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Abstract The coupling of quantum cascade lasers (QCLs)
with an off-axis cavity enhanced absorption (CEA) spec-
trometer and an astigmatic multiple pass absorption (MPA)
spectrometer are described in this paper. A continuous wave
(cw) liquid nitrogen cooled distributed-feedback QCL at
5.7 ym and a cw room temperature mode-hop-free external-
cavity QCL at 6.1 um were employed as the light source.
For the CEA spectrometer, the effects of mirror size and
laser scan rate were evaluated. For the MPA spectrometer,
a pair of astigmatic mirrors with a 55 cm mirror distance
was aligned to the 366-pass configuration. The jet-cooled
samples were generated using a homemade pulsed slit jet
nozzle assembly. Two LabVIEW programs were written to
automate and synchronize the timing of the laser scan, the
pulsed slit jet molecular expansion, and the data acquisition.
Infrared spectra of jet-cooled methyl lactate and the Ar—-H,O
complex and room temperature N, O and NH3 samples were
measured using both the rapid scan and the wavelength mod-
ulation methods to evaluate the sensitivity and resolution of
the CEA and MPA spectrometers. The combination of the
MPA spectrometer with the external-cavity QCL using the
rapid scan method was found to be the best suited combina-
tion to measure high resolution jet-cooled infrared spectra.
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1 Introduction

The combination of infrared laser spectroscopy with a mole-
cular jet expansion provides a powerful technique to investi-
gate the structures and dynamics of medium size molecules
and clusters. Lead salt diode lasers [1] are one of the most
common laser sources used for mid-infrared high resolution
molecular spectroscopy. Direct absorption techniques using
different types of multi-pass absorption cells [2—4] and con-
tinuous wave (cw) cavity ring-down (CRD) technique based
on lead salt diode lasers [5] had been developed for molecu-
lar spectroscopy. In addition, the narrow line width of a lead
salt diode laser provides the foundation to achieve high res-
olution spectroscopic measurements. CRD spectroscopy has
some noticeable shortcomings when used for the jet-cooled
spectroscopic measurement. For example, it takes several
hours to scan over a 1 cm ™! region using the CRD technique
in combination with pulsed jet expansions. This is because
the laser frequency needs to be stepped narrowly for the high
resolution requirement while the repetition rate of a pulsed
molecular jet is only a few hertz at best. Cavity enhanced
absorption (CEA) spectroscopy is a possible alternative that
allows one to take full advantage of both the high reflectiv-
ity of ring-down mirror and the rapid scan capability of a
diode laser. Unfortunately, the output power of a lead salt
diode laser is simply too low for such experiments. In re-
cent years, quantum cascade lasers (QCLs) [6, 7] have at-
tracted much attention as a new type of mid-infrared tunable
diode laser because of their superior output power and mode
quality when compared to lead salt diode lasers. More re-
cently, significant improvements such as room temperature
operation, wide frequency tunability, and narrow line width
have been achieved for cw QCL [8]. A number of research
groups had successfully applied this new laser technology
to trace gas sensing, such as CRD and CEA based detection
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of nitric oxide [9-17]. The new improvements with the cw
QCLs also make them an attractive light source to carry out
high resolution molecular spectroscopy. These new charac-
teristics are particularly important since we are interested in
detecting rotationally resolved infrared spectra of medium
size organic molecules and complexes, the measurement of
which places stringent requirements on the sensitivity and
resolution of the infrared spectrometers used. A jet expan-
sion can greatly reduce the spectral congestion and increase
the detection sensitivity by transferring almost all the mole-
cular population to the few low lying rotational levels of the
ground vibrational state. In particular, a slit nozzle was en-
visioned for our experiments since it can provide much nar-
rower line width than a pinhole nozzle.

In this report, the design, construction, and performance
of a slit jet off-axis CEA spectrometer and the performance
of a multiple pass absorption (MPA) spectrometer based on
QCLs are described in detail. A cw liquid nitrogen cooled
distributed-feedback (DF) QCL at 5.7 pym (Alpes Lasers)
and a cw room-temperature mode-hop-free external-cavity
(EC) QCL at 6.1 um (Daylight Solutions) were used as
the light sources. In addition, both rapid scan and wave-
length modulation spectroscopy (WMS) methods were im-
plemented with both spectrometers. High resolution infrared
spectra of the RT static NH3 and N»O, and the jet-cooled
methyl lactate and the Ar-H,O complex were measured in
order to evaluate the performance of the CEA and the MPA
spectrometers. The advantages and disadvantages of these
different technical combinations for the measurement of jet-
cooled molecular system are discussed.

2 The pulsed slit jet CEA and MPA spectrometers

A schematic diagram of the slit jet off-axis CEA/MPA spec-
trometer is shown in Fig. 1. The apparatus consists of four
main components: (1) the QCL light source; (2) a cavity en-
hanced absorption (CEA) cell or an astigmatic multi-pass
cell as the sample cell; (3) a pulsed slit jet expansion assem-
bly to produce the jet-cooled sample; and (4) the hardware
and software for experiment control and data acquisition. In
the following, these four main components are described.

2.1 QCL lasers

Two different QCLs were used in the current study. One
of them is the DF-QCL that operates from 80 to 110 K
with a total frequency coverage from 1760 cm™! (110 K)
to 1766 cm™! (80 K). To run this QCL, one needs a lig-
uid nitrogen dewar that can handle the large amount of heat
generated by the QCL operation while maintaining a satis-
factory temperature stability over a wide temperature range.
A specially designed liquid nitrogen laser dewar (Cryo In-
dustries of America, DVT-2090-LMN) with a thermal link
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Fig. 1 Schematic diagram of the slit-jet off-axis CEA/MPA spectro-
meter. The astigmatic multi-pass cell (not shown) used in the MPA
spectrometer is situated perpendicular to the CEA cell and points out
of the paper plane. Both the DF-QCL (shown) and the EC-QCL (not
shown) were used in the experiments

with which one can restrict the liquid nitrogen flow in situ
was used. The temperature stability achieved during laser
operation was typically better than 0.01 K at a temperature
lower than 100 K, and about 0.01~0.02 K for a higher tem-
perature up to 110 K. In addition, the cold finger was in
contact with liquid nitrogen through flexible copper braids
and rigidly attached to the bottom frame of the dewar which
was directly mounted on a laser table. This improved the
laser beam pointing stability compared to the other dewar
design where the cold finger was in direct mechanical con-
tact with liquid nitrogen [5]. The QCL diode was installed
on a homemade copper laser mount with an additional sili-
con temperature sensing diode mounted directly underneath
to obtain a reliable laser temperature reading. The laser tem-
perature was controlled by a Lakeshore temperature con-
troller (LS340) and its current was provided by a current
driver (LDX-3232) from ILX Lightwave Corporation. The
current driver was interfaced with a personal computer via
a custom LabVIEW experimental control software program.
The laser output power was about a few mW on average. An
aspheric lens with a focusing length of 11.2 mm was em-
ployed to collimate the laser beam. Two irises were inserted
into the beam path to remove the unwanted optical fringes
by further selecting the central portion of the beam. By plac-
ing an infrared camera right before and after the CEA cell,
we found that the diameter of the collimated beam was about
2 to 3 mm with a Gaussian like profile.

The second QCL used is the EC-QCL [18, 19] at 6.1 pm,
which utilizes a robust, externally tunable laser cavity to
generate a broad continuous frequency tuning range from
1592 to 1698 cm™!. The much broader tuning range is one
major advantage of the new EC-QCLs when compared with
the DF-QCL described above. This new property made them
particularly attractive for applications in molecular spec-
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troscopy where extensive spectral searches are often re-
quired. In addition, the laser is compact, turn-key ready, and
user friendly. To ensure the proper operation of the EC-QCL,
a water chiller (T255P, ThermoTek) was used to circulate
cooling water into the laser case to maintain a temperature of
18.0°C. The finer temperature adjustment was achieved by
a built-in thermo-electric cooler and a PID temperature con-
trol unit. The laser beam was pre-collimated in factory, with
a diameter of ~1.0 mm and can be ported over 10 m without
any noticeable divergence. The whole spectral bandwidth of
~100 cm™! can be scanned coarsely in a few seconds by
a stepper motor which rotates the grating. For high resolu-
tion spectroscopic applications, the laser can be finely tuned
over ~1 cm™! by tuning a piezo electric transducer (PZT)
attached to the tunable diffraction grating. An external piezo
driver (E6-10.00, Polytec PI) was used to drive the laser PZT
with a unipolar sine wave with a maximum amplitude of
100 V and a maximum frequency of 100 Hz produced by
a function generator (Stanford Research Systems, DS345).
Since such tuning is purely mechanical, it was noted in
our experiments that the laser frequency shifts slightly from
one scan cycle to the next, leading to line broadening (see
Sect. 4 for details). Occasionally mechanical jittering of the
external-cavity even led to mode-hops. Such effects are par-
ticularly severe when laser PZT scan rate goes below 10 Hz
and can be substantially minimized with the highest possi-
ble laser PZT scan rate, which is 100 Hz at the present time.
The EC-QCL frequency can also be varied by current mod-
ulation which uses an external sine wave. The modulation
depth was estimated to be 0.1 cm™! at 3.0 Vpp (volts-peak-
to-peak) amplitude with 50 kHz modulation frequency.

2.2 Sample cells

The sample cells employed in the study are a CEA cell and
an astigmatic multi-pass cell. The CEA cell consists of a
pair of high reflectivity mirrors (R ~ 99.98%, Los Gatos Re-
search) with 1” diameter and 1 m radius of curvature (ROC)
centered at 5.2 or 6.2 um. Since the actual CEA experiments
were carried out at wavelengths further away from the cen-
ter wavelengths and the very edges of the mirrors were used,
their actual reflectivity values are considerably lower than
those specified here. The entrance mirror, whose effective
aperture is ~20 mm in diameter, was attached to a piezo-
electric actuator (PiezoMechanik). A pair of kinematic mir-
ror holders, which were secured to a homemade four-rod
rigid assembly, provides the tip tilt adjustments for the two
ring-down mirrors. This is similar to what was used in the
previous CRD experiments with a lead salt diode laser [5].
The mirror separation d is 55 cm, corresponding to a free
spectral range of 273 MHz with an on-axis alignment. For
the off-axis CEA alignment, the laser beam was designed to
make 20 round trips between the ring-down mirrors before

tracing itself again. The angle formed by the two radius vec-
tors to the beam spots on the same mirror after one round
trip was calculated to be ~126.5°, based on the equation
cosf=1-— ﬁ. To achieve such a designed alignment, the
infrared beam was first brought to coincide with a visible
HeNe laser on-axis. The HeNe beam was shifted to trace a
standard Herriot cell pattern [20] with the sequential spots
separated by about ~126.5° on each ring-down mirror. It
was very difficult to follow the beam path after the first few
round trips. We found that it was most efficient to directly
optimize the final off-axis alignment by monitoring the in-
frared detector output on an oscilloscope to achieve the best
signal-to-noise ratio (SNR) for a known transition [11, 21].
The typical infrared intensity patterns for the on- and off-
axis alignment are shown in Fig. 2. In the on-axis alignment,
there are four strong spikes in each mirror PZT period, cor-
responding to the fundamental TEMyy mode, whereas the
smaller spikes are due to the higher order modes. In the off-
axis alignment, on the other hand, there are many more high
order modes excited so that nearly all frequencies were ef-
fectively coupled into the cavity and the strong spurious cav-
ity power build-ups were minimized.

For the MPA spectrometer, a homemade astigmatic MPA
assembly was used to house a pair of 2” astigmatic mirrors
(R =99.2%, 3~10 um, AMAC-100, Aerodyne Research)
and to provide fine tip-tilt and translational adjustments for
them. The assembly allows one to pre-align the astigmatic
multi-pass mirrors outside the vacuum chamber before in-
stalling the whole assembly into the chamber perpendicu-
larly to the CEA cell. The infrared beam entered the central
hole of the front mirror and traced out the Lissajous pattern
with a rectangular outer boundary, then exited the absorption
cell through the same coupling hole. The reentrant condition
can be met with a proper combination of mirror separation
and rotation angle of the astigmatic axes. Both the 182-pass
and 366-pass patterns were located and confirmed by com-
paring the patterns of the visible laser spots on the mirrors
with the simulated pattern map [22]. By adjusting the angle
of the entrance beam, we were able to achieve a vertical rec-
tangular outer boundary spot pattern which allows a better
overlap of the infrared beam waist with the slit jet. To mini-
mize the condensation of oil vapor onto the mirror surfaces,
each mirror is heated to ~50° by a 120 2 polyimide heater
(Kapton Thermofoil, Minco), which is clamped between a
3 mm thick Teflon heat insulator and a 2.5 mm thick copper
heat spreader attached to the backside of the mirror.

In all experiments, an f = 50 cm BaF; focusing lens was
used to couple the laser beam into the sample cell. The in-
frared beam exiting the sample cell was then focused onto a
liquid nitrogen cooled MCT detector (Fermionics Corpora-
tion, PV-6-1) with a matching preamplifier (PV MCT-1000).
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Fig. 2 On-axis and off-axis
cavity output pattern from the
CEA cell with the DF-QCL.:

(a) on-axis cavity output pattern
showing eight bigger spikes and
the smaller ones due to the
TEMgp and higher order
transverse modes, respectively;
(b) off-axis cavity output
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2.3 Jet expansion

A six way vacuum chamber (Trinos Vacuum Systems Inc.)
evacuated by a combination of 8000 L/s oil diffusion
pump (Leybold, DIP8000), a roots blower (Leybold, Ru-
vac WAU251) and a rotary pump (Leybold, Trivac D65B)
was used to house both the CEA and MPA assemblies and
the pulsed slit jet nozzles. The diffusion pump was equipped
with a liquid nitrogen baffle, which helped to minimize the
back streaming of the oil vapor in order to protect the highly
reflective ring-down mirrors. The jet-cooled molecules and
complexes were generated in the jet expansion using the
pulsed slit nozzle, which was constructed by modifying a
GV series 9 circular nozzle, following the design reported
by Maier and co-workers [23]. Briefly, a homemade nozzle
cap was constructed to direct the gas pulse exiting the pin-
hole nozzle through 6 narrow cylindrical channels in a row.
The diameters of the channels were 1.0, 1.5 and 2.0 mm,
with the small one in the center and big one at the edge to
evenly distribute the gas pulse, which was then expanded
into a 40 mmx2 mmx2 mm groove. The nozzle cap block
was then outfitted with two stainless steel plates which form
a 40 mmx0.04 mm slit. The slit was aligned parallel to the
optical axis of the cavity and positioned to ensure the max-
imum overlap of the slit jet pulse with the infrared beam.
This slit nozzle design provided a longer absorption path
and a better spectral resolution compared to the previous slit
nozzle design with a 15 mm x0.06 mm slit [4].

2.4 Rapid-scan and WMS methods

Our rapid scan scheme was similar to the original de-
sign of De Piante et al. [2] and the later ones by Howard
et al. [24] and McKellar et al. [3]. To carry out such experi-
ments with the CEA and the MPA spectrometers, two Lab-
VIEW control program, i.e., RapidScan and RapidOScope,
were developed. RapidScan facilitates the execution of the
pulse sequences given in Fig. 3. For example, the DF-QCL
was ramped continuously using a composed sawtooth wave
(Fig. 3) generated using a function generator (Stanford Re-
search Systems, DS345). The duration of each ramp is about
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Fig. 3 The pulse sequence of the RapidScan program. See text for
details

1.6 ms with a built-in 0.4 ms recovery period at the end of
each ramp which helps to alleviate the frequency nonlinear-
ity of the laser scan. To ramp the EC-QCL, a sine wave, in-
stead of the sawtooth wave, at ~100 Hz was used. The cor-
responding TTL triggers from the function generator were
registered with the NI PCI-6251 multi-functional card. In a
normal jet expansion experiment, a background signal was
recorded at trigger number 1 (Fig. 3). The nozzle was then
opened at trigger number 3 plus an adjustable delay time to
insure the molecular jet expansion encompass the next laser
scan starting at trigger number 4, in which a combined jet
sample with background spectrum was recorded. The pure
jet sample spectrum was then obtained by subtracting the
background signal recorded from the signal with a molecu-
lar pulse. Both the nozzle delay time and the nozzle opening
duration controlled by a valve driver (Iota ONE, Parker Han-
nifin) could be optimized experimentally to ensure the best
temporal overlap of jet expansion with laser frequency scan.

RapidOScope was developed for even faster, real time
data collection for either static gas sample or pseudo-cw-
jet expansions using the same CEA and MPA spectrometer
setups. A repetition rate, up to ~1 kHz, was achieved. For
the operation with pseudo-cw-jet expansions, the program
rapidly collected tens to hundreds of laser scans which over-
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lapped with a 20~200 ms jet expansion pulse. It therefore
allowed one to explore very different jet operation condi-
tions.

A second detection scheme we implemented was the
WMS method [25-35], which is a well known technique to
improve the SNR of spectral measurements. It had recently
been applied to CEA spectroscopy with QCLs [11, 13, 36].
For example, Vasudev [37] and Tittel et al. [11] had reported
that WMS is a very effective way to remove the residual
etalon fringes in the CEA spectra for static gas measure-
ments, in addition to the off-axis coupling. To implement
the WMS method in our experiments with the EC-QCL,
the QCL frequency was scanned slowly with the laser PZT
while a 10-200 kHz external sine modulation current was
applied to the laser simultaneously through the input port of
the laser driver. The signal from the MCT detector was fed
into a lock-in amplifier (Stanford Research Systems, SR830)
locked to the modulation frequency and the second order
harmonic detection (2 f signal) was usually used. Besides
the optimization of the usual parameters associated with
WMS such as modulation frequency (£2), laser frequency
scan rate (w), modulation depth, and time constant (t), the
transient nature of a jet expansion sample requires additional
timing consideration. Two schemes, i.e., cw-jet [38—41] and
fast-repetition step-scan [42—44], had been reported for the
WMS detection of transient jet-cooled samples. We imple-
mented both methods with the EC-QCL to measure the tran-
sitions of Ar—H»O. The experimental details and the results
with WMS are described in Sect. 4.

The infrared detector signal was digitized using a 14 bit,
four channel analog-to-digital card (GageCompuScope 8340)
with a 10 MS/s sample rate for each channel, and was then
stored in a PC. The etalon fringes, reference gas spectrum,
and jet expansion spectrum were recorded simultaneously.
To convert the current scan into the frequency scale, the
etalon fringes were fitted to a polynomial, typically second
or third order for the DF-QCL, and the NH3, N,O and H,O
frequencies in HITRANOS database [45] were used to de-
termine the free spectral range of the etalon and the ab-
solute frequencies. Because the EC-QCL was driven by a
non-linear sine wave, in the frequency calibration procedure
we fitted less than a quadrant of the laser scan cycle to a
high order polynomial. The uncertainties in the transitions
frequencies was typically within 0.001 cm™! or better.

3 Results and discussions

In this section, we describe and discuss the static and jet-
cooled spectra measured with the two QC lasers in com-
bination with the CEA and MPA spectrometers. Because
the DF-QCL operates in a very similar fashion as a lead
salt diode laser whose combination with the MPA cell had

been published before [4], only the new development of the
DF-QCL with the CEA cell is presented in Sect. 3.1. In
Sect. 3.2 the combination of the EC-QCL and the CEA cell
using the rapid scan technique is described first. The diffi-
culty in achieving a similar sensitivity as in Sect. 3.1 with
the EC-QCL which has a much slower laser scan rate than
the DF-QCL is discussed. In addition, attempts to use WMS
technique to overcome this problem are also discussed. In
Sect. 3.3, the combination of the EC-QCL with the MPA
cell using the rapid scan technique is presented, as an alter-
native to overcome the disadvantage of the slow scan rate of
the EC-QCL.

3.1 Spectra measured with the DF-QCL CEA spectrometer

In our early CEA experiments with the DF-QCL, one
ring-down mirror was mounted on a mirror PZT (Poly-
tec PI S-314.10) with a 10 mm clear aperture, which was
used in the previous CRD experiments [5]. To increase
the effective mirror size from 10 to 20 mm, a new mirror
PZT (PiezoMechanik, HPSt 150/35-25/40TPVS45) was ac-
quired. The new mirror PZT has a 25 mm diameter clear
aperture and a maximum stroke of 40 um. To maximize
the surface usage of the existing 1” ring-down mirrors, a
homemade mirror mount with a clear aperture of 20 mm in
diameter was used. In Fig. 4, we compare CEA measure-
ments obtained with two different effective mirror surfaces,
with the same experimental setup. With the 10 mm effective
mirror size, the fringes due to the spurious laser build-ups
inside the CEA cell were quite prominent, even after 1000
averaging cycles. With the 20 mm effective mirror size, such
noise had the same order of magnitude as the detector noise.
It was also noted that the laser power reached the MCT de-
tector is much higher with the 10 mm effective mirror size
than the 20 mm one, presumably because of the much higher
mirror reflectivity at the center portions of the mirrors than
at the edges. As a result, 20 torr of NH3; was needed with
the 10 mm mirror setup in order to observe the NH3 tran-
sitions with a good SNR in Fig. 4(a) top trace, while only
2 mtorr of NH3 was used to achieve the much better SNR
with the 20 mm one (Fig. 4(a) bottom trace and Fig. 4(c)).
It should be mentioned that since the spectrometers with a
large vacuum chamber were designed to measure high res-
olution spectra of jet-cooled sample rather than for accurate
quantitative static gas measurements, no special efforts were
made to obtain highly accurate pressure measurements and
use pre-calibrated static gas samples.

Another possible way to reduce spurious laser build-ups
inside the CEA cell is to increase the laser scan rate (w)
so that there is not enough time at each frequency interval
to get a significant laser power build-up, resulting in more
evenly distributed mode intensities [46, 47]. On the other
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Fig. 4 (a) Upper trace was recorded with an effective mirror diameter
of 10 mm and 20 torr of NH3 in the CEA cavity; lower trace with
an effective mirror diameter of 20 mm and 0.5% NH3 in Ne with a
total pressure of 400 mtorr. 1000 averaging cycles and a laser scan
rate of 1.2 kHz were used for each spectrum. (b) The NH3 spectra
were recorded using six different laser scan rates ranging from 0.3
to 1.8 kHz, with a sample mixture of 0.5% NH3 in Ne with a total

hand, this also reduces the output laser power to the de-
tector and may result in a lower SNR. It is therefore nec-
essary to optimize laser scan rate experimentally. To illus-
trate the effects of varying laser scan rate, a small section
of the NH3 spectrum was recorded with the laser scan rates
varying from 0.3 to 1.8 kHz. The baseline noise was con-
siderably smaller with a scan rate of 1.2 kHz and higher.
Not much further improvement was detected above 1.2 kHz
since other noise sources such as detector noise also became
important. Furthermore, the observed NH3 transitions were
broader at higher scan rates. Therefore, a laser scan rate of
0.7~1.2 kHz was typically used in our experiments. Fig-
ure 4(c) shows the NHj3 line at 1764.81555 cm™! recorded
with 1000 averaging cycles, i.e., about 1 s data acquisi-
tion time. The experimental data points were fitted to a
Gaussian profile. The experimental full width at half max-
imum (FWHM) was 5.33x 1073 cm™!, slightly larger than
the 5.27x 1073 cm~! Doppler line width of NH3 at 296 K.
From the SNR achieved, the detection limit was calculated
to be 1.77x 1078 cm™!. This corresponds to a similar NH3
detection limit reported previously [37].

To demonstrate the performance of the DF-QCL CEA
spectrometer with a jet expansion for an organic mole-
cule, we measured the infrared spectrum of the carbonyl
stretching mode of methyl lactate, CH3 OCOCH(OH)CH3;.
To obtain a jet-cooled spectrum, methyl lactate was placed
in a bubbler with a water jacket kept at a temperature of
12°C. The argon carrier gas with a backing pressure of
200~600 torr was forced through a molecular sieve inside
the bubbler to ensure that the vapor of methyl lactate was ef-
ficiently mixed with Ar to be brought to the nozzle. The top
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pressure of 400 mtorr and one experimental cycle. (¢) The NH3 line
at 1764.8155 cm™!, indicated with * in (a), after baseline correction
and frequency calibration. The dotted curve shows a Gaussian fit with
a FWHM of 5.33x103cm™!. The signal-to-noise ratio, defined as
A/S§A, where A is the area under the absorption line and §A the devi-
ation of A in the fit, is 653

of the infrared beam profile intercepted the molecular jet at
about 1.0 cm below the nozzle slit. The repetition rate of the
nozzle pulse was 5 Hz. Typical chamber pressures were less
than 0.1 mtorr during the experiments. The rotational tem-
perature achieved with such a jet expansion was estimated
to be 2~5 K [5]. Because of the very limited frequency cov-
erage (1760.4-1766.0 cm™!) provided by the DF-QCL, we
could only access the region that is about 6 to 12 cm™! away
from the band origin (Fig. 5(a)) where the ro-vibrational
transitions have diminishing intensities because of the low
rotational temperature achieved. Indeed, no transition was
observed except at the low end of the frequency region with
the temperature of the QCL at its highest. An example jet-
cooled spectrum of methyl lactate is given in Fig. 5(b), to-
gether with the etalon and the reference scans.

3.2 Spectra measured with the EC-QCL CEA spectrometer

The EC-QCL provides a much broader frequency coverage
from 1592 to 1698 cm™! than that of the DF-QCL. This
allows us to carry out real molecular spectroscopic studies
such as the investigation of the bending mode of water con-
taining complexes like Ar-H;O [48] and H,—H>O [49]. On
the other hand, the fine tuning of the EC-QCL is driven by a
laser PZT with the highest possible scan rate of only 100 Hz,
which is much lower than the optimum rate of ~1 kHz for
CEA, as discussed in the previous section. Furthermore, the
actual laser frequency scan is not linear since the laser PZT
is designed to be driven by a sine wave. Although with the
current modulation to the EC-QCL one can scan a spec-
tral range up to 0.1 cm™! at 10 kHz~2 MHz, it is not an
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Fig. 5 (a) A room temperature
static gas spectrum of methyl
lactate in the frequency region
from 1710 to 1800 cm~!. The
strong sharp lines are due to
water vapor. The targeted
frequency region for the laser
experiments is indicated with a
red stick. (b) A calibrated
jet-cooled ro-vibrational
spectrum of methyl lactate,
together with the etalon and the
reference scans where the ‘ ‘
known NH3 and H,O 0.0 |
frequencies were fitted with a
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17608 | 17606 17604
Frequency / cm-!

1780 1800 17610

Q-branch

]

Intensity (a.u.)

R(2)

1634.05
Frequency / cm’

T T
1633.95 1634.00 1634.10

Intensity / a.u.

Fig. 6 Example spectra of the I7(111) <— X (0go) band of Ar—para
H,O0 recorded with 1000 averaging cycles with the EC-QCL CEA
spectrometer: (a) rapid scan spectrum of the Q-branch, (b) rapid scan
spectrum of the R-branch, (¢) the WMS spectrum of the R(2) transi-
tion. The sample mixture contains 0.4% water and 6% Ar in 5000 torr

applicable method for molecular spectroscopic applications
because it is very difficult to perform frequency calibration
for such a narrow spectral range and line width broadening
was observed at high laser scan frequency. This approach
was therefore not further pursued. Figure 6 shows two ex-
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115
R(2)

1634.45

T T T T T
1634.55 1634.60 1634.65

Frequency (cm")

T T
1634.50 1634.70

Ne. The rapid scan spectra were measured with 100 Hz laser scan rate
and 3 ms nozzle opening duration. The WMS spectrum was measured
with 1 Hz laser scan rate and 30 ms nozzle opening duration, with
§£2 =50 kHz and 0.3 ms time constant for the lock-in amplifier. See
text for details

amples spectra of the Ar—para HyO I1(111) <= X' (0po) band
recorded with the CEA spectrometer. Because of the many
averaging cycles needed, the spectral line width was broad-
ened to 0.002 cm™!, which is twice as large as that in a 1-
shot jet-cooled spectrum with the MPA spectrometer (vide

@ Springer
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infra). Based on the optical depth obtained from the static
gas measurement, the effective absorption path of the CEA
configuration was estimated to be ~400 m, which was about
twice as long as that obtained with the MPA spectrometer.
However, the sensitivity achieved is only modest compared
with the MPA configuration because of the low laser PZT
scan rate (vide infra). The dominant noise came from in-
complete averaging of the cavity transmission resonances
because of the low laser scan rate with the EC-QCL.

In an attempt to achieve a better sensitivity, we imple-
mented both cw-jet and fast-repetition step-scan method for
the WMS detection of the jet signal. Since the maximum
pulse-to-pulse repetition rate for our experiments is ~1 Hz,
the EC-QCL had to be scanned (with laser PZT rate) ex-
tremely slow to obtain decent spectral resolution in the fast-
repetition step-scan method. For example, a jet-cooled tran-
sition with 0.002 cm™! line width would require that 1 cm™!
spectral range was scanned in no shorter than 2500 s to en-
sure at least 5 data points were collected to plot this tran-
sition. Such low laser scan rate leads to poor laser fre-
quency stability and large 1/f noise. Moreover, the pulse-
to-pulse sample fluctuation was the dominant noise source
in the observed spectra and such fluctuation could be very
large (10~30%) with the general valve nozzle. Overall, this
method was time and sample consuming and unsatisfactory
for the jet experiments.

It is impossible to perform cw-jet experiments with the
current pumping system. Instead, we used the pseudo-cw-
jet WMS approach where the slit nozzle was opened for
a long enough time period to allow harmonic detection of
the jet signal within one pulse. To carry out such pseudo-
cw-jet WMS experiments, we first optimized several WMS
parameters using Q(10) transition of the 0001-0110 band
of N,O. The effects of these parameters on the SNR of the
transition are summarized in Fig. 7. For pseudo-cw-jet ex-
periment, we observed that the existence of jet-cooled sam-
ple could last for as long as 10 ms. During such time pe-
riod a spectrum of 0.2~0.02 cm~! could be obtained with
a 10~1 Hz laser frequency scan rate. The whole measure-
ment process was finished within a single long-pulsed jet.
An example 2 f spectrum obtained for R(2) transition of
Ar-para H,O is given in Fig. 6(c). The line shape looks
distorted on the low frequency side because the pulsed jet
finished at this frequency already, or in other words, one
would have to leave the jet on longer to cover the rest of
the frequency region. The SNR obtained with this method
was much better than that with the step-scan scheme and
similar to that with rapid scan method in one experimen-
tal cycle. One noticeable drawback, however, is the lim-
ited spectral coverage obtained during each jet pulse. For
example, only R(2) appears in Fig. 6(c), while R(3) is
not there because of the sample pulse does not last long
enough for the R(3) transition to be measured. Therefore,
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to cover a 1 cm™! spectral range, one needs to piece to-
gether several narrow spectral sections. This makes it te-
dious and difficult to perform frequency calibration and
spectral searches.

3.3 Spectra measured with the EC-QCL MPA spectrometer

It is our experience that the regular multi-pass setup is
considerably less sensitive to the laser frequency scan
rate in the range of 100 Hz to a few kHz than the CEA
setup. Therefore, we also evaluated the performance of
the EC-QCL coupled with the MPA spectrometer by mea-
suring the static N»>O and jet-cooled Ar—-H,O spectra.
The spectra of the NoO Q(9) and Q(8) transitions mea-
sured with different laser frequency scan rates, multi-pass
configurations, and sample pressures are summarized in
Fig. 8. As one can see, the SNR increases as the laser
frequency scan rate is increased since there is less back-
ground noise (1/f) at higher frequency and the absorp-
tion coefficient varies linearly with the sample pressure
and the number of optical passes. As can also be observed
from the residual of the Voigt fit, the recorded line shape
is asymmetric, most likely due to the rapid passage ef-
fect [50, 51].

A typical jet-cooled spectrum of Ar—para H>O recorded
is depicted in Fig. 9. Though the spectrum was obtained with
only one experimental cycle, the SNR obtained was already
better than the previous reported one with a lead salt diode
laser [48] because of the higher QCL power and a much
longer absorption path. The SNR achieved is also clearly
superior compared to that with the CEA spectrometer. Such
superiority was also reported by Menzel et al. [9], where
a MPA spectrometer with a 100 m absorption path gave a
detection limit 100 times lower than that achieved with an
on-axis CEA configuration with an effective absorption path
of 670 m.

In Fig. 10, we compare the 1-cycle and 50-cycle spec-
tra of the R(1) transition of Ar—para H>O. The slightly dis-
torted line shape is due to the rapid passage effects [50, 51].
The observed transitions were fitted to a Gaussian line shape
and the line width (FWHM) for the 1-cycle and 50-cycle
peaks were 0.0013 and 0.0022 cm~ L, ie., 40 and 65 MHz,
respectively. This highlights the challenges associated with
the measurement of jet-cooled spectra. Since the desirable
line width is very narrow, even a small laser jitter from one
scan to the next results in noticeable line width broadening.
From the close-up spectra in Fig. 10 one can also see that the
dominant noises sources are the interference fringes gener-
ated by the optical components and the multi-pass cell which
cannot be satisfactorily depressed by averaging more cycles.
Thus the SNR does not improve linearly with the square root
of a even small number of cycles.

Overall, the combination of the QCL with the astigmatic
multi-pass cell is a highly desirable one because the high
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Fig. 7 WMS spectra of N,O Q—50kHz T
Q(10) line measured with =1ms

different laser PZT rate (w), Mod.depth =0.3Vpp
lock-in amplifier time constant

(), modulation depth, and
average cycles (N):

(a) Comparison of the spectra
obtained with a laser PZT rate
of 1 Hz and 10 cycles with a
laser PZT rate of 0.1 Hz and

1 cycle. This shows that with the
same data acquisition time the
first gives a much better SNR;
(b) The effects of the lock-in

——— = 0.1 Hz, N=1 cycle
—— = 1Hz, N=10 cycles

Q=50kHz
a Mod.depth =0.3Vpp b
w=1Hz

1= 0.3 ms SNR=24
1 —-—-1=1.0ms SNR=47
T=3.0ms SNR=58

amplifier time constant. The
typical value used was 0.3 or
1.0 ms without severe distortion
of the line shape; (¢) The effects
of the modulation depth on the
SNR and line width. Noticeable
line broadening was observed as
the modulation depth increase to
0.4 Vpp. A typical value used
for jet experiments is 0.15 Vpp. i
(d) The relationship between the 0.30 Vpp SNR=24 1} fi
average cycles and the SNR 0.40 Vpp SNR=34 3 e
deviates slightly from the /N b

—— 0.5 VppSNR=13 |
0.20 Vpp SNR=18 I}

Q=50kHz
ow=1Hz d
t=1ms

Mod.depth=0.3Vpp

—— N=10 SNR=47
— == N= 100 SNR=113
N= 650 SNR=238

1

rule when N reaches several - Y
hundred '

1634.45 1634.50

Frequency / cm’”

1634.55 1634.50 1634.55

Frequency / cm’”

Fig. 8 Transmission spectra of 3 a ———P7T Scan 100 Hz
(1%;1 of 30 or 130 mtorr N0 s —— PZT Scan 10 Hz
with different absorption path: £
(a) One cycle scan of the N,O é 1 PZT Scan 1 Hz
Q(9) transition with the laser g
frequency scan rate at 100, 10, e b
and 1 Hz, i.e., ~0.1, 0.01, and 100
0.001 cm™!/ms; (b) 100 cycle ° —— 50 mTorr 182-pass
average of 50 or 150 mtorr N,O g — 50 mTorr 366-pass
Q(9) and Q(8) transitions with 2 75 A 150 mTorr 182-pass
the 182-pass or 366-pass g Trace H."O —— 150 mTorr 366-pass
alignment pattern; (c) The E :
experimental, HITRAN = 50 | Absorption -
simulation, and Voigt fit of the .
optical depth of the Q(9) . Experimental Data
transition measured with 2 0.25 I — Voigt Fit 1
50 mtorr sample pressure and a c Residual x 10
182-pass pattern ;j A HITRAN Simulation ’ \
S 0.00 — =
T T T T T T
1634.55 1634.60 1634.65

QCL power permits the usage of the very long absorption
path affordable by the astigmatic pattern while remaining
adequate to the detector. For the molecular spectroscopic
measurement of a jet-cooled sample, the combination of the
EC-QCL with the MPA spectrometer is the most suitable
choice, as demonstrated here.

Frequency / cm’'

4 Conclusion

The design and construction of two QCL based off-axis
CEA and MPA spectrometers have been reported. Their per-
formance has been evaluated by recording several infrared
spectra of both static gas and jet-cooled samples. With the
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Fig. 9 Rapid scan spectrum of . T
Ar—para HyO measured with Q
one experimental cycle and
366-pass MPA pattern. The laser
PZT rate is 100 Hz. The
transitions and sample mixture
used are the same as in Fig. 6

-10000 —

-5000 —

Intensity / a.u.

R(0) R(1) |

H

1634.02

1634.04

T T T T
1634.2

Frequency / cm’'

Fig. 10 R(1) transition of
Ar—para H,O

I1(111) < X (0gp) band
recorded with 1 cycle and

50 cycles. For this particular
transition, we had reduced the
laser power used to minimize
the asymmetry in the line shape
so that one can easily observe
the line broadening effect due to
averaging

Intensity (a.u.)

1-shot peak
———-50-cycle peak

T
1634.36

DF-QCL, the detection limit obtained was 1.8 x 1078 cm™!
for the CEA spectrometer with an optimal laser frequency
scan rate of ~1 kHz. The detection limit achieved was con-
siderably worse with the EC-QCL because of the low scan
rate (<100 Hz) possible. The WMS method has been ap-
plied in order to improve the detection sensitivity of the EC-
QCL CEA spectrometer although with only moderate suc-
cess. Further improvement in detection limit can be expected
with usage of larger ring-down mirrors such as those with a
diameter of 2”. Compared to the DF-QCL, the EC-QCL is
well suited for the high resolution molecular spectroscopic
measurement with its wide frequency coverage and cw MHF
tuning capability. The combination of the MPA spectrometer

@ Springer

T T T
1634.37 1634.38 1634.39

Frequency / cm’’

with the EC-QCL has been identified as the best choice for
high resolution spectroscopic studies of jet-cooled samples
among the configurations evaluated here. Excellent SNR has
been demonstrated for the infrared spectra of the Ar-para
H>0 complex with this combination.
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