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Abstract—Absorption and emission of gases in the source power (until saturation occurs) a missiomfigaration

submillimeter wavelengths is currently exploited fo laboratory
spectroscopy as well as remote astronomy and limbowsnding. We
are developing a field-ready submillimeter spectrorater that will
enable in-situ sensing with a goal for characterizéon of biogenic
gases and life tracers.

|l. INTRODUCTIONAND BACKGROUND

T the Jet Propulsion Laboratory’s Millimeter and

Submillimeter  Spectroscopy Laboratory we
developing a heterodyne spectrometer that will
fieldwork with sensitivity and dynamic range thatats the
demonstrated laboratory spectroscopy and complenient
situ mass spectroscopy.

Options forin-situ exploration are limited by instrument

size, power and lifetime. We are addressing edcthese
issues in the laboratory system with technologyettgped for
the remote sensing instruments MLS and Herschel.

The size of the laboratory system is not optima thul) a
desire for long absorption path-length coupled wigeds for
flexibility in bandwidth; 2) The general usage igfuid helium
detectors to achieve high sensitivity; and 3) Cumsib@e
supporting electronics designed for high perfornearand
versatility. We will optimize the size of thi-situ instrument
by 1) fixing the frequency range and designing cachp
folded optics; 2) replacing the liquid helium cabldetectors
with either room-temperature Schottky diode detector
heterodyne mixers; and 3) designing custom eleicsofor
targeted high-performance signal processing.

Traditional millimeter and submillimeter spectroerst
generally have a wasteful power source such agystrigh or
Backward Wave Oscillator (BWO) which is weakly cteg
into the high-sensitivity detection system. At JRe have
pioneered the usage of submillimeter multiplier ichathat
operate with higher efficiency than the free-ruignascillators
and reduce the number of supporting electrdnicn this
configuration the stable reference oscillator isrectly
multiplied to the band of interest, rather thanduas a locking
source for the oscillator.  With the removal
Klystron/BWO from the system the synthesizer/mlikip
chain(s) become the dominant power consumer(s)he
system. An ideal system will have a modest pow&0QuWwW)
source with nearly 100% quasi-optical coupling loé tight
through the absorption path into the heterodyneemii
concert with sufficient pumping (~10 mW) of the mix A
well designed system will achieve this goal acrdbe
source/detector bandwidth. With streamlined etetdtss the
only way to reduce power consumption further isréduce
system performance. Since performance increasés
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will ultimately be driven by the science goals amjineering
constraints.  Following this path, at some level tok
performance, the heterodyne method will become
competitive versus an optimized direct detectionhme using
a Schottky diode. This less sensitive, alternatimefiguration
would reduce power consumption because of the fozezhly
one oscillator.

Laboratory experiments with liquid helium cooledet#ors
are inherently limited by the hold time of the Dew&Jsage of
a cryostat increases the power consumption and leaitypof
the instrument. Therefore we have decided to impha
room-temperature mixer/diode technology for thesitu
system. The heterodyne detection scheme will requi
attention to the phase of the intermediate frequer@assical
systems have implemented mechanically tuned bridges
achieve this balance. We will digitally processe th
intermediate frequency to allow phase adjustmentsbé
compensated digitally.

less

Il. RESULTS

A prototype heterodyne system at 100 GHz is under
construction and 300 and 600 GHz diode detectistenys are
in routine use for science programs. The Figumashdata
acquired at 556 GHz and 547 GHz for water i@ water
(natural abundance) measured with a JPL built pligti chain
and a Virginia Diodes Schottky detector.
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tFigure 1. Modulated absorption spectra of watdt {160%T) and'®0 water
(right - 0.25%T) recorded with 100 kHz frequencydufation of a 10QuW
source coupled into a Schottky diode detector fDam path. Each scan
shows 100 co-added 25 ms sweeps with 125 measuiea@nss 30 MHz.

I1l. PLANETARY SCIENCEPOTENTIAL

This in situ system will mirror the operation of other gas
phase techniquege. gas from the ambient atmosphere, or an
onboard gas generating experiment, is pulled intlhamber
and analyzed. Frequency coverage over a gigaatiger of



specific gases creates huge discovery potential,tih@ high
sensitivity allows trace species (e.g. 1 ppm or %1

algorithm that ensures a confident detection.
The integrated absorption intensity of any molecuyas

molecules/crh at 0.1 Torr and 300 K) to be probed fortransition at any wavelength is calculated from fibowing

isotopic ratios (an H/D ratio of 1xT0is 10 ppt in 1 ppm
carrier). This realizes science experiments suchearching
for potentially biogenic gases.

A premier feature of the technique is high senigjtiand
specificity for detection and identification of sinarganic
species and associated isomers and isotopologlieis. may
enable future exploratory missions to accomplistumber of
significant questions for astrobiology, includingether or not
biological systems were once, or continue to bévaatin-
situ probe sites.

equation$®
T =T N, Tlo)=etermr

1(T) = (Z]f:]v$z[e-5~/kT _e—E'/kT]/Q

I(v,T) is the
absorption intensity.I'(v) is the lineshape, given here as only
the Doppler profile. I(T) absorbs the remaining mpuan
mechanical parameters. Heleis Planck’s constant is the
speed of lighty is the frequencyE” andE’ are the upper and

In-situ techniques currently take advantage of atomic angyer state energies, respectivédys Boltzmann’s constant,

molecular spectral signatures from gamma-rays titrothe
infrared. The longer wavelengths, where gas-phatsgional
spectra can be probed, provide high sensitivity spetificity
for gas phase species. However, these wavelehgtles not
been utilized forin-situ studies primarily due to technical
issues which have now been overcome. Typicalditoihs of

is the temperatures is quantum line strengtly, is the dipole
moment andQ is the partition function. In rotational spectra
the energy exponents are typicadi*" ~ 0.01-0.1. Plugging
in typical values for a generic species, of say a@dnic mass
units and a 1 Debye dipole moment, results in akpea
absorption of Al/l = 10* cmi'Torr® | i.e. the rotational

existing in-situ gas analysis techniques are, (1) SenSitiVitWransitions (at 1 Torr pressure) will be opticahjck (>10%

such as the mass spectroscopy limit of a few ppmnmfost
species, and (2) selectivity; such as fluorescepeetroscopy
which requires chromophores. Infrared spectrosgopyides
the promise of high sensitivity and a broad ranfebsorbing
species that may be detected. However, a pradicskem

such as the Tunable Laser Spectrometer on the Same)lther

Analysis at Mars has expensive
additional science product and demonstrates tleabtbystems
are inherently limited to a few selected species.Our
technique has extensive molecular coverage, higkitsaty
and innate selectivity thanks to several coincidephysical
realities.
1) A submillimeter spectrum can be measured when
molecular rotation creates an oscillating electac
magnetic field (dipole interactions). Typical dipo
moments are ~1 Debye, which are large enough to
produce absorptions of T(per cm.
2) Rotation is typically the lowest energy mode of the
molecule. Rotational spectra have a common origin a
zero frequency and spectra appear in the millimatet
submillimeter wavelengths.
3) Atlow density, pressure broadening can be neglecte
and spectra exhibit Doppler limited linewidths, piding
the high resolution required to separate spectealttires.
4) Spectral features have unique positions that are
dependent on molecular inertial moments, thereéwery
molecule, isomer and isotopomer has a unique spectr
A submillimeter gas detector takes advantage of tyi
probing a spectral region that is rich with everndk of
molecular species. Furthermore, the bandwidth tirable
submillimeter source is gigantic in comparison vtk width
of each spectral feature, and is also large entmghcompass
at least one transition of each diatomic (non-tdalrispecies.

absorption) in 1 meter of absorption pathlengthrangition
moments of infrared and electronic transitionstgpécally 1-5
orders of magnitude smaller than rotational tréorst

The intensity of a transition is distributed oviee linewidth,
Avp, and the peak absorptid is proportional to N, T) /Avp.
contributions to rotational linewidths inciad

requirements  forh eagpontaneous emission broadening (inverse of Emstei

coefficient or lifetime), Doppler (or thermal), angtessure
broadening (collisional). Rotational spontaneousission
linewidths are a few kHz. The Doppler widtwg O vV (T/m )
is typically 0.2 MHz in the millimeter wavelengtlasxd < 1
MHz in the submillimeter wavelengthPressure broadening
(2-15 MHz/Torr) is independent of wavelengthin the
Doppler limit (no collisional broadening) the fremcy
dependence of the intensity is cancelled, resultingeak line
strength for any transition dependent only on thgold, the
energy factors and the partition function. Thiteofresults in
the rotational band being the strongest peak abisarper unit
path length in the entire electromagnetic spectrusimce all
absorption spectroscopy instruments detect peakriatien
this is very favorable to rotational spectroscopytie THz
range.

The power transmitted per unit lengtlof gas cell is P= P,

e “*. All molecular transitions have a maximum absorpt
per unit length, but the line width is determingctihe Doppler
width in the low-pressure limit and by pressuredaening at
higher pressufe In the frequency range chosen the ideal
pressure for detection is 5-100 mTorr.

The number of effective spectral resolution elerseint
rotational spectroscopy is determined by the Dapplilth
(~200-300 kHz) of the rotational transitions. Thésults in
500,000 effective resolution elements in a systemdividth

Additionally, polyatomic molecules tend to have manof 100 GHz. Since spectral frequencies in the iatat bands

transitions available. Because each spectrum iguan
overlap and spectral confusion can be treated vaith

978-1-4244-2120-6/08/$25.00 ©IEEE.

are unique (defined by moments of inertia), théniggsolution

temperature and frequency dependent



will clearly distinguish different chemicals, isorse and
isotopomers.

H,'®0 water is 2.5x18, in principle only 3 frequency
measurements are required to determine the sigtealsity,

A THz transceiver optimized for high spectral purit giving an equivalent measurement time of (3/12%9.2r 6
measurements of small power fluctuations at spmecifims which gives a minimum fractional absorption nneasient

frequency intervals is required to take advantagethe
favorable molecular physics. The frequency catibra
frequency stability and frequency repeatability af
submillimeter system are defined by the lock of diseillator

to a reference(l part in 18 is reasonable for a simple quartz

crystal). The instrument resolution and coheretgat®n limit
is determined by the spectral purity of the fundarae
oscillator multiplied by 20 log(N), where N is thmtal
harmonic number to the output frequency. Typicdéigs than
100 Hz can be achieved in the submillimeter regimihe
instrument will measure 10-20 points across eanh $hape
(effective resolution element) allowing the linedi and
integrated intensity to be quantitatively deterrdine

The key figure of merit for a millimeter or subfimieter
wave system is the smallest change in power tharitdetect
per unit time. For the spectrometer to make dietestand to
quantify absorption, the gas observed must absore power

of 1.5x10° (in one second).

In these two comparable, and potentiatiysitu, techniques,
the heterodyne detection is more sensitive whemrrgino
constraints for system mass and power, but theedilediection
competes or wins when the available power soureeak.

IV. DISCUSSION

There are other methods for development of a Tatztgas
detector. Currently the most viable technique isa vi
photomixing of infrared or near-infrared lasers.heTrange,
tunability and stability of these systems are timmed from
the laser specifications. The photomixing techeidqwas a
broader frequency coverage than the typical migtipthain,
however this only increases molecular coverageaf@amall
number of light molecules (mostly hydrides) whick aeadily
detected by complementary techniques. The photogix
power output rivals harmonic multipliers above a ZTH

than the minimum detectable change of power in tHEgowever, the primary spectral region for exploitimglecular

observation time or it will not be detected.

Heterodyne absorption spectroscopy relies on detgtiie
small change of a large signal due to absorptioralyace
concentration of some molecule. In heterodyne tspsmmopy
the sum of the signal voltage and the noise voltagesquared
in the detector. The result is the noise obseiv@doportional
to the square root of the input power. A simplas#évity
figure of merit can be obtained which is the squar of the
carrier to noise ratio for the smallest changeawgr that can
be detected. The minimum detectable absorptippl =
I(T)/Avp, is given by the following equation:

AI:)min = F)rx (1_ e—aL) = 2PrkasysAV !

where P is the power receivedly is the receiver system

temperature, andlv is the fixed detection bandwidth. The

absorptionz is the gas absorption in €nandL is the length of
the absorption cell in cm. With a carrier powef ~10QuW
and a noise temperature of 6000K, our system whieve a
carrier-to-noise ratio of approximately ®0in a 1Hz
bandwidth, resulting in a minimum fractional change
measured power afP,i/Py ~ 4x108,

In comparison with direct detection (a simple ddip and
large source powers the kJterm can be augmented throug
addition of the detector NEP. So, for a diode witv input

spectra is 0.1-0.8 THz where the multiplier chadme still
more powerful. Furthermore, beginning with higbduency
components (lasers) inherently gives the systeme mbase-
noise. The superior phase noise characteristicikahlea with
RF sources in the multiplier chain will allow fudkploitation
of coherent integrations.

Overall we see a clear path for the technique tawaured
for its analytical potential and optimized for usaig remote
environments. Life detectionyis a vis exploration of our
neighboring planets and moons, will require highgpable
tools such as this concept in order to piece tayethemical
and biotic information from alien environments.
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