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Broad line millimeter-wave resonator spectroscopy is shown to have high sensitivity and fast and broad frequency scanni
possibilities. Methods of absolute measurement of separate line, sample, and resonator losses are demonstrated and discu
The primary radiation source (BWO) frequency is controlled digitally with minimal steps of a few hertz and switching time
of 200 ns. An open Fabry–Perot resonator with a quality factor of;600 000 is used. A resonance-width measurement accuracy
of 20 Hz is reached which corresponds to an absorption coefficient sensitivity limit of;4 3 1029 cm21 (0.0018 dB/km).In
situ open atmosphere spectra records at 44–98 and 113–200 GHz are obtained in one experiment each. Lines of atmosph
oxygen and atmospheric water are observed. The water line at 183 GHz fits the Van Vleck–Weisskopf shape up to 2
half-widths from the line center within experimental accuracy. The dry-air broadening parameter for this water line is define
as 3.985(40) MHz/Torr. Atmosphere absorption in a 140-GHz window is measured. Results from other authors are compare
Possible applications of the modern broad line millimeter-wave resonator spectroscopy including real-time monitoring o
open-air atmosphere and technological processes and measurement of absorption in thin dielectric films and conduct
surfaces and metals are discussed.© 2000 Academic Press

Key Words: resonator spectroscopy; precise millimeter-wave measurements; digital fast frequency scan; atmosphe
absorption lines.
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Resonator or cavity spectroscopy is one of the main d
tions of progress of microwave spectroscopy (1). Resonato
spectrometers were divided by Townes into two main cla
in the 1950s depending on the absorption linewidth in rela
to the cavity resonance width: (i) the line is narrower than
cavity resonance and (ii) the line is much broader. The
case includes high-resolution spectroscopy but the secon
covers high-pressure-broadened and atmospheric spectra
as well as absolute measurement of radiation absorption a
fixed frequency. The first class was then extensively devel
and the number of spectrometers reached an absorption
ficient sensitivity close to the theoretical limit. The followi
examples can be pointed out: submillimeter-wave radio-ac
tical spectrometry with a quasi-optical Fabry–Perot cavity
cell (2), where the resonator served as a high-quality multi
cell, increasing the sensitivity of the device up to 33 10211

cm21; millimeter-wave orotron-based spectrometry (3), where
the gas sample was placed inside the orotron’s resonator
gas absorption was included into feedback of generated
ation by analogy with laser intracavity spectrometers (achi
sensitivity was about 33 10210 cm21); millimeter-wave spec
trometry with a highest quality Fabry–Perot cavity of which
resonance width was even narrower than a Doppler-broad
spectral line (4), which scanned the eigenfrequency of
resonator synchronously with the frequency of radiation so
over the spectral line range to achieve a sensitivity of 33 10210

cm21.
Our paper deals with spectrometers of the second c
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ones; nevertheless as best examples the setup of Liebeet al.(5)
was used for the study of millimeter-wave radiation absorp
in the Earth’s atmosphere, and the spectrometer describ
the work (6) serving for 183-GHz water-line pressure-bro
ening investigations can be named. Absorption coefficient
sitivity in both of these apparatus was about 1028 cm21. Al-
though expressed in the same units, the sensitivity of this
device means minimal observable absorption or its variati
comparison with the absorption coefficient of the mini
observable spectral line (which is, in fact, also an observ
of absorption variation over the line profile) in a first-cl
spectrometer.

Sample absorption measurement by this branch of reso
spectroscopy consists after all in comparison of the qu
factors of the empty and loaded resonator. The resonator
ity factor Q is defined as the ratio of the frequency of
resonancef 0 to the width of the resonance (FWHM)Df. The
sensitivity of resonator spectroscopy increases with an inc
in the resonator quality factor and an increase in the reson
width measurement accuracy.

A combination of the Fabry–Perot resonator withQ ;
600 000 and fast precisely controlled and powerful eno
broadband backward wave oscillator (BWO)-based syn
sized radiation source permitted us to get the broadest s
ever observed by means of broad line resonator spectro
and to obtain an absorption coefficient sensitivity significa
exceeding that previously known. The achieved sensit
allowed us to develop methods of separation of (i) reson
0022-2852/00 $35.00
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108 KRUPNOV ET AL.
absorption in spectral lines, (ii) nonresonance absorption
sample filling the resonator, and (iii) the resonator losse
three without removing the sample from the resonator.

Our first communications concerning development of
class of spectrometers were in (7, 8).

The general aim of the present work is to approach by b
ine resonator spectroscopy the sensitivity, convenience,
ute absorption measurement, and broad scanning possib
f common microwave spectroscopy, but at much higher
ures, in a real-time regime, and in as high a frequency r
s possible. This would permit us to extend the possibilitie
icrowave spectroscopy. In this paper we describe observ
f the molecular spectra by microwave methods in open a
pherein situ. Extension to atmospheric pressure and to o

atmosphere gives a method of microwave monitoring of a
sphere (or other gas mixtures) constituents which is of s
tific as well as of applied importance. Possibilities and
spectives of modern resonator microwave spectroscop
broad lines as well as some new directions opened for st
and applications are discussed.

II. APPARATUS

The block diagram of the apparatus is presented in Fi
The Fabry–Perot resonator used the fundamentalTEM(00q)
mode, whereq is the longitudinal mode number, i.e.,
number of half-wavelengths between mirrors. The quality
tor of a Fabry–Perot resonator having length 25–42 cm, s
ical silver–plated mirrors 12 cm in diameter and 24 cm
curvature radius, coupled with source and detector by 6mm

eflon film placed at 45° to the resonator axis, was define

FIG. 1. Block diagram of the experimental setup of the resonator
controlled by PLL including slow MW and fast RF reference synthesizers
the resonator is Schottky diode. Control of synthesizers, data acquisitio
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unavoidable reflection losses (silver is the best reflecting
terial in the millimeter-wave range). The approach to
construction of high quality-factor Fabry–Perot resonato
outlined in (7), where contributions of various components
losses in a properly constructed resonator with highQ factor
are analyzed.

There are several sources of radiation losses in the reso
As is known, the width of the resonance can be written a

Df 5
cPtotal

2pL
, [1]

wherec is the velocity of light in a substance,L is the resonato
ength, andPtotal are total relative losses of radiation ene
during one traversal of the resonator. The lengthL is defined in
our case as

L 5
l

2 Sq 1
1

p
arccosS1 2

L

RD 2
l

4p 2RD , [2]

wherel is the wavelength in the substance,R is the mirrors
radius of curvature, andq is the number of half-wavelengt

etween mirrors (9).
Total losses in the Fabry–Perot cavityPtotal consist of

Ptotal 5 Preflection1 Pcoupling1 Pdiffraction 1 Patmosphere [3]

and one needs some additional procedure to separate the
to be measured. Expressions for all the losses are known
more or less accuracy: losses in the atmosphere filling

imeter-wave spectrometer. Radiation source is BWO, the frequency o
e sensor is a highQ Fabry–Perot resonator. Detector of the radiation passed th

and processing are performed by computer.
mill
. Th
n,
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resonator can be calculated using the program described in (10)
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109MODERN RESONATOR SPECTROSCOPY
nd its updates (5, 11); diffraction losses can be calculated
fraction of total energy accumulated inside the reson

hich is cut by the resonator mirrors’ aperture and can be
uch smaller than all other losses; coupling losses ca

alculated from (12) and coupling film parameters; reflect
osses can be calculated from dc conductivity of bulk s
sing expressions given, e.g., in (13).1

The synthesized frequency radiation source employ a b
ward wave oscillator (BWO) (15) which was stabilized by

hase lock-in loop (PLL) with the use in this case of
eference synthesizers: one microwave (MW) synthe
8–12 GHz) defining the central frequency of the BWO
escribed in (16), and one fast radiofrequency (RF) synthes
20–40 MHz) for precision fast scanning of the BWO
uency around the chosen central frequency. The rad
uency synthesizer provides frequency scanning without
f the phase of oscillations (without phase jumps). Both

hesizers are computer-controlled. As a result, the BWO
uency was defined as

fBWO 5 n z fMW 2 10 z fRF,

where n varied from 4 to 20, and a factor of 10 beforefRF

appears because phase detection was done at 10 tim
digitally divided intermediate frequency (IF), which was 3
MHz. The main source of error in measurement of the r
nance width is the drift of the central frequency of resona
during the time of measurement. To minimize this error
has to measure the resonance curve as fast as physical
sible. Response time of the resonator itself wast ; 1/pDf ;
2 ms. For precision measurement the observation time sh
be increased, say, 10 times, i.e., up to$20 ms. Microwave an
millimeter-wave synthesizers commonly used for spectros
employ indirect frequency synthesis and so have;(10–50) ms
switching time, thus preventing fast scanning of the reson
curve. A fast direct radiofrequency synthesizer with switch
time ;200 ns and time between switching 58ms was used i
this work as a source of a reference signal for the p
detector in the lock-in loop. Thus precision and fast scan
of the BWO radiation frequency within;200 MHz around th
entral frequency defined by the microwave frequency sy
izer were attained. Scanning without loss of phase permi
hysical limits of the resonance observation time to be
roached and reduces the source phase noise. The p

hrough resonator radiation was received then by a low-ba
chottky diode detector. The precision frequency control,
al acquisition, and processing were done by computer,
hown in Fig. 1 and will be explained below. Results of e
can were recorded and processed separately.

1 We used silver conductivity value from (14). Calculated reflection loss
differ from experimental ones less than by 10% (7). It is worth noting tha
values of conductivity themselves differ in different handbooks.
Copyright © 2000 by
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odule containing an RF synthesizer and a data acqui
ystem. For minimization of ground-to-ground statics the m
le was connected with the PC by an optically coupled in

ace. The core of the module is a microprocessor with ext
emory. The RF synthesizer is based on direct digital sy

izer (DDS) microcircuit AD9850 (Analog Devices Inc.) an
ble to generate a harmonic signal in the 20–40 MHz r
ith 0.03 Hz discreteness and without phase jumps a
witching. Data acquisition (digitizing of preamplified detec
ignal) is done by 12-digits ADC. Data are stored in d
emory. A microprocessor controls the frequency of the

hesizer and synchronizes the data-acquisition process wi
requency steps. The microprocessor receives the param
f the synthesizer frequency tuning from the PC: sta

requency, value of the frequency step, time of the next
uency step, number of points, frequency change law,
umber of scans. Time between frequency changes was c

or our purpose as 60ms per point. The frequency was chan
by a triangle law, meaning forward and backward scan.
maximum number of points per scan was 512. In each
quency point, the microprocessor collected data several
from the ADC, averaged the obtained results, and pu
average into data memory. In such a way 32 of the 512
triangle scans may be put into local memory. The numb
scans which could be put into local memory increased pro
tionally by reducing the number of points per scan. So
process of registration of 32 scans with 512 points per
took 0.98 s. After the ordered number of scans were reco
into local memory, the data were transferred to PC for fur
processing.

The processing consisted of a least-squares fitting o
results of each scan to Lorentzian with added linear2 and
constant terms representing effects of interference in the
in the vicinity of resonance, level of noise on the detector,
bias voltage of amplifier:

F~ f ! 5
1

~Df/ 2! 2 1 ~ f 2 f0!
2 z ~ A 1 B~ f 2 f0!! 1 C.

As a result of the fit, the width of the resonanceDf and the
position of the centerf 0 are obtained. Time necessary for
fitting of one scan depends primarily on the scan size and
of the PC processor. With aP120 processor and a 1024-po
scan, this time varies from a split second to several sec
depending on the noise level. This time is defined for
single scan without using the results of the processing o
previous scan. The next scan processing time can be redu
some tens of milliseconds by use of the previous scan pro
ing result as initial fitting parameters. It is clear that so
nonphysical time losses can be reduced, e.g., just by the c
of the processor.

2 Practice showed no necessity in quadratic term.
Academic Press
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III. EXPERIMENT

1. Measurement of Resonance Width

The basic procedure in resonator spectroscopy is to me
the width of the resonance. The experimentally observed
onant curve of the Fabry–Perot resonator at 85 GHz is
sented in Fig. 2 as an example. The curve is a combinati
500 scans with a duration of 30 ms each, i.e., correspond
the summary averaging time 15 s. Each fast scan was
cessed separately, then resonant curves were combined s
centers coincided, and so the averaged curve in Fig. 2
obtained. The residual of the fit, shown in the lower part o
figure, indicates the adequacy of the fitting model. The
creased noise on the line slopes corresponds to transform
of phase noise of radiation into amplitude noise. The widt
the resonance (FWHM) was defined then asDf 5
164 728(20) Hz. Ofcourse, to obtain only the averaged va
of the width one can just average the values of the w
obtained by processing each scan.

In Fig. 3 the inside story of obtaining the resonator w
value by averaging single scan processing results is sh
The width is plotted vs number of averaged measurements
curves depict results of only forward (F) and only backwar
(B) frequency scans; the thick curve depicts the mean val
these two. Every point corresponds to 20 times the aver
value of width obtained from processing 30-ms duration si
scans. Dependencies of curves in Fig. 3 show not only
effect of measurement accuracy increase with data accu
tion, after 340 averaging the mean value of back and
scans varies within 10 Hz, but also the significance of the
frequency scan introduced by us for faster obtainment o
data as well as for lessening of the measurement errors a

FIG. 2. Resonance curve of Fabry–Perot resonator record (500 ce
scans). Residual of the fit to the Lorentzian curve multiplied by 10
presented below. Measured width of the resonance (FWHM) at the freq
85.139 GHz is equal toDf 5 164 728(20) Hz.
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width values measured with opposite directions of the
reach 400 Hz due to the drift of the center frequency of
resonance during the time of the scan even for scans as
30 ms. Change from slower scans used earlier (e.g., 10 s7))
to the 30-ms scan is in some sense equivalent to the cha
modulation method (with 30-Hz modulation frequency) le
ing behind for the most part a flicker-type of drifts and per
bations.

The sensitivity in the terms of the absorption coeffic
defined from 20-Hz resonance width measurement acc
constitutes;4 3 1029 cm21 (or 1.83 1023 dB/km). It does no
differ very much from the sensitivity of common microwa
spectrometers.

2. Broadband Resonator Spectroscopy

Fast broadband frequency scanning by the microwave F
Perot resonator spectrometer of the class concerned c
achieved most conveniently without mechanical tuning o
resonator by just jumping the frequency of synthesizer
one longitudinal mode characterized by the indexq to its
neighborq 6 1, 2, 3, . . . depending on frequency increas
decrease. In our Fabry–Perot resonator the distances be
two consecutive longitudinal modes constitute about 0.5 G
which means that inside a waveguide band on the ord
50–100 GHz bandwidth one obtains about 100–200 frequ
points at which measurements can be made without mech
tuning. Such a number of experimental points is good en
for obtaining a good representation of the spectrum consid
width of the atmospheric lines. Of course, scanning slo
with smaller steps using mechanical Fabry–Perot tuning is
possible. There is also a way to increase the resonator le
thus making the spectrum of modes more dense; but this h
limitations.

FIG. 3. Convergence of measured width of the resonance curve of F
Perot resonator with the number of measurements. Results of forward
F) and backward (curve B) scans are presented separately, demon
existence of the fast drifts of the center resonance frequency even at sca
as short as 30 ms. Average of back and forth scans is shown (medium
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(a) 44–98 GHz band. The first spectrum of the atm
sphere studied by the described method was the oxygen
around 60 GHz. Preliminary studies were done in (8). Since
then, the experimental setup was somewhat improved a
new program presenting the improved version (11) of the

rogram described in (10) for calculating of atmosphere a
orption in millimeter-wave band was kindly sent to us by
. W. Rosenkranz. So we decided to repeat these me
ents.
The absorption spectrum of the laboratory atmosphere i

4–98 GHz frequency range at atmospheric pressure is
ented in Fig. 4. The spectrum includes an absorption ba
tmospheric oxygen produced by magnetodipole trans
etween fine structure rotational energy levels (see, e.g.,17)).
road scanning in this experiment was produced as desc
bove by jumping from one longitudinal mode to another.
ircles in Fig. 4 represent experimental points (after subtra
f calculated resonator losses); the solid line is the calcul
ccording to (11); the residual of the fit multiplied by 10
resented at the bottom.
The spreading of experimental points in the regime of

uency scanning exceeds the value of the sensitivity de
rom Fig. 2, obtained at one frequency point, becaus
umerous frequency dependencies in the apparatus.
ostly reflect interference in the radiation tract outside

esonator so the spreading can be considered as the
aseline and was reduced by placing isolators after the B
nd before the detector. Further reduction can be don
veraging (“smoothing”) the variations having in mind t

nterference pattern frequency dependence is “faster” tha
ne of the aforementioned sources of the losses. The “
adical” way of reducing these baseline variations would b
educe the coupling of the resonator with other parts o
etup, but this can be done only at the expense of the s
o-noise ratio. Nevertheless, the sensitivity demonstrated b

FIG. 4. The experimental spectrum of atmospheric air in 44–98
frequency range including oxygen absorption band around 60 GHz com
with calculations (11). Residual multiplied by 10 is shown below.
Copyright © 2000 by
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Let us briefly discuss the obtained result. First of all it sho

e noted that the comparison of our O2-band absorption e-
perimental data presented in (8) with a spectrum calculate
using the new program (11) gave beautiful results; we got

ractically noise-looking residuum. But the new record a
howed some divergence from the calculation which is cle
isible in the residual in Fig. 4. This leads us to the conclu
hat the model accepted in (10, 5, 11) and widely used i
ractical calculations of absorption describes the 60-GHz
f atmospheric oxygen well to the; 62% estimated calcul

ion uncertainty done in (5), but more accurate modern exp
ment shows within the limits mentioned some regular de
ions, the origin and conditions of the appearance of whic
nknown at the moment. More detailed analysis of this
ut of the scope of the present paper and will be done
here.

(b) 113–200 GHz band.The next absorption spectrum
aboratory atmosphere filling the Fabry–Perot resonator
aken in the 113–200 GHz frequency range also in the for

set of resonance widths of consecutive longitudinal m
earing information about total relative energy losses in
esonator in accordance with Eq. [1]. The calculated reso
osses have been subtracted from the experimentally d

ined total losses to obtain the atmospheric contribution,
he previous experiment. The resulting dependence of a
phere absorption vs frequency is presented in Fig. 5 by ci
A line of oxygen at 118 750 MHz and a line of water

83 310 MHz are visible in the record. Omitting the analys
he weak oxygen line, we concentrated on the opportuni
nvestigate a relatively isolated single water line. Part of

FIG. 5. Experimental 113–200 GHz scan of the spectrum of the
atmosphere inside Fabry–Perot resonator including atmosphere oxygen2 118

Hz and water H2O 183 GHz absorption lines. Resonator losses are-
racted. Solid line, fitted to the experiment Van Vleck–Weisskopf profile
ddition of constant, linear, and quadratic with frequency terms. Resid

he fit multiplied by 10 is presented below.

z
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spectrum in Fig. 5 was fitted to the Van Vleck–Weisskopf
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TABLE 1
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lineshape given, e.g., in (1) with the addition of constan
linear, and quadratic frequency terms to account for pos
inaccuracy of calculated resonator losses, nonresonanc
sorption of the filling resonator air, and the wings of str
higher frequency water lines. The resulting calculated func
is shown in Fig. 5 by a solid line. Multiplied by 10, the resid
of the fit in the range of fitting (125–200 GHz) is presente
the lower part of the figure.

Not considering at the moment the physical significanc
another mentioned term obtained from the fit, let us analyz
spectral line obtained from the fit. An experimental line fi
the Van Vleck–Weisskopf shape over 20 half-widths from
center to the low-frequency side and six half-widths to
high-frequency side within experimental accuracy. A resi
of the fit presented in Fig. 5 shows no systematic devia
from the theoretically calculated lineshape. So a really g
looking line was extracted from all the rest of the absorpti

To study properties of the line obtained, it was of intere
compare values of integral absorption coefficients: one c
lated from parameters of water and partial pressure of wa
the atmosphere at the time of the experiment and an
obtained experimentally from measured magnitude of ab
tion and the spectral line width obtained from the fit.

The integral absorption coefficient for relatively narr
lines (Dn ! n0, which corresponds to our case) was defi

ccording to (1) as

8p 3Nf

3ckT
um ij u 2n 0

2 5 g~n0! z Dn,

wheren0 is the line center frequency,g(n0) is the absorptio
per unit length at the line center frequency (maximal abs
tion coefficient),Dn is the line half-width,um ij u is the matrix
element of the molecule dipole moment for the given tra
tion, T is the absolute temperature,k is the Boltzmann con
stant,c is the velocity of light,f is the fraction of the molecule
in the lower two states of the transition, andN is the number o

olecules per unit volume.
Integral absorption coefficient atT 5 292.8(1)K, humidity

.87(19) g/m3, and pressure 759.1(5) mmHg (experime
atmosphere conditions) for the 331 4 220 line of H2

16O mole-
ule was calculated using expressions forf and um ij u from (1)

and values of rotational constants, dipole moment, and
transition lower level energy from the JPL data base3 (18) as

.513(50)3 105 cm21 Hz. (The uncertainty is mostly defin
by our air-humidity measurement error.)

On the other hand, from the fit of our experimental data
found absorption at the center of the lineg(n0) 5 4.932(22)3
1025 cm21 and the line half-widthDn 5 3.131(21)3 109 Hz.
Thus the experimental value of the integral absorption co
cient was obtained as 1.545(17)3 105 cm21 Hz.

3 http://spec.jpl.nasa.gov.
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Comparison shows excellent coincidence (better than
between measured (from the line profile obtained from th
and calculated (for a given quantity of water in atmosph
values of integral intensity. This leads one to the conclu
that the line obtained from the fit of our experiment re
corresponds to the line studied and correctly reproduce
main features. The procedure of extraction of the line pa
eters at atmospheric pressure was found in fact to be equi
to the one in common microwave spectroscopy when
experimental profile is fitted, assuming the presence o
known baseline.

The coincidence of calculated and measured integral i
sities justifies the use of this convenient and precise metho
measurement of integral intensity of spectral lines of o
molecules at near-atmospheric pressures and also giv
absolute measure of air humidity just from parameters o
line obtained from the fit, which is important for the appli
tions of the apparatus.

At the next step it was interesting to get from our experim
the water-line dry-air broadening parameter (Dn b

dry air), which
could be found from the formula

Dn 5 Dn b
dry air z ~Patm 2 Pwater! 1 Dn b

water z Pwater,

where Dn is the line half-width obtained from the observ
profile fit; Patm is the atmospheric pressure at the time of
experiment;Pwater is the partial pressure of water vapor in
atmosphere, which can be calculated from measured a
midity; andDn b

water is the broadening parameter of the line
pure water vapor, which was measured by us earlier (19) as
21.69(45) MHz/Torr.

The resulting value of air broadening is presented in Ta
together with the values obtained by some other authors20–

4)4 being somewhere in the middle of measured values
having better estimated accuracy.

4 Compilation of air-broadening parameters for water lines can be fou
he review (20).

Measured Air Broadening Parameters
for 183-GHz Water Line
A
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GHz band containing a 118 GHz oxygen line and a 183
water line, as far as we know, is the broadest spectrum r
ever made by such a class of resonator spectroscopy i
experiment. Thus in scanning possibilities the modern res
tor spectroscopy of broad lines also is not behind com
microwave spectroscopy.

3. Measurement of Gas Sample Absorption and Resona
Losses at One Fixed Frequency

We describe here the method of separation of the reso
and sample losses. As far as we know, this variant of mea
ments was not used earlier because the accuracy of the
nance width measurements was less than ours.

The separation of the sample and resonator losses c
achieved in this case because each of three first terms
expression for the total losses [3] remains constant at
fixed frequency (and can be denoted together asPresonator), but
the last term representing sample absorption depends o
distance between mirrors and can be rewritten in terms o
sample spectral absorption coefficientg as

Patmosphere5 1 2 e2gL.

Considering the small optical depth case5 (gL ! 1), the
expression for resonator width as a function of the reso
length derived from [1] can be simplified to

Df 5
c

2p SPresonator

L
1 gD , [4]

which demonstrates that resonator losses and sample a
tion can be considered as two independent parameters
can be unambiguously determined. There are two ways
this: (i) to measure the function values at two different va
of argumentL and solve the system of two equations [4], or
o experimentally obtain the function values over some r
f arguments and fit the function parameters to get the
greement. The first looks simpler and is preferable for p

ical applications of the settled apparatus but the seco
ore transparent for study of the method itself.
Figure 6 presents experimental dependence of reso

urve width vs resonator length at the same fixed reson
requency. The resonator length is expressed through the
er q of half-wavelengths between mirrors. Although o
very third mode was studied, it can be seen from Fig. 6
ur high sensitivity permitted the accurate measureme
hange in the width of the resonance when the length o
esonator was changed just by one-half wavelength, i.e.,q by
. The measurements were done by moving one of the

5 It really corresponds to our case but is not principal since the acc
xpression can be used in the fit as well.
Copyright © 2000 by
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ator mirrors from one resonance to another, keeping
entral frequency of scan constant. Circles represent ex
ental points; the solid line is the width function calculate
ccordance with Eqs. [1]–[3] and is fitted to the experimen
ariation of losses. The residual of the fit multiplied by 1
lso shown. Values of the resonator losses and a sa
bsorption coefficient (atmosphere absorption) determ

rom the fit arePresonator5 123.14(18)3 1025 relative losses o
radiation energy during one traversal of the resonator andg 5
9.904(53)3 1027 cm21 (0.4301(27) dB/km) at the experime-
al frequency of 140 286 MHz.

Our experimental value of atmospheric absorption coinc
ell with the value 0.443 dB/km calculated by the semi
irical program (11) for the same atmospheric conditions. T
btained value of resonator losses was used for the corre
f calculated losses in obtaining experimental dependen
ig. 5.
In fact, the described method of atmospheric absorption

esonator loss measurement is a modification of the kn
ethod of path length variation often used in field propaga
easurements, which became available in the present
ith an increase in the accuracy of resonance width mea
ents. As it seems, this method is the best for this cla

esonator spectroscopy because it can be used with a min
f assumptions, so a minimum of systematic errors ma
xpected. Since the method does not require removal o
ample from the resonator, it has the advantage of sm
erturbation of the experimental conditions (no need to p
as out, no need to wait for equilibrium to be restored, e
At the completion of the experimental section it is wo

oting that for investigations of atmosphere losses of radia
he combined use of both methods described above perm
eparate definition of absorption in the resonator (reso
te

FIG. 6. The dependence of the resonance curve width vs the num
half-wavelengths between the mirrorsq at one fixed frequency 140.286 G
and result of its fitting to Eqs. [1]–[3]. Residual of the fit multiplied by 1
shown at the lower part of the figure. Defined from the presented depen
atmospheric losses are equal to 9.904(53)3 1027 cm21 (0.4301(27) dB/km)
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“extra” or “nonresonance” absorption in the moist air. T
study can be done very accurately because of the large re
of sensitivity to help solve the long-studied problem of
origin of this nonresonance absorption by obtaining its q
titative spectrum.

IV. DISCUSSION

Coming to the discussion of more general properties o
broadband resonator microwave spectroscopy of broad li
can be said that it successfully solves the problem which
limited maximal observable linewidth in the common mic
wave spectrometers. This is achieved in fact by change
amplitude measurements to frequency measurements,
surements of the widths of the “probe” resonance along
broad absorption line. Because width of the resonance is
in comparison with radiation tract interference variation p
ods, small changes of the amplitude in the vicinity of
resonance can be easily taken into account in the fitting
cedure, and the amplitude plays only the role of a “s
factor,” mostly defining the signal-to-noise ratio.6 However
he price of getting rid of the interference problem is ti
nstead of just one absorption-related amplitude measure
t one frequency, one has to make a number of measurem
he number should be large enough to restore the profile
esonance with desired accuracy and to define the absor
elated width of the resonance. Now, when the desc
esults permit saying that at the moment all the princ
onditions for all automation of such spectrometers have
et, it is interesting to discuss the physical time limitation

his type of spectroscopy. Total time necessary to obta
icture of the broad (covering waveguide band) spectrum

he aforementioned “nonmechanical” tuning is summed u
i) obtaining one point on the resonance curve of higQ
abry–Perot cavity, which demands by physical reasons

han 2 ms, say,.20 ms; (ii) obtaining one resonance cu
containing, say, 100 points in each of two (back and fo
scans, which then takes.4 ms; (iii) obtaining of;100 pairs o
uch scans covering all waveguide band, which can be do
400 ms; (iv) processing, which may increase this tim
ost severalfold. Thus a full waveguide band spectrum pi

an be obtained almost every second. As can be seen, th
ather generous estimate and the observation time ca
ignificantly reduced. Nevertheless, even this estimate m
n our opinion practically a real-time regime of, e.g., atm
pheric or technological processes monitoring. In the maj

6 By the way, the change from amplitude to frequency measurements
he method attractive for broad spectroscopic measurements with ra
ources which cannot continuously cover the frequency band, but rather
t “in patches” by separate small zones of oscillation corresponding t
ifferent modes as, e.g., in gyrotrons which reached now terahertz rang25),
ermitting the obtainment of unified absorption data independent on (diff
mplitudes of oscillations at different modes.
Copyright © 2000 by
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hole waveguide band but rather in the monitoring of one
e.g., humidity monitoring); then the scanning time shor
nd one can use time to average the signal and so impr

he sensitivity.
As can be seen, the apparatus described in this pape

onceived as a broadly multipurpose device able to w
utomatically in real time in open air (or other gas). Our p

or further development of the apparatus include improvem
f hardware (faster processor and interface, larger mem
ealization of fully computerized frequency control (in our c
WO, but at the next stage a solid-state radiation source)
ossibly change from a video detector to a superhetero
eceiver for further sensitivity increase.

Development of precision broadband resonator microw
pectroscopy of broad lines with the parameters desc
pens new possibilities in many fields of microwave spec
opy and applications. In atmospheric studies new possib
re open not only in lines studies, but also in the stud
onresonance absorption in the atmospheric transparenc
ows, in real-time dynamics of atmospheric process stu
atmospheric monitoring), in separation of the effects defi
he atmosphere radiation absorption, and in the study of
ependencies on parameters. The high speed of abso
easurements, high sensitivity, and measurement by vo
ive wide possibilities for use of the method for humid
easurement: direct measurement of low humidities in h
tmosphere from flying apparatus; real-time monitoring of
umidities in technological processes such as optical

abrication and work with dry materials, etc. Especially imp
ant to note is that sensitivity to low humidities can increas
urther orders of magnitude by passing to much stronger w
ines at higher frequencies.

Resonator spectroscopy in the variant described is univ
n the sense of studied objects: increase of sensitivity,
roadband scanning, etc., can be used for improvements
ltralow absorption studies in dielectric (including solid

iquid samples), metal surfaces, and other objects which
e of physical and/or technical interest.
Last it should be noted that the technique necessary fo

pparatus described above exists in the continuous band
erahertz frequencies (15, 16, 26–28), which gives the poss
ility of broad variations of the objects studied.

V. CONCLUSION

To conclude, let us sum up the most important technica
physical results obtained in this work. A microwave reson
spectrometer having the highest sensitivity at the mo
among this class of devices in the millimeter-wave band
been developed. A 90-GHz-long spectral record was obta
in one experiment, which is the broadest for such spectros
The record demonstrated that a profile of the 183-GHz w
line in the real atmosphere follows to the Van Vleck–We

es
ion
ers
e

t)
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kopf shape within 20 half-widths from the center of the line.
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The most accurate air-broadening parameter for this line
determined. A method of precise separate measureme
sample and resonator absorption at fixed frequency wi
removal of the sample from the resonator was found. With
use of this method direct measurement of atmosphere ab
tion at the 140 GHz “atmospheric window of transparen
was performed.
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