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Broad line millimeter-wave resonator spectroscopy is shown to have high sensitivity and fast and broad frequency scanning
possibilities. Methods of absolute measurement of separate line, sample, and resonator losses are demonstrated and discusse
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 facter@d0 000 is used. A resonance-width measurement accuracy
of 20 Hz is reached which corresponds to an absorption coefficient sensitivity limitot 10™° cm™ (0.0018 dB/km).n
situ open atmosphere spectra records at 44—-98 and 113—-200 GHz are obtained in one experiment each. Lines of atmospheric
oxygen and atmospheric water are observed. The water line at 183 GHz fits the Van Vleck—Weisskopf shape up to 20
half-widths from the line center within experimental accuracy. The dry-air broadening parameter for this water line is defined
as 3.985(40) MHz/Torr. Atmosphere absorption in a 140-GHz window is measured. Results from other authors are compared.
Possible applications of the modern broad line millimeter-wave resonator spectroscopy including real-time monitoring of
open-air atmosphere and technological processes and measurement of absorption in thin dielectric films and conducting
surfaces and metals are discussetooo Academic Press

Key Words:resonator spectroscopy; precise millimeter-wave measurements; digital fast frequency scan; atmosphere
absorption lines.

I. INTRODUCTION They have probably not been pushed as intensely as the fi

ones; nevertheless as best examples the setup of eieth45)
Resonator or cavity spectroscopy is one of the main diregas used for the study of millimeter-wave radiation absorptiol
tions of progress of microwave spectroscofly. (Resonator jn the Earth’s atmosphere, and the spectrometer described
spectrometers were divided by Townes into two main classgg work 6) serving for 183-GHz water-line pressure-broad-
in the 1950s depending on the absorption linewidth in relatiQtying investigations can be named. Absorption coefficient se

to the cavity resonance width: (i) the line is narrower than tr&ivity in both of these apparatus was about6m . Al-

cavity resonance and (i) the line is much broader. The firgl, gh expressed in the same units, the sensitivity of this cla

case includes high-resolution spectroscopy but the second Qagice means minimal observable absorption or its variation |

covers high-pressure-broadened and atr_no_sphenc sps_.\ctral I'&?rﬁparison with the absorption coefficient of the minimal
as well as absolute measurement of radiation absorption at

. ) . Wservable spectral line (which is, in fact, also an observatic
fixed frequency. The first class was then extensively developg absorption variation over the line profile) in a first-class

and the number of spectrometers reached an absorption-coef-
Spectrometer.

ficient sensitivity close to the theoretical limit. The following . .
. i - . Sample absorption measurement by this branch of resonat
examples can be pointed out: submillimeter-wave radio-acous-

tical spectrometry with a quasi-optical Fabry—Perot cavity g Bectroscopy consists after all in comparison of the quali

cell (2), where the resonator served as a high-quality multipa_gjé:torS of thg empt.y and loaded rgsonator. The resonator qu
cell, increasing the sensitivity of the device up tox310* ity factor Q is defined as the ratio of the frequency of the

cm; millimeter-wave orotron-based spectromet8y, (where resoqgr?céo to the width of the resonance (FWH,M)f' The
the gas sample was placed inside the orotron’s resonator so3fBSitivity of resonator spectroscopy increases with an increa
gas absorption was included into feedback of generated ra‘&ilhe resonator quality factor and an increase in the resonan
ation by analogy with laser intracavity spectrometers (achievi¢dth measurement accuracy.
sensitivity was about X 107*° cm™); millimeter-wave spec- A combination of the Fabry—Perot resonator with ~
trometry with a highest quality Fabry—Perot cavity of which th600 000 and fast precisely controlled and powerful enoug
resonance width was even narrower than a Doppler-broadefégadband backward wave oscillator (BWO)-based synthe
spectral line 4), which scanned the eigenfrequency of th&ized radiation source permitted us to get the broadest spec
resonator synchronously with the frequency of radiation soureger observed by means of broad line resonator spectrosco
over the spectral line range to achieve a sensitivity s B0 *° and to obtain an absorption coefficient sensitivity significantly
cm . exceeding that previously known. The achieved sensitivit
Our paper deals with spectrometers of the second claabowed us to develop methods of separation of (i) resonanc
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FIG. 1. Block diagram of the experimental setup of the resonator millimeter-wave spectrometer. Radiation source is BWO, the frequency of wit
controlled by PLL including slow MW and fast RF reference synthesizers. The sensor is@ Rajtry—Perot resonator. Detector of the radiation passed throuc
the resonator is Schottky diode. Control of synthesizers, data acquisition, and processing are performed by computer.

absorption in spectral lines, (ii) nonresonance absorption iruaavoidable reflection losses (silver is the best reflecting m
sample filling the resonator, and (iii) the resonator losses, #&dfial in the millimeter-wave range). The approach to the

three without removing the sample from the resonator. construction of high quality-factor Fabry—Perot resonators i
Our first communications concerning development of thisutlined in (7), where contributions of various components of
class of spectrometers were in, @). losses in a properly constructed resonator with Hyfactor

The general aim of the present work is to approach by broatk analyzed.
line resonator spectroscopy the sensitivity, convenience, absoThere are several sources of radiation losses in the resona
lute absorption measurement, and broad scanning possibilidesis known, the width of the resonance can be written as
of common microwave spectroscopy, but at much higher pres-
sures, in a real-time regime, and in as high a frequency range CPral
as possible. This would permit us to extend the possibilities of Af=o—1 (1]
microwave spectroscopy. In this paper we describe observation

of the molecular spectra by microwave methods in open atmMperec s the velocity of light in a substanck,is the resonator
spherein situ. Extension to atmospheric pressure and t0 0P§lhath andP,, are total relative losses of radiation energy

atmosphere gives a method of microwave monitoring of &M@y, ing one traversal of the resonator. The lerigth defined in
sphere (or other gas mixtures) constituents which is of scief|;; case as

tific as well as of applied importance. Possibilities and per-

spectives of modern resonator microwave spectroscopy of A 1 L A
broad lines as well as some new directions opened for studies L= 3 (q + = arcco€ 1— R) — 42R) 2]
and applications are discussed. ™ m

1. APPARATUS where is the wavelength in the substané®js the mirrors’

radius of curvature, and is the number of half-wavelengths
The block diagram of the apparatus is presented in Fig. aetween mirrorsq).

The Fabry—Perot resonator used the fundameRE\(00q) Total losses in the Fabry—Perot cavRy,. consist of
mode, whereq is the longitudinal mode number, i.e., the
number of half-wavelengths between mirrors. The quality fac- Piotal = Prefiectiont Pcoupting T Pifraction T Patmosphere  [3]

tor of a Fabry—Perot resonator having length 25—-42 cm, spher-

ical silver—plated mirrors 12 cm in diameter and 24 cm iand one needs some additional procedure to separate the los
curvature radius, coupled with source and detector yr6- to be measured. Expressions for all the losses are known wi
Teflon film placed at 45° to the resonator axis, was defined byore or less accuracy: losses in the atmosphere filling tt
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resonator can be calculated using the program describé@)in (  The automation system consisted of an IBM PC and
and its updatess( 11); diffraction losses can be calculated asnodule containing an RF synthesizer and a data acquisitic
a fraction of total energy accumulated inside the resonatystem. For minimization of ground-to-ground statics the moc
which is cut by the resonator mirrors’ aperture and can be donle was connected with the PC by an optically coupled intet
much smaller than all other losses; coupling losses can faee. The core of the module is a microprocessor with extern
calculated from 12) and coupling film parameters; reflectionrmemory. The RF synthesizer is based on direct digital synth
losses can be calculated from dc conductivity of bulk silvesizer (DDS) microcircuit AD9850 (Analog Devices Inc.) and is
using expressions given, e.g., ib3].! able to generate a harmonic signal in the 20—40 MHz ranc

The synthesized frequency radiation source employ a baekith 0.03 Hz discreteness and without phase jumps at tt
ward wave oscillator (BWO)1(5) which was stabilized by a switching. Data acquisition (digitizing of preamplified detector
phase lock-in loop (PLL) with the use in this case of twaignal) is done by 12-digits ADC. Data are stored in dat:
reference synthesizers: one microwave (MW) synthesizaemory. A microprocessor controls the frequency of the syr
(8—12 GHz) defining the central frequency of the BWO ahesizer and synchronizes the data-acquisition process with t
described in16), and one fast radiofrequency (RF) synthesizdérequency steps. The microprocessor receives the paramet
(20—-40 MHz) for precision fast scanning of the BWO freef the synthesizer frequency tuning from the PC: starting
quency around the chosen central frequency. The radioffeequency, value of the frequency step, time of the next fre
quency synthesizer provides frequency scanning without laggency step, number of points, frequency change law, ar
of the phase of oscillations (without phase jumps). Both synumber of scans. Time between frequency changes was cho:
thesizers are computer-controlled. As a result, the BWO frisr our purpose as 6[s per point. The frequency was changec

quency was defined as by a triangle law, meaning forward and backward scan. Th
maximum number of points per scan was 512. In each fre
fawo = N fyw — 10 frp quency point, the microprocessor collected data several tim

from the ADC, averaged the obtained results, and put th
average into data memory. In such a way 32 of the 512 poil

wheren varied from 4 to 20, and a factor of 10 befolg . .
. . triangle scans may be put into local memory. The number ¢
appears because phase detection was done at 10 times_the . . .
cans which could be put into local memory increased propo

digitally divided intermediate frequency (IF), which was 35Q. . .
. : ionally by reducing the number of points per scan. So th
MHz. The main source of error in measurement of the reso- : ! : .
o ) rocess of registration of 32 scans with 512 points per sce
nance width is the drift of the central frequency of resonan?e
: . Sl . ook 0.98 s. After the ordered number of scans were records
during the time of measurement. To minimize this error one
: Into local memory, the data were transferred to PC for furthe
has to measure the resonance curve as fast as physically pos- ="
. . : processing.
sible. Response time of the resonator itself was 1/7wAf ~ . : -
gy L The processing consisted of a least-squares fitting of tt
2 us. For precision measurement the observation time should . : .
: . . . results of each scan to Lorentzian with added liheamd
be increased, say, 10 times, i.e., upta0 us. Microwave and . ) .
- . constant terms representing effects of interference in the tre
millimeter-wave synthesizers commonly used for spectroscom/ L .
- . the vicinity of resonance, level of noise on the detector, an
employ indirect frequency synthesis and so hay@0-50) ms . e
NN : : bias voltage of amplifier:
switching time, thus preventing fast scanning of the resonance
curve. A fast direct radiofrequency synthesizer with switching
time ~200 ns and time between switching g8 was used in F(f) = .
this work as a source of a reference signal for the phase (Af/2)" + (f -
detector in the lock-in loop. Thus precision and fast scanning . .
of the BWO radiation frequency withir 200 MHz around the  AS a result of the fit, the width of the resonanseand the
central frequency defined by the microwave frequency synttiosition of the centef, are obtained. Time necessary for the
sizer were attained. Scanning without loss of phase permits {i{éing of one scan depends primarily on the scan size and ty
physical limits of the resonance observation time to be apf the PC processor. Withf120 processor and a 1024-point
proached and reduces the source phase noise. The passeaf, this time varies from a split second to several secon
through resonator radiation was received then by a low-barré@pending on the noise level. This time is defined for on
Schottky diode detector. The precision frequency control, sigingle scan without using the results of the processing of tt
nal acquisition, and processing were done by computer, afgvious scan. The next scan processing time can be reducec
shown in Fig. 1 and will be explained below. Results of eadg¥Pme tens of milliseconds by use of the previous scan proce:

scan were recorded and processed separately. ing result as initial fitting parameters. It is clear that some
nonphysical time losses can be reduced, e.g., just by the char
! We used silver conductivity value froni4). Calculated reflection losses Of the processor.
differ from experimental ones less than by 10%. (It is worth noting that
values of conductivity themselves differ in different handbooks. ? Practice showed no necessity in quadratic term.

fo)z-(A—F B(f—fy) + C.
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. from the resonance center frequency drift. Differences betwee
4 width values measured with opposite directions of the sca
reach 400 Hz due to the drift of the center frequency of th
resonance during the time of the scan even for scans as fast
30 ms. Change from slower scans used earlier (e.g., 1073)in (
. to the 30-ms scan is in some sense equivalent to the change
i modulation method (with 30-Hz modulation frequency) leav-
ing behind for the most part a flicker-type of drifts and pertur-
bations.

Vo =85.139 GHz The sensitivity in the terms of the absorption coefficien
o0 200 o 00 400 defined from 20-Hz resonance width measurement accura
constitutes~4 X 10~° cm™* (or 1.8 X 10~° dB/km). It does not

0.1F (Exp.-calc.)x 100 4
0 differ very much from the sensitivity of common microwave
spectrometers.
0.1 : : .

-400 -200 0 200 400
Frequency detuning [ kHz ]

[ arb.units |

Signal
o

2. Broadband Resonator Spectroscopy

FIG. 2. Resonance curve of Fabry—Perot resonator record (500 centered ) )
scans). Residual of the fit to the Lorentzian curve multiplied by 100 is Fast broadband frequency scanning by the microwave Fabr

presented below. Measured width of the resonance (FWHM) at the frequerg@rot resonator spectrometer of the class concerned can
85.139 GHz is equal taf = 164 728(20) Hz. achieved most conveniently without mechanical tuning of thi
resonator by just jumping the frequency of synthesizer fror
one longitudinal mode characterized by the indgxo its
neighborg = 1, 2, 3, ... depending on frequency increase o
1. Measurement of Resonance Width decrease. In our Fab_ry—I_Derot resonator t_he distances betwe
two consecutive longitudinal modes constitute about 0.5 GH:
The basic procedure in resonator spectroscopy is to measpffich means that inside a waveguide band on the order
the width of the resonance. The experimentally observed regy_—100 GHz bandwidth one obtains about 100—200 frequen
onant curve of the Fabry—Perot resonator at 85 GHz is pigyints at which measurements can be made without mechani
sented in Fig. 2 as an example. The curve is a combinationtghing. Such a number of experimental points is good enoug
500 scans with a duration of 30 ms each, i.e., correspondingfé® obtaining a good representation of the spectrum considerir
the summary averaging time 15 s. Each fast scan was piadth of the atmospheric lines. Of course, scanning slowe
cessed separately, then resonant curves were combined so g smaller steps using mechanical Fabry—Perot tuning is als
centers coincided, and so the averaged curve in Fig. 2 Wasssible. There is also a way to increase the resonator leng

obtained. The residual of the flt, shown in the lower part of thﬂus making the Spectrum of modes more dense; but this has
figure, indicates the adequacy of the fitting model. The ifimitations.

creased noise on the line slopes corresponds to transformation
of phase noise of radiation into amplitude noise. The width of

the resonance (FWHM) was defined then af = 148.8 v
164 728(20) Hz. Otourse, to obtain only the averaged value i
of the width one can just average the values of the widths

I11. EXPERIMENT

obtained by processing each scan. i 14861 1
In Fig. 3 the inside story of obtaining the resonator width £
value by averaging single scan processing results is shown. 2
The width is plotted vs number of averaged measurements: thin § -
curves depict results of only forward) and only backward g 1e4r
14

(B) frequency scans; the thick curve depicts the mean value of
these two. Every point corresponds to 20 times the averaged i
value of width obtained from processing 30-ms duration single 148.2 Pa— '1'00* —
scans. Dependencies of curves in Fig. 3 show not only the
effect of measurement accuracy increase with data accumula-
tion, after 340 averaging the mean value of back and forthFlG'3' Convergence of measured width of the resonance curve of Fabry

scans varies within 10 Hz. but also the sianificance of the f Pe[rot resonator with the number of measurements. Results of forward (cur
! 9 and backward (curve B) scans are presented separately, demonstrat

frequency scan introduced by us for faster obtainment of tB@stence of the fast drifts of the center resonance frequency even at scan tir
data as well as for lessening of the measurement errors arisieghort as 30 ms. Average of back and forth scans is shown (medium curv

Ll
400 500

P PRI SRS
200 300
Number of averaging
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BT T, T T T T T T T scan in Fig. 4 exceeds the sensitivity of other known analogol
apparatus.

Let us briefly discuss the obtained result. First of all it shoulc
be noted that the comparison of ous-Band absorption ex
perimental data presented iB)(with a spectrum calculated
using the new programl{) gave beautiful results; we got a
practically noise-looking residuum. But the new record agail
showed some divergence from the calculation which is clearl
P S S S S A visible in the residual in Fig. 4. This leads us to the conclusiol
that the model accepted irl@, 5, 13 and widely used in
practical calculations of absorption describes the 60-GHz bar
of atmospheric oxygen well to the +2% estimated calcula-

ool v T tion uncertainty done in5), but more accurate modern exper-

“40 50 60 70 80 90 iment shows within the limits mentioned some regular devia
Frequency  [GHz] tions, the origin and conditions of the appearance of which i

FIG. 4. The experimental spectrum of atmospheric air in 44-98 C;H'ﬂnknown at the moment. More detailed analySiS of this fall

frequency range including oxygen absorption band around 60 GHz compafdt Of the scope of the present paper and will be done els
with calculations 11). Residual multiplied by 10 is shown below. where.

TT T T 1T 1 T 1T FT T T T
1 S A

Absorption [dB/km]

(Exp. - calc.) x 10
0.2

0

T T T T 1T T 7
I O T

-
Q
(=]

i (b) 113-200 GHz band. The next absorption spectrum of

(a) 44-98 GHz band. The first spectrum of the atmo-|5p5ratory atmosphere filling the Fabry—Perot resonator we
sphere studied by the described method was the oxygen bafdh, in the 113-200 GHz frequency range also in the form
around 60 GHz. Preliminary studies were done8h Since 5 get of resonance widths of consecutive longitudinal mode
then, the experimental setup was somewhat improved an@i@ ing information about total relative energy losses in th
new program presenting the improved versidi)(of the o5onator in accordance with Eq. [1]. The calculated resonat
program described in1() for calculating of atmosphere ab-josse5 have been subtracted from the experimentally dets
sorption in millimeter-wave band was kindly sent to us by Diyjneq total losses to obtain the atmospheric contribution, as
P. W. Rosenkranz. So we decided to repeat these measyig-previous experiment. The resulting dependence of atm

ments. _ _ sphere absorption vs frequency is presented in Fig. 5 by circle
The absorption spectrum of the laboratory atmosphere in thep |ine of oxygen at 118 750 MHz and a line of water at

44-98 GHz frequency range at atmospheric pressure is p{@3 310 MHz are visible in the record. Omitting the analysis o

sented in Fig. 4. The spectrum includes an absorption bandyof \veak oxygen line, we concentrated on the opportunity t
atmospheric oxygen produced by magnetodipole transitiopgestigate a relatively isolated single water line. Part of th
between fine structure rotational energy levels (see, .9), (
Broad scanning in this experiment was produced as described
above by jumping from one longitudinal mode to another. The © ' ‘ ‘ ' ‘ ' ro ™25
circles in Fig. 4 represent experimental points (after subtraction 5
of calculated resonator losses); the solid line is the calculation 4L
according to {1); the residual of the fit multiplied by 10 is %
presented at the bottom. x
The spreading of experimental points in the regime of fres
guency scanning exceeds the value of the sensitivity definedl 1+ ©:
from Fig. 2, obtained at one frequency point, because o_g | e . 1 ‘ |
numerous frequency dependencies in the apparatus. Th@y
mostly reflect interference in the radiation tract outside the
resonator so the spreading can be considered as the device °f
baseline and was reduced by placing isolators after the BWO -0.1 i
and before the detector. Further reduction can be done by
averaging (“smoothing”) the variations having in mind that
interference pattern frequency dependence is “faster” than any
one of the aforementioned sources of the losses. The “mogt!G. 5. Experimental 113-200 GHz scan of the spectrum of the rea
radical” way of reducing these baseline variations would be gnosphere inside Fabry—Perot resonator including atmosphere oxydas O
GHz and water KO 183 GHz absorption lines. Resonator losses are sub

reduce the coupling of the resonator with other parts of trtkeicted. Solid line, fitted to the experiment Van Vleck—Weisskopf profile with

setup, but this can be done only at the expense of the signgkition of constant, linear, and quadratic with frequency terms. Residual
to-noise ratio. Nevertheless, the sensitivity demonstrated by thefit multiplied by 10 is presented below.

1 1 L
- - N
o 8] Q

!
3}
Absorption in dB/km

o o
23

0.1 (Exp. -caic)x 10 -

1
o

T

S
o

I I I I I | | I 1
110 120 130 140 150 160 170 180 190 200
Frequency  [GHz]}
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spectrum in Fig. 5 was fitted to the Van Vleck—Weisskopf TABLE 1
lineshape given, e.g., inl( with the addition of constant, Measured Air Broadening Parameters
linear, and quadratic frequency terms to account for possible for 183-GHz Water Line
inaccuracy of cz_ilgulated resonat_or losses, nonresonance aR‘bsorption Pressure Temp. | Broadening Ref.
sorption of the filling resonator air, and the wings of strong
Path Range K MHz/Torr

higher frequency water lines. The resulting calculated function
is shown in Fig. 5 by a solid line. Multiplied by 10, the residual ~ Cell 10-250 mTorr | 299 | 4.48 + 0.11 (21)
of the fit in the range of fitting (125-200 GHz) is presented in  Celi 5-400 pTorr ~300 | 3.52+ 0.18 (22)
the lower part of the figure.

S . N Field prop. Atm. ~284 | 4.14+ 0.23 20

Not considering at the moment the physical significance of fe prop " (20)

another mentioned term obtained from the fit, let us analyze the'ield prop. Atm. 300 14.04+0.14 (23)

spectral line obtained from the fit. An experimental line fitted Resonator | Up to Atm. | =~300 | 4.0440.3 (24)
the Van Vleck-Weisskopf shape over 20 half-widths from the g oo Atm. 202.8(1) | 3.985 + 0.04 | this work

center to the low-frequency side and six half-widths to the
high-frequency side within experimental accuracy. A residual
of the fit presented in Fig. 5 shows no systematic deviation
from the theoretically calculated lineshape. So a really good-Comparison shows excellent coincidence (better than 2%
looking line was extracted from all the rest of the absorptionBetween measured (from the line profile obtained from the fi
To study properties of the line obtained, it was of interest ®1d calculated (for a given quantity of water in atmosphere
compare values of integral absorption coefficients: one cald(@lues of integral intensity. This leads one to the conclusio
lated from parameters of water and partial pressure of waterthi@t the line obtained from the fit of our experiment really
the atmosphere at the time of the experiment and anotig@responds to the line studied and correctly reproduces |
obtained experimentally from measured magnitude of absofpain features. The procedure of extraction of the line paran
tion and the spectral line width obtained from the fit. eters at atmospheric pressure was found in fact to be equivale
The integral absorption coefficient for relatively narroWo the one in common microwave spectroscopy when th
lines Av < v,, which corresponds to our case) was definegkperimental profile is fitted, assuming the presence of ur

according to {) as known baseline.
The coincidence of calculated and measured integral inte
8 3Nf sities justifies the use of this convenient and precise method f
3ckT |l 2v5 = v(vo) - Aw, measurement of integral intensity of spectral lines of othe

molecules at near-atmospheric pressures and also gives
absolute measure of air humidity just from parameters of th

where v, is the line center frequencyy(v,) is the absorption . : L :
per unit length at the line center frequency (maximal absor&Bne obtained from the fit, which is important for the applica-

tion coefficient),Av is the line half-width,|u;| is the matrix lons of the apparatus. . .
element of the molecule dipole moment for the given transi- Atthe nextstep it was interesting to get from our experimer

_Ii i . ry ai .
tion, T is the absolute temperaturk,is the Boltzmann con- the water-line dry-air broadening parameterv{”*), which

stant,c is the velocity of lightf is the fraction of the molecules could be found from the formula
in the lower two states of the transition, aNds the number of
molecules per unit volume.

Integral absorption coefficient @t= 292.8(1)K, humidity ) ) ) )
5.87(19) g/m, and pressure 759.1(5) mmHg (experimentz!\’he_re Ay is the line half-width _obtamed from the pbserved
atmosphere conditions) for the,3— 2,, line of H,*O mole proﬂlg fit; Py IS .the atmospherlc pressure at the tlme.of the
cule was calculated using expressionsffand|u;| from (1) expenment;Pwater.ls the partial pressure of water vapor in .the
and values of rotational constants, dipole moment, and tA&nosphere, which can be calculated from measured air h
transition lower level energy from the JPL data Ha&s) as midity; andAvy** is thg broadening parameter of the line for
1.513(50)x 10° cm™* Hz. (The uncertainty is mostly definedPuré water vapor, which was measured by us earli€) &s
by our air-humidity measurement error.) 21.69(45) MHz/Torr. _ o .

On the other hand, from the fit of our experimental data, we The resulting value of air broadening is presented in Table
found absorption at the center of the lipe,) = 4.932(22)x together with the values obtained by some other auttizis- (
10°° cm* and the line half-widthAv = 3.131(21)x 10° Hz. 24)4. being some\{vhere in the middle of measured values ar
Thus the experimental value of the integral absorption coefflaving better estimated accuracy.
cient was obtained as 1.545(1%)10° cm ' Hz.

— dry air water
Av = Abe : (Patm_ Pwate) + AVb * Puaten

* Compilation of air-broadening parameters for water lines can be found i
® http://spec.jpl.nasa.gov. the review R0).
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Finally it should be noted that observation of the 113—-200 T
GHz band containing a 118 GHz oxygen line and a 183 GHz 230 7
water line, as far as we know, is the broadest spectrum record _ 2251 7
ever made by such a class of resonator spectroscopy in one & 2201 7
experiment. Thus in scanning possibilities the modern resona- ¢ 251 7
tor spectroscopy of broad lines also is not behind common § 2101 7
microwave spectroscopy. g 205+ 7
£ 200- 4
3. Measurement of Gas Sample Absorption and Resonator § 195 |- —
Losses at One Fixed Frequency 190 - .
We describe here the method of separation of the resonator bl , | , | | L
and sample losses. As far as we know, this variant of measure- 0'3 (Exp. - calc) x 10
ments was not used earlier because the accuracy of the reso- O ., > TN

nance width measurements was less than ours. 240 250 260 270 280 290 300 310
The separation of the sample and resonator losses can be Mode number (q)
ach|eveq in this case because each of three first terms in th&g. 6. The dependence of the resonance curve width vs the number
expression for the total losses [3] remains constant at eaeli-wavelengths between the mirragsat one fixed frequency 140.286 GHz
fixed frequency (and can be denoted togetheP as...), but and result of its fitting to Egs. [1]-[3]. Residual of the fit multiplied by 10 is
the last term representing sample absorption depends on qlpﬂg'{vn at the lower part of the figure. Defined from the presented dependen
. ) . . ﬁtmospheric losses are equal to 9.904(%3)0 ' cm™* (0.4301(27) dB/km).
distance between mirrors and can be rewritten in terms of the

sample spectral absorption coefficignais i i
nator mirrors from one resonance to another, keeping tf

central frequency of scan constant. Circles represent expe
mental points; the solid line is the width function calculated ir
accordance with Egs. [1]-[3] and is fitted to the experiment b

Considering the small optical depth cagglL < 1), the variation of losses. The residual of the fit multiplied by 10 is
expression for resonator width as a function of the resonaigiso shown. Values of the resonator losses and a samj

— _ A~ L
Patmosphere_ 1 € .

length derived from [1] can be simplified to absorption coefficient (atmosphere absorption) determine
from the fit areP conaor= 123.14(18)x 107° relative losses of
C ( Presonator radiation energy during one traversal of the resonatorasd
A= ( L ) (4] 9.904(53)x 10 " cm* (0.4301(27) dB/km) at the experimen

tal frequency of 140 286 MHz.

which demonstrates that resonator losses and sample absorfur experimental value of atmospheric absorption coincide
tion can be considered as two independent parameters whi¢gdll with the value 0.443 dB/km calculated by the semiem
can be unambiguously determined. There are two ways to Riical program {1) for the same atmospheric conditions. The
this: (i) to measure the function values at two different valu@tained value of resonator losses was used for the correcti
of argument and solve the system of two equations [4], or (iipf calculated losses in obtaining experimental dependence
to experimentally obtain the function values over some ranféd- 5.
of arguments and fit the function parameters to get the besin fact, the described method of atmospheric absorption ar
agreement. The first looks simpler and is preferable for prd@sonator loss measurement is a modification of the know
tical applications of the settled apparatus but the secondméthod of path length variation often used in field propagatio
more transparent for study of the method itself. measurements, which became available in the present for

Figure 6 presents experimental dependence of resonahé# an increase in the accuracy of resonance width measu
curve width vs resonator length at the same fixed resonariggnts. As it seems, this method is the best for this class
frequency. The resonator length is expressed through the ndgonator spectroscopy because it can be used with a minimt
ber q of half-wavelengths between mirrors. Although onlf assumptions, so a minimum of systematic errors may £
every third mode was studied, it can be seen from Fig. 6 tHpected. Since the method does not require removal of tt
our high sensitivity permitted the accurate measurement $mple from the resonator, it has the advantage of smalle
change in the width of the resonance when the length of tRerturbation of the experimental conditions (no need to pum
resonator was changed just by one-half wavelength,q.by, 9as out, no need to wait for equilibrium to be restored, etc.)

1. The measurements were done by moving one of the resoAt the completion of the experimental section it is worth
noting that for investigations of atmosphere losses of radiatiol

51t really corresponds to our case but is not principal since the accurdfs® combined use of both methods described above permits t
expression can be used in the fit as well. separate definition of absorption in the resonator (resonat
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losses), absorption in the line(s) (down to far wings), araf practical cases one is interested not in the scanning of tl
“extra” or “nonresonance” absorption in the moist air. Thisvhole waveguide band but rather in the monitoring of one pes
study can be done very accurately because of the large res€evg., humidity monitoring); then the scanning time shorten
of sensitivity to help solve the long-studied problem of thand one can use time to average the signal and so improvi
origin of this nonresonance absorption by obtaining its quathe sensitivity.
titative spectrum. As can be seen, the apparatus described in this paper w
conceived as a broadly multipurpose device able to wor
IV. DISCUSSION automatically in real time in open air (or other gas). Our plan
for further development of the apparatus include improvemer
Coming to the discussion of more general properties of thg hardware (faster processor and interface, larger memor
broadband resonator microwave spectroscopy of broad linegelization of fully computerized frequency control (in our case
can be said that it successfully solves the problem which h@gyO, but at the next stage a solid-state radiation source), al
limited maximal observable linewidth in the common minOpossib|y Change from a video detector to a Superheterody|
wave spectrometers. This is achieved in fact by change frqgteiver for further sensitivity increase.
amplitude measurements to frequency measurements, medevelopment of precision broadband resonator microwav
surements of the widths of the “probe” resonance along tBgectroscopy of broad lines with the parameters describe
broad absorption line. Because width of the resonance is Sn'@bns new possib”ities in many fields of microwave spectros
in comparison with radiation tract interference variation pergopy and applications. In atmospheric studies new possibilitie
ods, small changes of the amplitude in the vicinity of thgre open not only in lines studies, but also in the study c
resonance can be easily taken into account in the fitting pigonresonance absorption in the atmospheric transparency w
cedure, and the amplitude plays only the role of a “scalfows, in real-time dynamics of atmospheric process studie
factor,” mostly defining the signal-to-noise rafidciowever, (atmospheric monitoring), in separation of the effects definin
the price of getting rid of the interference problem is timehe atmosphere radiation absorption, and in the study of the
Instead of just one absorption-related amplitude measuremgapendencies on parameters. The high speed of absorpt
at one frequency, one has to make a number of measurememasurements, high sensitivity, and measurement by volur
The number should be large enough to restore the profile of {§ige wide possibilities for use of the method for humidity
resonance with desired accuracy and to define the absorptigfzasurement: direct measurement of low humidities in high
related width of the resonance. Now, when the describggmosphere from flying apparatus; real-time monitoring of lov
results permit saying that at the moment all the principgumidities in technological processes such as optical fibe
conditions for all automation of such spectrometers have bebrication and work with dry materials, etc. Especially impor-
met, it is interesting to discuss the physical time limitations @hnt to note is that sensitivity to low humidities can increase b
this type of spectroscopy. Total time necessary to obtainfigther orders of magnitude by passing to much stronger wat
picture of the broad (covering waveguide band) spectrum Ries at higher frequencies.
the aforementioned “nonmechanical” tuning is summed up asResonator spectroscopy in the variant described is univers
(i) obtaining one point on the resonance curve of high in the sense of studied objects: increase of sensitivity, fa
Fabry—Perot cavity, which demands by physical reasons mgi@adband scanning, etc., can be used for improvements, e.
than 2 us, say,=20 ps; (i) obtaining one resonance curveyltralow absorption studies in dielectric (including solid anc
containing, say, 100 points in each of two (back and fortfjyuid samples), metal surfaces, and other objects which m:
scans, which then takes4 ms; (iii) obtaining of~100 pairs of pe of physical and/or technical interest.
such scans covering all waveguide band, which can be done in ast it should be noted that the technique necessary for ti
=400 ms; (iv) processing, which may increase this time @pparatus described above exists in the continuous band up

most severalfold. Thus a full waveguide band spectrum pictugahertz frequencied, 16, 26—28 which gives the possi-

can be obtained almost every second. As can be seen, this i of broad variations of the objects studied.

rather generous estimate and the observation time can be

significantly reduced. Nevertheless, even this estimate means V. CONCLUSION

in our opinion practically a real-time regime of, e.g., atmo-

spheric or technological processes monitoring. In the majority To conclude, let us sum up the most important technical ar

physical results obtained in this work. A microwave resonato

® By the way, the change from amplitude to frequency measurements maggectrometer having the highest sensitivity at the momel

the method attractive for broad spectroscopic measurements with radiatighong this class of devices in the millimeter-wave band he

sources which cannot continuously cover the frequepcy band, but ra_ther CoOVSERN developed. A 90-GHz-long spectral record was obtaine

it “in patches” by separate small zones of oscillation corresponding to the h L

different modes as, e.g., in gyrotrons which reached now terahertz rabige (In one experiment, which is the broadest for such spectroscor

permitting the obtainment of unified absorption data independent on (differedt€ record demonstrated that a profile of the 183-GHz wat
amplitudes of oscillations at different modes. line in the real atmosphere follows to the Van Vleck—Weiss
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kopf shape within 20 half-widths from the center of the linelo.

H. J. Liebe,Radio Sci.20,1069-1089 (1985).

The most accurate air-broadening parameter for this line wkls P- W. RosenkranZRadio Sci.33,919-928 (1998); correctioRadio Sci.

determined. A method of precise separate measurementlé)f

34,1025 (1999).
M. Born and E. Wolf, “Principles of Optics,” Pergamon Press, New York,

sample and resonator absorption at fixed frequency without ;ggg
removal of the sample from the resonator was found. With the. A. E. Kaplan, Radiotechnika i Elektroniked, 1781-1787 (1964). [in
use of this method direct measurement of atmosphere absorp-Russian]

tion at the 140 GHz “atmospheric window of transparencyt4-

was performed.
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