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In situ Quantitative THz Gas Analysis

John C. Pearson, Brian J. Drouin, Ken B. Cooper, and Robert A. Stachnik

Design and optimization of dn Stu gas detector requires a
Abstract— The rotational spectrum of gas phase different approach than passive remote sensing where the
molecules offers the potential to be an extremely powerful tool sensitivity and performance is driven by minimizing the
for analytical chemistry. Every polar molecule features a unique offective Toys First, thein situ implementation requires

rotational spectrum with a band. origin at DC. .The resoluthn 1of detection of a small change in power on a high power carrier
phase locked microwave techniques can easily be 1 part in*40

while the Doppler limited line widths are one part in 16. Inthe Signal caused by a molecular absorption in the sample gas.
absence of significant optical depth the intensities of Doppler The relevant figure of merit is then the smallest change in
limited lines are linearly proportional to the total column. Forin  power, rather than the smallest power that can be detected.
situ applications a microwave source illuminates the gas and Second, anin situ design must be able to do quantitative
power is measured as a function of frequency allowing the gngiysis in an absolute sense, extracting the total column of
comparatively narrow lines to be detected even when there is o ooning gas and determine with the help of a pressure and
significant gain or power structure. The illuminating source can .

easily have a brightness temperature greater than K so that ~(€Mperature measurement the fractional abundance of the
extremely weak features can be detected. The result is that Observed molecule. In the planetary science application a key
rotational techniques facilitate extremely sensitive chemical aspect is determination of the isotopic ratios of simple
identification and have the potential for very accurate total molecules for derivation of information about the evolution of
abundance determination. The development and calibration of e body in question relative to the initial solar nebula. From a

ambient temperature in situ rotational spectroscopic systems : . . . -
operating between 0.1 and 0.6 THz for planetary science is spectroscopic point of view the isotopes are distinct molecules

presented. Optimization of this type of system requires some thg S0 quantitative analysis of both determines the isotope
rather different considerations than are typical for space based ratio.
remote sensing instruments. The system considerations, the In this paper we discuss the three aspects of in situ
calibration and potential applications ofin situ spectroscopy are rotational gas spectroscopy that are most critical to a system
discussed. , . design: an understanding of the “target” signatures as a
He&g?géyﬁﬁ:g‘s_(;as detectors, Spectroscopy, Signal Detection, function of conditions, the fundamental limits of system
performance as well as what is required to detect and quantify,
I INTRODUCTION and the practical system considerations that can prevent an

. . _ instrument from reaching theoretical limits.
THE idea of employing microwave spectroscopy as an

analyical chemistry tool was first extensively discussed in 1.
1948 by Gordy [1]. An entire chapter of the classic 1955 text ) )
Microwave Spectroscopy by Townes and Schawlow [2] was All molecul_es with dl_fferent atc_Jms have polar bonds_. As
devoted to the subject. With the exception of a massive, 14p89 as there is not accidentally high symmetry such as in CO
1960's, commercial, system produced by Hewlett PackaPCO or benzene (& in a ring), all molecules with
microwave spectroscopy has yet to be commercially exploitdfsmilar atoms have a permanent dipole moment and exhibit
or used in any real sense for situ analytical chemistry. a rotat|o_nal spectrum. Unlike infrared and electro_nl_c bands,
However, microwave spectroscopy has proven to be the rotational band of all molecules features an origin at zero

valuable remote chemical analysis tool in Limb Sounding arfd fréquency. — Therefore, every polar molecule features
Radio Astronomy applications. The reasons for thgansitions which can be accessed with millimeter and
microwave spectroscopic technique not achievingritsitu submillimeter techniques. The great promise of microwave

chemical analysis potential are primarily due to some rath&P€Ctroscopy is that a single detection system can in theory
significant technological challenges in generating angdftect and quantify any molecule that is polar in sufficient

detecting submillimeter radiation that had to be overcom@Pundance to be detectable. _ o _
The rapid improvements in digital electronics and wide The critical element of spectroscopic detection is the line

bandwidth submillimeter sources have now eliminated the | &9th with emission and absorption being completely
of these original technical obstacles and building smdiprrelated through the Einstein A and B coefficients [3]. The

powerful gas analysis systems are now feasible. integrated absorptlo_n intensity of any molecular gas tran5|_t|on
at any wavelength is calculated from the following equation
[4]:
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MOLECULAR ABSORPTION
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Herea, is the frequency dependent absorption coefficierd, P = F(’)e’”" _ 4)
Planck’s constantg is the speed of lighty is the frequency,

E” andE’ are the upper and lower state energies, respectivefyherePs is the power applied to the absorbing gaslasdhe

k is Boltzmann's constantT is the temperatureS is the Path length of propagation in the medium. For the line to be
geometrical projection of the transition moment,is the detectableP, must be larger than the receivePn, in the
transition dipole moment an@ is the partition function. In measirement period.

rotational spectroscopy the transition dipole is the permanentMolecules feature a number of transitions depending on
electric dipole moment and the energy exponent is a fdljeir structure. In just about all cases there is a line every 2B
percent unless the temperature is very low. The transition |ife B+C where these are the inverse moments of inertia along
width of the absorption is determined by summing i#he axes of rotation. In symmetric top and asymmetric top
frequency space the spontaneous emission line width (invefgglecules there will be additional series due to projection (K
of Einstein A coefficient), the Doppler line width and theluantum number) on the molecular axis. As a result, a system
collisional line width. Spontaneous emission line widths argith a modest fractional bandwidth can detect at least several
proportional to the transition frequency cubed and are onlyliges of all but the lightest molecules. In heavy molecules
few kHz for the strongest submillimeter transitions [4]. Théhousands of lines will likely be present in a wideband
Doppler width is given by Equation (2), below, and i$pPectrum. The relative intensity and the line width are
typically less than 1 MHz for frequencies less than 700 GHgetermined by Equations (1) and (2) adding to the confidence
The pressure broadening width (typically 5-15 MHz/Torr) i§ any detection.

linear in pressure, independent of wavelength, and is alhe last molecular consideration is picking a frequency
function of quantum state and broadening gas. Press@and which is ultimately a compromise between light and
broadening can be ignored by operating only in the Dopplefavy target molecules with light molecules like water being
limit i.e. at very low pressure (<10 mTorr) gas. The Doppldpuch stronger at high frequency while heavy molecules are

half width at half maximum in MHz is [4]: better suited for lower frequencies. A very good compromise
at room temperature is the 300 GHz range where the heavy

T 28 molecules will be near the Boltzmann peak and the light ones

j— 6 i)

Avy = 1722107 xvy, [300Kj[ﬁj (2) which are generally easier to detect, are usually still present.

For planetary applications lower temperature suggest lower
where vy, is transition frequency in MHz, T is the gasfrequency, however the light molecules like HCl and ammonia
tempeature and m is the mass in atomic units. Dopplére often the primary science targets and these require
limited transitions in the submillimeter are only a few 100 kHsubmillimeter detection.

wide, but increase linearly with frequency. In the Doppler

limit, the line width is on the order of one part in° 1 the [ll.  SPECTROSCOPI®ETECTION

frequency. This is effectively a very high Q which makes it The ultimate figure of merit for an absorption spectrometer
comparatively easy to avoid interference on the same scgethe smallest change of power that can be detected. In
from either electronic or Optical effects. The other implicatiogenera| itis easy to detect power and compare the power level
of the narrow line width is that Doppler limited spectroscopy the noise floor of the detector to determine a carrier-to-
in the millimeter and submillimeter with a modest fraCtionaﬂ\oise floor ratio (CNR) For small Signa|s the detector noise
bandwidth will cover about a million line widths. Sincegominates, but in the large signal limit, noise related to the
pressure broadening in an unknown gas mixer is an intractaglgrce always plays a significant role. A previous paper
problem [2] staying in the Doppler limit is an obviousgiscusses the fundamental detection limits and compares in
operational requirement for a practical system. The peal, to active remote (standoff) detection [5].
absorption [4] is given by: The subject of sensitivity limitations for absorption
-1 spectrometers where large signals are involved was first
a=1T )f/AVd x 15114Tm™ ®) dlioscussed by Townes andgGesghwind [6] who pointed out on
Here Av is the Doppler half width at half maximum of athe basis of amplitude modulation that the theoretical
Doppler limited 10 mTorr pressure arfds the fraction of minimum detectable change in power of a large signal is
molecules of a given species. In the Doppler limit the pedkoportional to the geometric mean of the noise and the signal
line strength is linear with column density. FractionaPOWers:
concentration can be directly converted to a column using the NTAoD
ideal gas law where there gre 3.9%1Molecules/crhin a 1g ARy o JKTAVE ©)
cm long column at a pressure of 10 mTorr at 300 K. There afgherek is Boltzmann’s constant] is the receiver’s physical
several publIC rotational line CataloprZ//SpeC.ipl.ﬂasa.qov noise temperature in the absence of Signa' poWenS the
and http://www.astro.uni-koeln.de/site/vorhersagenwhich  getection bandwidth an®, is the received signal power.
tabulate line strength(T), and provide some instruction andpjsterically, spectroscopic systems have been operated in the
software (JPL) to do so for other molecules. small signal power regime, so that the minimum detectable
The power absorbed per unit lengtif gas is given by: absorbed power is determined by non-source noise terms not
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related to the source, such as the NEP of the detectthre detector input.
However, the improvements in sources at THz frequenciesThe figure of merit for a heterodyne detector is the transmit
have resulted in the source noise being an essent@nperature at which the IF starts to compress relativgdo T
consideration. In a direct detector it is generally better to be able to accept
Practical detection systems require choices be made in thigher input power levels as long as Equation (6) is not
sort of detector employed. Historically the emphasis has be@ominated by the NEP term, then a better detector is
on achieving thermal background limited detection, howeveadvantageous.  Detector selection ultimately requires an
this is not necessarily the best optimization for a large signahderstanding of the available source power and actual
detection system. detector properties such as saturation, NEP, and load curves.
Equation (5) states that the smallest detectable signal is af\n interesting consequence of the sensitivity being
best proportional to the square root of the received power. Tiioportional to the square root of input power and detection
sensitivity limit can be rigorously derived from the Rician(output) bandwidth is that the absolute absorption can be
probability distribution of signal detection as has been domémost trivially determined. The real CNR is proportional to
for radar detection by Levanon [7]. The result also agrees witie humber of counts between the unilluminated detector and
radar cross section measurement theory discussé&tulal the illuminated detector in the absence of gas and the SNR can

[8] and proportionality factor is of order unity: be obtained by taking the appropriate square root. The square
root of the number of counts of the absorption line counts
AR, = v ZKTAVI% : (6)  relative to the CNR is the absolute fractional absorption of the

An intuitive justification is that any power detector squares thII e which can be used in equation 3 to derive the fractional

sum of a sianal and a noise volta > so that for & undance of the gas. A challenge is to assure that the
9 & (vs+ vy detector is very close to linear and not dominated by some

large signals, the cross-terpys.vn<+/Ps Pr dominates the intrinsic noise (NEP). The signal-to-noise of a heterodyne
fluctuations of the measured power. In heterodyne detecti@gtection system used to measure a change in power on a
the system temperatures,Jincludes quantum noise, intrinsic carrier is always proportional to the square root of input power
mixer noise (conversion loss), as well as the thermals long as the IF is not compressed. Direct detectors have a
background noise. As a resultlis the relevant quantity in signal to noise proportional to the square root of the change in
Equdions (5-6) for all heterodyne detection of changes inounts, but the zero (noise floor) or a strong absorption will
transmitted power. always sample the NEP limited regime making the calibration
The minimum detectable power absorption of Equation (8)gnificantly more difficult.
must also apply to the signals received by a direct detectorlt is useful to consider the sensitivity of a system in a 1 Hz
However, analysis of direct detectors is complicated by th@ndwidth with a mixer that has a 10 dB conversion loss
fact that a direct detector's NEP almost always quantifies tif€s,<~3000 K) and starts to compress with a signal level of 100
dominant noise that is additive after the square law actionWw of RF (10pW at the IF). In this casaP,;,=2.88x10"
rather than multiplicative prior to squaring as in Equation (6)Vatts and the signal-to-noise is 3.5X10 After taking into
In the large signal limit, the internal NEP must eventuallgccount the square root of the input power level, it is hard to
become irrelevant in the absence of saturation. Diregbnceive of a system with a signal-to-noise better than®1x10
detectors also have quantum efficiengy,that is less than or, equivalently, a minimum detectable absorption of 1 part in
unity. The performance of direct detector systems have beHd0 million. So for existing technology this can be considered
discussed at length by many authors, however we will adagga upper limit on the possible performance of the microwave
the formalism derived by Brown [9]. The SNR at the detectquortion of the system.
output includes the background modulation term, the

background seen by the detector, the shot noise, and the V. DETECTIONREQUIREMENTS
intrinsic NEP. o )
p? p? 7 A. Calibration of Absorption
SNR = APZ, ) PKT ¥ 2( KPA & f+2 P hyA v NEPAV An analytical chemistry system must be able to determine

Here Af is the input bandwidth andwv is the output :jhe abs_ol_ute z;\]bunganlce. Tgetes_t require?_ents:ssociated vll/ith
bandwidth. In the limithv<<kT, the cross-term noise will _etermlmngt e absolute absorption in a direct detector make

always dominate the shot noise. The SNR with respect to ﬁeh'gh(ljy ad\éantag_eous focrjn S|tuhappllcat|or|1$ to choose .
detector input can be derived by multiplying Equation 7 by t etg_ro yne detection das 0€s .t el genera re?_uwe_ment Ior
quantum efficiency. ambient temperature detection in planetary applications. In

It is instructive to compare direct detectors using Equationp}“nc'p!e most of the_ ISSues subsequen?ly d_|s_cussed apply to
with heterodyne detectors in an ideal case wHepeT (no both kinds of detection, however for simplicity heterodyne

mixer conversion loss or shot noise) and unity quantur‘ﬁetecnon will be considered hereafter. In the heterodyne

efficiency. Regardless of input bandwidth and NEP botﬁyStem measurement of an absolute concentration corresponds

detection schemes ultimately converge to the same val{@;@ calibration test where the IF compression is carefully

SNR=(CNR/2112, whereCNRis the carrier to thermal noise atmegsur_ed asa function of RF frequency at the IF frequency.
Calibration requires a “dark” or “cold” input level for the
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mixer which is just the pumped mixer looking at the ambiermurrently available state-of-the art 16 and 24 bit digitizers are
environment. This can be accomplished by simply turning offose to this level of performance and improvements are
the transmitted signal, but it must be done periodically ioonstantly being made so that they will not likely be a future
frequency since Js will be a function of frequency. The limitation. The signal can then be extracted from the noise
“hot” level is the illuminated mixer with no gas in the cell. Iwith digital lock-in amplification techniques that narrow the
should be noted that this can usually be well determined evesndwidth to the desired level by having the integration time
with gas in the cell because the spectrum is rarely completelgfine the detection bandwidth. Once sufficient bandwidth to
line confused. have the signal-to-noise of the digitizer not be the limiting
The difference between the hot and cold is required féactor is digitized, then digital lock-in techniques can provide
calibration but only a relative scale in arbitrary count units ithe bandwidth limitation and accumulate the necessary bits for
needed. This is due to the fact that measurement of the required accuracy. 160 dB corresponds to 54 bits so the
absorption is effectively a % absorbed result and is normalizdiital lock-in should be a 64 bit implementation. Digitization
to such in the data reduction. The % absorbed is an absolae lock-in processing must be done with both the in phase
number that can be traced directly to the fractional abundarared quadrature components due to the unknown and changing
of the molecule in question. The accuracy of the abundangease. The digitizer linearity is a calibration error and any
measurement can be determined by the noise (square rooflftuations will appear as a system gain change. Any
hot counts) relative to the depth of the line plus the uncertaindigitizer instability will be noise.
in the depth measurement. In this case of a line absorbin
10% of the power would be dominated by the accuracy in " » N
determining the line depth while a signal-to-noise of 5 line Microwave spectroscopy has traditionally utilized a
would be dominated by the noise. modulation scheme _to_ minimize the impact of 1/f noise in the
The other calibration considerations are that the path Ienﬁecmf and to minimize the impact of standing waves.
of the absorbing column is known and that the temperatidulation is always less than unit efficiency so there is a
and pressure can be measured. Errors in these quant®@@sitivity penalty when using it. As long as the mixer is not
correspond directly to errors in the determined abundancegrated in a homodyne mode, 1/f will not be a problem in the

€. Lock-in Detection Approach

can be seen from Equations (1-3). conversion. The overall receiver system gain is subject to 1/f
_ i noise that will manifest itself as structure on the power
B. Dynamic Range of Electronics spectrum (noise) and a calibration error (shift of zero). Phase

A general requirement for a heterodyne spectrometer is tloat frequency modulation allows the phase to be detected,
its dynamic range be limited by the first mixer. The corollarwhich is independent of the receiver gain. While this is
to this requirement is the noise be preserved after the mixerd@ivantageous, the phase in a heterodyne system is
amplifier combination and that no subsequent componeptoportional to the path difference between the LO and signal
significantly adds to the noise. Both are standard fgrath, and will in general depend on frequency as well as (to a
heterodyne systems but the need to preserve a maximlasser extent) the absorbing gas pressure. As a result,
dynamic range of 160 dB corresponding to the CNR must baditional lock-in amplifier type detection with a fixed phase
considered carefully and is far from trivial. shift will only work over a limited range of conditions and

Equation (6) states that the signal-to-noise is proportional firequencies. The only solution is to capture a complete
the square root of the input power. In the limit of a “darktiescription of the electric field at the detector by detecting
calibration pulse, or an optically thick absorption, the power abth in phase, |, and quadrature, Q. Early attempts at build
the detector is just its noise. Since counting from this “zerdieterodyne absorption spectrometers without IQ detection had
is necessary for calibration the detection scheme must hawajor problems with phases and could only be used in narrow
enough dynamic range to count zero and full power on tfrequency bands. So detecting in phase and quadrature must
same scale. In our limiting case of a signal-to-noise of®lx1Be considered a detection requirement.
this corresponds to 160 dB, which is a significant problem for Modulation represents a trade-off between standing waves
the ultimate detector in the system. Unfortunately, onlgnd system stability with the ultimate detection limit and
HEMT amplifiers generally have this sort of dynamic rangegalibration accuracy. Modulation may be advantageous in the
while diodes, digitizers, and other sorts of analog detectors filwal implementation, however the final minimum detectable
not achieve the required performance. However, lock-iconcentration will be larger and there will be a calibration
amplification theory provides the basis of a solution. The 16fenalty due to the line width changing the modulation
dB corresponds to the final filtered 1 Hz bandwidth. Thefficiency that will be particularly severe when lines are
electric field sampled in a much larger bandwidth will have blended. In an ideal system modulation would not be
correspondingly lower signal-to-noise. The noise will increaseecessary, however achieving this requires a number of
10 dB with every decade of bandwidth digitized so a digitizexspects of the system to be carefully designed and tuned up.
with an 80 dB spur free dynamic range would have to digitiZEnese are discussed in Section VI.

a 100 MHz bandwidth to have the digitizer noise not be theD Other Considerations

limiting factor. Sampling faster does not help since the i T ) ]
digitizer noise also increases with the reduced time. TheThe effective filtering in the detection scheme makes this
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system sensitive to phase noise. All power that falls out bése line structure and line to a dispersion and a Gaussian line
the detection band due to phase noise is effectively lost. Fosleape, will return the center frequency to better than 1% of the
high quality local oscillator and transmit signal, spectral purityne width. Historically, microwave spectroscopy has utilized
only becomes a consideration at longer integration timeshighly accurate reference frequency to derive the absolute
where the bandwidth is effectively extremely narrow. In thisequency of the signal absorbed by the molecules. However,
case a phase reference (difference between LO and transithi®) reference frequency can be calibrated to extremely high
can be multiplied by the same factor and then be used irprecision by making measurements of lines as long as it is
second down conversion to cancel all phase noise withinseble in time. It is possible to implement a spectrometer
bandwidth defined by path difference in two signal paths.  without a locked reference or even without an electronic
A variety of other standard microwave techniques such esference and still achieve frequency accuracy of better than 1
the use of a correlation receiver can be used to suppresst in 10 [10]. However when unlocked, calibration
various sources of noise from other aspects of the system sbekanes significantly more numerically intensive and signal
as the local oscillator if necessary. However for planetagveraging cannot be done without first calibrating and then re-
applications simplicity is preferred since mass, power argtidding prior to averaging. For planetary application a

volume are extremely expensive. frequency accuracy of about 1 part i isufficient and well
in range of capability of temperature controlled crystal
V. GENERAL REQUIREMENTS oscillators. Higher accuracy is better but only if the reference
quality is free in terms of other system constraints.
A. Souce and Reference The other major constraint on the synthesizer driving both

A general requirement is that the frequency is sampled onhee LO and the transmitter is that it does not blind the receiver
fine enough grid so that each absorption feature is coveredwigh noise at the IF frequency. Generally this is not a problem
at least 10 points with 20 or more being better whenever itas long as signal levels are maintained with significant margin
desirable to determine the absorption line width. Thigbove the noise. The dynamic range of a 10 dBm signal
corresponds to a step size of 10 to 50 kHz at the transmetative to thermal noise is 184 dBc/Hz. A 10 dB noise figure
frequency. Since the signal-to-noise is proportional to the# the first step of amplification would reduce this to 174
square root of integration time per point, there is a diredBc/Hz, which can in principle be preserved until the
trade-off between speed and sensitivity and ultimatelyultiplication where the signal-to-noise degrades at least as
accuracy. A “discovery mode” would sample more coarsefgst as the conversion loss and in the case of other signals as
in frequency with shorter integration times while carefuR0 log(N) where N is the harmonic number. For the mixer to
measurement of isotope ratios will need to be done withliait the system dynamic range, the carrier-to-noise ratio in
finer frequency step. The strict square root in the integratidne local oscillator and transmit signals must be better than in
time means that there is no advantage to stepping slowthe mixer.
relative to averaging more samples as long as the systen®Beveral practical approaches can be applied. First is to
overhead is negligible. Unfortunately synthesizers suitable featurate all amplifiers to effectively compress the amplifier
significant fractional bandwidths with the ~1kHz step sizeoise. Second is to maintain large signal levels, never getting
required often take a few 10’s of milliseconds to switchelow a few dBm. Practically this means making sure the
frequencies. Much faster synthesizers can be constructedhaise figure of the entire amplification chain is determined by
the cost of additional power. Ultimately, digital electronicshe first amplifier.
will enable direct synthesis of any arbitrary waveform with .

. . B. Gas Handling
good phase noise and low power. Currently this approach o o
requires more DC power than a slow synthesizer however jtGas handling is by definition separate from the problem of
should eventually become an extremely attractive option. ~ detection aside from the requirement that the sample must

The fundamental synthesizer must cover the same fractiohqve at least the minimum absorption to be detected. The
bandwidth as the resultant system and have a step size sfngth of the absorption is linearly proportional to the path
enough to cover a molecular line with at least 20 point@”gth in the ab'_sorptlon cell. Asa resu_lt longer sample cells
Software control can degrade the resolution as desired. Fad#w for detection of lower concentrations. Unfortunately
switching is always desirable since this affords flexibility if€re is always a standing wave between the transmitter and
the data collection, however this can be traded with systdhf receiver doing the down conversion. This standing wave
stability. A very stable system will follow the square root ofauses several significant problems. ~Most importantly it
integration time independent of the data collecting strateg2US€s some fraction of the signal power to see a longer path
whereas in an unstable system averaging many fast frequeg%ﬂth resulting in a direct error in the_: amplltude_. Second it
scans is significantly better. h_as a _freq_uency dependent phase which results in an apparent

Molecular line frequencies are constants of nature af¢Stortion in power (a reason to modulate). If the path length
cannot change. As a result, they define a frequency to tlﬁ_esuch that a standlng_\(vgve_perlod becomes close to the line
accuracy of their measurement. A trivial peak pickin}/idth the system sensitivity is enormously degraded and no
algorithm will determine line center to better than 10% of th@aSy Signal processing can retrieve the lost information. This
line width. A more sophisticated algorithm, such as fitting th€Sults in a rule of thumb that the path length should at the
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longest result in a standing wave period 10% of the line widtthan ultimate noise figure is the more important selection
The worst case is at high frequency for a light molecule incansideration.
hot system. For example, WHthas a mass of 17 and a
transtion frequency of 572 GHz at 370 K, and it would have a VI. PRACTICAL CONSIDERATIONS
full width at half maximum of 2 MHz. Applying the factor of -
10 the system could tolerate a standing wave period of od\ Stablity
MHz corresponding to a maximum tolerable path length of 15 Several important practical considerations must be made in
meters. Longer is possible at lower frequencies ar@ptimizing the overall system. These include the choice of
temperatures where the line widths are narrower. modulation, the averaging strategy and minimization of
Several gas collection strategies exist. The simplest is jganding waves. The optimal choices depend on the RF
to leak in the required amount of gas and then pump it csitstem gain stability and the stability of the optical alignment.
once the spectrum has been collected. If sensitivity isgaling with the RF system gain stability is more challenging
problem a sorbate can be used to collect specific classesbggause gain changes can originate in local oscillator power
molecules and the target molecules desorbed during fillingvel fluctuations, the mixer conversion efficiency, the
This makes it more challenging to determine absoluteansmitted power, the IF amplification gain or drifts in the
concentrations but it identifies the trace constituents. Thedligitizer. Like other radiometers temperature fluctuations are
are several considerations for the gas handling. Pumpingthé major contributor to gain instability. If the temperature
expensive in terms of power, and the smallest low poweégnnot be regulated or is expected to be highly variable, faster
pumps have a finite lifetime. Thus, pumping should only bequency sweeping and more regular transmit off pulses will
done when needed, requiring the absorption cell to be vdi§ required for calibration. Sweeping the frequency fast
vacuum tight. Another consideration is a strategy to ke@mough will always make the impact of drifts on the scale of a
previous fills of the cell from contaminating the current fill line negligible even for highly unstable operational conditions.
Bake out heaters are effective in decontamination as is pdx& a result, a very high quality system can be built even for
purge gas and pumping time. conditions unsuitable for a radiometer, but this places a
significant demand on the synthesizer performance. Any
sweep rate that covers a line width at a frequency beyond the
The planetary application requires low power and very/f knee of the gain stability will achieve the desired end.
compact and light weight electronics as well as small volume&severing a line width at a frequency within the 1/f knee will
These constraints are lifted in many other analytical ChemiSMQrade the performance_ Allen times at representative

applications. Limited data rates suggest that the ability perating conditions can be used to determine the 1/f knee.
signal average and transmit only the resulting data is desirable.

The other constraints push the design to use a phase lock& L© and Transmit Hardware
oscillator and to focus on obtaining sufficient gain stability to A practical consideration is to utilize identical local
not require rapid frequency switching. oscillator and transmit hardware. This has a distinct cost and
Another obvious power saving consideration is to turn offevelopment complexity advantage, but it requires something
the RF and detection electronics while gas handling operatioHgse to -20 dB of the transmit signal not make it to the mixer
are taking place. This will have the effect of averaging tHe avoid saturation. The need for the loss significantly relaxes
power over the operation and will limit the maximum powera number of optical throughput requirements and probably
Reallistically a completin situ system could be implementednecessitates including additional optical loss in the system.
in less than 10 kg and would require less than 20 Watts. The simplest implementation, unthinkable in other types of
details of the accommodation and other mission drivdi€ceivers, is to put an attenuator in front of the mixer signal
constraints could potentially have major implications to thegwort. The ideal implementation is to distribute the loss to
values making the overall system architecture the single m#gtimize the standing waves in the system.
important feature in saving mass and power. The challenge for the LO and transmit hardware is to have a
. o relatively constant power over frequency. This will minimize
D. Mixer and IF Amplifier the need to actively control bias parameters during
The best mixer is the one with the largest range betweenykasurements and will greatly simplify the control software.
system and T saturation, generally leading to a higher L& obvious compromise can be made in accepting some LO
power implementation in a balanced configuration. Here thgyyer starvation at the mixer, since the system performance is

LO power requirement is increased but so is the compressigny 4 weak function of s as long as the IF compression is
point of the IF, while the noise temperature will be Iargely|Ot dramatically reduced
unaffected. Fundamental mixers generally have higher power '

levels at the right frequency so the IF compression sets in late€. Optical Alignment

as well as featuring slightly better noise temperatures. A second consideration is to assure that temperature does

The IF amplifier needs to comply with the usual receivetq: change the alignment significantly and that the standing
requirement of not dominating the system noise, but in g, o5 are at a small level. Several elements are highly

case the IF amplifier must also not compress on amacrosco&g‘sirable’ first is to have separate RF and LO ports on the

signal that can approach -15 dBm. As a result, linearity rather

C. Resources
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mixer so that the LO can be injected through a waveguigeirpose. The fundamental mixer would down convert to a
eliminating LO alignment as a potential problem. The secoMHz base band at approximately ¥ of the digitizer frequency,
consideration is to fabricate the entire optical system out of the. 32 MHz for a 16 bit 130 M sample per second digitizer
same material, including the feed horns, sample cell acdllecting both the real and imaginary part over its Nyquist
mirrors. If these are all hard mounted to a mechanichmnited bandwidth.
structure of the same material then alignment will be well From this point the signal would be digitally lock-in
preserved over temperature and there will be no dramatimplified increasing the number of significant bits to the
changes in standing waves over temperature. desired level. One result for each sample point would be
D. Optics stored at the output. The scan strategy would be to integrate

) .. for 10 ms per point and signal average to the desired level.
The excess transmit power affords many luxuries in thghe gas cell could be a 5 meter long folded path avoiding

optical design. As such the critical aspect of the design Mygam overlap in a welded aluminum box with one wedged
be a focused on minimization of standing waves over tgnqow for the beam entrance and exit. The total volume of
entire frequency rather than op_tlt_:al throughput. Op_tlczﬂl]e cell would be about 2 liters. Pumping would be

throughput should be traded for minimal standing waves in gltcomplished with redundant micro turbo pumps similar to
cases. This means liberal use of aperture stops, not using@lse designed for the Sample Analysis at Mars instrument

the mirror surfaces and introducing loss where advantageodsite on the Mars Science Lander. A molecular drag pump
Unlike receiver signal paths which must use reflective opticgg q serve as the backing pump.

lenses in transmission may be used with no penalty as long 8gne glectronics board would provide the conditioned
the surfaces do not cause standing waves. Since the RF sysigfler a second board would control all the bias lines, valves
covers a significant fractional bandwidth it is highly desirablg, 4 pumps while the third would analyze the data and log the

to design the optical system to be frequency independepisiis as well as communicate with the rest of the instrument
This requires designing the optics to take into account t@?stem.

constant radius of phase curvature in the feed horns rather thag expected sensitivity calculation can be done assuming a

the usual beam properties which are frequency dependgftyer |F compression level of BV at 300 GHz and 2W at
The bandwidth makes it difficult to use quarter wave plategng GHz and a conversion loss of 10 dB at 300 GHz and 13

ms irtegration and 7xf0at 600 GHz. Assuming a 1 kHz step
at the synthesizer, the step size at 300 GHz would be 18 kHz
VIl PLANETARY SYSTEM and 36 kHz at 600 GHz. The 300 GHz channel would cover
Thegeneral design philosophy is to do as much of the signald GHz per hour while the 600 GHz system would double
processing as possible at frequencies below 20 GHz whetiés. In 10 ms at 300 K, HCN at 265.8 GHz could be detected
high quality commercial components are available. Tha 4.5 parts per billion of the 10 mTorr sample. sN# 572
feasibility of this approach has been demonstrated in THzHz could be detected under the same conditions at 51 parts
astronomy by the Heterodyne Instrument for Far Infrargser billion. The detection sensitivity will improve at the
(HIFI) [11] and in THz laboratory spectroscopy [12]. square root of integration time. All of this is prior to any
The basic building block for a planetary system would be tgttempt to concentrate gas constituents or signal average.
have two frequency channels implemented in a cross polarized
configuration and launched into a common cell with a VIIl. CONCLUSIONS

polarizing grid. The detection end would be accomplished in Soplisticated and extremely sensitive gas analysis systems

an identical way. The high frequency channel would cover the, o\ be constructed and calibrated thanks to a number of

530-630 GHz range while th_e low frequency channel WOULFHZ developments originally for heterodyne local oscillator
cover 225-330 GHz. The high frequency channel would b elopment.  Application of submillimeter technology
turned off when the common source Is out of its frequemE’fomises to make a new generation of analytical chemistry
range. Software control would allow one or both channels g \ments possible for planetary exploration as well as for
be operated simultaneously. A _reference channel Compr's'&gplications in  terrestrial chemical detection  and
the difference frequency multiplied by the correct harmonigeiification. The chemical specificity is unparalleled due to
number would be generated in common with the higle resolution of the rotational spectroscopic technique.
frequency channel simply being the low frequency Chann/@\ljditionally, many more orders of magnitude in sensitivity

multiplied by two. can be obtained by using concentration techniques, potentially

A synthesizer in the 12.5 to 18.4 GHz range with a 1 kKHg o0 this a valuable tool in civil defense and environmental
step and a <1 ms switching time would drive the LO. T gulation enforcement

transmit signal would be derived by mixing the LO signal with
a fixed oscillator used for the down conversion as well. It may
prove advantageous to use the digital clock frequency for this
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