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Cavity-enhanced direct frequency comb spectroscopy is used to obtain simultaneously high resolution
and broad spectral-bandwidth measurements of a supersonically cooled jet of acetylene molecules. We
demonstrate a complete spatial mapping of density, velocity, and internal state distributions of a cold
molecular jet via tomographic reconstructions. These measurements reveal interesting and never-
before-observed features of the pulsed jet expansion, including anomalous C2H2 absorption lineshapes
and anomalous spatial variations of the rotational temperature distribution. The demonstrated capabil-
ities establish this technique as a powerful new tool for studies of cold molecules.
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1. Introduction

Cavity-enhanced direct frequency comb spectroscopy (CE-
DFCS) is a spectroscopic technique that combines the broad spec-
trum of an optical frequency comb with the high sensitivity to
optical loss provided by a femtosecond enhancement cavity [1–
4]. The individual ‘teeth’ of the frequency comb [5,6] are resonantly
coupled into the modes of the enhancement cavity where molecu-
lar detection takes place. The high sensitivity of the optical cavity
modes to intra-cavity loss enhances the molecular absorption sig-
nal by several orders of magnitude [7–12]. Light transmitted from
the cavity preserves the original frequency structure of the comb,
but also carries the additional information of the intra-cavity
absorption pattern. The absorption pattern is recovered by fre-
quency resolving the transmitted beam and simultaneously
recording the absorption experienced by each comb tooth in a par-
allel fashion.

CE-DFCS allows the unique capability to observe molecular
ensembles with simultaneous broad spectral coverage, high reso-
lution, and high detection sensitivity [4,3]. These capabilities are
attractive for a variety of experimental situations. For example,
CE-DFCS has already proven extremely useful for investigating
complex mixtures of molecular species at low concentrations due
to its high sensitivity and broad spectral coverage [13]. Addition-
ally, ensembles involving complex velocity and internal state
dynamics are also ideal candidates for CE-DFCS studies because
the high resolution capability allows the observation of correla-
tions between the internal energy states and their external mo-
tions. For instance, CE-DFCS will be an ideal tool for the
emerging field of cold molecule physics and cold chemistry, where
ll rights reserved.
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experimental conditions involve small numbers of molecules, nar-
row resonances, and potentially many internal energy states for
different species [14–19]. Indeed, femtosecond pulse trains and
frequency combs are already being used for population transfer
and coherent control of cold molecules [20–23].

As a first effort in making a complete characterization of cold
molecular ensembles with CE-DFCS, we have performed a
tomographic reconstruction of absorption measurements from a
supersonically cooled jet of C2H2 molecules. Tomographic recon-
structions are enabled by the use of a movable jet nozzle, allowing
us to measure the integrated absorption through the supersonic jet
at a variety of distances from the nozzle and heights from the jet
axis. The precise frequency control of the comb allows us to record
the absorption lineshapes at each measurement position, while the
broad spectral coverage of the comb allows us to record the entire
m1 + m3 rovibrational band of C2H2 (both P and R branches) in a sin-
gle measurement. As a result, the transverse velocity distributions
of the molecules in the jet and their corresponding internal energy
states are determined at the same time. Due to these capabilities,
the use of CE-DFCS provides unprecedented advantages over previ-
ous supersonic jet studies that used Raman spectroscopy or contin-
uous-wave cavity ringdown spectroscopy for supersonic beam
investigations [24–27]. The ability to simultaneously observe the
internal and external energies of the molecular jet allows us to rap-
idly generate spatial maps of the density, velocity, and internal
state distributions via tomographic reconstruction [28], essentially
providing a thermodynamic snapshot of the entire jet.

The tomographic reconstructions presented in this Letter reveal
several interesting features of the pulsed supersonic jet. First, we
find spatially varying anomalous lineshapes that, to our knowl-
edge, have not been previously reported. We also observe an
anomalous rotational temperature map that suggests that the
coldest temperatures in the jet are not at the center, but rather
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form a ring around the axis of the jet. We also infer that the radial
velocity is strongly correlated with the radial positions of the mol-
ecules in the beam. Finally, we present evidence indicating a trans-
verse velocity dependence of the rotational cooling rate of the
molecules within the expansion.

2. Experiment

A CE-DFCS system consists of three basic building blocks
shown in Fig. 1: a mode-locked laser, a high finesse detection cav-
ity, and a frequency resolving spectrometer in cavity transmis-
sion. The mode-locked laser emits a train of femtosecond
pulses. In the frequency domain, the laser output generates a
broad frequency spectrum. As an example of the spectral cover-
age that can be achieved with mode-locked sources, an Er+3 fiber
laser can generate a spectrum covering 1.0–2.3 lm when spectral
broadening via highly nonlinear fiber is implemented [29]. Under
this broad spectral envelope are a comb of narrow and evenly
spaced frequency modes, wherein the nth mode has the fre-
quency mn = nfr + fo [5,30]. The spacing between the comb modes
is the repetition frequency (fr), which is the inverse of the time
between the pulses emitted from the laser. The erbium fiber laser
used in the present work has an fr of 100 MHz. fr is controlled by
changing the laser cavity length, in this case via a fast (20 kHz
bandwidth) short-travel (2 lm) fiber stretcher and a slow
(100 Hz bandwidth) long-travel (13 lm) piezo electric transducer
(PZT). The second frequency that determines mn is the carrier-
envelope-offset frequency (fo), which arises from the difference
between the group velocity and phase velocity of pulses in the la-
ser cavity [31]. fo can have values in the range � fr

2 6 fo 6
fr
2 and

acts to shift the entire comb in frequency space. fo can be con-
trolled by adjusting either the laser pump power or a dispersive
element (e.g. a wave plate) inside the laser cavity. After one
amplification stage, the average power of our erbium fiber laser
is 130 mW in the spectral range between 1.5 lm and 1.6 lm.
Accordingly, each comb mode has �1 lW of power available for
performing spectroscopic measurements.
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Fig. 1. (a) Schematic of the basic CE-DFCS system. A mode-locked laser generates a pulse
the cavity is analyzed using a VIPA spectrometer producing an interference image (botto
The frequency diagram (bottom left) shows how the comb modes are coupled into the h
comb and cavity modes over 1 FSR of the cavity.
The train of femtosecond pulses is resonantly coupled into a
high finesse optical cavity where the molecular detection takes
place [32]. There are several strategies to achieve efficient coupling
[33,3,4]. In the present work, a cavity free spectral range (FSR) of
700 MHz is chosen to be seven times that of fr (100 MHz) such that
every seventh comb mode is coupled to the cavity. This choice of
FSR acts to filter the comb modes as shown in Fig. 1 so that each
molecular absorption line, having a nominal Doppler linewidth of
350 MHz, only interacts with one comb mode. The comb teeth
are rapidly swept over the cavity modes by modulating the laser
fr, and absorption measurements are performed using the tech-
nique of transient cavity-enhanced absorption spectroscopy
[4,34]. The cavity is constructed from two 2-m radius of curvature
mirrors with a reflectivity of 99.95%, resulting in a finesse of 6300.
The TEM00 cavity mode has a 1/e electric field diameter of 1 mm
which sets the spatial resolution limit of the tomographic mea-
surements presented in this Letter. The Rayleigh range of the cavity
mode is 50 cm such that its diameter is nearly constant over the
length of the cavity. To avoid degrading the finesse by scattering
loss from the supersonic expansion nozzle, the cavity mode must
be positioned at least 2.5 mm from the nozzle. This requirement
sets the minimum distance from the nozzle that measurements
can be made with the current system. Of course, engineering a
smaller diameter cavity mode would allow for both higher spatial
resolution and measurements closer to the expansion nozzle. One
of the cavity mirrors is mounted on a 1 in diameter ring PZT for ser-
voing of the cavity length at bandwidths of up to 1 kHz. Large
changes to the cavity length are made by a resistive heater that
holds the cavity structure at a nominal temperature of 35 �C.

A virtually-imaged phased-array (VIPA) spectrometer is used to
resolve and simultaneously record the spectrum transmitted from
the cavity within a 25 nm spectral range from 1.515 lm to 1.54 lm
[35]. The light transmitted from the cavity is focused via a cylindri-
cal lens into the VIPA etalon, which disperses the light in the ver-
tical direction. The etalon is slightly tilted in the vertical direction
such that the focused beam is incident at an angle of 2�. The light
transmitted from the VIPA etalon is then dispersed in the horizon-
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tal dimension by a diffraction grating and imaged by a lens onto
the focal plane of a 320 � 256 pixel InGaAs camera. When imaged,
light transmitted from the VIPA spectrometer produces a two-
dimensional (2D) interference pattern that is a combination of
the horizontal grating dispersion and the vertical VIPA etalon dis-
persion (Fig. 1). The large VIPA dispersion provides high resolution
in the vertical direction while the lower grating dispersion acts to
resolve the mode orders of the VIPA transmission. To retrieve a re-
solved interference pattern at the focal plane, the grating resolu-
tion must be higher than the FSR of the VIPA etalon. The etalon
used in this experiment has an FSR of approximately 50 GHz. A
grating with 1100 lines/mm is used with a 20 cm focal length
imaging lens to achieve a resolution of 25 GHz in the horizontal
direction. As a result, the interference image in Fig. 1 shows dark
stripes separating the bright vertical fringes, indicating that the
mode orders of the VIPA etalon are well-resolved.

The precise values of both the spectrometer resolution and the
VIPA FSR depend on the angle of incidence of the cavity transmit-
ted beam on the etalon. Furthermore, the spectrometer resolution
also depends slightly on the vertical position of the observed
absorption feature within the interference pattern. These effects
have been studied in depth by Weiner et al. who developed a gen-
eralized grating equation for the VIPA etalon and beam propaga-
tion equations for mapping transmitted wavelengths to their
positions in the interference image [36–38]. Accordingly, we per-
formed careful measurements of the VIPA FSR and position-depen-
dent resolution of the spectrometer prior to the C2H2 jet
experiment. These measurements were performed by observing
the cavity transmitted absorption spectrum of a dilute sample of
C2H2. Using the well-known transition frequencies of the m1 + m3

rovibrational band of C2H2, the VIPA FSR was determined to be
49.52 GHz [39,40]. The spatially varying spectrometer resolution
was determined by comparing the spatial extent of absorption
transitions that appeared at different heights on the interference
image to the VIPA FSR interval. The VIPA spectrometer configura-
tion used in the present work has a resolution that varies from
1.0 GHz at the bottom of the FSR interval to 1.3 GHz at the top of
the interval. Due to the 700 MHz spacing of the cavity transmitted
comb modes and the Lorentzian transfer-function of the VIPA eta-
lon transmission, each resolvable frequency channel recorded by
the InGaAs camera samples an average of 2.5 comb modes. This
acts to dilute the signal carried by each comb mode that interacts
with the intra-cavity absorption. However, since only one comb
mode is interacting with the molecular absorption within each
resolvable channel, the frequency resolution of the measurement
is not limited by the VIPA spectrometer, but rather by the stability
of individual comb modes.

To demonstrate high resolution and stable frequency measure-
ments, the cavity mode frequencies are stabilized to within
700 kHz using a frequency stabilized Nd:YAG laser [41]. The comb
frequencies are slaved to the cavity modes using a servo scheme
described in Ref. [4]. Frequency scans of the comb and cavity
modes are performed by stepping the frequency of the 1.064 lm
Nd:YAG laser in 25 MHz steps over 1 GHz, resulting in a
700 MHz (1 FSR) total scan of the cavity mode frequency at
1.525 lm made in 17.5 MHz steps. The 650 m/s average forward
velocity of molecules moving through the 1 mm diameter cavity
mode results in a transit-time broadened linewidth of 200 kHz.
Accordingly, resolutions of better than 1 MHz can be achieved,
which is more than sufficient to record the nominal Doppler-lim-
ited linewidth for molecules in the jet. Meanwhile, the VIPA spec-
trometer records 25 nm spectral snapshots, easily capturing the
entire cooled rotational spectrum of the C2H2 molecules in a single
measurement.

To create the pulsed supersonic expansion, a mixture of 2.5%
C2H2 and 97.5% Ar at 650 Torr is allowed to expand through a
1 mm diameter circular valve into an evacuated chamber with
pressure <10�5 Torr. The nozzle was constructed with a pseudo-
trumpet geometry shown in Fig. 5 as a compromise between ease
of manufacturing and optimal cooling and forward collimation of
the molecular beam [42]. The pulsed valve is operated at a rate
of 2 Hz and is held open for 650 ls, creating molecular packets of
the same duration. The expanding jet of molecules is oriented per-
pendicularly to the mode of an optical cavity where CE-DFCS mea-
surements are performed. The valve is mounted in a bellows and
on translation stages, allowing control of the distance from the
valve to the cavity mode (z-coordinate) and the height of the valve
with respect to the cavity mode (y-coordinate) (Fig. 2a). Specifi-
cally, the z-coordinate is measured from the tip of the expansion
nozzle (Fig. 5), and the y-coordinate is measured from the jet axis.
Due to the mobility of the valve, line integrals along the cavity
mode (x-coordinate) of the absorption through the beam can be
performed at a variety of positions, allowing for tomographic
reconstruction. The tomographic reconstructions are used to deter-
mine the exact position of the jet axis (y = 0).

To characterize the time-dependent shape and forward velocity
of our molecular packet, we measured the pulse shape for
y = 0 mm at four different distances from the nozzle (z = 3.5, 8.5,
13.5 and 18.5 mm). At each z-position we varied the time delay be-
tween opening the valve and performing the absorption measure-
ment to map out both the pulse shape and the arrival time of the
front edge of the pulse. From these measurements, we determined
that the average forward velocity of our jet was 650 ± 25 m/s. The
molecular pulse shape resembled a plateau with sharp front and
back edges and a flat top at all measurement positions. The repeat-
ability of these measurements indicated that our control of the
valve opening time was better than ±5 ls.

Fig. 2b shows the cooled C2H2 rotational spectrum at a distance
of z = 6 mm from the nozzle. This spectrum is an average of 10
measurements for a total acquisition time of 5 s. Frequency scans
of the cavity over one FSR are made by successively changing the
cavity length to map out the entire frequency spectrum within
the 25 nm bandwidth of the VIPA spectrometer. Fig. 2c shows a
one FSR frequency scan of the peak absorption wavelengths of
the 0 through 5 transitions of the R-branch. This scan was per-
formed in approximately 30 min, and yielded lineshape measure-
ments for each of the P and R branch transitions. For the
frequency scans in Fig. 2c, the valve height was y = 1 mm such that
the cavity mode was approximately 1 mm below the axis of the
molecular beam. The minimum detectable integrated absorption
of the system is 1 � 10�6 at 1 ms of integration time. For the typical
temperature and diameter of our beam (T = 10 K and d = 1 cm), the
minimum detectable concentration of C2H2 is 1.7 � 1011 cm�3.
3. Discussion

So far, we have presented an overview of our measurement sys-
tem and discussed how we take integrated absorption measure-
ments at many positions through the supersonic jet. While the
integrated absorption measurements provide us with general
information about the size, density and temperature of the super-
sonic jet, tomographic reconstructions are required to obtain the
exact values of each quantity for specific positions within the jet.
In the first half of this section we will describe how we implement
tomography to convert the integrated absorption measurements
into maps of the density and temperature of the supersonic jet.
The second half of the discussion will be devoted to an analysis
of the tomographic reconstruction that reveals interesting proper-
ties of the jet.

In the present work, our measurements are restricted to parallel
integrated absorption measurements as a function of height from
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the jet axis. Since our scheme provides measurements at only one
angle through the supersonic jet, our tomographic reconstructions
are limited to distributions that are axis-symmetric [28]. In this
case, an inverse Abel transform is used to convert the single set
of parallel integrated absorption measurements into a radial
absorption distribution a(r), where r is the radial position [28].
We justify our assumption of a radially symmetric jet based on
our use of the cylindrically symmetric nozzle shown in Fig. 5. Fur-
thermore, we have performed frequency scans of the integrated
absorption both above and below the jet axis which yield very sim-
ilar absorption lines, both in shape and intensity. Evidence of the
agreement between above and below axis measurements can be
seen by comparing the y = �1.1 mm and y = 0.9 mm measurements
in Fig. 3a. For jets that lack axial symmetry, our general approach
can still be implemented; however, the number and type of mea-
surements required to reconstruct the beam are significantly more
extensive. In the asymmetric case, sets of parallel height-depen-
dent measurements must be performed at a variety of angles cov-
ering 180� through the jet, and the more complicated Radon
transform must be implemented to reconstruct the asymmetric
absorption distribution a(r,/) [43].

The steps for performing tomographic reconstructions of the ra-
dial absorption distribution are shown in Fig. 3 using data from the
P(2) transition at a nozzle distance of z = 11 mm. First, each of the
integrated absorption lineshapes is fit to a sum of three Gaussians
(Fig. 3a). This fitting function was chosen because it provided an
excellent fit to every absorption lineshape that we observed. The
triple Gaussian lineshape implies that the distribution of rotational
ground states are populated differently in the center of the beam
than in surrounding region. This is a point that will be discussed
in more detail in conjunction with Fig. 6. Next, the fitted curves
at each height were integrated along the frequency axis yielding
net absorption versus height (Fig. 3b). The data points in Fig. 3b
were interpolated using a cubic spline. Finally, the spline of the
integrated absorption data was converted to a radial absorption
distribution using the inverse Abel transform:

aðrÞ ¼ � 1
p

Z 1

r

daðyÞ
dy

dyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 � r2

p : ð1Þ
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Here, a(y) represents height-dependent integrated absorption
measurements (integrated along x) and a(r) is the radial absorption
distribution. Since this integral has a singularity at y = r, direct inte-
gration of this transform results in inaccurate reconstructions of ra-
dial distribution. Consequently, there is an extensive literature
concerning various algorithms that can be used to overcome the sin-
gularity issue. We have selected a discrete inverse Abel transform
algorithm based on an eigenvalue approach to provide rapid and
accurate tomographic reconstructions of the radial absorption pro-
file [44].

Using the above procedure, the radial absorption distributions
were calculated for each R-branch rotational transition at the noz-
zle distance z = 11 mm as shown in Fig. 4a. The rotational absorp-
tion distribution at each radial position can be used to determine
the molecular rotational temperature and density distributions
via the relation a(m) = qSig(m). Here a(m) is the absorption per unit
length, g(m) is the absorption lineshape, Si is the line intensity,
and q is the density. When the molecular ensemble is in thermal
equilibrium, the line intensities of the rotational transitions can
be described by a Boltzmann distribution [45,46]

Si ¼ gILimCsi; where si ¼
e�

Ej
kB TR

Qr
: ð2Þ

Here, j is the ground state rotational quantum number, Ej is
the ground state energy of the jth rotational level, gI is the nucle-
ar spin state degeneracy (3 for odd and 1 for even rotational
ground states), kB is the Boltzmann constant, and TR is the rota-
tional temperature of the molecular ensemble. Li is the Hönl-Lon-
don factor, m is the rovibrational transition frequency, and C is a
constant that includes the vibrational transition dipole moment
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and a collection of other physical constants [45]. The quantity
Qr in the denominator is the rotational partition function and
has the form

Qr ¼
X

j

gIð2jþ 1Þe�
Ej

kBTR : ð3Þ

Eq. (2) and the expression for a(m) are used in a fitting procedure to
determine first the rotational temperature and then the density of
the molecular ensemble as a function of r. The temperature is deter-
mined by fitting the exponential decay of each rotational transition
as a function of the rotational ground state energy (Fig. 4b). To gen-
erate the data points in Fig. 4b the absorption values are divided by
both the pre-factors in Eq. (2) and the absorption lineshape g(m),
leaving only qsi. We then take the natural logarithm of the data
so the changes in rotational temperature and density can be more
easily visualized as linear relationships rather than decaying expo-
nentials. The rotational temperature at each r is obtained from the
slope of the linear fits. Once the rotational temperature of the
ensemble has been determined, the rotational partition function
can be calculated. Using the partition function, the molecular den-
sity can be determined from the y-intercept of the fits. The fit re-
sults for seven radial positions are shown in Fig. 4c. As expected,
the molecular density is largest on the jet axis and decreases stea-
dily with increasing radius. More interesting is the radial depen-
dence of the rotational temperature of the supersonic jet. The
coldest rotational temperature observed does not appear at the cen-
ter of jet. Instead, a temperature of 9 ± 0.9 K is observed on the jet
axis, the temperature then drops to 5.5 ± 0.7 K at r = 4 mm before
rising to 12 ± 1.6 K at the edge of the jet (r = 10 mm).

To gain a better understanding of how the jet evolves as it
expands from the valve, we have performed height and frequency
scans at five distances from the nozzle (z = 3.5, 6, 8.5, 11 and
13.5 mm). The procedures described in Figs. 3 and 4 were used to
convert the integrated absorption measurements into density and
rotational temperature distributions at each measurement dis-
tance. The radial distributions calculated for each z-position were
then combined into a 2D ‘map’ describing the rotational tempera-
ture and density distributions (z,r) within the measurement vol-
ume. To generate a smooth plot of the spatially-varying rotational
temperature and density, a 2D spline was used to interpolate be-
tween the five radial distribution curves. The resulting 2D density
and rotational temperature maps are shown in Fig. 5. The data used
to construct this map, acquired at a 2 Hz valve rate and without an
automated system for moving the nozzle, was recorded in 28 h.

The density map on the right side of Fig. 5 shows a well-colli-
mated and high molecular density region centered on the jet axis.
The collimated packet is surrounded by a lower density cloud of
molecules that expands as a function of distance from the nozzle.
The most prominent feature of the rotational temperature map is
the well-understood cooling of the rotational temperature as a
function of distance from the nozzle [47]. However, the tempera-
ture map also shows a more subtle effect. The coldest rotational
temperatures are not located on the jet axis. Rather, this tempera-
ture minimum exists in a ring around the jet axis. Also, the radius
of this ring appears to increase with increasing distance form the
nozzle. To verify the results of our tomographically reconstructed
temperature map, we performed a couple of confirmation checks
to make sure that what we observe does not arise from a system-
atic error in either our absorption measurements or our procedure
for tomographic reconstruction. First, we analyzed the P-branch
data and found that the tomographic reconstructions for both the
density and temperature maps were in good agreement with the
maps derived from the R-branch measurements. To rule out
systematic error in our tomographic reconstruction procedure,
we performed a two-exponential (or two-temperature) fit of the
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rotational distributions for the height-dependent integrated
absorption measurements. These fits showed a higher rotational
temperature for the y = 0 mm measurements, which then de-
creased as the values of y increased. Finally, the temperature indi-
cated by the fits increased toward the edge of the jet. In short, we
confirmed that the temperature map in Fig. 5 faithfully represents
the position-dependent rotational temperature of the beam.

To gain some insight into the cause of the observed rotational
temperature distribution, we turn our attention to position and
rotation dependance of the integrated absorption lineshapes. The
absorption lineshapes for the R-branch transitions 0–5 measured
at y = 0 mm are shown in Fig. 6a for nozzle distances of
z = 3.5 mm–z = 16 mm. To aid in the discussion of the lineshapes
in Fig. 6a, we have divided the frequency axis of each graph into
three regions (I, II, and III) as denoted in the R(0) graph.

One interesting feature of these lineshapes is shown in Fig. 6b.
Here we have plotted the frequency-integrated absorption signals
of the R(0) and R(5) transitions as a function of distance from the
nozzle. To provide some context for these curves, consider what
the frequency-integrated absorption signal would look like for a
collisionless expanding jet with a Gaussian velocity distribution.
As the jet begins to expand, the signal changes very little until
the point where the jet diameter becomes larger than the optical
detection beam (cavity mode). Beyond this point, the amplitude
of the absorption signal will decrease as a function of distance from
the nozzle at the asymptotic rate of z�1. Also, as the amplitude
decreases, the lineshape remains constant. In contrast, the signal
for R(0) decreases at the much slower rate of z�0.26 while the signal
for R(5) decreases at the much faster rate of z�2.1. The reason for
the slow reduction of the R(0) signal and the fast reduction
of the R(5) signal is due to rotational cooling of the molecules in
the supersonic expansion.

Another interesting feature of the absorption lines are the
anomalous shapes that differ considerably from the expected
Gaussian lineshape. While anomalous lineshapes have been
observed in a continuous beam of C2H2/Ar, those anomalies mani-
fest themselves as a dip in the center of the absorption line for the
lowest rotations (j = 0, 1, 2), and were attributed to C2H2 clustering
occurring at regions of high density within the beam [25]. In con-
trast, low rotations in our measurements always exhibit peaks at
the line-center. Furthermore, due to the large nozzle aperture
and low stagnation pressure in our experiment compared to [25],
we suspect that the primary cause of the lineshape anomalies ob-
served here is not due to clustering [48].

The anomalies in our observations tend to occur at frequencies
within the lightly shaded region II between 100 MHz and 200 MHz.
In this frequency range we observe a depletion of the absorption
signal for higher rotation molecules (j = 2, 3, 4 and 5) and an excess
of signal for the low rotations (j = 0 and 1). The data in Fig. 6c
shows the absorption trends as a function of nozzle distance for
the transitions R(0), R(2) and R(4) for the Doppler shift frequencies
of 0 MHz (vt = 0 m/s) and 150 MHz (vt = 230 m/s). Since the nucle-
ar-spin states are not changed by the rotational cooling of the
supersonic expansion, the parity of the rotational ground states
does not change [49]. Hence, rotational cooling in the expansion
proceeds in steps of Dj = 2n where n is an integer. The data in
Fig. 6c illustrates the transverse velocity dependence of the rota-
tional cooling of molecules with even rotational ground states. At
zero transverse velocity, the power law decay exponents of the
absorption signals are �0.16, �0.2, and �1.5 for R(0), R(2), and
R(4), respectively. While at vt = 230 m/s the decay exponents are
�0.14, �1, and �2.4. Comparing the two sets of decay exponents
shows that the absorption signals for R(2) and R(4) decay much
slower at vt = 0 m/s than at vt = 230 m/s. In contrast, the exponents
for R(0) show a comparable decay of the vt = 0 m/s and vt = 230 m/s
signals. This can be seen clearly in the ratios of the absorption at
vt = 230 m/s versus vt = 0 m/s for each rotation (Fig. 6d). A further
analysis of these decay exponents could be used to determine
the population transfer rates between the different rotations. How-
ever, for the present work we only wish to point out that the pop-
ulation transfer apparently depends on the transverse velocity of
the molecules within the jet.

The lineshape measurements and subsequent analysis shown in
Fig. 6 can offer some insight into the interesting rotational temper-
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ature map of Fig. 5. Once again we consider the center frequency of
the darkly shaded ‘anomalous’ regions in Fig. 6a (f = 150 MHz),
which has a transverse velocity of 230 m/s. This velocity and the
average forward velocity of the jet (vf = 650 m/s), result in a trajec-
tory illustrated by the diagonal black line in the rotational temper-
ature map of Fig. 5. The interesting feature of this trajectory is that
it closely follows the minimum rotational temperature as the jet
expands. Since the anomalous characteristic of this frequency
range is a depletion of higher rotations and an excess of lower rota-
tions, molecules at these velocities will exhibit a lower rotational
temperature than other frequency regions. Furthermore, since this
same temperature dependence is manifested in the position of the
‘rotationally coldest’ molecules in Fig. 5, it indicates that the trans-
verse velocities of molecules in the jet are strongly correlated to
their position in the jet. Again, further analysis could be imple-
mented to determine the level of correlation between position
and velocities of molecules within the jet.

4. Conclusions

The measurements presented in this paper provide a general
example of how CE-DFCS systems can be used to rapidly obtain
highly detailed information about complex molecular ensembles.
In particular, we have demonstrated how CE-DFCS is used to obtain
simultaneous high sensitivity, high resolution, and broad-band-
width spectroscopic measurements. In the present study, the abil-
ity to rapidly record broad-bandwidth and high resolution spectra
has allowed us to perform tomographic reconstructions of the den-
sity and temperature distributions of a C2H2/Ar supersonic expan-
sion. These reconstructions reveal an interesting behavior of the
position dependance of the rotational temperature distribution.
Our ability to observe the absorption lineshapes of each rotational
line as a function of distance from the nozzle allows us to interpret
the anomalous rotational temperature distribution as resulting
from a transverse-velocity dependent rotational cooling rate. Com-
paring the position and lineshape data also allows us to infer
strong correlations between the radial velocity and the radial posi-
tion of molecules in the supersonic jet.
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