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‘obstruct The line shape of the sell—broadened rotational (5
.

—o 6_s) transition of waler sopor at i’,, 22.235

(ill / has been investigated on the basis of resonance dispersion information Detailed information on absolute

intensity, width, shift, and wing response was obtained without molecular effect niodulation. A differential refrac—

toineter with one dual-mode cavity sensor was operated in the pressure range 5 x l0— to 20 torr at 27°C. The

dispersion was measured at fixed frequencies (r11 ± 250 MHz) with slowly varying vapor pressure. In this first

part of the study the results obtained for pressures above 0.1 tOrr are presented For pressures higher than 2 torr,

a Lorcntiian line shape was contirmed with a constant maximum dispersion of’ ±0.387 x l0°. Down to 11.1 torr,

the line center displayed Loreniziun behavior with the pressure—linear width of 17.99 MHz torr and a violet shift

of I .38 o li-li torr. hut the wing dispersion dripped more ru pidly with decreasing pressti re while the maxim urn

dispersion increased. The Lorent,ian line strength is as determined and found to be in good agreement with the

theoretical salue as determined by the tratisition probability for the asymmetric rotor. ‘1 he experiniental strength

yielded a maximum linear power absorption cocihicient of 7.21 x 1ff” em —

I. INTRODUCTION

NI ICROWAVE spectroscopy at gases has been an extremely useful tool for studying molecular
properties, but an important portion of the spectroscOptc information has remained tin—
available the absolute intensity and the detailed shape of a spectral line. Quantitative
t’esults are vital l’or supporting theories of molecular structure and interaction and for
verifying one of the nitmerous models about pressure effects on line profiles. Data in the
wing regions and studies of the pressure dependence of line parameters are particularly

Interesting.
The dispersion of the self—broadened rotational water vapor line (Jr : 5_ —* 6.) at

the transition frequency v0 = 22.235 GHz has been investigated over a wide range of
pressures with a differential refractometer.ti I This paper is restricted to a discussion of the
results that could be fitted to a Lorentzian shape function and pressure—linear behavior
of the shape parameters. strength S. half-width ‘, and pressure—induced v0-shift S.

The advantages of refraction spectroscopy may be summarized as follows: (1) the
resonance dispersion approaches the asymptotic wing values of the frequency distribution
mci-c slowly, when compared with the absorption response, thereby supplying structural

During the period ol’this research, Mr. Dillon was also doing theoretical siork on line shapes at the University
of Colorado. supported by the N.I.H. grant No. GMII 123.
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details in the wing regions: (2) the measurement is confined to one frequency easv to

stabilize), which allows the vapor pressure (difhcult to stabilize in an enclosure) to be the
experimental variable; (3) the dispersion signal changes sign at v0, resulting in a well-
defined baseline: (4) for a Lorenizian shape. the maximum dispersion coincides with the
half—power point, making this method particularly suitable for linewidth studies; (5) the

signal can he calibrated in absolute terms to better than l0_8 as a frequency change. In an
absorption experiment, a difference in power levels of the order of 10 is impossible to

detect without molecular effect modulation (Stark. Zeeman. saturation effects), which
destroys the equilibrium conditions and hence the “true’’ shape.

Although refraction spectroscopy has become an established procedure in infrared

spectroseopy,’2’it has not been applied in the microwave region. The only exception is a
paper dealing with the strong 3 3 inversion line of NH3.’3’Our apparatus is a modified

version of the two—ca tv refractometer.’3— A dual—mode cavity resonator is used to
translate the resonance dispersion into a measurable phase change.’ increasing the reliabil
ity and resolution considerably.

The contribution of the rotational spectrum to the refractive index of atmospheric
water vapor has been calculated by ZFiEv,xKic and NAuMov.17’In reviewing experimental
spectroseopv on rotational water vapor lines, we did not consider measurements in the
free atmosphere (uncertain gas conditions). Experimental infoi’mation about the 22 GHi
line in pure water xapor ha been limited to transition frequienc and linewidth data.’5
Line shape results (10 per cent error) were obtained for moist air by BF ‘KI’R and AIV3 LLR.’

Spectroscopv on the onk other microwave water apor line at i’ = 183.31 Gl—lz (82 times
stronger), yielded linewidth information.’ 12) and irregularities in the fir wings) ‘ In the
infrared, the linewidth and the absolute strength were measured for three fairly isolated
H20 lines, but were found to he in poor agreement with theoretical values. (i4)

The experimental width results can be compared with the predictions by BENEDiCT

and KAPL AN,’ and the theoretical line strengths can he calculated b ising tables for the
asymmetric rotor strengths.° ‘

2. MICROWAVE REFRACTION SPECTROSCOPY

2.1. Theory

The interaction between a gas and electromagnetic radiation of frequency v can he
described by a complex refractive index

= u’(v)— i . ,z’’(v). (1)

where

‘ tv) is the refraction spectrum. and

n (i’J is the absorption spectrum.

Both sIectra are interrelated by Kramers Kronig relations, a consequence of imposing

the condition of strict causality on the interaction process.’
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When the shape of an isolated spectral line is assumed to be Lorentzian in the vicinity

of the molecular resonance, we can define

Av±5
ii’( v) = ,i, — S

-- —

and (2)
(Ar + +‘

n”(v) = S —, . (3)
(Av+O)+7

The notations used are : S—line strength. ;—half—width of the line. d—shilt of the molecular
resonance lrequencv v. and Ar = v —v (all Ar v) n is the sum of the polarizahilities
not associated with a spectral line and frequency—independent in the microwave region. A
common expression for water vapor is1 10)

= I + )i1 + A,!T) 10 . (4)

The vapor pressure p is in torr ; the temperature T in K. and the constants are

A1 = 95.46°Ktorr and /12 499.5 x l0 0K2/torr.

In the pressure range investigated (0.1 to 20 torr), all broadening mechanisms (wall,
Doppler. saturation) except intermolecular collisions may be neglected. A Lorentzian
shape is expected to represent the intensity distribution of a resolved collision-broadened
line.t20tThe strength, linewidth, and shift are assumed to be pressure proportional (binary
collision model):

S = S
.
p.

where the number of molecules is proportional to p. and

= ,‘°‘p (6)

= p (7)

where the collision rate is proportional to p. The superscript indicates per torr.
The line strength S as defined by the Lorentzian function (equations (2). (5) and (19))

was calculated from the quantum mechanical equations for transition probabilities.116)

A general expression for asymmetric rotor molecules is

(.4BC) . g(I)’ exp( —E1/kT) . Sx(ie).
. v0, (8)

where
1 /7rh

K
= / -c-,

and Ii, k are Planck’s and Boltzmann’s constants. The water vapor transition investigated
has the following spectroscopic parameters:

(a) V0 = 22.23515 GHz, a value obtained from measurements at 10—s torr (see Table 1);
(b) A = 835.741, B 435.064, C 278.361 GHz. the rotational constants
(c) E, = 13,402.14 GHz, the energy of the lower state :(22)
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(d) exp( —E1•kT) = 0.11 71%. the corresponding Boltzrnann factor for 1’— 300°K
(e) g(I) 3. the nuclear spin weighting factor:
(1) The dipole component. p, has to he along the b-principal axis of inertia (x b)

hut represents the total permanent dipole moment, since the only axis permitted
by the symmetry of H70 is the intermediate b-axis. The most reliable value, obtained
by Stark—effect measurements. is p p = 1.884 debyc :‘‘

(g) The rigid rotor transition strength. Sb. is tabulated for the rotational quantum
numbers of the transition J(K. K) :5(2. 3) — 6(1. 6) as a function of the asymmetry
parameter K in increments of 0.1 . ‘ 17) A polynomial interpolation to the value
for H.,O

2B-A-C

=

- —0.437715. gave the result. S5(i.1 = 0.05521%.

Substituting the H20 parameters into equation (8) yields for T = 300 ± 1°K

S = 14.329±0.047 Fl, torr.

The linewidth parameter has been calculated as ; = 19.5 M 1-lz torr. on the assumption
of solely dipole dipole interactions by BENEDU’T and KAPLAN.11’A pressure-induced shift
of the transition frequency is predicted’20’24’and has been observed for the 3 3 inversion
line of NH7 as a violet shift with the ratio of ;‘/i° = 56(25>

Except for a small shift term, all parameters have been determined theoretically defining
the refraction (equation (2)) and the absorption (equation (3)) spectrum. In principle. ii does
not matter which one is chosen for an experimental check hut we preferred the refraction
spectrum because of the reasons, .summarized in Section 1.

2.2. Experimental principle

A differential measurement of the refractive index at two different frequencies. v and Cr,

contains only the resonance dispersion

An = n’(v) — n’(v) = — S , , (10)
(Av+O) ± ‘

if the reference frequency v,. is remote from the molecular resonance (n(v) n(v,.)). We
also assumed that the dispersion contribution of the wings of higher transitions of the
rotational spectrum involved’221 is negligible (small linewidths) which has been verified
for water vapor in the microwave region.’7’

A dual-mode transmission cavity as described by THOMPSON and VETTER°” was found
to be a very suitable detector for An. One mode resonates at v, v. and the other mode has
a perfect harmonic relationship.

S’/m. in , , ,. . . or 2. 3, 4 (11)

The principles of measuring microwave refraction of gases with high Q cavities arc
well established. With various refinements, it is possible to resolve absolutely refractive
index changes to better than 5 parts in 10 “!‘‘

The resonance i’ of the evacuated cavity is set, determining

As’ Av = i’s— i’ = const. (12)
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The experimental variable is the pressure p. If we introduce water vapor into the cavity.

the output of a differential refractometer records a pressure dispersion profile (equations

(5). (6), (7), (10) and (12))

AN(p) = An 106 = —S l0’.p ----- -

(13)
(Ave + p) + (;O

The dispersion AN is measured in parts per million (ppm). The shift of the cavity vacuum

resonance is which is the combined effect of a pressure—induced i’0—shift d°. and the

tuning of v due to the pressure—proportional non—dispersive refractive index (equation (4)):

= vo[+] 10-6 0.126 MHz torr at T = 30(LK. (14)

A comparison of a dispersion pressure profile with the more familiar frequency profile

is shown in Fig. I for normalized scales. The distance along the frequency scale between

the maximum and minimum dispersion is numerically equal to 2 . The maximum

dispersion, A:\5,occurs at the pressure

Pm = A(±;’—d:(, (15)

yieldmg (equation (130

10’
ANI,J. = ±

.,

and lbr the peak dispersion (Fig. 1)

AN1 = 2 A:Y35. (16)

The theoretical values of the strength and width predict a constant maximum dispersion

signal of ± 0.37 ppm.
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Further information obtainable from a pressure profile is the starting slope (Fig. 1).

p, p = 2[ 1 + 5/( ± y
—

)], (17)

which contains the wing response of all lines with pressures smaller than about p,’S.
The line center slope on the frequency scale is

,s(p) = . (18)
(,,. )_

The properties of the Lorentiian (equations (13) (18)) provide the criteria to he applied
to a measured pressure profile.

The connection with conventional absorption spectroscopy is given by the linear power
absorption coeflicient = 4m jj”(p), c. which yields at v0 (equations (3), (5), and (6))

4ir’ S
o= (19)

C. 7

3. EXPERIMENTAL TECHNIQUE

3.1. —1 ppai’atus

Technical details pertaining to the microwave dispersometer and its operation as a
quantitative spectrometer will be discussed in Ref. 1. A few points hear mentioning, how
ever. The schematic of the apparatus for the water vapor studies is shown in Fig. 2. The

differential refractive index AN(p) is measured with a refractometer setup° having one
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FIG. 2. Schematic of the microwave dispersometer. I. II. III represent equivalent circuitry used to
derive a phase signal as described in detail in Refs. 1 and 4.
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dual-mode cavity. The operation is based on the fact that harmonically related resonance

frequencies maintain that relationship exactly when the cavity is filled with a non-dispersive
i.tas, but the differential tuning balance is disturbed when the refractive indices behave
differently at the two frequencies.

The bimodal cylindrical cavity (length in ± 1, dia. 4.0 cm) resonated in the vicinity of
11 and 22 GH7. with the mode combination TE O1I7TE 322. The 1:2.029 ratio of the
resonances was corrected to the harmonic relationship m = 2( ± 1 x l(Y 8) by a small
center tuning stub that does not affect the TE 322 resonance (zero field position). The
relative transmission responses were equal with loaded Q values of Q1 = 1.25 x iO and
10 per cent transmission. Cross-coupling and interference between the two modes were
avoided. The temperature stability was 3 < 10/C. hut the differential stability between
the two modes wts better than lO8/C.

The lower mode was excited by an 11 GHz klystron modulated by a linear, periodic
sweep (5 kHz repetition) of sufficient amplitude to cover the transmission band ( 4 MHz).
Part of the klystron power was fed into a second harmonic generator exciting the higher
frequency mode.

The pulse trains obtained at the detectors at the output ports of the bimodal cavity are
treated in a phase meter with two identical channels, I and II. The principle of the phase
meter operation is described in Ref. 4. Only a very small part (< 1 per cent) around the peak
value of each cavity resonance response is used to derive a phase signal with reference to
the 5 kHz generator (starting of the sweep) and corresponding to tuning of that mode.
The detection scheme locks on to the peak value and is virtually unaffected by circuitry
instabilities.

The frequency was measured by a reference cavity with highly resolved and calibrated
tuning around i’/2. Its frequency was tuned to coincide with the lower mode of the bimodal
cavity. This was accomplished when a second phase meter (consisting of channel II and an
identical channel III. connected to the reference) read zero phase difference. The reference
was a sealed, temperature-compensated (3 x l08/C) cavity calibrated by the National
Bureau of Standards with a tuning range (v0/2) ± 7 MHz. The resolution was on the order
of 5 x i0, but could he improved to 5 x 10—8 by temperature-tuning the dual-mode
cavity and converting the temperature-time dependence to a frequency change (see Fig. 4).
The frequency standard also served to keep the klystron center frequency at the cavity
resonances. For measurements exceeding the tuning range. it was replaced by a commercial
frequency meter with a resolution of 5 >< 106.

The water vapor was pumped off highly pure and gas-free water contained in a glass
bulb. The pressure was controlled by an all-metal leak valve with a conductance variable
from 102 to 10 10 cm3/sec. A dual-stage rotary pump with an adsorption trap provided a
minimum pressure of 1 x iO torr in the system, which was checked for leaks with a
He-leak detector. Controlling the water vapor was difficult. The concentration of the
sample inside the cell changed because of adsorption and condensation on the walls.15
The area-to-volume ratio was kept as small as possible by bringing the cell, valves, and the
pressure sensor closely together and using large cross sections.

A capacitance manometer with two sensing heads from 10 to 102 torr monitored
the true pressure. The absolute calibration in the lower ranges was accomplished with a
McLeod gauge I I per cent error) and in the higher ranges with a quartz Bourdon gauge
0.2 per cent error) using argon.
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The resolving power of the differential refractometer, Q1. was measured in the 10
to l0 2

[orr pressure range and found to be larger than 125 000. 1) Effects of finite resolving

are a decrease in AN0 and an increase in
,0(2) They are of no concern hen

QR 2
(20)

[he Q—value of the gas resonance. Q1. at = 0.1 torr is 6200. Thus the finite resolving
power will have no influence on the experimental results.

As the cavity resonance frequency shifts under the influence of the gas, both the phase
and the amplitude of the signal transmitted through the cavity vary’. ‘[he change in the
transmitted peak amplitude is determined by the ratio of the loiided cavity Q value to the
interaction strength of the gas resonance, expressed b) the medium Q valu&2N

= ,, 1.3 x ion (21)

The phase detection is insensitie to the small changes in the amplitude of the transmitted
cavity’ response.

The noise level of the detection was AN 0.006 ppm (with an averaging time constant
of 0.1 sec at the output). equivalent to a minimum detectable absorption coeflicient of

5 x I 0 cm - (equations 16 and I ). The sensiti itv (sweep amplitude) was adjusted to
roughly ± 1 ppm0.5 V (full Y-axis deflection) and calibrated for each “run’ (see Section
3.2). The linear range of the phase detection was equivalent to a maximum output of

± 3(1 ppm, about twenty times larger than necessary.

3.2. Proccthu’c

The following procedure was adopted to record dispersion pressure profiles of water
vapor (equation (13)). First, the higher mode (TE 322) frequency v was set at the desired
deviation from the molecular resonance v0 . The next step was to carefully adjust the lower
mode (TE 011) frequency to a perfect harmonic ratio. ni = 2. The cavity spectrometer cell

was then pumped out for a considerable time (generally overnight) to remove adsorbed
water vapor. The dispersometer was calibrated in absolute dispcrsion. \‘ (ppm) using
the non-dispersi\e refractivity of dry argon. The phase change of either mode (I or 11) with
respect to the stable reference cavity (Ill) was measured in a two—ca’ it refi’actometer
operation.45 The argon pressure p corresponding to full I scale (AN) deflection is
converted to refractivity hv I Q)

99.50 p (torr) T(°K). ppm. (22)

A pressure “run’ with argon provided a method of checking the differential stability.
which depends. to first approximation upon how accurately in = 2 is tuned. Typically.
for P1 = 100 torr )N = 33.1 ppm) the differential output indicated ANU 0.015 ppm

which means that the differential stability was better than 1 :2200. All experiments were
conducted at a temperature of 27± InC. where water vapor saturates at 26.7± 1.5 torr.

When water vapor was admitted slowly (10—30 sec trace) to the cavity, one could either
measure the total refractivity (equation (2)) at i’ i’0 + Av and at v 2. or the dispersion
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(equation (13)) between these two frequencies (Figs. 3 and 4). More than 20 refraction and

200 calibrated dispersion pressure profiles for Av0 ±250 MHz were taken, each over a

pressure range lO to 20 torr. At v0/2 the validity of equation (4) was confirmed.

During the 10-month period of the measurements, particular care was taken to check
consistency. The data were recorded with increasing and decreasing pressure. Up to 1 torr,
there was no noticeable hysteresis effect (Fig. 3). The same trace was followed even when the
pressure decreased by wall adsorption, which was as high as 65 per cent in the 0.1 torr
range for a clean cavity. A series of test measurements were performed and excellent
reproducibility was found under different conditions (microwave power level at v, phase
meter balancing. forward and backward sweep, clipping level). The only severe effect was
the positive biasing of the data beyond 1 torr pressure. This pressure-linear effect was
caused by heavy condensation on the cavity walls and the high non-dispersive refractivity
(for p = 10 torr it follows from equation (4) that (n’0 — 1) = 56.5 ppm), both disturbing the
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Flu. 3. Two original .V I plots of pressure profiles, with the definition of the experimental para
meters and a listing of the actual values. The scale factors on the right side refer to the pressure

scale.
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FIG. 4. Original XI Y plot of pressure profiles for temperature-tuning ( 60 kHz C) through the
line center. The rate of change was about 100 Hz sec and each trace took 10 sec to record (Ar —

73kHz at 24.6 C. — 107 kHz at 27.6 Cl; p is listed in Table 1.

differential balance (equation (21)). The criterion for a correction was the symmetry of

Ninax to the baseline in respect to ± The amount of correction was on the order of

= (0.01 ± 0.005) p (torr). ppm (23)

which was cross-checked by the coordinate of p iTable 1).

4. RESULTS

The microwave dispersion spectrometer has the sensitivity and resolving power to
make accurate measurements of the shape. width, and shift of the water vapor line. A simple
method of line parameter measurements emerges from the Lorentzian shape function.
Our objectives were to examine the validity of equation (2) using pressure profiles (equation
(13)) over a wide range of vapor pressures at room temperature and to determine the two
molecular (V0. S°) and the two interaction (i°. a°) parameters.
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The microwave power level at the cavity input port (20 pW at v) was sufficiently low
so that power saturation was avoided down to at least 10 2 torr. The linewidth caused by
wall collisions was calculated to be 8 kHz, which is negligible, as is the Doppler width of
33 kHz.

4.1. Alaxiniuni dispersion

After analyzing the pressure profiles (Figs. 3 and 4), we plotted the envelope of the
maximum dispersion versus the frequency setting as shown in Fig. 5. These absolute

FREQUENCY I&I

FIG. 5. The maximum dispersion INU, (o(I as a function of the frequency setting, The solid
lines are calculated with equation (25).

intensity data proved to be the most reliable of all the data. The calibration according to
equation (22) was accomplished with an accuracy of better than ±0.01 ppm. The asymptotic
value of AN,,,ax = ± 0.39 ppm, approached for AvJ 35 MHz and p 2 torr is in close
agreement with the theoretical values (equation (16)). The increase Of ANjnax closer to the
line center was the first indication that the shape function and/or the line parameters were
changing with decreasing pressure.

4.2. Data analysis

A straightforward and most critical test of the shape function consisted of the following
procedure. A large number of data points (about 3000) taken from pressure profiles at
55 frequencies (v0 ± 14 MHz) were fitted to a Lorentzian (equation (10)), using the method
of least squares. The parameters S. y, and a were calculated for 40 values of pressure
between i(Y3 and 1 torr, and a nonlinear pressure dependence for all three was obtained.
A Lorentzian line shape could not account for the detailed experimental data and the
inclusion of the Doppler effect and finite resolving power* based on the Voigt profile shape
function did not improve the results.
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* The finite linewidth to he resolved was 90 kHz as compared with the Doppler width of 33 kflz.
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In a less comprehensive, more conventional analysis we used the relationship between
the frequency setting Av and the pressure coordinate p, of the maximum dispersion. The
coordinates of the dispersion maxima in the pressure range p,,, + 47 to 840 mtorr* (96
points) could be fitted to equation (15). A least square computer program determined the

slope of each Av branch and all pertinent error information. The result is for

+Av :°— = 19.50 MHz’torr. and for
(24)

—Av :;‘+O, = —16.48 MHz torr.

The RMS-deviation from the fitted straight line was 0.015 MHz. Experimental points

arc plotted in Fig. 6. There is no doubt that the locus of the maximum dispersion (assumed
to be representative of the linewidth) varies exactly as the first power of pressure between
(1.1 and 1 torr. From the constant maximum dispersion (Fig. 5). the pressure range can be
extended to about 13 torr with less certainty, because of the mistuning corrections (equation

(23)).

0.8 I

— —

-

FREQUENCY &‘ MHz

Fir;. 6. The pressuie-linear Lorentziani relationship between the frequency setting,\r and the
pressure coordinate at maximum dispersion. p,

4.3. Transition Irequciici’

The transition frequency was defined by the first pressure profile that did not show a
zero-crossing when the decreasing frequency v slowly passed over the line center (Fig. 41.
The frequency at p = I mtorr was found to he v0 22,235.15 ±0.01 MHz (Table 2).

4.4. SIn/

An apparent shift of v0 to higher frequencies of d = — 1.51 MHz. torr follows from
equation (24) and was confirmed by the independent information of zero-crossings (pa)
of the pressure profiles for the (+ Av)-part (Figs. 3 and 4). The average of these results, which
are listed in Table I. agrees well with the value obtained from the locus of the maximum

* The upper limit was determined by the tuning limits of the highly stable frequency reference.
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(kHt)
()
4
7

13
‘-.1

4’)
55
73

,MHi)
0.342
1.304
5.773
6.694
9.404

2.5
4.5
65
8.5

15

50

to rr I
((.2 3
0.85

*4•4
*6.1

* Corrected for mistunine (equatIon (23)).

Tsni r 2. H,srr—sviuiu PARA\IF I LRS FOR SFLF—iIR0A1)liED WAl FR S AI’UR LIXFS

Transit ion Transition frequency Vapor pressure I inc width

0

Iviethod’ Tempiralure

MHz
5_—6 22320±150

22237±5
22235.17
22235
‘1

22235.15±11(11
(at I ,ntorr)

22— —2 183310.12±0.1
183 310
183 310

61117 Iorr
16.1 19.1
14.1 ±2±
16.5±5%
18.5
19.5
I 730) ± I

0.04-0.12 19.06±1%
1.05- 2 23—9%

18.7

C
A 45±1 11
A 45 $
S 2-i 9
E 24 10
Th 27 15
H 27±1 Ehis ssork

A 27
A 27
Tb 27

A- Absorption spectrum: S- Power—saturated absorption spectrum: E Emission spectrum : F)- Disper

sion spectrum Th- Theoretical calculation by’ Anderson’s Theory.

4.5. ITidili

Equation (261 y’telds a linewzdth parameter of O
= 17.99 MHz tori. A Synopsis of the

linewidth parameters reported for two rotational HO lines is given in Table 2. where the

width value of the 22 GHz line has been determined by Four different experimental methods.
Comparison of these data with the theoretical values1151 leads us to agree with RI:SK’S’ 12)

dispersion. The true line—shift parameter. is found by correcting for

tuning (equation (14)) to

= i). ----S4 = — I .3 MHz torr (violet shift).

1 slur. I. Piussvisr SilO is OBrA1NLO I 15051 tIR0—(ROSSi\GS ui A,V)p)

the refractive

PS

(rntorr)

= ‘1 Po

(NI Hz. lorr)

- 1.6
—-1.55
—1.54
—1.53
—1.46
—1.46
—1.49
— 1.46

—

(41)

—(.54
—1.52
—1.52
—1.54

— 1.515±0.05

torr
1-55 (+ Air)
0.103
0.029 0.2)19
0.04

0.1 20

12
13
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comments on the unreliability of previous absorption measurements. The “dispersion”—

width parameter is still X.5 per cent lower than theory predicts. a discrepancy about five

times that for the 13 GHz line, although both experiments claim a I per cent reliability.
For strong dipole dipole interactions and low energy transitions (22 GHz, perturbation
methods are not really appropriate. MIzusHIMA4modified ANDERS0N’S20 theory of

collision-broadening for the microwave region. hut results for the water vapor line are not
yet available. An indication of the magnitude of the intermolecular interaction is the

distinction between the effective collision diameter (13.6 A) as determined by our width
parameter. and the kinetic theory value (2.52 A)i20 The application of dispersion tech

niques to very accurate studies of foreign gas broadening is the subject ofa separate paper.27

/eJI392Hz/T

/
SRO5HZ

04 66 08

Pre’ssure p, Torr

FIG. 7. The Lorentiian line strength plotted against pressure.

4.6. SIrL’ngth

The advantages of refraction spectroscopy appeared clearly when we determined the
absolute strength value. Once ;.‘°. $°. and v0 were determined, their values were substituted
into the dispersion formula (equation (13)) and the strength as shown in Fig. 7 was calcu
lated (least squares fit) for the experimental AN-values (Fig. 5). The strength. S. was
found to he a linear function nfpre.sure above X4 mtorr, with an RMS deviation of 0.035 Hz
from the slope:

= 13.92 Hz’torr.

At zero pressure. however, the strength displays a positive intercept. SR 0.58 Hz. When
this result with equation (15) is substituted into equation (10). we obtain

iO’ +“°—

ANT,IX = [s+SR.
(_‘

te)]
(25)

This formula gives the solid lines shown in Fig. 5. The residual strength provides further
evidence of anomalies below 0.1 torr.
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The agreement between the experimental strength parameter and the value obtained
from equation (8) is good (S7S. = 0.972). contrary to the results obtained for much
stronger infrared lines.t’4)The polynomial interpolation of the transition strength used for
this calculation also gives the best agreement with recent Stark measurements.t2

We might point out that the “residual” strength R merely collects the deviations from a
pressure-linear Lorentzian shape. Applying CHAMEERLAIN5’5t25)method to our data at
pressures 10_i to iO torr resulted in a pressure-linear integrated absorption strength
which yielded an equivalent Lorentzian strength parameter, S = 14.335 Hz/torr. Whether

the deviation from a Lorentzian line shape is due to a molecular effect or caused by the

dispersometer will be investigated in Part II. to be published at a later date.

2.2

.Z_.

I04

it .,v’a

—-
— Lnrentz Wing

Response

2 0 100 000
Frequency IAVcI,MHZ

01 0
Approximate Line Pressure pl5y’), Torr

Fin. 8. The wing response, p0,, p.,.

4.7. lYing response

As previously stated, refraction spectroscopy provides reliable data on dispersion
behavior in the wings of the molecular resonance. The criterion of equation (17) should
be valid and yields the following values (equation (24)):

+Ai’ :pjp5 = 1.845
(26)

—Ar :pm/p5 = 2.183. —

As Fig. 8 shows, with decreasing pressure the dispersion in the wings becomes smaller
than the corresponding Lorentzian value. The intensity distribution of the lines shows
enhancement at the line center. The pressure range of the departure from the Lorentzian
prediction agrees with the occurrence of anomalies in the maximum dispersion envelope
(Fig. 5). The scattering of the data is caused by the graphical determination of the ratio,
p,/p5 (Fig. 3).

4.8. Center slope

The center slopes of five frequency profiles (0.1/0.2/0.5/1/2 torfl plotted on the basis
of the experimental data were compared with equation (18). The value of the slope parameter
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was graphically determined as 0.044 torr ppm ‘MHz (Table 3), further demonstrating the
consistency of the “dispersion” strength and width.

4.9. Su,mnarv

The experimental results are summarized in Table 3. The peak dispersion L\f\0 (equation
(16)) and the absorption coefficient (equation (19)). were calculated from the experimental
parameters. The four Lorentzian parameters were obtained from a large number of reliable
and reproducible data points. These parameters represent the pure collision-broadening
contribution, hut they will not reproduce the dispersion profiles measured in any pressure

TAttLE 3. ExpikisIrNi AL LOREN1 ZiA\ 22 GHz H20 LiNE i’ARASii irkS AF 27”C

(I) Valid in the pressure range 2 13 torr5

Pressure
Parameter dependence SmhoI Value Uncertainty Units

Peak dispersion None AN0 0.774 ±0.0151 ppm
Line strength None S 13.02 ±2%l Hz torr

0.0351:
Linear power absorption None 7.212x 10 ±2%* cm

coetbejent
Wing response None p,, p, at —L\r 2.18 ±5%

p,,, p, at +Ar 1.85 +5% 1

II) Valid in the pressure range (1.1 —13 torr (Line Center)

Half-width = 7°p 17.99 ± 1 % MHz torr
0.1)151:

Pressure shiftl = ) p — 1.38 0.0151: MHz torr
Line center slope s = .s p a0 0044 ± 5% torr ppm NI Hz

* The highest pressure. p,,,. where AN,,,,, was measured ‘a as determined by tuning limitations (AL 250 VI Hz(.
t Corrected for the refractive tuning (- 0.126 NI Hz’torr).

Standard deviation from pressure linearity.
§ Standard deviation (data scattering and calibration errors).

Graphical solution.

region. However, the discrepancy decreases with increasing pressure above 0.1 torr,
when a residual strength, SR, is added to the pressure linear term, S° p. Only above 2 torr
does the Lorentzian shape function account for the detailed structure of the pressure-
broadened water vapor line, but down to 0.1 torr the half-power point (peak dispersion)
remains pressure proportional.

.4 knotrledieineni The authors wish to thank NI J . VETTER who designed and constructed the bimodal cavity
and the electronic circuitry, and M S. JOHNSON who helped to set up the experiment.
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