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ase rotational spectroscopy is a mature field for which millions of rotational spectral lines have been
dreds of molecules with sub-MHz accuracy, it remains a challenge to measure these rotational spectra
nal modes with the same accuracy. Recently it was demonstrated that virtually any rotational transition

aNnodes of most molecules may be made to lase when pumped by a continuously tunable quantum

cascade Iaser'H re we demonstrate how an infrared QCL may be used to enhance absorption strength or
induce lasing of'te tational transitions in highly excited vibrational modes in order to measure their frequencies

more accurately. T
enhanced absorption or indu
then measured using eit
constants B3 and D3, which re
then show how this technique
lase in any N, O vibrational mode!

Keywords

ustrate the concepts, we used a tunable QCL to excite v R-branch transitions in NoO and either
ing on 20 vj rotational transitions, whose frequencies between 299-772 GHz were
dyne or modulation spectroscopy. The spectra were fitted to obtain the rotational
d the measured spectra to within the experimental uncertainty of + 5 kHz. We

e géneralized by estimating the threshold power to make any rotational transition

rotational spectroscopy, excited vibrational r@ ntum cascade lasers

Introduction

The venerable field of gas phase molecular rotational
spectroscopy has for decades provided an unparalleled
ability to identify and discriminate species, even for subtly
different isomers, and reconstruct molecular structures and
their dependence on rotational state!!:>!. However, the vast
majority of these measurements have been performed in the
ground vibrational mode of the molecule because the thermal
population of excited vibrational modes drops exponentially
with vibrational energy. Because rotational spectra in these
excited vibrational modes are often profoundly altered by
the associated vibrational motions and coupling among
neighboring ro-vibrational energy levels, measuring these
spectra is essential for reconstructing the complex rotational-
vibrational motion of and intramolecular energy transfer
pathways within these molecules.

Heating the gas produces little benefit for measuring these
spectra, as the number of available rotational levels grows
rapidly as T3/2, non-selectively redistributing population
among an increasing number of thermally accessible
rotational states and vibrational modes. Consequently,
clever strategies for circumventing this limitation have
been developed, most notably through infrared difference
frequency measurements or frequency combs!*~’! However,
these techniques typically suffer from complexity or reduced
precision (> 1 MHz) compared to that routinely achieved for
rotational spectra in the ground vibrational mode (< 10 kHz).

The invention of the frequency-tunable quantum cascade
lasers (QCLs) has created the opportunity for measuring and
even pumping ro-vibrational transitions of highly excited
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tional modes ®!. In a recent modification of the original
lept for optically pumped far infrared lasers (OPFIRs),

ational transition!'%-">!. In our previous
xide (N2O), we were able to pump the vg
ns from J = 9 to 31 with a tunable

QCL spannin o 2231-2247 cm ™!, producing lasing

on all 29 v3 ro sitions between 251 and 955

GHz!". This QCL olecular laser (QPML) is a
1

universal concept: virt nyYyotational transition in an

excited vibrational modeof vig¥lally any molecule with a
permanent electric dipole moffle ay ke made to lase.
Building on this concept, Quegfc here a new

technique for accurately measuri ofational spectra
of vibrationally excited molecules. tdad raditional
techniques that depend on measuring t eal@ ambient
absorption spectra, we introduce two

techniques to enhance the strength of that spectr:

n
“lasing technique,” specific rotational transitions f
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Figure 1. (a) A @ cascade laser Pumped Molecular Laser (QPML) consists of a widely tunable QCL pumping a specific
ro-vibrational trar&jjig

s to induce rotational population inversions in the ground (refilling lasing transition) and excited

(o)
(direct lasing transnloWOnal modes. (b) Schematic diagram of the “lasing technique” using a QPML. It consists of a pump
laser (QCL), a molecular laser cavit llection optics: off-axis parabolic mirror (OAP) and Teflon lens, and a heterodyne receiver.

Part of the beam is sentto ar
monitored with an HgCdTe d€tec
(blue) over its measured tuning ran
the molecular laser gain bandwidt
by cavity frequency pulling of the las

spectra are made to lase by QCL pumping 0O
cavity, and the laser frequency is measured us
spectroscopy. Although these lasing spectra are stj
easily measured, the frequency accuracy is only g
of +100 kHz because of the tuning range of the QPML

the uncertainty of where line center is located.

To improve the accuracy of this method, a second
“enhancement technique” avoids lasing by replacing the
laser cavity with a long, mirror-less gas cell that is pumped
with the same QCL to enhance the absorption or induce
amplification of N5O rotational spectra. Using traditional
modulation spectroscopy to measure these stronger line
shapes, this technique was shown to improve the accuracy
significantly, on the order of 5 kHz.

We demonstrated both concepts by first measuring the
laser frequency for 20 rotational transitions (Jr, = 11 - 30)
in the v3 (00°1) vibrational band of N,O, then measuring
the frequency of 15 QCL-enhanced rotational transitions
using the second technique. The measured frequencies were
used to deduce the rotational constants B3 and Ds3. After
confirming that these measurements are consistent with,
if not superior to, previous measurements, we discuss the
universality of this technique. The lessons learned from Ny O
indicate that as long as a sufficiently tunable and powerful
QCL is available, the frequency of any rotational transition
in any excited vibrational mode accessible by a QCL may be
accurately measured.

Methods

Nitrous oxide (N5O), a well-known anesthetic, is a linear tri-
atomic molecule often used as a reference gas for rotational
spectroscopy because of its simple spectra, strong lines, and
non-toxicity. Its rotational spectrum in the ground vibrational
state was among the first measured following the advent of
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as cell containing 50 mTorr of N2O using a beam splitter (BS), and the transmitted light is

) Sample spectral measurement of the intermediate frequency (IF) output of the receiver
ray) for the transition at 373.6 GHz (J = 15 — 14). (d) Schematic of the laser line within
thelgavity mode bandwidth, showing that the spectral accuracy of the technique is limited

microwave spectroscopy /. However, the rotational spectra
of only a few of its excited vibrational modes have been
easured accurately (with uncertainty < 1 MHz)!*!7201,
or example, only 4 rotational transition frequencies have
directly measured in the v; mode at 13 = 2224 cm ™!

ntly renamed as the v; mode by some authors?"),
emperature population is down by a factor of
3 ~ 10.7 kT) from the corresponding ground

(2) a tunable high @
oscillator (LO) near (e of the QPML emission,
ediate frequency (IF)
O. The energy levels

are illustrated in

from the QPML emission a;

Fig. la for the linear molecule
measured by inducing the rotational n
beating the laser output against the
350-500 or 500-750 GHz) in the sub-har@onic
a frequency-stabilized heterodyne receiver S
could be measured with a spectrum analyzer

for the experimental schematic). We measured the
once for the LO red-detuned approximately 1 GHz
laser line and once with it blue-detuned a similar amount,
each measured with a precision of ~25 kHz (Fig. Ic). The
frequency we report in Table 1 was taken from the average
of these two measured IFs.

uencies were
i0n to lase, then
g either

“%

For these measurements, we used the same QPML cavity
used in!"¥: a cylindrical copper tube of 5 mm diameter and
15 cm length, into which was inserted an adjustable copper
plunger to act as a highly reflecting back mirror to tune
cavity length into resonance. The front mirror contained a 1
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Figure 2. (a) Schematic diagram
(QPMA). It consists of a pump las
modulated local oscillator that use du
twice the modulation frequency. Part

splitter (BS) for which the transmission is nltor
the pumped rotational energy level and two
amplification line. Typical modulation spectra plo
enhanced absorption (J = 11 — 12) or (d) ampli
IR absorption bandwidth. The uncertainty of the QCL |
resolution of this technique.

0.5 1

Frequency (MHz)+373.674 GHz

e “enhancement technique” using Quantum cascade laser Pumped Molecular Amplifier,
n absorption cell, and a frequency multiplier-based THz source driven by a frequency
latin spectroscopy by demodulating the amplified THz signal with a lock-in amplifier at
am is directed to a reference gas cell containing 50 mTorr of N2O using a beam
usmg an HgCdTe photodetector. (b) Schematic energy level diagram showing
|y empty adjacent levels, yielding an enhanced absorption line and an
functlon of the sub-THz frequency for transitions measured with (c)

4 — 15). E Schematic of the QCL IR pump frequency lying within the

requency within the IR absorption bandwidth ultimately limits the

mm-diameter pinhole which acted as an input/output couple@e the wide cavity mode (Avcqvity = 25 MHz) dictates

through which the QCL pump was focused after passing
through a ZnSe window mounted at Brewster’s angle to
maximize throughput. The terahertz beam diverging through
the pinhole was captured by an off-axis parabolic mirror
and focused into a Virginia Diodes, Inc. zero-bias Schottky
diode detector. To ensure the proper ro-vibrational transition
is being pumped by the QCL, it is necessary to have some
way of confirming the QCL frequency, either by using an
infrared spectrometer or a well calibrated QCL source. A
frequency stabilized QCL is desirable to minimize laser drift
during the spectroscopic measurement!”’.

Detection of the IF by a microwave spectrum analyzer
allows one to monitor how the QPML frequency depends on
QCL frequency and cavity length. For these measurements,
the QCL was tuned to coincide with the peak absorption
of the ro-vibrational transition, monitored by an external
reference cell as shown in Fig. 1b. By adjusting the cavity
length, the laser frequency was then tuned toward the center
frequency of the rotational transition. For N5 O transitions of
frequency v (THz), the lines were Doppler-broadened at low
pressures with a full width at half maximum (FWHM) of
2Avp = 1870 v (kHz). Most measurements were performed
at higher pressures, between 40-60 mTorr, corresponding to
a pressure broadened gain profile of 250-400 kHz FWHM,
assuming an N3O pressure broadening parameter of 6.3
MHz/Torr FWHM 1211,

The precision of the measurements was strongly affected
by cavity frequency pulling in the laser cavity (Fig. lc),
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sion frequency, as represented in Fig. 1d. We
o tune the laser frequency over the width of the

gain ﬁle Aygi®500 kHz) by adjusting the laser cavity
length, so w sured the frequency as close as possible
to the cent o range where maximal power was

produced (Fi frequency was measured with an
accuracy limited be [@er bandwidth measured in the
spectrum analyzer ( @ 7)gbut we conservatively claim
a precision of =100 kH#to @#€Cout for the uncertainty about

whether our measuremenf?occysf€d gt line center. Note that
this technique required no 1on of the LO, no large
reference cavity, and no pulse-inf@ucedfireginduction decay,
thus simplifying this technique rel@fi re traditional
modulation spectroscopic methods !> &1

The “enhancement” technique was usedffto i

accuracy of our measurements. The QPM

pass QCL-pumped molecular amplifier (QPMA). v

in the schematic in Fig. 2a, light from a QCL was g§t @
into an absorption cell (Iength 1 m, diameter 10 mm) throug
an anti-reflection coated zinc selenide window. Radiation
from a modular and tunable sub-THz source using a chain
of frequency multipliers (Virginia Diodes, Inc.) was coupled
through a polytetrafluorethylene (PTFE) window on the
other side and measured using the same Schottky diode
detectors as for the laser method.

Pumping the gas with a QCL tuned to an IR absorption
frequency (either a P, Q, or R branch transition) with final
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quantum number Jpuymped €nhances two transitions between
adjacent rotational levels (see Fig. 2b): a lower frequency
“amplifying” transition (between Jpumped and Jpumped -
1), and a higher frequency “enhanced” absorbing transition
(between Jpumped and Jpumped + 1). We have additionally
observed weakly enhanced absorption and amplification
signals from rotational transitions respectively farther above
and below the pumped transitions, obtained by a mechanism
ilar to the recently observed cascaded lasing in the
monia QPML 1,
e the QCL is tuned into coincidence, both enhanced

tiongh trapsitions are strong enough to be measured by
S g -THz source across their line shape. In
order e each transition frequency with the highest
accural e uged modulation spectroscopy in which the

probe was giegl at frequency f and detected with a
lock-in amplifig @ quency 2f >4, Specifically, the LO
used a 10 MH 0 icrowave synthesizer (Wiltron

68347B) locked to g7 10 MHz GPS reference (Stanford
Research FS752) and was modulage@ with a triangular wave
at a rate of f = 20 kHz wg of 5 kHz. Depending
on the measured frequency and§¥equired multiplier chain
(with multiplication factor 18, 2/, #6, O 54 depending on
the targeted frequency range), the@§nodu depth in the
THz domain was between 100 and z, mparable to
the HWHM of the measured transition’s RQoppl idth.
The detected signal was amplified and ba

signal between -10V and +10V was acquired by a 12 bit
acquisition card (National Instruments DAQ) as a functi®n,

1 kHz. Due to the weak signal strength from our multiplier-
based THz source above 600 GHz, we could only perform
measurements at lower frequencies.

Typical modulated enhanced absorption and amplification
spectra are shown in Figs. 2c and 2d as a function of the
sub-THz frequency, along with a fitted profile assuming a
Voigt line-shape of the transition similar to!>’. Unlike the
lasing technique, this method is immune to cavity frequency
pulling effects, but it is not immune to pump pulling effects,
as highlighted in Fig. 2e and discussed in the next section.
The recovered frequencies for both the lasing method and
the enhancement method are given in Table 1.

Discussion
Accuracy

To ascertain the precision of our lasing technique, we
measured several “refilling” laser transitions connected to
the rotational state in the ground vibrational level (see
Fig. la) from which the molecules were pumped!'’l. We
then compared these measured frequencies (Jy = 12-18,
between 301 — 452 GHz) with those available in the JPL
molecular spectroscopy database (calculated using By =
12561.6343439 MHz, Dy = 5.279548 kHz)!*!. The root
mean square (rms) for these eight measured transitions,
calculated as the square root of the mean of the squared
observed — calculated values, was 57 kHz, consistent with the
precision of our vy and vs measurements. Note that we used
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the traditional definition for frequency v = 2B, (Jp + 1) —
4D, (Jr, + 1)3, with an implicit negative sign in the equation
before D,,, unlike SPFIT 71,

The laser measurement accuracy for rotational transitions
in excited vibrational levels can be further improved by
reducing the pump laser power closer to the lasing threshold.
As shown in Fig. 3a, this will reduce the width of the gain
profile and tuning range of the QPML so that power is only
emitted near the center frequency. The figure shows how
the measured QPML tuning range decreased with decreasing
pump power. At a pump power of 140 mW, about twice
the lasing threshold, the tuning range was reduced to about
+10 kHz. However, all measurements reported here used
full QCL power in order to maximize signal strength and
stability.

To ascertain the precision of our enhancement technique,
we measured the frequencies of a few rotational absorption
lines in the ground vibrational level in the absence of a laser
pump and confirmed that the recovered values matched the
known values to within the resolution of our modulation
technique. Note that the enhancement technique would
only weaken these ground state lines, but that reduction
effectively tags those lines by connecting them to the
enhanced line strengths in the excited vibrational level.
This selection rule-determined tagging may prove helpful in
assigning challenging excited state spectra of more complex
molecules like methanol %,

A striking difference in linewidths was observed
tween the enhancement spectra of excited state rotational
ransitions and their ground state counterparts. In Fig. 3b are

ed the normalized modulation spectra for the ground
(vo) J = 7 — 8 transition near 200 GHz and the
v .

of the LO frequency, which was stepped with a resolution of

p v3 enhanced line near 199 GHz. These curves

same N»O pressure (10mTorr). Notice,
vs line appears significantly narrower

from the fitted modulation spectrum
tign"oNghe gas pressure in Fig. 3c as blue
, the Voigt linewidths of the vq

The yellow line captures
igt linewidths at 200
roadened FWHM near

crosses. On the sa
line is plotted with the
the predicted pressure-defend
GHz (with a ~ 376 kHz D
0 mTorr) for the N2O pressure
MHz/Torr. The measured vq line
behavior in both the lower pressure,
higher pressure, pressure-broadened reg
Why is the vs line narrower? Consider res
vibrational absorption line pumped by a Q
larger Dopper-broadened linewidth (~ 63 MHz
than the QCL linewidth (< 1 MHz), as illustrated in
The QCL therefore pumps a homogeneously p#eEss
broadened velocity subclass of that larger, inhomogeneously
Doppler-broadened IR transition. If properly tuned to line
center, the QCL pumps the velocity subclass centered at zero
longitudinal velocity, so the molecules pumped are moving
in the radial direction. Because the pressure-broadened
linewidth is narrower than the Doppler widths for both the
IR and terahertz transitions at the low pressures used here,
the narrower linewidth for the vs transitions corresponds
to this pumped velocity subclass. Notice that the linewidth

the expected
dened and
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ML. (b) The normalized modulation spectra (90 kHz modulation depth) of the J =7 —
rption near 199 GHz) measured at 10 mTorr. (c) The full-width half-maximum of

0
these same v3 and vg lines, plotted as a fu@ the gas pressure. The yellow line corresponds to the predicted width of the

Voigt lineshape for these lines. (d) The mo

(QCL temperature offset AT). The vertical line reile

a for the J = 15 — 16 transition is plotted for different pump detunings
e average frequency of the two observed lines.

plateaus near 200 kHz FWHM at the lowest pres@e quares analysis of these averaged enhancement spectra,

the width of the velocity subclass should continue narrowi
with decreasing pressure, this plateau corresponds to
linewidth of the QCL itself.

Because the ro-vibrational transition is inhomogeneously
broadened, a small detuning of the QCL emission frequency
from the peak IR absorption will shift the pumped population
towards non-zero velocity subclasses, thereby shifting the
rotational transition frequency measured by modulation
spectroscopy. However, if this detuning, produced by small
changes in QCL operating temperature AT, is greater than
the pressure broadened linewidth of the pumped velocity
subclass, two rotational transition peaks will be observed
(see Fig. 3d): one pumped by the forward propagating IR
beam, and one pumped by the weakly reflected beam within
the absorption cell. Although observation of two peaks is a
clear sign that the QCL detuning is too large, the average of
these two frequencies must equal the actual center frequency
of the rotational transition to a high degree of accuracy.
Indeed, uncertainty about effect of QCL detuning can be
removed in this way. Whether the QCL is perfectly tuned
or somewhat detuned, the enhancement technique presented
here provides a measure of rotational transition frequencies
with an accuracy better than £5 kHz. The only challenging
technical requirement is the availability of a tunable terahertz
source referenced to a frequency standard, which may limit
this technique to frequencies below 1 THz for the near future.

€

Using the enhancement technique, all lines were measured
twice, once through enhanced absorption and once through
amplification, both of which are reported in Table 1. The
difference between the two frequencies was always less than
11 kHz, usually less than 5 kHz. Through a nonlinear least

Prepared using sagej.cls

g.obtained values for the vs rotational constants Bs =
% 8.161(3) MHz, D3 = 5.261(2) kHz and found they
ac Mg dict these frequencies with a commensurate
Hz (see Table 1). Refitting the spectra with
stants only slightly improved the rms

th used a high resolution Fourier
ith frequency accuracy of 2 —
Hz) to obtain three rotational
duced our measurements
)!2°1. Ting et al. used a

6 x 107° ecm™! (0

constants (B3, D3, H3
with a slightly larger ©
tunable IR probe and high pr

ascertain rotational

accuracy 1?1,
Although they could only directly mea§urdotir pure rotation
transitions below 1 THz, their five para
our measured frequencies with an rms (4.2
to the one we obtained using just two p 1S.” dhe
JPL molecular spectroscopy database also lists pr :
for these lines, which produce a rms comparabl® tg
measurement uncertainty (16 kHz)?°!. Clearly our te
produces measurements with sufficient accuracy to provide
trustworthy, even superior, rotational constants.

The frequencies measured using the lasing method, when
compared to the calculated frequencies using the constants
fitted for the enhancement data, yielded a rms of 91 kHz,
commensurate with the measurement uncertainty. However,
we discovered a non-zero average residual between the
calculated frequency and the measured frequency, revealing
a systematic error of about -20 kHz. This systematic error
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Table 1. Measured rotational spectra of the N2 O v3 vibrational mode for J;, — Jy transitions. The calculated values used the
rotational constants (Bs = 12458.161(3) MHz, Ds = 5.261(2) kHz) obtained from the averaged enhanced transition frequencies.

Jr | Ju Observed Observed Observed Average Calculated | Enhanced Lasing
(lasing) (MHz) | (absorption) (MHz) | (amplification) (MHz) | observed (MHz) (MHz) o-c(kHz) | o-c (kHz)
7 8 - 199319.810 199319.803 199319.807 199319.806 0.3 -
8 9 - 224231.567 224231.559 224231.563 224231.562 1.0 -
9 10 - 249142.186 249142.182 249142.184 249142.182 2.3 -
10 | 11 - 274051.539 274051.545 274051.542 274051.539 3.4 -
12 298959.37 298959.504 298959.512 298959.508 298959.507 1.3 -137
2| 13 323865.95 323865.957 323865.968 323865.962 323865.959 3.0 -9
13 | 14 348770.63 348770.761 348770.766 348770.764 348770.770 -6.8 -140
15 373673.77 373673.810 373673.811 373673.810 373673.814 -3.3 -44
5 398574.95 398574.961 398574.959 398574.960 398574.963 2.9 -13
423474.097 423474.096 423474.097 423474.092 4.5 8
1 448371.069 448371.068 448371.069 448371.075 -6 -35
18 473265.790 473265.787 473265.789 473265.784 4.3 -184
19 - - - 498158.095 - -65
20 - - - 523047.880 - -70
21 547935.011 547935.011 547935.011 547935.013 2.7 -93
22 572819.377 572819.366 572819.372 572819.369 2.6 61
23 597700.820 597700.821 597700.820 597700.820 -1.6 -120
24 | 25 622579.31 - - 622579.241 - 69
25 | 26 647454.63 - - - 647454.506 - 124
26 | 27 672326.35 - - - 672326.487 - -137
27 | 28 697195.16 - - 697195.059 - 101
28 | 29 722060.03 - - - 722060.095 - -75
29 | 30 746921.24 — - - 746921.470 - -230
30 | 3t 77177917 - O - - 771779.056 - 104

showed that the frequency error of the LO #
order of -1.5 kHz at the typically used frequencies (9

GHz). Although the frequencies reported in Table 1 retam@

this systematic error, by taking this error into account and
estimating corrected frequencies, the systematic error is
virtually eliminated and a reduced rms of 77 kHz is obtained.

Lasing Threshold

To explore the universality of the lasing technique, consider
its applicability to the other vibrational modes of NoO. A
rotational transition frequency in one of these modes may be
measured if the QCL power is sufficient to make the gas lase
on the pumped transition. In Refs. 13 and 30, an expression
was derived for the threshold power P;, required for this
to happen. Under the assumption of low pressure operation
(< 20 mTorr) in which ballistic molecular wall collisions
dominate all other relaxation mechanisms, lasing may occur
and the rotational transition frequency may be measured if
the QCL power exceeds

VIR u2

h2
770‘celchellL7.a
dr B [(flpli)?

where vig is the frequency of the pumped transition, cel,
Reen, and L are the loss (0.3 m™1), radius (0.25 cm),
and length (15 cm) of the QPML cavity, u is the absolute
molecular velocity (379 m/s at 300 K for N-2O), and
[(flpli))? = pd(Jr +1)/(2JL + 1) is the transition dipole
matrix element for the N2O lasing transition (1o = 0.161
D for N3O). The cavity loss used here corresponds to the
estimated total losses of our laser cavity!'*, whereas the

Py = ey
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calculated Ohmic losses give ace = 0.06 m~!. Our lossier
avity raised the threshold by a commensurate amount.
The term

1+ Rbe_O‘DL
= 4§ — exp(—aoL)] {1—Rbee—2°‘0L} (@)

jon of QCL power absorbed by the gas,
large brackets estimates the number of
R beam within the cavity, with
r reflectivities 1%, (0.95) and Ry

. ivgly. ces toward =~ oLy for weakly
absorbing lines and strongly absorbing lines, where
the infrared absorptio @ « is obtained from the

HITRAN database *!.

Only at very low pressure ballistic wall collisions
dominate rotational relaxation{doe, decrease with
increasing pressure (through th . For higher

pressures where dipole-dipole collisio nate, a slightly
modified version of Eq. 1 reveals grows
quadratically with pressure’l. From th

0

dependent pressure for minimizing Py, may

linewidth, laser tuning range, and thus the uncertainty of
the rotational transition’s center frequency. Nevertheless,
the measurements reported above were made in this higher
pressure regime because the gain also increases with
pressure, so that’s where the peak QPML power occurred.
As noted above, operating with QCL power just above Py,
yields the most accurate measure of the transition frequency
for the laser technique. Using the cavity parameters provided
earlier, Figure 4a plots P, as a function of g at 20
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Figure 4. (a) Predicttﬁr every rotational transition in
every N2O vibrational mode below 3 cm~! whose Py, is

less than 1 W at 20 mTorr. Blu
represent rotational transitio®s p
transitions, respectively. (b) R-bran
vibrational mode, plotted as a fun

d yellow points
by P-, Q-, and R-branch
d om (a), labeled by

Jr

stead of vgr.

mTorr for all rotational transitions in the
modes available in the HITRAN database belq
excluding rotational transitions in the grou
level vg and all hot bands originating above v
of the inverse dependence of P, on o and th&e
variation of «g values from mode to mode (almost
orders of magnitude), the transitions show a wide variety Of|
threshold powers, and only those with Py, < 1 W are plotted
here. Hundreds of rotational transition frequencies may be
made to lase and therefore measured using the P, Q (for some
vo modes), or R-branch pumped transition of choice, many
of which have never been measured before.

The vibrational modes most amenable to this technique
are the three principal modes of the molecule: v; = 10°0,
vy = 0110, and v3 = 00°1 (recently relabeled by some"),
All three have many rotational transitions with P, below
100 mW, the minimum power available from currently
available QCLs. With more powerful QCLs, a number
of rotational transition frequencies may also be measured
in the 02°0 and 20°0 overtone modes and the 12°0 and
01'1 combination modes. Notice that P, is low even
for the 01'0 bending mode, in spite of the effects of I-
doubling and Fermi resonances which increase the number
of rotational states, decrease o, and reduce the transition
matrix element!'®!%>1_ The other vibrational modes below
3000 cm~! had very high values of P, including 0220
(P > 11.7 W), 0310 (> 15.5 W), 1110 (> 1.5 W), 04°0
(> 2.1 W), 0420 (> 191 W), and 1220 (> 74 W), all of
which include bending modes as overtones or combinations.
Measuring these modes with the lasing technique is not
yet feasible with commercially available QCLs, but the
enhancement technique will still work for them.

Figure 4b replots these same P, data as a function of Jp,
rather than by v1r . Because of the multiple passes of the QCL
pump beam within the QPML cavity, § = 1 for the three
fundamental modes, so Py, is relatively insensitive to ay or
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Jr,. Consequently, a large number of rotational transitions
may be made to lase and their frequencies measured in
our lossy cavity. Our ability to measure them is limited
only by the availability of a heterodyne receiver at those
frequencies. For the higher order vibrational modes, the
rotational transitions most likely to lase and be measured are
those associated with the largest values of «y. Because there
is greater variation of P, with Jz, a more limited range of
rotational transitions may be measured in them.

Interestingly, for transitions with large «q so that 5 ~ 1,
equation (1) shows the lasing technique favors small cavities.
Since P, depends linearly on L, increasing the cell length to
the more traditional L = 100 cm raises P;;, a commensurate
amount. Likewise, P;;, depends linearly on cell diameter in
this low pressure regime, so a smaller diameter cavity is
favored over the more common R..; = 1 cm traditionally
used for absorption spectroscopy. Ultimately, QCL power,
as much as tunability, determines the number of transitions
for which the lasing technique may work. By contrast, the
enhancement technique is more amenable to QCL-pumping
because the amplifying and absorbing transitions are only
being strengthened, not made to lase.

Conclusions

We introduce techniques to measure the frequencies of
rotational transitions in excited vibrational modes by using
a QCL to pump the associated ro-vibrational transitions.
he concepts of inducing lasing or enhancing rotational
ransition strength are universal, spanning all QCL-

In order
induced la
mode of Ny
those rotational t 10 it rather than absorb radiation,

the lasing techniqud @ enefits from the sparsity of
the population in sucligen modes at low pressures
by minimizing the populdon mped molecules must

overcome to achieve threshol , the primary hindrance
to creating emission is producinggufi

nt gain to overcome

cavity losses, not collisional que@€hin@ oMthe inversion.

The compact cavity, whose volume i§~ imes smaller

than most traditional absorption cells, es much less
t

gas to perform this measurement, an attract W/h@
considering measurements of rare isotopes oig€xpengive
species. Frequency accuracy better than +£10 ly
determined by the width of the gain profile of the
rotational inversion and cavity frequency pulling,

greater precision could have been obtained at lower pump
powers and lower pressures where P}, is minimized.

We also demonstrated an enhancement technique, which
combines the benefits of QCL pumping of narrow velocity
subclasses and modulation spectroscopy to measure center
frequencies more accurately. This technique is not limited
by the ability to tune the QCL frequency to coincide
precisely with the corresponding infrared ro-vibrational
transition, since detuned QCLs pump conjugate velocity
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subclasses whose frequencies may be separately measured
and averaged. Accuracies better than £5 kHz were
demonstrated here, and even greater accuracies are possible
with frequency stabilized QCLs.

€X

With these techniques, a wealth of rotational spectra in
cited vibrational modes of most polar molecules can now

be easily measured, affording a tremendous opportunity to
analyze anharmonicities and ro-vibrational and/or torsional
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