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igure 1. A portion of the DFB QCL chip; the individual devices can be seen on the 

FB  laser and dimensions of the multiple quantum well (MQW)  stack.

t center frequencies separated by a few GHz. The emitting power
s around 1–1.5 mW depends on the laser frequency. A chip similar
o that used in this study is shown in Figure 1.

The QCL system is integrated into the Berkeley VRT spectrome-
er as shown in Figure 2.

Briefly, a DC power source (Keithley, Model 2230-30-1) pro-
ides a DC voltage which is mixed with a 0.5 mV,  50 kHz sine wave
C voltage, provided by the lockin (Stanford Research Systems,
odel 830), in a bias tee (ThorLabs, Model T1G), the resultant

f which is then applied to the QCL device. The laser output
s collimated by a concave-hemispherical HRFZ-Si lens treated

ith an anti-reflectivity coating (Tydex, St. Petersburg, RN) and
irected through a Zenor window to a vacuum chamber main-
ained at 70 mTorr by a Roots blower (Edwards EH4200) backed
y two rotary pumps (Edwards E2M275). The laser beam passes
hrough the chamber and a second window to the detector, a
tressed Ge:Ga photoconductor mounted in a side-looking IR Labs
ewar which is cooled to 4 K with LHe. Signal from the detec-
or is amplified by a transimpedance preamplifier (IRLabs, LN-8)
efore being sent to the lockin and detected at twice the modula-
ion frequency (2f). For scans of ambient pressure methanol, the
ignal was digitized and sent directly to the computer. For scans

f the pulsed supersonic jet, the signal was routed to two boxcar
ntegrators (Stanford Research Systems, Model SR250) operating

ith delays of 300 �s and 1.3 ms  with respect to the supersonic
ulse trigger. The gate width on both integrators was set at 150 �s;

Figure 2. Diagram of the apparatus for Terahertz VRT spectr
nd side of the figure. The right hand side shows the design of the antenna-coupled

a 100-point running average was  sent to an analog processor (Stan-
ford Research Systems, Model SR 235) where the signals were
subtracted from each other before being digitized and sent to the
computer. The entire system was  controlled by an in-house Lab-
view program.

The demodulated signal from the scan has a second derivative
shape with respect to a traditional absorbance feature. The reason
that 2f detection is so useful for this type of spectroscopy is that
it effects both high (ca. 1 ppm) absorption sensitivity and suppres-
sion of baseline due to systematic power variation of the source
with a relatively simple and convenient configuration. In combina-
tion with a lockin at kilohertz frequencies drastic noise reduction
further increases the sensitivity [20].

2.2. Ambient methanol measurements

Spectroscopic grade methanol (Sigma–Aldrich) vapor was
introduced into the chamber at a pressure of ca. 400 mTorr and
then the chamber was sealed. Laser scan conditions were as fol-
lows: voltage swept from 16.3 to 17.8 V in 1 mV steps, time between
steps was 0.5 s, sine wave modulation at 50 kHz with 0.5 mV ampli-
tude. The stressed photoconductor detector was  biased at 40 mV

via the preamplifier and the resulting signal was amplified 10×.
The signal was  detected by the lockin at 100 kHz with a time con-
stant of 300 ms  and the output was  sent directly to the computer
for analysis.

oscopy of supersonic jets using the EASY–QCL system.
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igure 5. Expanded spectrum of the most intense methanol/Ar supersonic jet peak
t  3 762 156.8 MHz. The peak shape is not a perfect 2nd derivative shape, but the
aser may  have been undermodulated, which could explain the irregularity.

ransitions to the JPL catalog it was determined that the lines do
ot correspond to any known or predicted methanol monomer

ines. From results obtained with the pure Ar expansion, it is clear
he lines originate from a methanol-containing cluster, most likely
H3OH Ar or (CH3OH)2. Definitive assignment of the cluster can-
ot be accomplished with the current limited frequency window.
owever, the spectrum clearly illustrates the exciting potential
f the QCL device for VRT spectroscopy of supersonic expansions,
hich will soon permit access to a frequency domain that has never

een explored previously by a high-resolution spectroscopy tech-
ique.

Without a spectral assignment, no explicit determination of the
otational temperature can be made, but we expect it to be simi-
ar (4 K) to that observed in previous experiments using this same
upersonic jet system [21]. The FWHM linewidths of peaks were
easured to be 2–3 MHz  with the exception of the most intense

ine, which had a linewidth of 5.5 MHz, as shown in Figure 5.
This larger linewidth is most likely explained by the presence

f two unresolved lines separated by a frequency smaller than the
xperimental resolution. The other linewidths are slightly larger
han the expected 4 K Doppler broadening of ca. 1 MHz. An expla-
ation for this is that the voltage steps of the scans, 1 mV/step or
.321 MHz/step, contributed an instrumental broadening to each
eak. This could clearly be eliminated by using smaller frequency
teps; however doing so greatly increased the scan time of the
xperiment, which was problematic due to the length of the current
aser loan period. However, the currently employed experimental
arameters clearly effect high-resolution scans.

Based on the measured spectra, we are able to determine the
inimum fractional absorption sensitivity of the QCL spectrometer,

efined as

�P

P
= N

S/
√

B

here N is the rms  noise with the laser on and S is the maximum
aser signal before amplification by the system with no methanol
resent in the spectrometer. Both quantities are adjusted for sys-
em amplification, and amplitude modulation/lockin detection. B
s the detection bandwidths for the scan. The values we obtained
rom experiment were as follows: 115 mV laser signal, the detec-
ion bandwidth was 2.5 Hz, and the rms  noise of the laser on√

he detector was 0.293 �V/ Hz. The fractional sensitivity deter-

ined in this way is 4.03 × 10−6, which is comparable to the far
nfrared laser sideband system, previously utilized for this experi-

ent [22,23]. This is very promising, considering that the previous
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designs utilized some form of multipass optics in the vacuum cham-
ber [21–23], whereas the current setup employs only a single pass.
Additionally, the stressed Ge:Ga photocondutor used for this exper-
iment was likely to have been saturated by the high power (>1 mW)
provided by the QCL; thus, it is likely that incorporation of multi-
pass optics into the system will produce considerably higher signal
to noise ratios that our previous designs. More evidence for the
presence of saturation is the fact that the ultimate sensitivity limit
of the detector, which can be regarded and the quantum, or ‘shot
noise’ limit, is given by:

QL = 2.8 × 10−10

(
v

�P�M2

)

Here v is the laser frequency (in cm−1), � is the detector quantum
efficiency, P is the laser incident power, � is the integration time,
and M is the modulation index (0 < M < 1). Using typical values of 1 s
for the integration time, 0.3 for M,  1 mW for P, and 0.1 for quantum
efficiency we get a shot noise limited fractional absorption sensi-
tivity of 3.51 × 10−8 for light at a wavelength of 125.4 cm−1; this is
fully 2 orders of magnitude better than our measured value.

4. Conclusions

We have described the first results reported from integrating
a commercial Terahertz QCL system into a supersonic beam VRT
spectroscopy apparatus. Moreover, his result is the first known
example of a laser source access this frequency range for high-
resolution spectroscopy experiments of supersonic expansions.
Given that progress in the field of high-resolution Terahertz spec-
troscopy has stalled in the past years due to lack of available
sources, this advance represents a promising means of accessing
the important but totally unexplored frequency domain above
5 THz.

Comparing this system to our previously used laser sideband
spectrometer, the sensitivity of this technique (ca. 1 ppm frac-
tional absorption) is comparable without using any multipassing
optics, which considerably simplifies the operation. A hundred-
fold improvement is likely to be realized with incorporation of a
multipass cell [21]. The measured continuous tuning range is also
encouraging, as it can be regarded as only a fraction of the possi-
ble tuning range for a single device when temperature tuning is
included. The biggest hurdle that needs to be overcome before the
device can be effectively used for routine high resolution VRT spec-
troscopy is that of establishing a convenient means to accurately
determine the laser frequency. Efforts are underway to phase lock
the laser to high harmonics of a microwave source, which would
provide the requisite frequency accuracy [24].
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