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Fast-scan submilli-
meter spectroscopy
technique offers gener-
al analytical utility,
speed, and detection
capability.

Instrumentation

Imost from the beginning, micro-

wave spectroscopy’s potential for

the chemical analysis of gases
that can be collected in a low-pressure cell
has been recognized (1). Although tech-
niques based on the UV, optical, and IR
regions of the electromagnetic spectrum
have become standard analytical tools (2,
3), this early promise has not been realized
at longer wavelengths. In the late 1950s
and early 1960s, a commercial instrument,
operating in the frequency region of 10-40
GHz was developed and marketed by
Hewlett-Packard. This instrument, sold
primarily to spectroscopists with interests
in molecular structure, experienced only
modest commercial success within the ana-
lytical community because of its large size,
high cost, and complexity.
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The fast-scan submillimeter spectros-
copy technique (FASSST) described in this
Instrumentation overcomes these limita-
tions and also offers significantly greater
general analytical utility, speed, and detec-
tion capability. FASSST is based on the last
part of the electromagnetic spectrum, the
submillimeter (100-1000 GHz, 3.3-33 cm %,
3.0-0.3 mm), which has not been used
widely for analytical purposes. In this spec-
tral region, fingerprints arise from the rota-
tional energy levels of molecules. These
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Figure 1. Layout of the FASSST system.

M1—5 are mirrors. OB-30, 32, and 80 are types of BWOs.

fingerprints are ordinarily complex and
unique because many rotational levels are
thermally populated. Additionally, the un-
derlying physical interactions between ra-
diation and matter are strong, and, at low
pressure, the Doppler broadening is small,
which allows high resolution.

The FASSST methodology is fundamen-
tally simple and powerful. It is based on
electronically tunable sources of high spec-
tral brightness and spectral purity. Fast
scanning, “optical” calibration, and modern
data-acquisition and computational tech-
niques replace the more complex phase-
lock techniques ordinarily used. We will
show how these advances make it possible
for FASSST to take its place alongside ana-
lytical techniques that have been devel-
oped at shorter wavelengths.

Although the difficulties of developing
appropriate technology in the submillime-
ter spectral region have, until now, pre-

cluded its development for general analyt-
ical purposes, the underlying physics is
very favorable. Briefly stated, the FASSST
system is orders-of-magnitude more sen-
sitive than systems operating in the adja-
cent microwave region. It is significantly
faster and less complex than other sub-
millimeter systems and provides absolute
quantitative analysis traceable to funda-
mental theory and/or straightforward
calibration. FASSST provides orders-of-
magnitude greater resolution and re-
quires smaller samples than IR systems,
especially those of comparable size and
complexity. The greater resolution and
smaller sample results from the much
smaller Doppler width in the submillime-
ter, which makes the optimum sample
pressure for sensitivity and resolution
10-100 mTorr.

The opening art is a spectrum of nitric
acid, a molecule of moderate size and
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spectral complexity, which can be used to
illustrate the nature of FASSST's submilli-
meter rotational spectra. Because a single
FASSST scan contains ~10° frequency-
resolution elements, it is not possible to
graphically display a complete, full-band
spectrum. Consequently, the spectrum
shows a series of enlargements in fre-
quency and sensitivity, which provides a
good perspective. The 45-GHz scan
shown at the top was recorded in a single
1-s scan, and the 300-MHz scan at the bot-
tom was recorded in 0.01 s.

The system

The FASSST system, shown in Figure 1, is
simple in concept and straightforward in
execution. Its power is derived from the
physics that govern molecular interactions
in the submillimeter range (Box on p.

724 A) and from modern computational
techniques that coordinate and exploit the



system’s capabilities. In this example, a
backward wave oscillator (BWO) tube
(ISTOK OB-30) is used to cover the 240-
375 GHz region (www.ISTOK.com). Simi-
lar tubes are available for the 100-1000 GHz
region. The beam splitter splits the output
power of the BWO, with 90% directed qua-
sioptically through the molecular absorption
cell of 1-10 m length and detected by a 4K
InSb hot-electron bolometer (4). In this con-
figuration, a 10-cm diameter glass cell (com-
mon drain line) with polyethylene windows
was used. Metal tubing of 1-2 cm diameter
is also commonly used. The remaining 10%
of the power is coupled into a Fabry—Perot
(FP) cavity via a second beam splitter, which
provides fringes for frequency interpolation
between reference spectral lines of known
frequency.

To maximize the dynamic range of the
spectrum, the low-frequency response of
the analog amplifiers between the detector
and the A/D input to the computer is ad-
justed to provide an approximately first
derivative lineshape and to generally sup-
press the recording of the power variations
of the BWO and multipath interference
effects. The convolution of the recorded
first derivative lineshape with a reference
first derivative lineshape in the signal-
processing software results in the approxi-
mately second derivative lineshape shown
in the opening art on p. 719 A, a FASSST
spectrum of nitric acid. For the study of
weaker lines, additional analog gain is used
at the expense of the measurement of the
amplitude of the stronger lines. In the cur-
rent system (which is not optimized for
sensitivity), strongly absorbing lines have a
S/N of 10* in 1 MHz of bandwidth (1 ps of
integration time). Comparisons of spectra
obtained on phase-locked systems with
FASSST spectra show that they too are
Doppler-limited.

In this Instrumentation, we will provide
an overview of those aspects most impor-
tant for analytical systems, namely the
characteristics of the BWO submillimeter
source and the optical frequency calibra-
tion scheme. Additional details are pro-
vided elsewhere (5).

Two requirements are necessary for the
BWO sources for a FASSST system. The
first and most important requirement is
that the spectral width of the source, aver-

aged over the time required to sweep
through the line (typically 10~ s) be much
less than the sample’s spectral linewidths.
Studies done over many years have shown
that the short-term width of free-running
BWOs is <20 kHz (6) and Doppler widths
near 300 GHz are ~1 MHz, easily meeting
this requirement. The second requirement
is that the sources be voltage-tunable over
a 50% frequency range. This tunability is
necessary for the desired spectral coverage
and for the optical calibration scheme used.
This range contains ~10° spectral-resolu-
tion elements (Doppler-limited) and ~10°
distinct measurable line frequencies. For
most molecules of analytical interest, 100-
10,000 of the resolution elements will be
filled with strong, fully resolved “finger-
print” lines.

The BWO is a classical device in which
a beam of electrons interacts with a peri-
odic slow-wave structure, which supports
the propagation of an electromagnetic wave
in the opposite direction (7-9). To accom-
plish a net transfer of energy from the elec-
trons to the electromagnetic wave and sup-
port oscillation, the electrons must be
bunched and the interaction between the
bunches and the wave organized so that
the bunches always interact with a phase of
the wave that produces deceleration. Be-
cause the electron velocity has a first-order
effect in this phase relationship, the fre-
quency of oscillation is strongly dependent
on the electric potential between the cath-
ode and slow-wave structure, thus provid-
ing broad electrical tunability.

To maintain the required phasing, the
spatial periodicity of the slow-wave struc-
ture must be on the scale of the distance

traveled by the electron bunch in one os-
cillation of the electromagnetic wave. For
an accelerating voltage of a few thousand
volts and A = 1 mm, this distance is ~100 pm.
Although this is large by modern microfabri-
cation standards, energy-handling capabili-
ties decrease and circuit losses increase rap-
idly with decreasing wavelength and circuit
size. As a result, the manufacture of BWOs
and other electron beam tubes for A <1 mm
has been a challenge. Nevertheless, in spite of
these small dimensions and highly energetic
electron beams, years of development work
on these sources have resulted in a high level
of reliability for the BWOs used in this work.
In three years of operation (~1000 hours), we
have not had a BWO burn out or experienced
any noticeable deterioration in performance.
This result is consistent with the experience of
others.

The high spectral purity and frequency
tunability of BWOs can be exploited only in
the context of a power supply and calibra-
tion scheme with complementary proper-
ties. Typically, a BWO tunes over a range
of 100 GHz with a voltage variation of
~2000 V, a tuning rate of 50 MHz/volt. If it
is desired that the voltage fluctuations of
the power supply result in a frequency vari-
ation which is no more than 10% of a line-
width, then the fluctuations must be less
than 2 mV in the context of a power supply
capable of sweeping several thousand volts.
We have developed such a power supply
(6). Alternatively, for the somewhat re-
laxed frequency calibration requirements
of many analytical applications and/or for
very fast scans, numerous simple commer-
cial power supplies are satisfactory. Specifi-
cally, in a typical FASSST scan ~10* Fabry—

Table I. Detection limits for I-s integration time.

EPL=1m "EPL =100 m

Molecule  Absorption Detectable Partial Dilution Partial Dilution

coefficient sample pressure  (ppm) pressure  (ppm)

(em™) (moles) (Torr) (Torr)
HCN 1 10718 107" 0.001 1052 0.00001
OoCs 107! iTiOwhs 10512 0.01 iloris 0.0001
SO, 1032 101 1072 0.1 Jo51t 0.001
CH,CI 1053 10,18 102 0.1 105 0.001
HNO4 102 19-1° 1078 1.0 10" 0.01
CcO 1072 107'° 1078 1.0 105" 0.01
C,HsN 1078 10745 1078 1.0 1071° 0.01
CsHsN 1078 10712 1078 1.0 1012 0.01
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Perot fringes/s are recorded. Because the
resulting 100 s between calibration points is
much less than the period of power supply
ripple, thermal drift, and typical pick-up,
these instabilities are “frozen” and compen-
sated for in the calibration software (dis-
cussed later). For example, the spectrum in
the opening art was obtained with a simple
Bertan 210-05R switching power supply.

In a FASSST system, the synthesized
frequency reference and phase lock typical
of high-resolution submillimeter spectrom-
eters is replaced by a system more typical
of optical spectrometers. If the frequency
of a BWO as a function of voltage were lin-
ear, the frequency calibration scheme
could be as simple as having two spectral
lines of known frequency somewhere near
the opposite ends of the frequency sweep
range and using linear interpolation. How-
ever, the small-scale structure is much
more complex, and if the effects of this
small-scale structure are not properly
treated, the frequency accuracy of the
FASSST system will be ~100 MHz, approx-
imately 1000 times worse than that re-
quired for high-resolution spectroscopy
and 100 times worse than is desirable for
analytical applications. However, with a
small FP mode spacing (~5 MHz) it is pos-
sible to use simple linear interpolation
methods to measure line frequencies to
10% of the Doppler limited linewidth (5).

Based on these considerations, the ba-
sic FASSST calibration scheme is designed
to take a fast (10*-10° MHz/s) scan over
the spectral region of interest; include two
or more (typically 50+ are available) refer-
ence lines; use the known frequencies of
the reference lines to determine the FP
cavity mode spacing and absolute fre-
quency; count FP modes to establish the
frequency of each fringe; and use linear
interpolation between the two nearest FP
modes to calculate molecular absorption
frequencies.

Although the accounting of costs associ-
ated with technological development can
vary widely, it is useful to discuss the cost
of the system described above and the cost
of related, more specialized analytical sys-
tems that might be built. The cost of BWOs
varies with frequency band but is on the
order of $10,000. The Bertan power supply
used to produce the spectrum in the open-
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Figure 2. Spectrum of 1 GHz around 512 GHz which results from the
successive addition of (a) 10 mTorr of pyrrole, (b) 20 mTorr of pyridine, and

(c) 20 mTorr of sulfur dioxide.

ing art cost $2500, as did the components
of the more elaborate sweeping power sup-
ply described earlier. The helium-based
detectors cost $10,000 each. The remain-
ing optics, spectroscopic cell, and so on,
cost $2000. The costs of a data-acquisition
system, vacuum pumps, and so on, are
not included here because they vary
widely and are largely dependent on local
preferences.

It is important that other more special-
ized versions of FASSST could be very in-
expensive, especially in quantity. This fac-
tor is especially true for versions that take
advantage of solid-state microwave compo-
nents, which are a product of the rapid ex-
pansion of wireless communication into the
millimeter spectral region. At present,
these systems would be less capable than
the system described above, but they can
satisfy the requirements of many analytical
applications and are perhaps already an
order-of-magnitude less costly.
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Spectroscopy in the
submillimeter

Figure 2 shows the FASSST spectra ob-
tained with an OB-80 BWO in the 1 GHz
region near 512 GHz, which results from
first adding 10 mTorr of pyrrole to the sam-
ple cell (upper trace), then 20 mTorr of
pyridine (middle trace), and finally 20 mTorr
of SO, (lower trace). Figure 3 shows an ex-
pansion of the 0.2 GHz shaded region near
511.8 GHz. The spectrum in Figure 3 is 0.1%
of the BWO bandwidth and represents 0.01 s
of data acquisition. In each figure, the sensi-
tivity is such that no noise can be displayed
on the graph. The lines in the top trace of
each figure are Doppler limited, whereas
those in the middle and lower trace show
modest pressure broadening.

Pyrrole and pyridine are molecules of
intermediate size and weight and show
both regions of widely spaced lines as well
as more compact features. It is clear even
in the small expanded spectral interval dis-
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Figure 3. Expansions of the 0.2 GHz shaded regions near 511.8 GHz shown
in Figure 2. Each scan required about 0.01 s of data acquisition and
represents about 0.1% of the full range of a BWO.

played in the figure that each has a unique
signature, as they would in almost any
other randomly chosen small interval
throughout the submillimeter. On the
other hand, SO, has only about six strong
lines in the 1-GHz region near 512 GHz and
none in the smaller 0.2-GHz expanded re-
gion. A region that contains a few of SO,’s
several hundred strong submillimeter lines
must be selected for its identification and
quantitative measurement.

Sensitivity. The FASSST system de-
scribed here operates at frequencies that are
10-100 times higher than the region histori-
cally referred to as the microwave. The dis-
tinction between systems operating in the
microwave and the submillimeter regions is
very important. As discussed in the box on p.
724 A, molecular absorption strengths in-
crease with frequency with a functional de-
pendence of v?-v®, peaking somewhere in
the submillimeter region. As a result, spec-
troscopic systems in this region are 10>-10°

more sensitive than the much more com-
mon microwave systems. Additionally, the
larger bandwidth of the submillimeter in
comparison to the microwave results in vir-
tually universal coverage of molecular spe-
cies, subject only to the requirement that the
species have a dipole moment or a large am-
plitude vibration in the submillimeter. The
only chemically stable species that is an ex-
ception is HF (1200 GHz). HCI (600 GHz),
HBr (500 GHz), and NH; (600 GHz) are not
observable using an OB-30 BWO but can be
measured with other BWOs (OB-32 at 370
535 GHz and OB-80 at 526-714 GHz).
Sensitivity comparisons with IR systems
are more complex because of the diversity
of IR technologies used for analytical pur-
poses, as well as the variety of applications.
The FASSST system is inherently very sen-
sitive, however. It is based on the principle
that powerful electronic oscillators are fun-
damentally very bright and very quiet, and
that the rotational transition moments of

the submillimeter are related to the total
electric dipole moment. In addition, at long
wavelengths, it is possible to build very
quiet detectors, and the noise caused by
microphonics and such is much reduced.

Table 1 lists absorption coefficients typi-
cal for the stronger lines of several mole-
cules of interest. In the current FASSST
system, which uses 1 y1s of integration
time, the S/N is 10*. Extensive experience
with submillimeter spectrometers has
shown that the full statistical gain associ-
ated with smaller bandwidths can be ob-
tained to at least 1 s of integrating time,
with longer integrating times often used.
Table 1 also lists detection limits for a 1-s
integration period, a fairly short period for
most analytical applications. The S/N for
an optically thin absorption line becomes
the product of the 1-s integration time S/N
(107) times the absoption coefficient times
the cell length. The minimum detectable
partial pressure is then the optimum pres-
sure (0.01 Torr) divided by the absorption
S/N at optimum pressure. An absorption
cell length of 1 m length is typical for sub-
millimeter spectroscopy. For weak absorp-
tions, long-path techniques can be used.
Effective path lengths (EPLs) of 100 m can
be achieved using Fabry Perot cavities or
White-cell configurations. Dilution ratios
are calculated relative to a nominal total
pressure of 10 mTorr. In the Doppler limit,
the minimum detectable sample depends
upon the cell cross section, but not its
length. In Table 1, the minimum detectable
sample is calculated for a cell cross section
of 1072 cm?, somewhat larger than funda-
mental waveguide A at = 1 mm (300 GHz).

Specificity and rotational spec-
troscopy. The large number of resolvable
channels in the submillimeter, the large
number of thermally excited rotational
lines that populate these resolvable chan-
nels, the high S/N attainable (even with
very short integrating times), and the abso-
lute measurement of absorption coeffi-
cients available in the submillimeter make
it possible in virtually all scenarios to set
false alarm rates that are so low as to be
considered absolutely specific.

Because Doppler-limited lines for mole-
cules with masses of 100 amu have line Q
values of ~3 x 10° independent of spectral
region, any Doppler-limited spectroscopic
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instrument has 10° resolution elements in a
30% bandwidth (Q = A v/v) . If the rotational
line density is comparable with or greater
than the Doppler width so that adjacent lines
overlap, however, the spectral resolution
that can be used for analytical purposes is
reduced to that of the width of the unre-
solved rotational bands or their “features”,
rather than that of the Doppler width of the
instrument itself. Even in Doppler-limited
IR systems, this important transition oc-
curs for molecules whose size and mass
are greater than about that of CIONO,,
(10).

From a specificity point of view, the
most difficult species are those that have
only a few rotational lines within the spec-
tral coverage of the FASSST system or are
embedded in a dense background of spec-
tral lines of unknown origin. Of stable spe-

cies observable with an OB-30 BWO sys-
tem, CO and H.,S are perhaps the most
challenging. In the 240-375 GHz region,
which contains Ny, ~10° distinct measur-
able frequencies, CO has one observable
line and H,S has four. If intensity informa-
tion is not used and the number of observ-
able background lines is N, then the false-
alarm rates for CO and H,S are N/Ng and
(Ny/Ny)*, respectively. Except in the case
of a near continuum of lines, these are
small numbers, which can be reduced still
further by considering intensity informa-
tion and/or using additional BWOs to ob-
serve additional lines.

In practice, the statistical calculation is
far more complex and should be based on
the number of background lines that are of
strength comparable with the observed
lines, careful consideration of intensity in-
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formation, and the optimum use of other
known information (e.g., knowledge of the
identity of the interfering gases). Such pro-
cedures are common in analytical applica-
tions (e.g., MS) with smaller numbers of
resolvable channels (11). Except in rare
and extreme cases, however, the specificity
of the rotational fingerprint combined with
the resolving power of the FASSST system
results in false-alarm rates that are so low
as to be negligible. Testimony to this fact is
demonstrated by the identification of mole-
cules in the interstellar medium using sub-
millimeter radio astronomy. In this field,
the available data are much sparser than in
a FASSST spectrum, and the more than
100 identified molecules can provide a com-
plex background, yet it is customary to an-
nounce the discovery of a new species on
the basis of observing a single or, more



typically, a few spectral lines (12, 13).

Quantitative analysis. Because the
strengths of the molecular rotational transi-
tions depend upon the permanent molecu-
lar dipole moment and angular momentum
quantum mechanics, measured fractional
absorption can be translated into absolute
concentration by Equation 2 in the Box on
the previous page and calculation of the
partition function. Whereas rotational parti-
tion functions are straightforward to calcu-
late, large molecules can have significant
vibrational partition functions with signifi-
cant contributions from largely unknown,
low-lying vibrational modes. In these cases
the calculations should be verified experi-
mentally with known samples.

Most important, because of the high
resolution of FASSST spectra, any of many
isolated rotational lines ordinarily can be

used for quantitative purposes, thus provid-
ing massive redundancy and eliminating
the possibilities of contributions from inter-
fering and overlapping lines. For example,
in the opening art, any of more than 100
lines could be used to determine the con-
centration. In real systems, moderate ef-
forts at establishing the partition functions
and fractional absorption of the submillime-
ter power should result in a quantitative
uncertainty of ~10%, whereas 1% should be
achievable for most species with modest
effort.

Possibilities

The system described above has been con-
figured as a general-purpose laboratory
instrument, with high-resolution spectro-
scopic capabilities. For many applications,
modifications are appropriate.

For analytical purposes that require
identification rather than state-of-the-art
spectroscopic measurement, the frequency
calibration requirements can be relaxed
significantly, resulting in a smaller and
more compact system. For example, fre-
quency measurement accurate to a Dop-
pler broadened linewidth would still leave
10° distinct channels for identification
rather than the 10° channels of the system
shown in Figure 1. This significantly re-
duces the power supply stability and FP
size requirements. Additionally, for applica-
tions that do not require maximum sensi-
tivity and spectral coverage, the system has
an all solid-state analogue (FASSST-SS)
based on chirped GUNN oscillators and
Schottky diode detectors.

The sensitivity and selectivity of a
FASSST system is optimal when the sam-
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Figure 4. Calculated absorption coefficients as a function of frequency for
symmetric and near-symmetric tops (K = 0).

Similar molecules include ethylene oxide (25 GHz), difluoroethane (10 GHz), norbonadiene
(3 GHz), and fluorobenzene chromiumtricarbonyl (1 GHz).

ple pressure is 10-100 mTorr. It is common
in many analytical applications to introduce
samples into an instrument that changes
the physical condition of the sample before
the measurement occurs. For example,
pressures in mass spectrometers are typi-
cally <107° Torr. These same techniques,
including preconcentration methods,
which have been developed for a wide ar-
ray of analytical applications, can also be

used with FASSST systems.

The existing software that is used for
the calibration of the FP fringes is based on
the automated assignment of a known ref-
erence gas. This algorithm, which is very
robust, can easily be extended to compare
a library of references gases for their iden-
tification and quantification. As the spectra
in the figures show, the information con-
tent of the high-resolution FASSST spectra
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is very high, and identification and quantifi-
cation, even in relatively complex mixtures,
is possible. Because absolute absorption
coefficients for rotational transitions can be
accurately calculated from measured dipole
moments, the recovery of absolute concen-
trations is also straightforward.

Studying the rotational structure of mo-
lecular spectra has ordinarily been limited
to relatively small molecules. In the IR, the
rotational structure is ordinarily obscured
by Doppler broadening for molecules with
more than 5-10 atoms. In the microwave,
measurement of the large number of rota-
tional lines of heavier species is incompati-
ble with the relatively slow systems used
previously. Because rotationally resolved
spectra provide absolute specificity even in
complex mixtures, the extension of
FASSST to large molecules with other
physical properties that are similar will be
important. Accordingly, we feel that the
study of heavy organic and biological spe-
cies with the FASSST system is a particu-
larly exciting scientific opportunity.

Under most circumstances, sensitivity
is proportional to the effective path length
of the system. By using White-type cells or
other multiple pass/cavity schemes, about
two orders of magnitude improvement in
sensitivity is obtainable. Also, the ampli-
tude noise properties of BWOs are not well
characterized in the spectral region that is
the fundamental of the FASSST signal de-
tection channel (100 kHz). It is probable
that significantly greater system S/N (cur-
rently 107 for 1 s of integration) can be
obtained.

For many applications, it is advanta-
geous to combine GC with a spectroscopic
technique, such as IR or MS. Because the
recording time of FASSST spectra is
shorter than the separation time on an ana-
lytical column, the output of the column
can be connected directly to the absorption
cell of the spectrometer. In addition, be-
cause the optimum sensitivity of FASSST
occurs at a much lower pressure (10 mTorr)
than that of IR or optical systems, signifi-
cantly smaller sample separations from the
column are required.
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Figure 5. FASSST spectra for (a) methyl formate, a molecule with many low
lying vibrational and torsional states and (b) nitric acid, a molecule with all

vibrational states lying above 2kT.

For nitric acid, strong K = 0 bandheads can be seen near 282 and 295 GHz, with the

systematically spaced lines of decreasing intensity at lower frequency being the K # 0 components.
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