 0.01 Fig. 36

X 1.91 1.05 0.71 1.77 0.13 T. 18
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Figure 38. Pressure derivative AN/3p and pressure sensitivity

2 persion '

b =3 AN/3p:AN at 300, 250, and 200°K for four pressure

parameters {190-760 torr).
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Table

18. Pressure exponents X
the 0,-MS attenuation
. ”
760 torr 570 torr
_300°K - 200°Ky  300°K  200°K|

1.99 1.98 2.00 1.99
1.98 1.96 1.99 1.98
1.91 1.88 1.94 1.93
1.84 1.84 1.88 1.90
1.72 1.76 1.76 1.84
1.53 1.63 1.57 1.73
1.30 1.44 1.33 1.54
1.05 1.18 1.09 1.26
0.85 0.93 0.87 .97
0.78 0.75 0.83 (.82
0.73 0.61 0.78 0.68
0.72 0.54 0.80 0.63
0.71 0.52 0.78 0.60
0.72 0. 56 0.80 .66
0.71 0.63 0.76 0.70
0,76 0.78 0.80 0.83
1.00 1.07 1.05 1.18
1.23 1.36 1.26 1.47
L.47 1.58 1.50 1.69
L.67 1.73 1.71 1.82
1.81 1.82 1.85 1.88
1.89 1.87 1.92 1.92
1.93 1.90 1.96 1.94
1,98 1.96 1.99 1.98
1.99 1.98 2.00 1.98
2.00 1.99 2.00 2.00
1.98 1.94 1.99 1.97
1.95 1.88 1.97 1.93
1.87 1.73 1.92 1.83
1.77 1.57 1.86 1.72
1.58 1.30 1.73 1.51
1.18 0.86 1.41 1.09
0.45 0.31 0.61 0.39
0.13 0.14 0.13 0.11
0. 84 0.57 1.09 0.76
1.40 1.09 1.60 1..33
1,68 1,43 1.80 1.62
1.81 1.64 1.89 1.77
1.88 1.76 1.93 1.85
1.92 1.84 1,96 1.90
1.95 1.88 1.97 1.93
1.97 1.94 1.99 1.96
1.99 1.96 L.99 1.98
2.00 1.99 2.00 2.00

and temperature exponents

82

¥

of

for two pressure (760, 570 torr)

__and two temperature (300, 200°K) paramecters
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760 torr 570 torr P0
300°K  200°K | 300°K  200°K{Tg
|
2.79 2.81 ; 2.79 2.82
2.71 2.76 | 2.72 2.78
2.37 2.59 | 2.36 2.62
2.17 2.50 ' 2.12 2.53
1.91 2.37 1.79 2.39
1.66 2.19 1.47 2.19
1.51 1.98 1.32 1.93
1.50 1.79 1.37 1.72
1.61 1.69 1.55 1.62
1.82 1.71 1.84 1.72
2.03 1.77 2,11 1.85
2.18 1.83 2.30 1.97
2.20 1.83 2.32 1.97
2,11 1.79 2.21 1.91
1.90 1.71 1.95 1.76
1.70 1.68 1.70 1.66
1.59 1.79 1.50 1.75
1.55 1.97 1,37 1.92
1.64 2.16 1.44 2.14
1.85 2.3¢4 1.70 2.36
2.11 2,48 2.03 2.51
2.33 2.58 2.30 2.61
2.48 2.64 2.48 2.67
2.74 2.78 2.74 2.79
2.80 2.82 2.81 2,83
2.92 2.95 2.92 2.95
3.18 3.25 3.19 3.27
3.30 3.33 3.32 3.39
3.41 3.36 3.46 3.46
3.42 3.29 3.51 3.44
3.34 3.12 3.49 3.32
3.05 2.78 3.28 3.01
2.46 2.32 2.62 2.42
2.19 2.17 2.21 2.17
2.79 2.54 3.02 2.73
3.24 2.97 3.43 3.20
3.42 3.23 3.54 3.42
3.46 3.36 3.54 3.50
3.46 3.42 3.51 3.51
3.43 3.43 3.46 3.50
3.39 3.42 3.41 3.47
3.30 3,37 3.32 3.40
3.23 3.31 3.24 3.33
3,05 3.11 3.05 3.11




Scanning Table 18 for decorrelations of pressure and temperature
sensitivities, only the 1 line center attenuation at 119 GHz proves to
be fairly insensitive to pressure variations (x = 0.13), hence the
strength of a radio signal at this frequency is a good indicator of
integrated temperature fluctuations along a line-of-sight path (v = -2.2).

Picking 0,-MS attenuation as a pressure indicator seems to be a poor

2
choice since the variabillty with temperature dominates at ground levels
for all frequencies. The variation of both exponents, x and y, with the
mean pressure or mean temperature ig relatively small compared to the
changes with frequency (Table 18). The value of 02-MS dispersion (Figs.
34, 37, and 38) to sensing the state of the atmosphere was discussed
briefly in Section 3.1.2 of Part 1.

The results of figures 33 to 38 depend upon the line shape and
width {e.g., Wykes, 1974) and they will be slightly different for the
"Overlap" model (Ig — Table 1).

3. WATER VAPOR STUDIES

Water vaper exhibits a rich rotatienal spectrum of which two lines
appear below 200 GHz, The influence of water wvapor upon microwave
transfer characteristics can be analyzed by (Egs. 1 to 3)

o = 0.1820v[(SF")1 + (SF")2 + q"] [dB/knm], (61)

&Nw = (SF')1 + (SF')2 + q' [ppm]

The terms (SF)l,Z identify the two H2016 microwave lines, and

q = q' ~ jq" 21l contributions in excess of these two lines. A few
remarks are made regarding difficulties encountered when studying aw and
&NW either in the laboratory eor the free atmosphere. All results,

especially ancmalies that are discussed in section 3.2, should be judged

in light of these remarks. 109



Water vapor is a diffilcult test gas inside a vacuum vessel since 1t
strongly adsorbs upon all surfaces. The exchange process with the wall is
reversible for isothermic conditions, but the time period to reach equilib=-
vrium is in the order of 0.5 to 5 hours depending upon T and how close P,
is to saturation {(Liebe, P-8). No sure means have been found to eliminate
adsorption. Mrowinski (P-9) experimented with Teflon coatings but only with
partial success. Forming water layers alter homogeneous gas conditions and
the detection capability of the resonance spectrometer.

Water vapor in the free atmosphere is known to vary considerably, both
in time and space, making point measurements of P, highly unreliable to
represent the moisture centent along a radio path.

3.1 Water Vapor Miérowave Line Spectrum

The two microwave H20 lines are centered at 22.2 and 183.3 GHz. Their

strengths are given by (Sect. 2.5 - Part 1)

s = (v/v) 85 ,300/0)7 p explwy (1 - 2D (62)
The line parameters at 300°K are
Line 1 2
vo - center frequency 22.23515 183.31012 GHz
s° - strength parameter 13.9 322 Hz/torr
w - temperature exponent 2.14 0.653
YE - width parameter 18.0 19 MHz/torr .

The line shape in moist air that fitted laboratory data (Becker and Autler,
1946) best, was the Van Vlieck-Weisskopf shape, which follows from equations
(5), (6) when assuming I = 0. The linewidth is

¥, = 72 [0.21 300/1°%"° p + (300/T)p,] [MHz],  (63)

whereby p 1is the dry alr pressure in torr. The formulation, so far, does
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not yield correct answers for o and &NW since the nonresonant term g
needs to be added.

3.2 Nonresonant Water Vapor Microwave Spectrum

A nonresonant excess 9y is expected from the far wings of all higher
frequency lines. It is a weakness of the Van Vleck-Weisskopf shape that it
does not describe the intensity distribution in the far wing (> 10y). For

this reason one tends to adapt the Gross shape (Liebe, 1969),

2
n
FG

1
Fe

+ szyz} and
2

4v2¥/[(v§ - vz)
5 9 (64)
+ 4vTyT1,

ZvO(vi - vz)/[(vi - vz)
for ecalculations of the Hzo spectrum between 1 and 1500 GHz since it predicts
higher intensities in the low frequency wings (Hall, 1%70). The wing
contributicn 94 is expected to be proportional to the pressure P,*

Laboratory attenuation data taken between 18 and 42 GHz at p = 760 torr
and P, = 0 to 50 torr were fitted when

Ay 1.4+1073 Usz/T [dB/km] , (65)
which is about five times as large if the Van Vleck-Weisskopf shape is used
for the wing contributions of all higher frequency lines {Becker and Autler,
1946). Similar high wing attenuation was measured for H20 and H20+N2
mixtures between 120 and 300 GHz (Frenkel and Wood, 1966).

Deviations from a pressutre-linear dependence of ¢ lead to the intro-
duction of a second contribution proportional to pi. Such quadratic term
qz(pi) presents evidence of pressure-induced (involving pairs of HZO
melecules) polarization effects, which can occur from a spectrum of a dimer
H200H2 (e.g., Braun, P-15; Dyke and Muenter, 1974) and/or as a consequence

of gquenching of the rotational motien of the H,0 molecule by intermolecular

2

forces. Indications of nonlinear behavior of aw(&Nw) with respect to p
W

111



exist from a variety of experimental studies:
(i) Line-of-gight radio path attenuation

(70 and 79 GHz - Hogg, 1971; 179 and 184 GHz - Whaley, P-5;

222 GHz - Malyghenko, 1969).
{ii) Zenith path attenuation

(36 GHz - Hogg, 1971; 80 to 130 GHz - Gibbins et al., 1973).
(iidi) Spectroscepic absorption and dispersion

{22 GHz - Mrowinski, 1970; 119 GHz - Tolbert et al., 1964;

184 GHz - Hemmi and Straiton, 1969; 225 CHz - Harries et al.,

1969; 22.2 and 23.6 CHz -~ Dillon and Liebe, 1971).
We report some aw and &Nw measurements with the PRS at frequencies
between 22.2 and 61.2 CHz using pure water vapor. Extreme temperature
control (< % 0.01°K} throughout the system was essential to approach
saturation pressures in a reproducible manner. Water vapor generation in
a deuble-walled hard-glass bulb and inlet tubing, where the jacket was part
of the temperature circulator flow, enahled to reach 99 percent saturation
as checked with an integrated dew point hygrometer.

Results of the types shown in figures 39b, 40, and 41 are roughly

described by

10

AN = NQvR) = N(v/2)A[2.3(17)p, (300/T) +1.2(3)pi(300/T)18]'10_3[ppm], (66)

qﬁz{4(1)pw(v/60)2(300/T)2'5+O.8(1)pé(v/60)2'6(300/T)12]-lOmB [dB/km] , (67)

where v is the frequency in gigahertz.
The theory of (H20)2 dimer microwave attenuation was treated in some

detail by Poon (1974). His theoretical findings can be expressed as
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=3 [d4B/kn] . (68)

o, 0.2 p2(v/60)° % (300/7) 610
Noteworthy are certain similarities between equations (67) and (68) in
respect to a strong temperature and some frequency dependencies. An
Arrhenius plot (Harries et al., 1969) of o at 61.2 GHz (Fig. 40)
vields as gradient of constant pressure data the value 4.5 kcal/mole,

The same precedure of the dispersion data delivers 8.5 kecal/mole. We
believe that dispersion pressure profiles are erroneous due to surface
adsorption effects while attenuation profiles are much less affected.

More evidence of anomalous water vapor polarization 1s given in figures
3%¢, and d, The deviations from equation {2) in figure 394 are attributed

to the real gas law (van der Waals equation), which relates P, to the

number of molecules per unit velume,

M = 9.66°10"° p /(T - p B, /62366) (1/en] . (69)
The second virial coefficient Bz[cmafmole] is discussed by Bohlander
and Gebbie (1975).

All data are only sketchy evidence of anomalies in the microwave
spectrum of water wvapotr, which warrant more systematic studies of aw and
ANW over a wider range of temperatures, frequencies, and close té
saturation. At present, there is no satisfactory theory to account

for the experimentally observed excess q.
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Figure 39.

(a)

(b)

(c)

d)

Examples of various anomalous behaviors of K-band water vapor refractivity. These
results were obtained with the bimedal spectrometer cell shown in figure 3.10 -
Part 2.

Resonance dispersion AN in the vicinity of the 22 GHz H,0 line. The 10 torr scale
shows the nonresonant dispersion q' between v = 22,235 MHz and v/2. The multipliers
refer to the pressure scale.

The nonresonant dispersiomn q' of (a) for 18 runs and an analytical expression
describing the data (Dillon and Liebe, 1971).

The nonresonant dispersion q' between V= 23,418 MHz and V/2 for increasing and
decreasing vapor pressure (ps-saturation pressure for the temperature of the
experiment) .

Deviations from the refractivity Nolp (Eq.2, N°/p = 5.41 ppm/torr at 313°K)
when approaching the saturation pressute Pg (8 - Mrowinski, 1970).
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4, CONCLUSIONS
The 60 GHz oxygen multiplet spectrum (02~MS) was studied under a
very diverse range of simulated atmospheric conditions with a new experimental
technique based upon dispersion pressure profiles. Emphasis was on

1

quantitative intensiiy informatimn, The studies are categorized into
three pressure ranges:
i) 0 to 1l torr, Doppler and Zeeman-broadened isolated lines;
ii) 1 to 100 torr, pressure-broadened line or doublet plus pressure
iinear continuum;
iii) 100 to 800 torr, pressure-broadened band structure of more than
thirty overlapping lines;

and they did not produce any contradictions in the grand 0,-MS scheme,

2
such as might be expected from chamnel 5 data of NIMBUS 5 (Poon, 1974).
The results are encouraging in that dispersion spectroscopy produces in
the laboratory credible and reproducible data that can be deduced to
accurate line parameters which, in turn, are applied to reliable analytical
treatments of molecular transfer and emission characteristics.

The comprehensive measurement program anticipated originally had to
be cut short for funding reasons. MNevertheless, more than 300 pressure
profiles have been recorded under a wide variety of atmospheric conditions,
however, inadequate suppert given to the data analysis phase limited
their conversion to general parameters. Because of the major role that
02 plays in many areas, particularly in the atmosphere, greater accuracy
and better understanding of its intensity function is desirable.

Recommendations are expressed to further perfect the experimental

technique and continue with the analysis of existing and to be accrued
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data. The end product will be a well checked, confirmed, and documented

OZMMS.

Water vapor studies at 61.2 and 30.6 GHz yielded anomalous high
dispersion and attenuation rates when saturation pressures were approached.
The sketchy experimental evidence of possible molecular complexes in
water vapor warrants further work. Much more data at different temperatures
and frequencies need to be gathered before more definite conclusions can
be drawn.

Summarizing Parts 1 to 3 of this final report, we conclude that the
review and tramslation of molecular theory on millimeter wave properties
of air into engineering terms, the description of analytical schemes to
predict propagation phenomena on the basis of meteorological variables
and their experimental verification on several accounts, together with
many examples of unique transfer properties shall provide a basis for
the development of system concepts operating in the 40~ to 140-GHz
frequency range.
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APPENDIX A

Abstract and Contents of Parts 1 and 2

OT~Report 73-10, Part 1

MOLECULAR ATTENUATION AND PHASE DISPERSION
BETWEEN 40 AKD 140 Gz
FOR PATB MODELS TROM DIFFERENT ALTITUDES

Radio wave propagation in the 40 to 140 GHz band through
the first hundred kilometers of the atmosphere is strongly in-
fluenced by the microwave apectrum of oxygen {0,~-MS}. A unified
treatment of molecular attenuation and phase disSpersion is for-
mulated. Results of molecular physics are translated into fre-
quency, temperature, pressure, and magnetic field dependencies
cf a2 complex refractive index. The intensity distribution of
the 0,-MS undergoes several changes with increasing altitudes:
when h < 10 lm, all lines but one at 119 GHz, are merged to a
continuum spectrum under the influence of pressure-broadening:
when h < 30 km, a line spectrum with isolated Lorventzians isg
displayed; when h > 40 kn, Zeeman-splitting of each line occurs
due to the influence of the earth's magnetic field: for h > 60 km,
a Veigt profile governs the traneition to a Gaussian line shape
and eventually the Doppler-brecadened line spectrum vanishes.
The influence of water vapor is discussed separately.

Attenuatlon and dispersion rates for path models are
evaluated by computer routines. Examples of computer plots are
given as a function of altitude for homogeneous, zenith, and
tangential path geometries. Molecular resonances of minor
atmospheric gases are discussed briefly, as is the noise which
originates from the 0,-MS,

i, TETRADUCTTON caT v e —
3. COMPUTER AXAIYSLE ©F ATMOBIGIERIS PATE MODELS
Z. THEOAY - - -
A Eomogensous Path Transmiss!vity at Various Allltades
2,1 Atmespheric Iransfer HFunotsl - 1 i F
mogpheric ‘lransrar Functaion 4.1.17 Analvsis of sttenvarion acd Dlszersion
(48 and 72 GHa) )
2,2 Freguency-lndependent Fhasa Delay - p .
Teuancy - lndependean ase Leloy 3.1.2 Phase Jisperslon Detweow il and idl OHz
" P Tum o 1 =5 3 3 B
A3 ¥lcrowave Spectrum of Umygen (0,-X5) 3.2 3lant Path Travsnissiviiy
1.3.1 Live Cooter Fregueacles 3,01 catealasi EY— - R
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3. HEFEREMUES
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QT-Report 74-33, Part 2

A PRESSURE-SCANNING REFRACTION SPECTROMETER
FOR ATMOSPHERIC GAS STUDIES
AT MILLIMETER WAVELENGTHS

A differential refraction spectrometer was developed capable
of measuring under simulated atmospheric conditions wolecular EHF
propagation factors, especially the intensity distribution of the
oxygen mlcrowave spectrum (0,-MS). Dispersion and_attenuation
pressure profiles are measured between 1073 and 10? torr. The
sensitivities are better than 1 part in 10” and 0.01 dB/km. The
nmulti-line (.43) structure of the 0,-MS around 60 GHz complicates
the data analysis. Special diagnos%ics evolved from the data
for deducing spectroscopic parameters, Experimental difficulties
and their elimination are discussed. Examples of data taken for

the 9% 1ine (61.15 GHz) and the 7'/5 doublet (60.4 GHz) are
given,.

1. INTRODUCTION
2. THEORY: DISPERSION~ AND ATTENUATION-PRESSURE PROFILES
Pressure Profiles of a Lorentzian Line

2.1
2.2 Pressure—Broadened 0, Microwave Spectrum
2.3 Detection Principles

»

3. SPECTROMETER DESIGN

3.1 Schematic

3.2 Phase Meter

3.3 Stabilization Measures

3.4 Signal Processing

3.5 TFabry-Perot Resonators (K_ and V-Band)
3.6 Bimodal Resonator (X/K-Bafid)

4. SPECTROMETER QPERATION

4,1 Electronic Performance

4,2 Dpifferentlal Pressure Stability

4.3 Gas Flow Effects

4.4 Calibration Procedures

4,5 Phase Errors Cause by Frequency Sweeping

5. DATA OUTPUTS

5.1 Refraction and Dispersion Pressure Profiles
5.2 Attenuation Pressure Profiles

6. CONCLUSIONS
7. REFERENCES

APPENDIX & - Identification of Equipment
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APPENDIX B

Computer Programs For Studies Of The Atmospheric 02 Microwave Spectrum

Variables: Oxygen or Dry Alr

Quantum Nomber

X =1 ta 43(63)

Line Label 1 =1 to &4

Altitude

Temperature

Pressure

Mapunetic Field Strength
Freguency

0 - 130 km

180 - 320°K
0 - 800 rorr
=0 to 1 gauss
W= 40 - 140 Gz

h
T
P
H

Freguency Deviatlon thu(l) = 0 - 100 HH=z
Programs are written in Fortran IV and executed on UDC 3800 computer with £RT plotting
s (6600 —
Frogram Examples in Final Heport
Name = o, Developed by Variable Parameters | Part Fipure Table
Line Center Prequencles 1 W. Weleh 1 O2 H 1 13] 2 [ail
Line Strengths 2 " i D2 ¥, T 1L (2} 2 3, 7L
Temperature Function 3 " 02 k 1 i 4
Line Widths [ Mingelgrin N g, T 1 (2¥[3] |5 6 {1) [6]
{1572)
Interference Coeff. 5 J. Haoppenan N T 13] {1} [}
after
Rosenkranz
. (19753 _ .
DISPERSION (AN, A¢) and ATTENUATION (n) FREQUENCY and PRESSURE PROPILES
1. _General
Proasure Broadening & W. Welch v 02 pe T 1 L3] 6 to B [25.32} |111 te 19]
Wonlinear Owerlap 7 Mingelgrin W 02 p, ¥ 1 g, 21
(1972)
2. Ewperimental
Lines 8 W. Welch P " Ao, T {23111 {2.4) [3.8]
Duublets B " D 3 M, T {(2)[Y] (2.53[10,11,13.14]
Continuum 13 J. Hoppouen P 02 W, T {2)[3] {2.63{26,28 to 31]
Zeeman Splitting g W. Welch P 02 MaLH,T 13} [17,18,23,24}
Data Averaging 14 R.Chandler i 02 ATR nU,TF (2} {7
3. tnalysis of Model Atmospheres (U.5. %ed, Atn. 62) I
{a) Hempgeneous Path
Linear Model 1la W. Welch \ AIR e, T(RIf L [1) 24} 133,34] 10
CHE Model 11k " W " N 1 14-17 10
R Model lic " W " " 10
trverlap Theery 16 J. Hopponen W " " B 131 i 1253
Zeeman Effect 12 " U AIR H,p,T(h)“ 1 E 18,19
Derivatives vs T and p 13 J. Hopponen W AIR p,T | [3 {35 to 38] [14]
(b} dlanc Path
Zenith 14 W. Welch W AIR h 1 .35 Lo 37 10
Tangential 14 " v AIR  h 1 i 26 ko 19 11
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Table Al. Calculated 0,-MS Line Center Frequencies

for N = 43 ta 63 (Eq. 6 -~ Part 1).
N =1 to 43 see Tables 2,7 - Part 1 or Table 1L - Part 2.

+ —

BTY

N Y. N |

0 [}

[MHz] [MHz ]

43+ 70545.0 43~ 48942 .4
45+ 71072.9 45+ 48434.5
47+ 71600.8 47— 47927.7
494 72128.9 49- 47421.7
51+ 72657.1 51~ 46916.5
53+ 73185.7 53— 46412.1
55+ 73714.7 55— 45908. 3
57+ 74244.1 57- 45405.0
594 74774.1 59~ 44902.2
61+ 75304.6 61~ 44399.8
63+ 75835.,8 63~ 43897.7

+
The intensities of OZ_MS lines abeove N— = 31 may become detectable in the upper

atmosphere by limb-scamning from an orbiting laboratory (space shuttle) (J. Waters,

private communication 1974).



APPENDIX Q
The New Digital PRS Phase Meter
A, Diede and H. Liebe

The PRS data evaluation was improved by a completely new design
consisting of six building blocks:
1. two linear, low-noise preamplifiers for the resonance pulses
of RI and RZ:;
2. two phase markers and peak detectors for dispersion and attenua-
tion measurements {(Fig. AL);
3. a digital phase meter with time period averaging of dispersion

data (Fig. A2);

4, a linear ramp generator for : klystron FM at rates,
ET =1, 2.3, and 5 kHz;
3. a time period generator deriving the sweep rate fT and 0.1

and 0.2us time units from a 1 MHz standard Frequency; and
6. extremely well regulated power supplies {(£70, +15, *12, *5 V).
The circuit details are available upon request.

We mention a few of the desipgn ideas that have been incorporated
inte the new instrument. The pulses, which are detected when
sweeping the R1{R2) resonance (Sect. 3-Part 2), are amplifiied in
two identical channels to a peak value of about a = -1V and
fed into a comparator and peak detector (Fig. Al). The comparator
generates rectangular pulses whose widths correspond to the width
of the R1(R2) resonance at a predetermiped level, say 0.8 2
(actually variable between 0.1 a and 0.99 ao). Leading and trail-

ing edge of each rectangular pulse are transformed into a pair of
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trigger pulses identified by A and B -B It is assumed that the

174, 12"

regonance occurs timewise in the middle between the two triggers.

YR1, R2

The phase marking is very accurate due to high common gain and low

hysterasis of the comparator (~1 mV uncertainty).

The decreasc of the R2-channel signdl amplitude due Lo 02~MS
attenuation from ara; (Eq. 39 - Part 2) is tracted by a peak detector

which, in additicn, keeps the comparator level at its preset level (0.8 al).
This AGC-scheme proved to be best in avoiding additional phasc errors
introduced otherwise by OZ—MS attenuation.

Dispersion (refraction) data are obtained from the time sequence
of the two pairs of triggers, Al—A2 and Bl_B” within one time frame
of the FM sweep marked by S-5'. The ' At-measurment (Eqs. 44, 49 - Part 2)
is performed by the gating logic (NAND gates G1-(9) shown in figure A2,

which decides automatically for two cases possible in the sequence of

triggers.
Cage 1. Time Duration Count Unit, s
S—Al or S—B1 0
A1—A2 or Bl_BZ 0.2
Az-Bl or Bz—Al 0.1
Bl“BZ or Al—Az 0.2
BZHS' or AZ—S' 0
The sequence Bl—Al—AZ—B2 when B1—32 is wider than Al—Az produces wrong

regults, but can easily be avoided by a slight offset of v against

R1
sz (Atoz 10us).
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Cage 2. Time Duration Count Unit, us

S ~A1 or § —Bl §]
Al—Bl or Bl—Al 0.2
Bl_AZ or AleZ G
AZ_BZ or B2+A2 0.2
BZ—S' or AZ—S' 0

The wanted time interval At 1is the tetal count over one sweep period.
The result is displayed as an average of 103, 104, or 105 periocds.

For a sweep width Uy = 2.5 Mz, the sweep speed can be chosen hetween
& = 2.5 (fT = 1 kHz) and 13 (FT = 5 kHz) kHz/us while the time for a
At-reading varies between 0.2 s (fT = 5 kHz, 103 pericds) and 100 s

(F, = 1 liz, 10° periods).

The performance of the new PRS phase meter is shown in figure A3 for
dispersion and attenuation detection sensitivities at three sampling rates
fT. The most significant result is the satisfactory &Nmin — detection at
1 kHz with a sweep speed 6 = 2,55 kHz/us. All dynamic detection problems
(phase error, p-24: amplitude ervor, p. 29) are reduced by a factor of 5.
The various combinations of sample number n, measurement time tob/&N,
and dispersion detection sensitivity X = AN/At give enough flexibility
to adapt to different experimental requirements. In addition, for
phase- and amplitude-true detcetion, the condition of equation (39) has

to be fulfilled.
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Experimental Conditions
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APPENDIX D

Activities Under Joint Sponscorship (see Preface)

Research Period: 14 January 1971 to 28 February 1975

Personnel: The following made scientific and technical
contributions to the work reported in the Final
Report (Parts 1 to 3):

Principal Investigator: H. J. Liebe
Research Associates W. M. Welch

U. Mingelgrin

T. A, Dillen

G. G. Gimmestad
Research Engineers M. J. Vetter

R. Chandler

A. Diede

R. May
Programmer : J. Hopponen

Reporting: 38 monthly progress letters have been written

%)

Presentations at Meetings:

Liebe and Welch, "Atmospheric transmissivity between 48
and 72 GHz for wvertical and horizontal path models at
various altitudes," Symp. Antennas and Propagation,
IEEE G-AP, Denver, C0, June, 1971.

Mingelgrin, "The effect of pressure and temperature on
the 0, microwave spectrum...,” CIRES Seminar, Boulder,
€0, November, 1971.

Liebe and Welch, ""Complex atmospheric transmission factor
between 48 and 72 GHz of various altitudes,™ URSI Fall
Meeting, Los Angeles, September, 1971, (p. 1l4).

Mingelgrin and Gordon, "Study of some spectra and relaxa-
tion phenomena of 0,," 4th National Atomic and Melecular
Physics Conf., Londdn, April, 1972, (p. 12).

Welch, Mingelgrin, and Liebe, "Quantitative studies of

the pressure-broadened microwave spectrum of 0_,'" First
Internat. Conf. on Spectral Lines, APS, Knoxvi%le, N,

August, 1972.
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Liebe and Welch, "Pressure-scanning microwave spectros-—
copy for quantitative studies of resonant and nonresonant
spectra,"” Second Furopean Microwave Spectroscepy Conf.,
Bangor, Wales, September, 1972.

Liebe, Recommendations to NSF Workshop on "Future
directions of electromagnetics of continucus media,"
Williamsburg, VA, December, 1972.

—-— , "Labnratory measurements and analysis of propaga—
tion factors between 20 and 100 GHz," TEEE/AP-S Symposium,
NCAR, Boulder, €O, May, 1974.

-— , '"Laboratory studies of the atmospheric microwave
spectrum of oxygen and water vapor,'" 5th Collequium on
Microwave Communication, Budapest, June, 1%74.

-~ , "Orygen microwave attenuation from laboratory measure-
ments," Third Annual Conf. Telecommunications for Government,
Boulder, CO, October, 1974.

— , "A pressure scanning EHF spectrometer for atmospheric
gas studies," 1974 USNC/URSI-TEEE Meeting Boulder, CO, October,
1974.

-- , "Role of spectroscopy in microwave propagation,' EM-
Wave Seminar (OT-NCAA-~CIRES~CU Series)}, Boulder, CO, February,
1975.

—— , "Absolute intensity measurements of the 60 GHz oxygen
band under simulated atmospheric conditions,'" Inter-Union
Commission on Radioc Meteorology, URSI-TUGG Workshop,
Bournemouth, England, May, 19735.

Also, see under Publications No. 1, 2, 6, 9, 11, and 15.

*)

Publicatdions

1. Liebe and Welch, '"Phase delay and attenuation in the 50 to
70 GHz band for atmospheric path models at various altitudes,"
Proc. Internat. Symp. Ant. & Propagation, Sendal, Japan, September,
1971, 239-240 (published by IECE of Japan).

2. Liebe, "Precise measurements of atmospheric propagation para-
meters in the 50 to 75 GHz band using pressure scanning spec-
troscopy,' Proc. NASA-AAFE Conference. October, 1971, 276-292
(published by NASA/TRC).

%) which carry an acknowledgement of NCAA, NASA, and/or DeD-ARO
support (see Preface)
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