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Millimeter-Wave Radar Sensing of
Airborne Chemicals

Nachappa (Sami) Gopalsansienior Member, IEEEBNd Apostolos (Paul) C. Raptislember, IEEE

Abstract—This paper discusses the development of a mil- operate under all weather conditions and in smoky and dusty
limeter-wave radar chemical sensor for applications in envi- environments.

ronmental monitoring and arms-control treaty verification. Millimeter-wave spectroscopy is a well-established labora-
The purpose of this paper is to investigate the use of finger-

print-type molecular rotational signatures in the millimeter-wave tory technlgue for determining the structurg and dynamics of
spectrum to sense airborne chemicals. The millimeter-wave Molecules in the gas or vapor phase [4]. Millimeter-wave spec-
sensor, operating in the frequency range of 225-315 GHz, cantral lines are narrow and nearly 100% specific when analyzed
work under all weather conditions and in smoky and dusty in a gas cell under low pressures ( torr). However, when ap-

environments. The basic configuration of the millimeter-wave plied to open-air monitoring, the spectral lines become broad
sensor is a monostatic swept-frequency radar that consists of a

millimeter-wave sweeper, a hot-electron bolometer or Schottky becau_se of molecular 09”'5'9”5 that oc_cur at high (i.e., atmo-
barrier detector, and a corner-cube reflector. The chemical plume spheric) pressure. A typical air-broadening parameter of a mol-
to be detected is situated between the transmitter/detector and ecule is 4 MHz/torr in half-width at half-height (HWHT) and

reflector. Millimeter-wave absorption spectra of chemicals in the ~4 GHz at 1 atm. Conventional detection methods that are ca-

plume are determined by measuring the swept-frequency radar ; ; O
return signals with and without the plume in the beam path. The pable of high detection sensitivities at low pressures, e.g., Stark

problem of pressure broadening, which hampered open-path modulation or p_hase-logked techniques, are nqt directly appli-
Spectroscopy in the past, has been m|t|ga’[ed in this paper by cable to Open-alr detection. Hence, new detection methods and
designing a fast sweeping source over a broad frequency range.systems are needed for remote detection of trace chemicals in
The heart of the system is a backward-wave oscillator (BWO) gair.

tube that can be tuned over 220-350 GHz. Using the BWO tube, _ : ;
we built a millimeter-wave radar system and field-tested it at the One way to overcome the pressure-broadening effect is to

Department of Energy Nevada Test Site, Frenchman Flat, near YS€ @ swept-frequency miIIimet_er-wave source that can sweep
Mercury, NV, at a standoff distance of 60 m. The millimeter-wave OVer a broad frequency range in a short time. The wide-fre-
system detected chemical plumes very well; detection sensitivity quency sweep improves spectral line resolution and molecular
for polar molecules such as methylichloride was down to 12 ppm selectivity, whereas the fast sweep allows for efficient baseline
for a 4-m two-way pathlength. subtraction by direct video detection. The feasibility of open-air
Index Terms—Airborne chemicals, backward-wave oscillators, millimeter-wave spectroscopy was first demonstrated with a

millimeter waves, remote sensing, rotational spectroscopy. monostatic swept-frequency radar system in the 225-315-GHz
range [5]. The millimeter waves were generated with a low-fre-
I. INTRODUCTION guency sweeper and low-power frequency triplers. The narrow

bandwidth of the triplers also limited the tuning range to within

R EMOTE OR standoff detection of airborne chemicals i§g GHz. The proof-of-principle of this system was tested by
gaining importance for arms-control treaty verificatioyetecting RO in open air. In addition, the chemical selectivity

and environmental monitoring. When compared with poiRjf the technique was demonstrated by a special deconvolution
detection or sampling techniques, the remote method is Nonipcedure [6]. Individual chemicals in a multicomponent mix-
trusive and can be used to monitor wide areas. Optical and lagge were determined from both simulated and experimental
remote techniques are under active development in the infrarggectra_
visible, and ultraviolet regions of the electromagnetic spectrumyyith recently available backward-wave oscillator (BWO)
[1]-[3]. Although quite sensitive to volatile organic and othefpes [7], we developed a prototype radar system that can
hazardous chemicals, these systems are susceptible to Weeg\%@p the entire frequency range within 10 ms and generate
conditions and are too complex for field use. The purpose QE’ to 30 mW of power [8]. This greater power allows a longer
this paper is to investigate the use of the millimeter-wave spgfstection range and the wider tuning range improves the
trum for remote detection of chemicals. Since millimeter-wav@solution of spectral lines. The radar system was field-tested at
sensors use longer wavelengths than those of optics, they & Department of Energy (DOE) Nevada Test Site, Frenchman

Flat, near Mercury, NV, at a standoff distance of 60 m. Two

Manuscri . Lo , (f(hemicals, i.e., methylchloride and butanol, were released
pt received July 20, 1999; revised Augus; 16, 2000. Thls wo . . . .

was supported by the U.S. Department of Energy, Office of Nonprollferatl(iﬁom a wind tunnel in different concentrations. In terms of
and National Security, Office of Research and Development under Contranillimeter-wave spectral properties, these chemical represent
W-31-109-ENG-38. two distinct classes: methylchloride has distinct broad spectral

The authors are with the Energy Technology Division, Argonne National Lat[‘)— hile b I h ically i . h
oratory, Argonne, IL 60439 USA. ines, while _utano as monotonically increasing con'qnuum
Publisher Item Identifier S 0018-9480(01)02419-X. absorption with respect to frequency. This paper describes the
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Fig. 1. Schematic diagram of millimeter-wave radar system. 100 | | ]
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Fig. 2. Effect of using F-P cavity scheme in baseline subtraction; frequency
Il. DESCRIPTION OF MILLIMETERWAVE RADAR SENSOR swept from 257.6 to 321.6 GHzin 1 s.

The millimeter-wave sensor, shown in Fig. 1, is a monostaticY t with f . illat it Vi ible t
radar system that operates in an atmospheric window in theh_e ' Wlh Iree—rltmnlnfg oscilia orst, Lﬁ hearly wgp])cossl;l € I'O
frequency range of 225-315 GHz. Swept-frequency signalsafﬁ Ieve the long-term Irequency stability required for baseline

this range are generated and transmitted through a chem traction and signal averaging bepause inherent .frequgpcy
plume via a lens antenna. A comer cube, located behi s are caused by power supply noise and thermal instability

the plume, returns the radar signals through the plume tOoathe tube structure. Hence, in high-resolution spectroscop_y,
millimeter-wave detector that is next to the transmitter. Mil>"¢ often resorts to phgse-locked control of the B.WO’ b.Ut th.'s
limeter-wave absorption spectra of chemicals in the plume d§erather slow for the W|de-freq_uency sweep that is requ_lred n
determined by measuring swept-frequency radar signals WEHen-pa_th spectroscopy. In_ th's. paper, we use a quasi-optical
and without the plume in the beam path. A Fabry—Perot (F— \XP cavity for on-the-fly calibration of frequencies [11]. When

cavity, which consumes a small part of the millimeter-wav@ ept-frequency radiation is applied to the cavity, resonant

energy, generates frequency markers for on-the-fly calibratigpﬁw""kS are generated each time the cavity spacing is equal to

of frequencies. The F—P cavity markers allow better subtracti e_m;cggral ?ﬁ n:ber of hzlf-tvt;/avelerll(gths. Fo_r a (_:a\?ty length (_)f
of baseline and signal averaging. = 53 cm that we used, the marker spacing in frequency is

é;iven byc/2d = 282.83 MHz, wherec is the wave velocity

The millimeter-wave sweeper was built with an OB-30 BW . .
. . . 1n free space. Data that correspond to radar signal and cavity

tube [9], which structurally consists of an electron emission . ) .
arkers are collected during each sweep. Since the cavity

source (cathode) and a slow-wave structure (anode) housed M

a vacuum envelope, 25 mm in diameter and 35 mm in leng grkers_ correspond to actual frequenmes during a sweep,
NS . e cavity markers and corresponding samples of radar data
Coherent radiation is produced when electrons emitted

.are aligned with respect to an initial set of cavity markers
the cathode are accelerated over the slow-wave structure; the L
ST . by a MATLAB-based frequency calibration software that we
frequency of oscillation is determined by the electron veloci

and the period of the slow-wave structure. A permanent magngtve built. The radar data between the cavity markers are

) L |P(§erpolated linearly. Fig. 2 shows, for instance, subtraction of
made of cobalt-samarium alloy produces a dc magnetic f 0 swept-frequency traces, with and without the use of cavi
(=7000 G) to steer the electron beam over the slow-wave P d Y ’ ty

structure. The millimeter-wave radiation generated in thrg_arkers. In practice, the amplitude of the cavity peaks varies

tube (with a power~ 10 mW) is coupled to a scalar homW|dely from peak to peak, some appearing below the noise

) mreshold. In the frequency calibration software, only those
through an overmoded rectangular waveguide attached to the: )
cavity peaks that are above a certain threshold are used for

tube structure. Oscillation frequency varies in a nonlinear : : )
. : : : md';\rker alignment. In those instances where the cavity markers
fashion with the electrical potential between the cathode an . . )
L - re absent, the baseline correction has not been effective.
anode; it is tunable between 220-350 GHz, correspondmgla__\o ) . : X )
. . urther improvement is possible with a longer cavity because
a voltage range of 1000-3700 V. Due to its large tuning slo%(? narrower frequency spacing between the markers
(e.g., 75 MHz/V at 2400 V), a small ripple or fluctuation in q ysp 9 '
the high-voltage power supply will alter the tube frequency
considerably (e.g., a 10-mV fluctuation produces a 0.75-MHz
variation). The need for fast sweeping of high voltage over
a range of 1000-4000 V with a low ripple content makes The millimeter-wave system was field-tested at the Nevada
the power supply requirements stringent for spectroscopiest Site, Frenchman Flat, near Mercury, NV. A wind tunnel, ca-
application. A high-voltage power supply, capable of sweepinmable of producing well-characterized chemical plumes of 2-m
from 1000 to 4000 V iz 1 ms with less than 2 mV of ripple, diameter at the exit point, was used to release desired concen-
was designed and built in collaboration with The Ohio Stateations of airborne chemicals. Testing of the millimeter-wave

University, Columbus [10]. sensor was conducted in a trailer 60 m from the wind tunnel

IIl. FIELD TEST SETUP
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Fig. 3. Millimeter-wave-system trailer, wind tunnel, and corner cube. 26 230 240 250 260 270 20 290 300
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; Fig. 5. Butanol spectrum obtained in laboratory from 664 mtorr of butanol
6t ; : 1 mixed with nitrogen to 1 atm in 1.4-m gas cell.

/Measmed

the measured absorption spectra of 377 mtorr of methylchlo-
ride in nitrogen in the frequency range of 230-298 GHz. The
noise-like fluctuations in the data is due to inadequate base-
line subtraction in spite of employing the F—P cavity technique.
Furthermore, the percent absorption values were calculated by
dividing the difference signal with the reference signal, i.e.,
100(1 — P»(t)/Pi(t)), where Px(t) and P, (t) correspond to

Percent absorption

2 i ] the data with and without the gas in the cell. Since the reference
‘825 230 240 250 260 270 280 290 800 signal varies widely in amplitude, the division operation ampli-
Frequency (GHz) fies the error in baseline subtraction, especially wig(t) is

Fig. 4. Model and measured methylchloride spectra obtained in Iaboratc?rla/j)se to zero. In _pnnmple, these ﬂUCt.uatlons can b.e complet_ely
from 377 mtorr of methylchloride mixed with nitrogen to 1 atm in 1.4-m ga$Ubtracted out with a longer F—P Ca\_”ty and better mterp(_)latlon
cell. software. For the purpose of measuring broad atmospheric-pres-

sure lines, however, the measured data can be smoothed out

in the cross-wind direction. Fig. 3 shows the miIIimeter-wavBy fitti_ng a m_odel—based absorption spectrum, as shown by_the
sensor trailer together with the wind tunnel and corner cub olid line in Flg. 4. The model _spectr_al lines were simulated with
The millimeter-wave radiation was transmitted through a tra"&Lorentman line-shape function using data from the Jet Propul-
window into the wind-tunnel plume. The window was covered " Laboratory (JPL), Pasadena, CA’ molecular data base [12].
with a plastic film that was transparent to millimeter waves. A .F'gd 5 s?howls Lhe rr:eas;J red gtéjorptnon sfpk()a cttruml of putgnq![r? b-
6-in lens, focused at infinity, provided a highly directed beantl".’.une In the faboratory from riorr of butanol mixed wi
The cone angle of the beam was 0.8ith a footprint of 0.6 m nitrogen to 1 atm. Unlike with methylchloride, millimeter-wave

at the wind tunnel. An aluminum corner cube with a 6. 9.9 absorption of butanol appears to be a continuum and it increases

x 0.9 m opening was mounted behind the plume to return raq%'lth frequency. The fluctuations in the measured spectra result

signals. The return signals were collected by a 6-in lens couplé(am baseline variation due to change in signal power with fre-

to a liquid-helium-cooled (hot-electron) bolometer detector sluency. and they match exactly those of the reference signal;

uated next to the transmitter. For safety, the trailer was not ence, t.hey are not pa'\rt of the butanol absorption 'Iines. Since
cupied during the release, leaving the millimeter-wave sen tanol is notincluded in any known databases, we fitted a poly-

unattended during the test. Data were collected remotely fr(ﬂﬂm'al CUNE IO SMooh GUine MEasUred data a_nd L
model spectrum of butanol for later data analysis.

the wind-tunnel control room 1.7 km away, via an RF link be Before the test ) tonitrile I librated
tween a master computer in the control room and the data—acqﬁi— etore Ihe tests, using acetonilriie in a gas cell, we calibrate

sition (slave) computer in the trailer. Meteorological condition € system frequencies. A triangular ramp with a 40-ms period

during the tests were relatively benign: 35, 8% relative hu- was used to. sweep from 226 to 298 G.HZ’ and data were
midity, and winds of 510 ms. collected during the up-ramp. Each chemical was released in

an on—off pattern, each pattern typically lastragh min. Ref-
erence and plume signals were collected during the plume-off
and plume-on periods, respectively. Methylchloride data were
The millimeter-wave spectral data of methylchloride and biollected as an average of 100 sweeps, whereas butanol data
tanol were first measured in the laboratory with a 1.4-m gas cellere collected sequentially (without averaging) before and
To simulate atmospheric pressure, a quantity of each chemidating release. To cover the sensor's detection range, we
was mixed with nitrogen to a pressure of 1 atm. Fig. 4 showsleased methylchloride in concentrations from 5 to 500 ppm.

IV. TESTRESULTS
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Butanol was released only at high concentrations from 41
to 1200 ppm. Three channels of data were collected: dc- ar
ac-coupled data from the bolometer and the F—P cavity. Whil
the ac-coupled channel worked well, the dc-coupled channi
drifted over time and saturated the detector preamplifier. Ti
interpret the spectral data, we will next develop data analysi
procedures for the dc- and ac-coupled cases.

250 T T

100 +

Amplitude (a.u.)

A. DC-Coupled Data

The dc-coupled detector signal is proportional to the absc sof
lute power of millimeter waves with respect to frequency. Let
Py(t) be the output signal of the transmitter as a function of 05 R oo oo 2000 0000
sweep time, andP; (t) andP»(t) be the detector signals without
and with the plume, called reference and plume signals, respe.
“Yely' ',\"?te that sweep timehas a ong-to-one _C(,)rreSpondenCElg. 6. Absolute value of Fourier transform of reference signal collected with
with millimeter-wave frequency. While the millimeter-wave a3.kHz low-pass filter; the signal bandwidth is proportional to the sweep range
frequency is in the hundreds of gigahertz range, the bandwidttg how fast the BWO signal fluctuations inherent in the frequency range are
of the detector signal is generally less than 1 MHz. Then ~ SWeptin time.

Pi(t) = D(t)T @ able in the ac-coupled case. LEj(¢) be represented as an ac
and signal superimposed on a dc signal

Pg(t) — Po(t)TeXp [ _ a(t)Cﬁ] (2) " PO(t) = PO,DC + PO,AC(t)' (8)
en

whereT is the two-way transmission coefficient of the atmos- D(t) = Po(t)a(t)CET = Py pea(t)CLT + Pr(H)a(t)CL.
phere b_etween t_h_e transmitter antenna and recey(ens tr_\e (9)
absorption coefficient (cm' of 1 ppm of chemical in the air at Thus, the difference sign)(¢) is the sum of the plume absorp-
sweep time corresponding to millimeter-wave frequencyC’  tjon coefficient (times a constant) and ac part of the amplitude
is the concentration of the chemical (parts per million), &/ )44y ation of the reference signal by the plume absorption co-
the path length (centimeters) of the plumde=t 400 cm in our  efficient. Sincen(t) is broad due to pressure broadening, its fre-

case). The difference between the reference and plume siggsncy content is low. On the other hand, the reference signal

D(t) is given by that acts as a carrier has a high-frequency content (see Fig. 6
D(t) = Py(t) — Pa(t) = pl(t){l —exp [ — a(t)CY] } (3) foratypical test reference signal). Since in the Fourier transfor-
mation of the amplitude-modulated signal, frequencies will be
centered on the carrier (reference signal) frequency, a high-pass
filter with passband frequencies above that(f) will pass only
the amplitude-modulated part of the signal in (9). Letting the su-
perscript~ represent high-pass filtered signal
D(t) = a«(H)CLPL(D). (4) D(t) = Pi(t) — By(t) = Pi(#)a(t)CL. (10)
To illustrate the modulation and filtering effect, let us choose
B. AC-Coupled Data for Pi(¢) one of the ac-coupled reference signals collected in
During collection of ac-coupled data, the dc-level signal ihe tests. We will arbitrarily add a dc value to simuld®gt)
blocked, and only the ac-type signal is collected from the dbecause it is related to transmitter power, which must be a posi-
tector circuit. This mode of data collection avoids saturation dif/e signal. The plume signdk(¢) is obtained by multiplication
the detector preamplifier when the dc signal drifts with time. Letith an absorption coefficient function related to molecular ab-
a bar over the variables represent ac-coupled signal operatisorption. Let us choose two types of absorption coefficients to

Frequency (Hz)

Thus, in the dc-coupled case, the absorption coefficiétitcan
be determined by dividing (3) by the reference sighgl). For
trace amounts of gases to be released in the open(&@)’? is
small and (3) becomes

For the ac-coupled case, (1) and (2) become simulate methylchloride- and butanol-like absorption
Pi(t) = BT ) a(t) __ 001(Af)?
and (tt—?O)Qlth(Atyth Ichloride ab ti (11)
- - PO T a2 o simulate methylchloride absorption
g@:gﬁﬁ—ﬂﬁﬁmmw+iiL%Q—L—n- and
(6) t) = kt*  to simulate butanol absorption 12
The difference between the reference and plume signals, i.e. a(t) = ao + i i ption. (1)
(5) — (6), becomes in'(11) and (12)¢ is sweep time from 0 t0 0.02 &¢ = 0.002 s,
" _ _ e — andtg = 0.01 s, andag and k are constants. The absorp-
D(t) = Pi(t) — Pa(t) = Po(t)a(t)CLT. () tion line in (11) is centered at 0.01 s with its HWHT width

Unlike with the dc-coupled signal of (3), itis not possible to segovering 10% of the total sweep time. Considering the rela-
arate out the absorption coefficient becadkér) is not avail- tive bandwidths of measured signals with those of molecular



650 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 4, APRIL 2001

1 1 T T T
osf I 4 B BT SRS E
R i ; _ osf BT Fuiiqoci nwa e -
~ i it i i - - 2 i i AT PU(=P (1) +DC
2 04l ' iy Pi=P®)+DC | kot g 1®
o A 3 i
2 = i
= 0.2 o ".'
=} g ;
£ < 0 '
< 0
* ) o Py (0= HP[R eV ]
P, (1) = HP[R (0e™ ] , , ,
045 5.005 o0 0015 02 05, 0.005 0.01 0.015 0.02
03 T T
0.06 T T T
02 .
= o(t) envelope a(t)P (1) 0.047 ~ ~ 1
E o P ! ] = — ! B~ By ()
o ’ ] 4 | ~h
3 ) 0.02} X i - AT
| . ~ 3 \ ‘ TR
= 0 oy ce. =1 ) i Hly
= X L R=] M i Hoh " |
£ =] oh Mk, | W ‘
< 0.1 - - ] g 3 T, ; |
P (t)- P (D) < 002l {5 ‘ d
02 1 I '
-0.04 ‘: ’ 4
-0.3 ¥
0.06F \ S « _
%% (t) envelope a(B )
04y 0.005 001 0.015 0.02 0.08 . . .
[} 0.005 0.01 0.015 0.02

Sweep time(s) Sweep time (s)

Fig. 8. Simulated data showing modulation and filtering effects for continuum
Fig. 7. Simulated data showing modulation and filtering effects for distinetbsorption.
absorption line.

spectral lines, we chose a 200-Hz high-pass elliptic filter t o

obtain signals in (10). For examplé; (t) and P»(t) were fil- 0.03f 145 ppm methyl chloride 4
tered with a 200-Hz high-pass filter to obtait () and Py (t). eerenceplume sgn

For the two cases of(¢) in (11) and (12), Figs. 7 and 8, re- 002 v o 1
spectively, present the sequence of operations carried out on i3 o0tk . B

reference signal. Shown in the figures are the signét), fil- <

tered signalPs(t), the difference signaP; (¢) — P»(t), modu- % of

lated signaky(¢) P (t), and an arbitrarily scaled(t) envelope. %

The difference signal and absorption-coefficient-modulatedre ~ -0.011 P

erence signal agree well in both of the examples, as predicted model-fitted signal

(10). Note that the difference signal follows the modulationen %[ | i / ]
velope ofa(t) and that the actual peaks and valleys under th ;.| Theoretical absorption |
envelope are representative of the reference signal at the cor coefficient envelope

sponding time instants. . . 00350 Z30 240 250 260 270 280 290 300
These examples show that the concentration of a chemic

can be quantified by model-fitting the absorption-coeffi-

C!ent'mdeIateq reference S'gnall(.t)Pl (t) to the d'ﬁeren9e Fig. 9. Difference signal between reference and plume, model-fitted signal,

signal P;(t) — P»(t), where,,(t) is the model absorption and absorption coefficient envelope for 145-ppm methylchloride.

line for 1 ppm of the chemical that can be determined either

from one of the published molecular data bases, such as \t/veereé is an estimate of concentratiéhand may be chosen so
JPL catalog, or by measuring it with a gas-cell spectromet y

roo. )
El:uat it minimizes the values of the integral of the squared error

Frequency (GHz)

That |s.,D(t) in (10) can be fitted with a model-based signal (é) over the sweep time between 0 andThus,
E(t), given by

B8) = 0 6B 1y SO = /0 [om OGP ~ Putt) + Pa(t)] e, (1)
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Fig. 10. Difference signal between reference and plume, model-fitted signal,
and absorption coefficient envelope for 1200-ppm butanol.
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Fig. 11. Model-fitted signals for various concentrations of methylchloride.
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The model-based analysis is applied in Fig. 9 by using ac-cou-
pled data of 145-ppm methylchloride. The figure presents the
difference signal between the reference and plume and model-
fitted signal. The model fits the measured data well; thus, it
eliminates the high-frequency noise. To show that the difference
signal is an amplitude modulation of the reference signal by Release concentration (ppm)
the plume absorption coefficient, we have overlain an enveIoBe 14 Estimated | ration of butanol (based del
of arbitrarily scaled model absorption curves. Fig. 10 preseqi{'g'  Estimated versus release concentration of butanol (based on mode
the corresponding analysis for buatnol using ac-coupled data of
1200-ppm butanol.

Figs. 11 and 12 present plots of the model-fitted data for
methylchloride and butanol, respectively, for various concentria-Figs. 13 and 14, respectively, with respect to the actual release
tions. The corresponding valueségpt, from (15), are plotted concentrations. The value dfopt calculated from the model

opt = (15)
800

600

Estimated concentration (ppm)

500

40 - . N " s N )
200 500 600 700 800 800 1000 1100 1200



652

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 4, APRIL 2001

provides a good estimate of the release concentration. The d&iMorgan, Argonne National Laboratory, Argonne, IL, and T.
ation of measured data, in some cases from the linear fit, mayHener Ill, Argonne National Laboratory, Argonne, IL, for help
attributed to signal fluctuations due to frequent wind gusts thaith the data analysis.

were laden with sand particles. This is particularly noticeable
with butanol for which data were not averaged.

1
V. CONCLUSIONS
[2

A millimeter-wave radar chemical sensor was developed and
field tested at the Nevada Test Site. The objective of the test wag3]
to demonstrate the capability of the sensor to remotely detect
chemicals that are pertinent to verification of the arms-control
treaty and environmental monitoring. The test of the sensor was
conducted in a trailer at a standoff distance of 60 m from a 2-m-[!
diameter plume. The return of radar signals was provided by a
0.9-m corner cube mounted behind the plume.

Although both dc- and ac-coupled data were collected re-[6]
motely from a control room, the dc-coupled signals drifted be-
tween the time when the reference and plume signals were colf’]
lected, and eventually saturated the detector preamplifier. Due
to the dc drift, we could not absolutely determine molecular ab-[g;
sorption with conventional procedures. The ac-coupled mode of
data collection, on the other hand, worked well during the en-
tire test period ok 7 h. However, the interpretation of ac-cou- [g]
pled data is not straightforward, particularly for broad absorp-
tion lines occurring at atmospheric pressure. [t

A new model-based analysis procedure has been developed
to interpret and quantify the acquired ac-coupled data. The andl1]
ysis shows that the difference between the reference and plume
signals for the ac-coupled (high-pass filtered) case is essen-
tially an amplitude modulation of the reference signal by the12]
plume absorption function. The correlation constant between
the measured and model data provides a quantitative estimate
of the chemical concentration. Good agreement between the
measured and model data was obtained for various release con-
centrations of methylchloride and butanol. A linear fit was ob-
tained between the estimated and actual concentrations. The de-
tection sensitivity of the sensor, for example, was 12 ppm for
methylchloride over a 4-m pathlength.

Since the long-term stability of the millimeter-wave sweeper
is generally poor, it was necessary to keep the time interval t
tween the reference and plume signals short (within 2—3 mi
to obtain reproducible results. One approach to further impro
detection sensitivity is to use two reflectors, one in front ar
another in back of the plume, and to steer the millimeter-wa
beam between the two reflectors. This allows for long signg®

averages, while the time interval between the collection of re i

erence and plume signals remains short.
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