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Stark Broadening and Stimulated Raman Pumping
in High-Resolution N, Coherent Anti-Stokes
Raman Scattering Spectra
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In previous studies, the high-resolution N, coherent anti-Stokes Raman scattering (CARS) technique has been
used to acquire pressure, temperature, and density measurements in high-speed supersonic flows. In these low-
density flows, a tradeoff exists between elevating the CARS signal strength with increasing pump- and Stokes-laser
intensities and introducing Stark broadening and stimulated Raman pumping effects into the high-resolution N,
CARS spectra. To explore these laser-induced perturbations, the CARS technique is used to acquirev =0— 1 and
v=1— 2 CARS spectra over a range of pressures in an optically accessible gas cell. By controlling the intensity of
the pump- and Stokes-laser beams, Stark broadening effects in the high-resolution (Aw =0.10 cm™ ') broadband
CARS spectra are explored. For pump-laser intensities greater than 185 GW/cm?, the least-squares fits of the
experimental spectra with theoretical spectra provide pressures and temperatures that diverge from conditions
measured within the cell using conventional transducers for pressures and temperatures around 0.2 atm and 298 K,
respectively. An analytical model based on rigid-rotator harmonic-oscillator theory is used to describe how the
increased optical fields of the pump and Stokes lasers stretch the molecular bond between the nitrogen nuclei,
broadening and shifting the rotational transitions in the Q-branch manifold. Finally, by increasing the pump- and
Stokes-laser intensities simultaneously, ambient v=1— 2 N, CARS spectra, resulting from stimulated Raman
pumpingeffects, are acquired with high resolution. Least-squares fits of these experimental spectra with theoretical
spectra show that stimulated Raman pumping significantly increases the vibrational temperature extracted from
the experimental spectra. The relative intensities of the rotational transitions in the v=0— 1 manifold, however,
are not affected by the stimulated Raman pumping process.

Nomenclature

= cross-sectionalarea of laser beam at focus, m?
rotational constant, cm™!

speed of light in a vacuum, m/s

total dissociation energy, J

laser energy, J

average electric field amplitude, V/m
force, N

Planck’s constant divided by 2, J - s
= laser irradiance or intensity, W/m?;
moment of inertia, kg - m?

rotational quantum number

force constant, N/m

number density, molecules/m?

= pressure,atm
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0] = vibrational transition with AJ =0
q = internuclear separation, nm
Fu = 1/e” beam radius, um
T = temperature, K
t = time, s
u = Morse potential function
v = vibrational quantum number
z = Cartesian coordinatein plane normal
to propagation of laser beam, m
o, = vibration-rotation interaction constant,cm™!
B = molecular Morse potential constant, cm™!
r = transition linewidth, s~
A; = populationdifference between rotational transitions

A, = populationdifference between vibrational transitions
da/dq = polarizability derivative, m?

90/3Q = Raman cross section, cm?/sr

&0 = permittivity of free space, C*/J] - m

" = reduced mass, kg

v = frequency,s™!

o = spectral energy density, GW/(cm? GHZ)

Xcars = coherentanti-Stokes Raman scattering susceptibility
w = circular frequency, rad/s or cm™!

w, = vibrational wave number, cm™!

We Xe = vibrational anharmonicity, cm™!

Subscripts and Superscripts

e = equilibrium; electric field
J = rotational line

/ = laser

max = maximum

p = pump laser
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rotation; reaction

S Stokes laser

t = total

trans = transducer

v = vibration

0 = initial or unperturbed state

upper state
lower state

Introduction

HE use of high-resolutionN; coherentanti-Stokes Raman scat-

tering (CARS) for both time-averaged and single-laser-shot
measurements of pressure, temperature, and density in high-speed
gas flows has been recently demonstrated.":> This broadband CARS
techniqueis a nonintrusive method that resolves the rotational tran-
sitions of the v=0— 1 N, QO branch to within Aw=0.10 cm™",
taking advantage of the line broadening and population shifts of
these discrete rotational modes, which are pressure and temperature
sensitive.

At low laser intensities, CARS is a nonperturbing process
whereby the shape of the collected N, CARS spectrum is inde-
pendent of the pump- and Stokes-laser intensities used to generate
the CARS spectra. More specifically, CARS is a parametric process
whereby the nonlinearinteractionof the laser pulses with the probed
molecule introduces no population changes within the rotational
and vibrational manifolds of the molecules. When focused high-
intensity pulsed-laser radiation is used, the intermolecular forces
induced by the electric field of the laser may become comparable
with the electronic binding forces between the nuclei of the irradi-
ated molecules. Under these conditions, the CARS spectrum may
be modified through a process known as Stark broadening (SB)
(see Refs. 3-5). Also, for high-intensity resonant laser radiation,
stimulated Raman pumping®~!* (SRP) may become an important
interference in the CARS measurements. In some instances, these
laser-induced perturbations will alter the rotational and vibrational
transitionintensitiesof the N, CARS spectra, subsequently modify-
ing the pressures and temperatures extracted from the data by least-
squares fitting of theoretical spectra to the experimental spectra.

To examine the effects of SB and SRP, high-resolution broad-
band N, CARS is used here to collect v=0—1andv=1—2
spectra at known pump- and Stokes-laserintensities in an optically
accessibleroom-temperaturegas cell. This broadbandtechniquehas
a distinct advantage over previous studies employing narrowband
pump and Stokes lasers in that the entire ro-vibrational manifold is
excited for each laser pulse of the broadband system. Laser pertur-
bation studies using narrowband pump and Stokes lasers may bias
the collected CARS spectra by exciting only a very narrow region
(Aws ~0.1 cm™!) of the Q-branch envelope. Similarly, as already
mentioned, the high-resolution CARS detection system employed
here surpasses the resolution of other reported broadband CARS
systems,® for example, Aw =35 cm™!. This detection system cap-
tures the behavior and interaction of the dense cluster of rotational
lines near the vibrationalbandhead, which are pressure and temper-
ature sensitive.

Experimental CARS spectra subject to varying degrees of SB
are first presented. The effect of SB on the least-squares fits of
the experimental spectra with theoretical spectra is quantified, il-
lustrating the variation in deduced temperature and pressure with
increasing pump-laserintensity. A SB model based on rigid-rotator
harmonic-oscillator theory is then presented. This model provides
qualitative insight into the line broadening and shifting of the rota-
tional transitions in the vibrational manifold with increasing optical
field strength. Finally, this paper concludes with a presentation of
experimentalv =1 — 2 CARS spectrageneratedby SRP processes.
A spectral synthesis code, used for least-squares fitting of the ex-
perimental data, highlights the strong disagreement between the
rotational temperature 7, and vibrational temperature 7, caused by
v=0tov=1SRP.

Background

A tradeoffexistsin most CARS experimentsbetweenmaintaining
an adequate signal-to-noise ratio (SNR) and preventing unwanted
laser-induced perturbations in the CARS spectra. Unfortunately,

during the course of CARS experiments, it is difficult to identify
the laser-intensity thresholds at which the SB and SRP effects begin
to appear in the collected CARS spectra.

In the CARS probe volume, it is possible for the strong optical
fields imposed by the coherent pump and Stokes lasers to alter the
spacing between the nitrogen nuclei. The term optical field is used
here to describe both the coherentelectric and magnetic fields asso-
ciated with each laser pulse. However, as described by Maxwell’s
equations (see Ref. 4), it is the electric field, not the magnetic field,
that displaces the atoms in a molecule with respect to their elec-
tron clouds. This displacementof the nuclei gives rise to an electric
dipole, polarizing and reorienting the molecule in a direction that is
related to the wave vector of the electric field. The applied electric
field of each laser pulse stretches the chemical bond between the
nuclei, shifting the discrete rotational and vibrational transitions of
the molecule toward lower frequencies. This phenomenon is often
called Stark shifting®=>1%!3 in pure rotational CARS spectra and
SB (see Refs. 3-5) in vibrational CARS spectra.

In this study, we probe a dense cluster of rotational lines [Q(1)-
Q(20)] surroundingthe ground vibrational manifold of the nitrogen
molecule. The strong spatial and temporal variations in the elec-
tric fields of the two pump- and Stokes-laser pulses cause the rota-
tional transitions near the v =0 — 1 bandhead to inhomogeneously
broaden rather than shift. Hence, the CARS spectra collected here
undergo SB rather than Stark-shifting processes. SB is a nonreso-
nant phenomenon whereby the broadening and shifting of the rota-
tional lines in the experimental CARS spectra are independent of
the wavelength of the incident laser beam, that is, SB is an achro-
matic process. For example, to induce Stark shifts in H, rotational
CARS spectra, Farrow and Rahn'* and Rahn et al.* focused a sepa-
rate 1.06-um Nd:YAG beam onto the CARS probe volume. When
spectraacquired with and without the presence of the infrared beam
were compared,a0.12-cm~! shifttoward lower frequencies was ob-
servedin the S(3) transitionof hydrogenwhen the externalbeam was
present. This shifted rotational spectrum maintained an asymmetric
line shape, mostlikely caused by the strong spatial and temporal gra-
dients in the electric fields within the probe volume. Duncan et al.”
found a similar, albeitsmaller, Stark shiftinthe v =1 — 2 Q-branch
spectrum of acetylene with increasing pump-laser intensities. Fur-
ther experiments showed that the v =1 — 2 transition of acetylene
is more susceptible to SRP than SB.

SRP, often called stimulated Raman scattering (SRS), is a two-
photon scattering process whereby high pump- and Stokes-laser
intensitiesdrive the nitrogen molecules from the ground vibrational
state to the first vibrationalmanifold, perturbingthe vibrational pop-
ulation distribution. As shown in the energy-leveldiagramof Fig. 1,
SRP couplesthe firsttwo vibrationaltransitionsof the CARS process
in our experiments. When the pump- and Stokes-laser intensities
are sufficiently high, SRP begins to perturb the vibrational popula-
tion distribution by promoting molecules in the ground state to the
first excited state, subsequently generatinga vibrationalhotband, or
v =1-— 2 CARS spectrum. Ordinarily, when the temperature of the
gas is less than 700 K, the hotband is weak and difficult to detect.
However, with SRP, the v =1 — 2 Q-branch signal may be present
regardless of the temperature of the gas. Clearly, this SRP-driven
population redistribution will generate a difference between the vi-
brational temperature 7, and the rotational temperature 7, extracted
from the CARS spectra (Ref. 16, p. 140).

Anotherdeleteriouseffect of SRP stems from the saturationof the
Raman rotational transitions in the v =0— 1 Q-branch spectrum.

]
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Fig.1 Energy-level diagram of SRP process.
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With higher pump- and Stokes-laser intensities, the number of
moleculesperturbedfrom the groundstate to the firstexcited state in-
creasesuntil the Raman transitionsbegin to saturate (Fig. 1). Again,
this promotion of molecules from the ground to the first vibrational
level occurs before the CARS process is complete. This saturation
decreases the molecular population difference, N A,, between the
two vibrational energy levels, and this reductionin N A, decreases
the overall intensity of the CARS signal.

Duncan et al.” derived a theoretical model to predict the relative
shift in the molecular population distribution between the ground
and first vibrational levels of a probed molecule. Their analysis
showed that the promotion of molecules in the ground state to the
first vibrationaltransitionis proportionalto the product of the pump-
and Stokes-laser intensities, that is, /,, - Is. Equally important, the
amplitude of the CARS signal is a function of the product of all
three input laser beams, / f - I5. Therefore, for certain combinations
of pump- and Stokes-laser intensities, it is possible for SRP to com-
pete with the CARS process. Using high pump- and Stokes-laser
intensities, Gierulski et al.® collected v =0 — 1 throughv =3 — 4
vibrational N, spectrausing a broadband CARS system with a spec-
tral resolutionof Aw =5 cm~!. Populationredistributionson the or-
der of 20% were found in the v =1 — 2 spectrum. However, the en-
velope formed by the rotational transitionsin the ground vibrational
state remained the same within experimental uncertainty over the
range of pump- and Stokes-laser intensities studied. Although not
quantified in the paper, based on the aforementioned observations,
one would expect to find disagreement between the rotational and
vibrational temperatures deduced from the spectra. Gierulski et al.5
also found that SRP effects are more pronounced at reduced pres-
sure, which is consistent with the experimentaldata to be presented.

Using an electrically heated oven, Kroll et al.’ collected high-
resolution v=0— 1 and v=1— 2 N, CARS spectra at 300 and
600 K. By employing a spectral synthesis code for least-squares fit-
ting of the experimentalspectra, the authors found that the best-fit ro-
tational temperaturesinboththe v =0 — 1 and v = 1 — 2 manifolds
were within 5% of the oven temperature. However, for both operat-
ing conditions, the vibrational temperature exceeded 1400 K. The
authors concludedthat SRP had artificially populatedthev =1— 2
transition, raising the best-fit vibrational temperature. The rotational
temperature, however, was unaffected by SRP because the satura-
tion thresholdsof the rotational transitions are approximately equal.
Hence, the relative populations of the rotational transitions main-
tained a Boltzmann distribution (see Ref. 16) regardless of the per-
turbation of molecules in the ground vibrational state by SRP.

Equipment and Facilites

Figure 2 is a top-view schematic diagram of the high-resolution
N, CARS system used in this study. The details of this system, for
example, the type of Nd:YAG and broadband dye lasers (BDL),
are found in Refs. 1 and 2. The primary feature of this optical
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arrangementis the CARS signal detection system, which comprises
a 1.25-m spectrometer, relay lens pair, and an unintensified charge-
coupleddevice (CCD) camera. These componentsenable this CARS
system to acquire high-resolution(Aw = 0.10 cm™!) broadband N,
CARS spectraon asingle-shotbasis. Typical CARS facilitiesusedin
combustion experiments have detection systems with limiting res-
olutions of Aw=0.5-1.0 cm~!. The SPEX 1250M spectrometer
has a 3200 line/mm holographic grating in a single pass Czerny-
Turner configuration. At the exit of the spectrometer, a relay lens
pair magnifies the image of the CARS spectrum by 7.5x. This re-
lay lens consists of two Nikon camera lenses: an { =28 mm and
an { =210 mm lens attached to the spectrometer exit and the CCD
camera, respectively. The lenses are positioned so that their faces
are nearly touching. The magnified CARS spectrum is captured by
a Photometrics CH250 unintensified CCD camera with a 512 x 512
pixel array. The CARS spectra ensembles are collected and stored
on an IBM-compatible personal computer.

For this study, half-wave plate and Glan polarizer assemblies are
inserted in the path of the pump- and Stokes-laser beams to control
the energy of each laser beam independently. For consistency with
other such studies,*%!'* the pump- and Stokes-laser energies are
reported here in terms of laser intensity or irradiance /. Laser energy
E; in joules, from source i, is converted into laser intensity /; using
the following relation:

I, = E;/AAf (1)
where A is the cross-sectionalarea of the laser beam at its focal waist
and Af, is the time durationof a singlelaser pulse. Using a 500-MHz
oscilloscope and a 1-ns-rise-time photodiode, the pulse duration of
both the pump and broadbandlasers was determinedto be A#; ~ 8 ns
full width at half maximum (FWHM). Estimates of the focal areas
(A=m ri,) of the Nd: YAG and broadbandlaserbeams were obtained
by traversing a razor blade through the confocal region of each
beam. The razor blade was mounted on a microtranslation stage to
record blade position as a function of beam intensity. The Nd: YAG
and BDL focal-spotradii, defined as r =r,, at 1/€* - I,,,, were de-
termined to be 13 and 23 um, respectively, with an uncertainty of
+1.5 um. The beams were arrangedin a folded BOXCARS* phase-
matching configuration. Spherical lenses with a focal length of
=250 mm were used to focus and then recollimate the CARS laser
beams.

The high-pressure gas cell used in these experiments has opti-
cal access on all four sides, as shown in Fig. 2. The optical-port
windows are constructed of 25.4-mm-thick, UV-grade fused silica;
the faces of the windows are slightly biased (less than 5 arc-min)
to prevent etaloning effects. For below atmospheric pressures, a
vacuum pump is attached to the gas cell. A 1000-torrabsolute pres-
sure transducer (MKS 722A13TCE2FK) and a hermetically sealed
thermistor (Omega ON-920-4007) are used to measure the cell pres-
sure and temperature, respectively. The accuracy of the transduceris
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Fig.2 Top-view schematic of high-resolution N, CARS system.



WOODMANSEE, LUCHT, AND DUTTON 1081

0.5% of reading; the accuracy of the thermistoris £0.5°C. An MKS
Type 660 readoutand a Fluke 8050A digital multimeter monitor the
pressure-transducervoltage and thermistor resistance, respectively.
The nonlinear calibration curve for the thermistor was determined
a priori using a constant-temperaturebath and a £0.2°C calibration
thermometer.

Results and Discussion
Stark Broadening: Experiments

To isolate the effects of SB and SRP on the rotational structure
of the v=0— 1 and v=1— 2 vibrational N, Q-branch transi-
tions, time-averaged CARS spectra were acquired using various
combinations of pump- and Stokes-laser intensities. Spectra were
acquired at gas-cell pressures of P =0.21, 0.40, and 0.97 atm. SB
and SRP effects are most evident in the CARS spectra acquired at
subatmosphericpressures. Further, CARS spectraobtained at above
atmospheric conditions, that is, high-molecular-number densities,
proved to be not as susceptible to laser-induced perturbation ef-
fects. For brevity, only the 0.21- and 0.97-atm spectra ensembles
are discussed here.

To highlight the differences between Stark-broadened and non-
Stark broadenedspectra,Fig. 3 shows two experimental CARS spec-
tra collected at gas-cell conditionsof P =0.21 atm and 7 =293 K.
The Stokes laser intensity was held constant throughout the mea-
surements. The spectra were acquired with pump-laser intensi-
ties of 329 GW/cm? (solid line) and 42 GW/cm? (dashed line).
Because the CARS intensity is proportional to Ilf, the spectrum
acquired with the higher pump-laser intensity is normalized by
the factor 42%/329” to allow direct comparison of the two spec-
tra. The quantum-mechanical labels Q(2) and Q(4) are placed
above their correspondingrotational lines at @ = 2329.84 cm™! and
@ =2329.57 cm™", respectively, in Fig. 3. SB effects are most no-
ticeable in these adjacent transitions. The intensity of the Q(2) ro-
tational transition is increased substantially at higher pump inten-
sities. Interestingly, the susceptibility of the Q(4) transition to SB
effects is not as apparent. For the most part, the higher-J rotational
transitions, that is, peaks to the left of the labeled transitions, in the
Stark-broadenedspectrum are less intense and broader than the tran-
sitions found in the low pump-laser intensity spectrum. Note that
the broadening of the outer rotational lines is not homogeneous. As
the peaks increase in linewidth, they become biased toward lower
Raman shifts. More will be said about these trends when the SB
model is presented in the next section.

Figure4 showsleast-squaresfits of two experimental CARS spec-
tra acquired in the gas cell at atmospheric conditions P =0.97 atm
and T =292 K. The spectra in Figs. 4a and 4b are acquired with
pump-laser intensities of I, =260 GW/cm? and I, =51 GW/cm?,
respectively. (1, refers to the intensity of one of the two degenerate
pump-laser pulses used in the folded BOXCARS phase-matching
geometry.) Theoretical CARS spectra are shown as dashed lines in
both plots. When the pump- and Stokes-laser linewidths, nonreso-
nant susceptibility,gas pressure and temperature, and nitrogen mole
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Fig. 3 Comparison of ——, Stark-broadened and - - -, non-Stark-

broadened CARS spectra.
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Fig. 4 Least-squares fits of a) Stark-broadened and b) non-Stark-
broadened experimental CARS spectra.

fraction are specified, the spectral synthesis program CARSFIT!’
generatestheoretical CARS spectrathat are quantitativelycompared
to an experimental CARS spectrum. The CARSFIT program con-
volves the pump- and Stokes-laser linewidths with the nonlinear
CARS susceptibility of the probed molecule. The program is au-
tomated so that the theoretical spectra may be least-squares fit to
the experimental spectrum, using pressure and temperature as ad-
justable parameters in the fitting process. To evaluate or quantify
the agreement between the experimental and theoretical spectra,
CARSFIT employs a chi-square goodness-of-fit test.!® CARSFIT,
however, does not account for SB effects introduced by elevated
laser intensities. Hence, by least-squaresfitting experimental CARS
spectra collected with increasing laser intensities with theoretical
CARS spectra, the relative error induced by SB effects can be
quantified.

SB effects similar to those found in Fig. 3 are evident in Fig. 4a.
For instance, the intensity of the Q(2) rotational transitionis greater
than the intensity of the Q(4) transition. More important, the least-
squares fit of the experimental spectrum in Fig. 4a yields pressure
and temperature values of P =1.20 atm and 7 =298 K, respec-
tively. Clearly, the intensity redistribution of the rotational transi-
tions due to SB has increased the pressure extracted from the ex-
perimental CARS spectrum in Fig. 4a above that in the gas cell by
approximately 24%. The best-fit CARS temperature is only slightly
higher (2%) than the gas-celltemperature,indicatingthat SB primar-
ily affects the pressure measurement. Unfortunately, the agreement
between the experimental and theoretical spectra in Fig. 4a is quite
good. One would hope that SB effects would alter the data to the
point that CARSFIT could not match theoretical spectra to the ex-
perimental spectrum. However, Fig. 4a shows that SB modifies the
experimental CARS spectra in such a way that the CARSFIT pro-
gram is still able to fit the data but with the incorrect pressure. In a
typical experiment for which the gas-cell pressure and temperature
are not known a priori, it would be difficult to determine whether
a CARS spectrum was subject to SB or simply reflects an altered
gas-cell pressure.



1082 WOODMANSEE, LUCHT, AND DUTTON

Like Fig. 4a, the agreement between the experimental and theo-
retical CARS spectrumin Fig. 4b using lower pump-laserintensities
is also quite good. The pressure and temperature extracted from the
experimental spectrum, P =0.94 atm and 7 =297 K, respectively,
are much closerto the actual conditionswithin the gas cell. However,
as the noise in the wings of the CARS spectrumin Fig. 4b indicates,
the lower pump-laserintensitiesused to generatethis spectrumresult
in lower CARS signal strengths.

To determine a threshold pump-laser intensity below which SB
effects are minimized, if not eliminated, experimental CARS spec-
tra were collected as a function of increasing pump-laser intensity.
These spectra were then fitted with theoretical spectra generated
by CARSFIT. During the least-squares fit process, pressure and
temperature were left as adjustable parameters. This study permits
comparison of the best-fit pressure and temperature extracted from
the experimental spectrum with the thermodynamic conditions in
the cell, thereby quantifying the effect of SB on the optimal CARS-
FIT pressures and temperatures. In theory, the spectra generated at
sub-atmospheric pressures (P = 0.21 atm) are more susceptible to
SB effects due to the larger mean free path!® between molecules.
This physical explanationis confirmed later.

The influence of SB on the best-fit pressures and temperatures
is shown in Figs. 5a and 5b, respectively. Uncertainty bars repre-
sent error in AT and AP due to 5% variation in minimum chi-
square value provided by CARSFIT. The pressure difference A P
between the transducer pressure and the pressure determined from
the CARS spectrum, Pcags, is shown along the ordinate of Fig. 5a,
and the pump-laser intensity is plotted along the abscissa. During
these measurements, the Stokes-laser intensity was held constant.
Data ensembles collected at 0.21 and 0.97 atm are shown in Fig. 5.
For the subatmospheric spectra collected with 7, <85 GW/cm? in
Fig. 5a, the disparity between the transducer and CARSFIT pres-
sures stems from the low SNR of the CARS spectra. As shot noise
and CCD read noise become comparable with the CARS signal
level at lower pump-laser intensities, for example, Icars ~ 12, the
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Fig. 5 Effects of pump-laser intensity on a) pressure and b) tempera-
ture extracted from time-averaged CARS spectra.

imental spectrum diminishes. Note that, unlike narrowband CARS
systems, the BDL energy is spread overa ~130 cm~! FWHM range
centered about 607 nm. Hence, when a uniform energy density is
assumed, only ~8% of the energy from the BDL actually partic-
ipates in the generation of the v=0— 1 N, CARS signal. This
inefficiency directly impacts the CARS signal strength.

In Fig. 5a, AP rises toward zero with increasing pump-
laser intensity and then decreases again, dropping off rapidly for
I, > 185 GW/cm?. At these elevated pump-laserintensities, SB be-
gins to noticeably modify the pressures extracted from the CARS
spectra. Equally important, the optical breakdown of the gas pre-
vents the acquisition of CARS spectra with pump-laser intensities
greater than 280 GW/cm?. Interestingly, for the atmospheric data
(P =0.97 atm), the effect of SB is not as predominant. Because the
breadth of the rotational lines grows in proportion to the molecular
number density, the line broadeningdue to the Stark effectbecomesa
smaller percentageof the overallrotationaltransitionlinewidth. Fur-
thermore, the pressure difference A P does not decrease as rapidly
as the downward trend in the 0.21-atm data ensemble. The optical
breakdown threshold at 0.97 atm is lower (260 GW/cm?) than at
0.21 atm.

In Fig. 5b, the subatmospheric temperature measurements show
that the magnitude of AT = Ti,ps — Tears (Where Ty =293 K) in-
creasesin anearly uniformmanner for pump-laserintensitiesgreater
than 140 GW/cm?. In fact, because of the pronounced effects of
SB on the rotational line strengths of the N, CARS spectra col-
lected at P =0.21 atm, it proved to be very difficult to obtain good
least-squaresfits of the experimental spectraacquired above the SB
threshold of 7, > 185 GW/cm?. When this threshold is defined us-
ing the data presented in Fig. 5, only spectra acquired at pressures
of 0.21 atm and above are absolved of SB effects. Interestingly, the
CARS spectracollectedat ambient conditionsin Fig. 5b hoverabout
AT =0 K. It is clear that at or above atmospheric conditions, SB
plays a minimal role in modifying the best-fit pressures and temper-
atures. Supporting this statement, for spectra collected at 3 atm and
above, optical breakdown of the gas preceded any noticeable effect
of SB on the CARSFIT-deduced pressures and temperatures.

Based on the preceding results, pump-laser intensities of
I,=125 GW/cm? were adhered to in other measurements'? for
which the thermodynamic conditions of the gas were unknown.
Moreover, by operating at 67% of the pump-laser threshold of
185 GW/cm?, it was possible to acquire spectra with P < 0.21 atm
without inducing SB effects.

Stark Broadening: Model

To provide insight into the behavior of the experimental spectra
described in the preceding section, a theoretical SB model is pre-
sented here. This model, based on rigid-rotator harmonic-oscillator
theory, extends the work of Rahn etal.? to vibrational Q-branch tran-
sitions of homonuclear diatomic molecules. The goal of this model
is to relate the intensity of the applied optical fields of the pump
and Stokes lasers to the subsequentline broadening and population
redistribution of the ro-vibrational transitions in the N, v =0— 1
Q-branch spectra.

First, the center frequencies of a given rotational transition in a
vibrational manifold is calculated by summing its rotational and
vibrational components*:

vy =V, + v, ?2)

By limiting this model to Q-branch transitions (AJ =0), v, in
Eq. (2) may be rewritten using molecule-specific harmonic and
anharmonic rotational constants:

v, =v, +J(J + 1)(B' — B 3)

where B'=B, —a,(v' + %) and B"=B, —a,(v'+ %). In Eq. (3),
it is assumed that the vibration—rotation interaction constant ¢, is
not affected by the electrical fields of the pump and Stokes lasers.
When only the v =0— 1 Q-branchis considered,Eq. (3) simplifies
to

v, =v, +a,JJ +1) 4)
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The preceding expression emphasizes that the applied optical
fields alter the line strengths and linewidths of the ro-vibrational
transitions via the vibrational frequency v,. This result is coun-
terintuitive because one might expect that the changes in the mo-
ment of inertia of the molecule (I = ug?) with increasing optical
field strength would alter the line shape and relative population of
the rotational transitions near the Q-branch bandhead. However,
increasing the moment of inertia of the homonuclear molecules
will induce SB or Stark shifting in only pure rotational transi-
tions. Nevertheless, as will be shown, increasing the optical field
strength of the pump and Stokes lasers will affect the vibrationalfre-
quency v, of the molecule in a uniform manner, altering the shape
and relative population of the rotational modes in the Q-branch
manifold.

Accordingto classical mechanics, a molecule will absorb or emit
radiation with a frequency of

v, = (1/27)(k/p)? Q)

whenitchangesits quantizedvibrationalstate (Av = =£1).In Eq. (5),
k is the force constant, that is, spring constant, of the electronicbond
between the two nitrogen atoms and p is the reduced mass of the
diatomic system. Taking the derivative of v, with respect to the
internuclear spacing between the nitrogen nuclei, we find

dv, 1v,dk

= 6
dg 2 k dg ©

Equation (6) shows that the shift in vibrational frequency is propor-
tional to the changein force constant with respect to the internuclear
spacing. As a first-orderlinear approximation, the precedingexpres-
sion is expanded as

v, 2kdg 8 ™
where dq is defined as §g = g — gy and g, is the spacing of the atoms
at equilibrium in the ground electronic state. The variable v, is the
unperturbedvibrational frequency,and §v, representsthe finite shift
in vibrational frequency with increasing internuclear spacing.

The Morse potential (see Ref. 20), often called the potential en-
ergy function, provides a method to determine the change in force
constant with internuclear spacing, dk/dg. The Morse potential,
given by

u(g =g = D.[1 e o] ®)

describes the motion of the nuclei in an electronic potential as
a function of §g and the electronic binding energy D,. As dis-
cussed by Herzberg?! the molecular constant 8 is defined as
B=Q@2n%cu/D,)"*w,. The force constant k is equivalent to*

d2
k=& =2D,p? )
dg?
q =40

Manipulating Eq. (9) further, the derivative of the force constant
with respect to the internuclear separation of the atoms is

dk du 5
7= \3s =-6D.p (10)
4 T/ g=a0

When it is assumed that the electronic bond between the atoms
exhibits behavior similar to that of a classical spring, the change in
internuclear spacing is related to the applied force of the electric
fields via

8q =—F.(z,0)/k (11)

where the spring constant & is given in Eq. (9). The reactive force
of the molecule, F,(z, t), is related to the amplitude of the electric
field by the polarizability derivative* of the molecule,

F.(z) = _%@—Z) E2(z) (12)
0

The temporal dependence of the optical field has been removed
from Eq. (12) by averaging over multiple light-wave periods. This
averaging process is valid because the ground vibrational frequency
of the nitrogen molecule is much less than the frequency of either
the pump or Stokes optical wave trains, that is, w,, s> w,. In
Eq. (12), the reactive force of a molecule becomes a function solely
of z, the transversespatial coordinate at the focus of the three signal-
generating beams in the CARS probe volume.

The irradiance, or intensity, of the laser beams is related to the
amplitude of their electrical fields by

1(z) = tegoE%(2) (13)

The preceding expressionis derived from Maxwell’s equations for
plane electromagnetic waves. To maintain continuity with exper-
imentally measured molecular constants, the differential Raman
cross section* is substituted for the polarizability derivative using
the following expression:

9 1 het [(da)’
90 _ Ws (2% (14)
Q64 pctw, \ 39 /

Note that the Raman cross section s a strong function of the Stokes-
laser frequency, which for the broadband laser of the current exper-
iments is ws = 16,474 cm™!, that is, Ay = 607 nm.

When Egs. (9), (12), and (13) are inserted into Eq. (11), the fol-
lowing expressionis obtained:

bg = T [rCeu (D0 N7 (15)
T=D.p\ Thot 822

As shown, the increase in intermolecularspacing of the nucleiis lin-
early proportionalto the intensity of the appliedoptical field. Finally,
the change in vibrational frequency may be derived by substituting
Eqgs. (9), (10), and (15) into Eq. (7):

Sv, 6w |uctw, [ do
= —— —|—=] 1@ (16)
Vy Deﬂ ha)s 02

The preceding expression is valid for the shift of a given ro-
tational line J in the v=0— 1 Q-branch envelope subject to
an applied optical field, /(z). With a nitrogen Raman cross
section?? of 90 /02 =4.4 x 1073! cm?/sr and a laser intensity of
1(z) = 300 GW/cm?, the shift in ro-vibrationalline frequency given
by Eq. (16) is v, = —4.6 GHz or §w, = —0.16 cm~!. This Stark
shift is qualitatively consistent with the increase in linewidth of the
rotational transitions in Fig. 3, although the calculated shift seems
to be somewhat greater than the actual shift. Moreover, in Fig. 3,
the Stark-broadenedrotationallines are biased toward lower Raman
shifts, which is consistent with the negative Stark shift calculated
earlier.

In the CARS process, there are a total of three laser beams, two
pump beams and one Stokes beam, which collectively alter the in-
ternuclear spacing between the nitrogen nuclei. To reflect this sum-
mation of electrical fields, Eq. (16) may be rewritten with the help
of Eq. (4):

L
| 6m  [pctw, [ do 21 @ tatu
vy =, 1 — — — a,
’ DB\ hat \32) 7V

amn

ol

o=

where Iy =21, + I is the spatially averaged aggregate intensity
applied to the irradiated molecules by the pump- and Stokes-laser
pulses.The expressionto therightof the minus signin the first paren-
thetical expressionof Eq. (17) represents the decrease in vibrational
frequency due to elevated pump- and Stokes-laserintensities. As al-
ready stated, the quantity v, is the unperturbed vibrational frequency
of the molecule.

In Eq. (17), the shift of the rotational lines in the Q-branch man-
ifold is directly related to the sum of the laser beam intensities.
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As the optical field intensity is increased, the rotational lines will
shift proportionately to lower frequencies. This result follows from
the behavior of a classical harmonic oscillator in an electrical field.
For Q-branch spectra, this shift manifests itself as a type of line
broadening for two reasons. First, unlike pure rotational spectra, the
rotationallines in the Q-branchmanifoldare notisolated transitions.
Through the constructive interference terms in the CARS suscepti-
bility xcars, neighboring rotational lines have a pronounced effect
on the line shape and line strength of other rotational transitions.
Therefore, even though the Stark effect introduces a uniform shift
[Eq. (17)] in the center frequency of all of the rotational lines in
the Q-branch envelope, the line shape of the transitions does not
maintain a self-similar profile with increasing optical field intensity
due to the interaction of a given rotational mode with its neighbor-
ing transitions. This nonlinear interactionis accounted for when the
CARS susceptibility is convolved with the pump- and Stokes-laser
line shapesto synthesizetheoretical CARS spectra.* To thisend, one
methodto accountfor SB effectsin the experimental Q-branchspec-
tra is to incorporate Eq. (17) into the CARS susceptibility calcula-
tion in a spectral synthesis code such as CARSFIT, while adding the
pump- and Stokes-laser intensities as user inputs. However, quanti-
tative calculation of Stark-broadened spectrais complicated by the
spatial and temporal profiles of the laser beams and the constructive
and destructive interference fringes in the intensity pattern of the
overlapping pump beams in the probe volume.

The secondreason for the line shape and line strengthalterationof
the ro-vibrational transitions in Stark-broadened Q-branch spectra
is the spatial variationof the laser intensity profiles within the CARS
probe volume. For example, when it is assumed that the pump- and
Stokes-laserbeams maintain Gaussian amplitude distributions' with
ry, =13 and 23 pum focal diameters, respectively, the CARS signal
intensity may be plotted as a function of the transverse distance at
the intersectionof the pump- and Stokes-laserbeams. This profile is
showninFig. 6. (Profiles have been normalized to enhance compari-
son.) Similarly, the SB amplitude distribution(ignoringinterference
fringes), 21, + I, is plotted in Fig. 6 as well. (This result assumes
that the beams are in a collinear phase-matching geometry, which
approximatesthe BOXCARS phase-matchinggeometry used in this
study.) Note that the two profiles in Fig. 6 have been normalized to
facilitate comparison. In Fig. 6, the SB profile maintains the larger
linewidth of 16-um FWHM,; the CARS signal linewidth is 10-pum
FWHM. 1t is clear from Fig. 6 that the SB spatial profile varies
in amplitude over the region where the CARS signal is generated.
Based on this result, it can be inferred from Eq. (17) that the shiftin
rotational frequency varies across the probe volume or, more con-
cisely, v; = f[8v,(2)]. This resultimplies that the collective spatial
variation in the pump and Stokes lasers inhomogeneouslybroadens
the rotational transitions rather than simply shifting the center fre-
quency of the discrete rotational modes. The temporal profile of the
laser pulses induces similar effects because the Stark shift will be a
maximum at the peak of the laser pulse and minimal at the leading
and trailing edges of the pulse.
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Fig. 6 Comparison of spatial variations of the SB amplitude profile
(21, + I's) with CARS signal strength (Ifls) across CARS probe volume.

Line-broadening effects are evident in the experimental CARS
spectra of Fig. 3. As predicted, the rotational lines tend to
broaden and decrease in strength at high pump-laser intensities
(I, =329 GW/cm?). The amplitude of the Stark-broadened rota-
tional lines is on average 11% lower than the peaks of the rota-
tional lines in the CARS spectrum not subject to high pump-laser
intensities (/, =42 GW/cm?). At the higher pump-laser intensity
condition, the rotational-linebroadeningis biased toward lower fre-
quencies, as predicted by Eq. (17). Furthermore, with the exception
of the Q(2) and Q(4) lines near the bandhead, the increase in tran-
sition linewidth is nearly constant for all of the rotational modes in
the Q-branch manifold. These observations support the arguments
given earlier that the interaction terms in the CARS susceptibility
and the optical field variations in the CARS probe volume filter
the SB mechanism in such a way that the rotational transitions are
broadened and shifted toward lower frequencies.

Stimulated Raman Pumping

When the Stokes-laserintensity is increased and the spectrometer
is tuned to the v=1— 2 N, CARS transition, stimulated Raman
spectra were acquired in the optically accessible gas cell. Time-
averaged spectra were acquired at 0.21 and 0.97 atm using a range
of pump- and Stokes-laser intensities to generate the data. An ex-
perimentalv =1 — 2 N, CARS spectrum, collectedat 0.97 atm and
292 K, is shown in Fig. 7 (solid line). This hotband occurs over a
lower Raman shiftrange, v =2292-2302 cm™!, thanthev=0— 1
transition. The v =1— 2 CARS spectrum in Fig. 7 was generated
using pump- and Stokes-laser intensities of 238 and 300 GW/cm?,
respectively.Because of low SNR of the v =1 — 2 CARS signal, the
CCD chip was exposedfor 1000 laser pulses. Similar to CARSFIT, a
FORTRAN-based programcalled LineFit was used to performleast-
squares fitting of the SRP spectra collected in this study (personal
communication from R. L. Farrow, Sandia National Laboratories,
Livermore, CA, 1998). The best-fit spectrum from this program is
shown as a dashed line in Fig. 7. Whereas similar in many respects
to CARSFIT, LineFit allows the rotational, 7,, and vibrational, 7,
temperatures to be selected as parameters that are optimized in the
least-squares fitting process.

In Fig. 7, the agreement between the experimental and theoret-
ical spectra is quite good because the rotational line strengths and
linewidths compare favorably. The spectral synthesiscode is able to
fit the asymmetric line shape of the smaller odd-J rotational lines
in the v =1 — 2 manifold, as well as the transition between the
resonant and nonresonant portions of the CARS signal at the right-
hand edge of Fig. 7. Small line strength discrepancies between the
experimental and theoretical spectrum exist in the Q(6), Q(8), and
Q(10) lines. The theoretical spectrum was generated with a best-fit
vibrational temperature of 7, = 1100 K. The elevated theoretical
temperature was necessary to simulate the laser-induced population
of the v =1— 2 transition. Of course, this vibrational temperature
does not reflect the physical temperature of the gas within the cell.
The best-fit rotational temperature of the v=1-— 2 spectrum, on
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Fig.7 Least-squares fit of v=1— 2 N, CARS spectrum acquired at
P=0.97 atm and T =292 K.
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Fig.8 Least-squares fit of v =1— 2 N, CARS spectrum acquired at
P=0.21atm and T'=293 K.

the other hand, is 7, =295 K. This temperature, based on the rela-
tive populationof the rotationallinesin the v =1 — 2 band, is equal
to the temperature of the air in the gas cell and 800 K less than the
vibrationaltemperature. The agreement between the rotational tem-
peratureinthe v = 1 — 2 bandand the gas-celltemperatureindicates
that the SRP rate from the lower v =0 — 1 vibrational manifold is
approximately independentof J, as would be expected because of
the small variation of the Raman cross section with J. Consequently,
by increasing the Stokes-laserintensity, the rotational temperatures
extracted from the v =0 — 1 CARS spectrado not deviate from the
thermodynamic conditions of the air within the gas cell, so long as
SB is negligible.

Figure 8 presents a v=1-—2 CARS spectrum collected at
0.21 atm and 293 K. As is found with the v=0— 1 spectrum
collected at subatmospheric conditions, the rotational transitions
in the v =1— 2 manifold become more pronounced, that is, iso-
lated, with decreasing pressure as collisional-broadenng effects®
diminish. Similar to Fig. 7, a theoretical spectrum (dashed line) is
least-squares fit to the experimental spectrum (solid line). How-
ever, the agreement between the two spectra is not as good as the
agreement found in Fig. 7. With the higher pump-laser intensities
(I, =288 GW/cm?) required to generate the spectrum in Fig. 8, it is
possible that SB effects have altered the line shape and line strength
of the rotational transitionsin the v = 1 — 2 spectrum. The Stokes-
laser intensity is /g =306 GW/cm?. The increased laser intensities
are required to compensate for the decreased molecular number
density in this experiment. The theoretical spectrum in Fig. 8 pro-
vides best-fit vibrationaland rotational temperaturesof 7, = 1500 K
and T, =295 K, respectively. The increased discrepancy between
the two temperatures (AT = 1200 K) suggests that the efficiency
of the Raman pumping process increases at subatmospheric pres-
sures as would be expected because the collisional linewidths of the
Q-branch lines are smaller.

The aforementioned discrepancy between the rotational and vi-
brational temperatures is consistent with the findings of Gierulski
et al.5 and Kroll et al.’ Interestingly, Woodmansee et al.”> found
that the generation of a v=1— 2 CARS spectrum does not affect
the pressures and temperatures extracted from the v =0— 1 CARS
spectrum generated with the high-resolution N, CARS technique.
Using pump- and Stokes-laser intensities of 7, = 177 GW/cm?* and
I3 =307 GW/cm?, single-shot v =0— 1 CARS spectra were col-
lectedoverarange of pressures(0.10-5.0atm) in the opticallyacces-
sible gas cell. At these pump- and Stokes-laserintensities, SRP does
populate the v=1— 2 CARS spectrum. The pressures extracted
from the v =0 — 1 CARS spectra were on average 0.12 atm below
the gas-cell pressure over the entire pressure range investigated,
indicating excellentagreement between the CARS- and transducer-
measured pressures. It is clear, however, from this study that the
perturbationof the vibrational manifolds by SRP will directly affect
the temperature recovered from vibrational CARS measurements at
high temperatures.

One way to quantify the laser-intensity threshold at which SRP
processesbegin to populate the first vibrational transitionis to com-
pare the rate of molecular promotion, often called the slump rate,**

with the duration of the laser pulse. The slump rate for monochro-
matic pump and Stokes lasers is given by*2*

1 9A, 4re\ (oo r
—_— = — |1, (18)
A, ot hoy ) \ Q) 4(Aws)? + T
As expected, the rate of promotion from the ground vibrational
state to the first vibrational state is proportionalto /,, - Is. When it is
assumed that a broadband Stokes laser embodies a uniform spectral

energy density ps = Is/Awg over the Raman line being probed,
Eq. (18) may be integrated over the transition lineshape to obtain

1 9A, 4re\ [ do , 19)
— =l — — )1,
A, ot hat ) \a22 ) """
To prevent the population of the v=1— 2 transition by SRP, the
duration of the laser pulse must be much less than the rate at which

the Raman pumping process is able to promote the molecules to a
higher vibrational state. More succinctly,

At & Loa)” (20)
! A, ot

For example, when the pump- and Stokes laser intensities given
in Fig. 7 and a broadband Stokes spectral width of Aw = 1900 GHz
(100 cm™!) are used, the right-hand side of Eq. (20) becomes

( 1 9A, )“

—_—— =0.4ns

A, ot

This slump rate is one order of magnitude less than the laser pulse
duration of Af; =8 ns. Therefore, with this combination of high
pump- and Stokes-laser intensities (1, - Is = 7.1 x 10* GW?*/cm*),
we should expect to generate a v=1— 2 CARS spectrum. Equa-
tion (19) may also be used to calculate the minimum pump- and
Stokes-laser intensity product that will not populate the v=1-— 2
CARS spectrum. For CARS spectra collected at ambient pressure
in the gas cell, the product of the pump- and Stokes-laser inten-
sities should not exceed I, - Iy =3.6 x 10° GW?*/cm" to prevent
SRP. This result is qualitatively consistent with the observed pres-
ence of the v=1-—2 CARS spectrum. For spectra collected at
2000 K, Eckbreth* suggests that the laser-intensity product not sur-
passl,-Is=1 GW?/cm*, which, when compared to the aforemen-
tioned threshold given by Eq. (19), is very low. Again, these lower
laser intensities significantly decrease the CARS signal strength.
The threshold given by Eckbreth* may apply only to narrowband
CARS systems whereby the narrowband laser is tuned to a specific
rotational transition in the CARS spectrum. As already stated, in
broadband CARS, a large portion of the broadband laser’s energy
does not contribute to the generation of the CARS signal. Clearly,
the product of the pump- and Stokes-laser irradiance is an impor-
tant parameter for vibrational CARS measurements for which small
changesin the laser intensities can significantly alter the population
of the v=1— 2 and higher® vibrational transitions.

Summary

In this study,v =0— 1 and v = 1 — 2 nitrogen Q-branch CARS
spectrahave been acquired in an optically accessible gas cell with a
high-resolutionN, CARS system. The experimental spectra, gener-
ated with known pump- and Stokes-laser intensities, were resolved
to Aw=0.10 cm™! to study the effects of SB and SRP on the rota-
tional line structure near the ground and first vibrationalbandheads.
The v=0— 1and v=1 — 2 spectra were least-squares fitted with
theoretical spectra generated by spectral synthesis codes. The best-
fit pressures and temperatures were then compared with the thermo-
dynamic conditionsmeasured by conventionaltransducersin the gas
cell.

SB effects were induced in v =0— 1 Q-branch spectra by in-
creasing the pump-laserintensity above 185 GW/cm?. As the pump-
laser intensity is increased, the ro-vibrationallines broaden and de-
crease in strength. Also, a strong interplay between the Q(2) and
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Q(4) lines near the bandhead was found at high pump-laserintensi-
ties. SB did not cause a distinct shift in the line structure. For laser
intensities greaterthan 185 GW/cm?, the pressures and temperatures
extracted from the CARSFIT programdiverged from the thermody-
namic conditions within the cell. To help explain some of the char-
acteristicsof the Stark-broadenedspectra,an analyticalmodel of the
SB mechanism, based on rigid-rotator harmonic-oscillator theory,
was presented. Strong optical fields will increase the internuclear
spacing between the nitrogen nuclei, decreasing the vibrational fre-
quency componentof the rotational lines in the Q-branch manifold.
The decrease in vibrational frequency of individual rotational lines
is complicated by their interaction with neighboringrotationallines
viathe cross-componentterms in the CARS susceptibility.Similarly,
the strength of the optical fields varies spatially within the CARS
probe volume and temporally during the laser pulses, spreading the
rotational transitionsover a range of frequencies. These two conclu-
sions support the inhomogeneousbroadening of the rotational lines
in the Stark-broadened v =0— 1 CARS spectra presented here.

Through SRP, nitrogen v =1 — 2 CARS spectra were generated
at room temperature in the gas cell by increasing the pump- and
Stokes-laser intensities simultaneously. These experimental spec-
tra were collected with the same resolution as the v =0— 1 spec-
tra. The best-fit vibrational temperature extracted from the ambient
v=1— 2 spectrum exceeded the temperature within the cell by
800 K. SRP, however, did not alter the linewidths or relative line
strengths of the rotational transitionsinthev=0— lorv=1—2
CARS spectra. Accordingly, the best-fit rotational temperatures ex-
tracted from the experimental spectra were within 3 K of the tem-
perature in the gas cell. Based on this observation, we conclude that
the saturation thresholds for the different Q-branch rotational tran-
sitions in the CARS spectrum are approximately constant. A simple
analysis shows that even incremental changes in the pump-Stokes
intensity product /, - Iy can generate SRP-populated v=1—2
spectra. This result is especially important for vibrational CARS
studies in which the gas temperature is determined by comparing
the molecular populationofthe v=0— 1 andv =1 — 2 Q-branch
manifolds.
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