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Terahertz spectroscopy of acetone vapor
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Development of sensitive spectroscopic techniques for acetone vapor detection has practical importance in
pharmaceutical industry, medicine, security, global ecology monitoring, and astrophysics. Acetone CsHgO
is an ingredient in Triacetone Triperoxide, or TATP, an exceptionally volatile explosive preferred by
suicide bombers that is almost undetectable by conventional bomb detection systems. Of its base
ingredients - drain cleaner, bleach and acetone — the latter has exceptionally high vapor pressure for a
solvent. Thus, there is the possibility of detecting TATP and bomb manufacturing sites, by the presence of
acetone vapor. Detection of acetone vapor in human breath is of value as a screening diagnostic for
diabetes [1,2] and epilepsy [3]. Due to crude processing facilities, illicit cocaine usually contains trace
amounts of solvents, including acetone, which might be a useful marker for drug enforcement efforts [4].
The pharmaceutical industry requires accurate determination of the amount of solvent removed during
drying of drug substance and intermediates in paste, cake, or slurry forms [5], and acetone is one of the
major solvents used in drug manufacturing. Acetone exists in interstellar space [6] because it is composed
of only a few of the most abundant atoms. Detection requires accurate knowledge of the spectrum. The
purpose of this paper is to compare absorption features of acetone vapor over a broad range of THz
wavelengths to evaluate the potential of this region for acetone sensing.

For millimeter-wave spectroscopy of individual rotational lines, non-stationary spectroscopy with phase
switching of microwave radiation [7] was used. The spectrometer is based on a backward wave oscillator,
frequency stabilized by a phase lock-in circuit that includes a harmonic mixer, a phase detector, and
reference synthesizer. Data was collected in the range 115-700 GHz. Phase switched is realized by 10 ns
~250 kHz voltage pulses fed to the slow-wave structure of the BWO, whose radiation is then fed through a
1 meter gas cell and detected by a Schottky-diode detector. The method uses post-excitation coherent
spontaneous response of excited gas molecules, which can provide sensitivity of spectroscopic detection of
rotational lines with absorption level up to 10° cm™ with acquisition time of 1 second for a gas cell length
of 1 meter. This method can be successfully used for detection of acetone concentration in human breath
with limit 10°® molar % at measurement acquisition time not more than several seconds [8]. Spectral line
shapes are Voigtian. Optimal vapor pressure is 1 to 10 mTorr, where the linewidth is below several MHz
but above the Doppler limit. The method can have an accuracy of line central frequency determination as
low 1 kHz, which provides unique identification of the gas being detected.

A vacuum-bench Bomem DAS8 Fourier-transform spectrometer was used to obtain transmittance spectra in
the range 0.6 to 60 THz) with a recently-upgraded maximum resolution 0.017 cm™. For the range 20-55
cm, a 50 micron thick mylar pellicle beamsplitter, a Hg arc source of black body radiation, and a 4 K Si
bolometer (IR Labs) were used. For the range 40-200 cm™, the resources were changed to a 12 micron
beamsplitter and a globar source. In the range 200-600 cm™, a 3 micron pellicle and globar source were
used. The spectrometer optics and sample compartments were evacuated to a pressure of ~100 mTorr.
Transmittance spectra were calculated as a ratio of the sample and reference spectra. A 10 m multi-pass
White cell with polyethylene was used to contain the vapor sample. This cell was contained completely
within the evacuated spectrometer sample compartment. Reference spectra were collected while the cell
was continuously evacuated to a pressure of 70 mTorr.
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Fig. 1 presents absorption spectra of acetone vapor near 132 GHz measured at gas pressure 20 mTorr. The
line shape on the figures represents the second derivative of the natural absorption line. Due to absence of
other gases in these measurements the spectra were collected during a single sweep of the frequency with
sufficient signal-to-noise ratio. The signal-to-noise ratio can be remarkably improved by multi-scan data
acquisition with averaging, while detecting weak lines or situations with low partial concentrations. The
value of the absorption cross section for the line at 132.010 GHz is 3.8 x 10%° cm® The lines become
undetectable by this method at pressures above 500 mTorr.
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Fig. 1. (left) High-resolution mm-wave spectrum of acetone vapor at a pressure of ~20 mTorr.
Fig. 2. (right) Low THz spectrum for acetone pressure of 1 Torr, optical path length 10 m, and resolution 0.017 cm™.

Fig. 2 presents a transmittance spectrum in the range 0.6 to 1.65 THz. All sharp lines are due to water
vapor, which originates from the liquid acetone source itself. The high resolution of 0.017 cm™ = 0.5 GHz
is nevertheless still too coarse to resolve individual rotational absorption lines acetone, so that its spectrum
appears as a broad band. A fairly large peak absorption cross section of 1.2 x 10™° cm? is estimated at 0.7
THz, which together with a comparative lack of water vapor interference suggests that the spectral range
below about 1 THz is attractive for sensing. No acetone absorption is detected in the range 55-100 cm™
(1.65-3.0 THz).
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Fig. 3. (left) Mid-THz spectrum of acetone vapor with torsional modes indicated by symbols. The acetone vapor pressure was 23
Torr, the optical path length was 10 m, and the spectral resolution 0.25 cm™. Al other lines are due to water vapor.
Fig. 4. (right) Acetone vapor spectrum in the range from 6 to 18 THz. The acetone pressure was 1.2 Torr, the optical path length 10
m, and the spectral resolution 0.1 cm™.

A mid-THz spectrum in the range 100 — 130 cm™ (3.0 — 3.9 THz) is presented in Fig. 3, where the two
marked lines are identified as due to acetone by comparison with a spectrum of air. These two bands are
acetone torsional modes [9,10]. All other lines are due to water vapor from the liquid acetone source itself,
since we find that the residual water absorption in the evacuated spectrometer bench divides out quite well
in the calculated transmittance. One of the marked absorption bands, a triplet, occurs at 124.6 cm™ in the
gap between water lines. The other acetone transition at 104.6 cm™ exactly coincides with a water band.
The presence of an acetone band here is verified by a doubling in strength of the 104.6 cm™ line relative to
the other water lines when acetone vapor is in the cell. The absorption cross section of the band at 124.6
cm™ is only about 6.3 x 10?2 cm® Given the smallness of this cross section, the strong interferences from
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the overlapping bands of water vapor, the lack of resolved characteristic structure at atmospheric
conditions, and the paucity of other characteristic lines in this spectral range, the mid-THz appears to be a
particularly poor region for sensing of acetone vapor.

We find nothing attributable to acetone in the range 130-200 cm™, but two broad strong bands appear in the
range 200-600 cm™ (Fig. 4). The signal-to-noise ratio becomes poor in the high range of this spectrum due
to the decrease in beamsplitter modulation efficiency, but the 100% deep band there is nevertheless quite
clear. For the weaker line near 380 cm™ (11.4 THz), the peak absorption cross section can be estimated as
4.2 x 10™ cm?, which is up to 1 order larger than the cross sections below 1 THz and 3 orders larger than
the vaIU(les for the torsional lines. Moreover, the water vapor interferences appear to be dying out above
350 cm™.

In summary, the mm-wave spectral region up to ~1 THz has the largest number of characteristic
transitions and weak water interference, but the vapor pressure must be low to avoid pressure broadening.
The mid-THz range is poor for sensing because lines are very weak while the water interference is very
strong. The high-THz vibrational transitions have strong cross sections, relatively weak water vapor
interference, and their lineshapes should change little with pressure, but the large widths may hinder
sensing specificity.
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