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Vibrational Relaxation Measurements in an Expanding Flow
Using Spontaneous Raman Scattering
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Vibrational relaxation of nitrogen in a two-dimensional nozzle flow is studied with spontaneous Raman
scattering. An electric arc-driven shock tube operating as a reflected shock tunnel produces stagnation conditions
of 5600 K and 100 atm. A 248-nm KrF laser pulse is focused into the nozzle to produce spatially resolved
spontaneous Raman spectra. Yibrational population distributions are derived from the spectra for the states
v = 0 to v = 8. The experimental results are compared with two theoretical models: 1) the Landau-Teller
relaxation model and 2) a numerical solution of the master equations using transition rates derived from
Schwartz, Slawsky, and Herzfeld (SSH) theory. We have measured a value for the Landau-Teller correction
factor (<£>) to be 1.0-1.5.

I. Introduction

T HE effects of vibrational nonequilibrium in shock waves
and rapid expansions have been studied for over three

decades. In early shock-tube experiments, investigators found
that the vibrational energy behind a shock wave was not in
equilibrium with the rotational and translational energy; i.e.,
the vibrational temperature was not in equilibrium with the
rotational temperature. The Landau-Teller model adequately
described the measured vibrational relaxation rates up to 6000
K.1 This model, which is based on the harmonic oscillator,
predicts linear relaxation through Boltzmann distributions. In
expanding flows, however, the measured relaxation rates were
faster than the Landau-Teller model predicted. By comparing
the measured relaxation rate to the Landau-Teller prediction,
a correction factor was defined as $ = r^r/rmeas. Reported
values of </> varied from 5 to 70 for N2 and from 1 to 1000 for
CO.2

The discrepancy between the rates observed in shocks and
expansions led to a re-evaluation of the Landau-Teller model.
A more thorough analysis of vibrational excitation and de-
excitation reveals that these processes are the result of vibra-
tional-translational (V-T) exchanges and vibrational-vibra-
tional (V-V) exchanges. In V-T exchanges, the collision
energy must be comparable with the vibrational energy spac-
ing, which is equivalent to 3390 K for v = 0-1 in nitrogen.
Typically, V-V exchanges are nearly resonant, and the colli-
sion energy is generally much higher than the anharmonic
difference in energy spacings. Consequently, V-T exchanges
are more strongly dependent on the translational temperature
than V-V exchanges.3

In shock waves, where most of the molecules begin in the
vibrational ground state, V-T exchange for v = 0-1 is the
rate limiting step. This behavior led Park4 to propose the
geometric average formulation Ta = V7TW, where the relax-
ation is slow until the upper vibrational states become pop-

ulated and V-V exchanges occur. On the other hand, expan-
sions typically begin with significant vibrational excitation
V-V exchanges are then more probable, and calculations show
that the vibrational distribution can deviate from Boltzmann
with overpopulation of the upper states.5 Non-Boltzmann dis-
tributions were deduced from infrared emission spectra of CO
expansions by Bender et al.6 who found good agreement with
calculations which included anharmonicity.

Vibrational relaxation in nitrogen expansions has received
renewed attention in recent years. Two of the authors7'8 have
used SSH theory to predict V-V exchange rates. The transition
rates calculated can lead to non-Boltzmann distributions in
nitrogen expansions. However, the magnitude of the transi-
tion rates depends strongly on the interaction potential as-
sumed for the calculation. The lack of experimental data on
nitrogen prompted the current experimental work. Because
nitrogen is infrared inactive, neither emission nor absorption
spectra can be measured. Spontaneous Raman scattering has
long been recognized as a direct technique for population
measurements, but the small cross section for this process has
made such measurements difficult. Using a KrF excimer laser
at 248 nm and an intensified CCD camera, single-shot Raman
spectra are recorded in a shock tunnel. These spectra are used
to determine the population distribution at several stations
along the axis of the nozzle and to study the overall relaxation
of vibrational energy.

In a previous paper, holographic interferometry validated
a two-dimensional computation of the bulk properties of
the flowfield.9 The same paper also described a quasi-one-
dimensional code which solved the vibrational master equa-
tions down the nozzle. These codes are improved for the
current work and used in the analysis of the Raman data. The
two-dimensional code computes the bulk properties in a stream
tube along the axis centerline, and the quasi-one-dimensional
code uses the same stream tube to predict vibrational popu-
lation distributions.
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II. Experimental Facility and the Raman
Diagnostics System

The nitrogen expansion studied in this experiment is gen-
erated in the test section of a reflected shock tunnel at the
Electric Arc Shock Tube (EAST) facility at NASA Ames
Research Center. The capabilities of the facility10 are de-
scribed in detail elsewhere and will only be described briefly
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2.5 cm 8.3 cm Shock Tube, Side View

•Window Port

Section A-A

Fig. 1 Schematic of two-dimensional nozzle plug insert showing pres-
sure transducer in reservoir and nozzle profile.

here. The aluminum driven section has an i.d. of 10 cm and
is converted into a reflected shock tunnel with a nozzle plug
insert installed 402 cm from the diaphragm as shown in Fig.
1. The plug insert has a large port for optical access on each
side of the nozzle. This nozzle, with a throat height of 0.64
cm, is 8.3-cm long and has a quadratic profile downstream of
the throat

= 1 0/2.54 cm)2

where x is the distance from the throat in cm. Note that there
is no secondary diaphragm at the nozzle entrance. The driven
section is initially filled to 150 Torr with Matheson prepurified
grade nitrogen. The cylindrical driver is 10 cm in diameter,
76-cm long, and is initially filled with 325-psia helium. The
diaphragm is 3.2-mm thick 2024 zero temper aluminum with
60% groove depth and four petals.

The shock tube is fired by discharging a capacitor bank
through a tungsten wire running along the centerline of the
driver. The wire vaporizes and the current is carried by an
arc in the driver gas, raising the temperature and pressure.
The diaphragm bursts, creating a 2.6-km/s incident shock in
the driven section. The shock reflects off the nozzle plug
endwall, leaving stagnant nitrogen at approximately 5600 K
and 100 atm. The shock-heated nitrogen then expands through
the two-dimensional nozzle. The test ends with the arrival of
a reflection from the contact surface which occurs about 175
jus after shock reflection at the endwall.

The vibrational population distribution at various nozzle
stations is measured with spontaneous Raman scattering spec-
troscopy. Raman scattering is an inelastic scattering process
in which light incident on a molecule is shifted in frequency
as the molecule undergoes a transition to a new internal en-
ergy state. In general, energy may be transferred either from
the incident photon to the molecule or vice versa, and these
two cases are designated Stokes and anti-Stokes Raman, re-
spectively. In this particular experiment, only the Stokes pro-
cess is considered, and from the Stokes spectrum the Q-branch
is of primary interest. The Stokes Q-branch designates the
process in which the molecule gains a single quantum of vi-
brational energy from the photon without changing its rota-
tional state. Because nitrogen is an anharmonic oscillator, the
energy required to transition from a given vibrational state
to the next higher level decreases with increasing vibrational
level. The Raman shift from successively higher levels, then,
will be very slightly smaller, but this difference is resolved in
the present experiment. The intensity of Raman scattering is
related in a simple way to the number density in each vibra-
tional level and is a measure of the vibrational population
distribution at the point where the Raman scattered light is
collected.

The Raman spectra are excited with a KrF excimer laser
(Lambda Physik EMG 150) operating at 248 nm. A 250 mJ,
25-ns pulse probes the test gas as shown in Fig. 2. The line-
width is 0.003 nm (manufacturers specification), and direct
measurements of Rayleigh scattered light show that the line-
width is indeed smaller than the resolution of the spectrom-
eter. Two A/4 waveplates rotate the polarization of the hor-
izontally polarized oscillator beam before it passes through

2-D Nozzle Insert

MacPherson 0.3 m
Spectrometer with
576 x 384 ICCD

tyl Acetate Liquid Filter

Fig. 2 Raman scattering layout. Laser beam is focused into test sec-
tion and Raman scattered light is detected by spectrometer with in-
tensified CCD camera.

the amplifier cavity. The amplified vertically polarized beam
is at least 85% locked.

The arrival of the reflected shock from the endwall is de-
tected by a piezoelectric pressure transducer (model PCB
113A24). This signal triggers a delay circuit which fires the
laser after a 100-/xs delay. The excimer beam is focused into
a 6- x 0.1-mm sheet in the nozzle by a 2000-mm lens tilted
nearly 45 deg to the beam. An f/5.3 spherical concave mirror
collects the Raman scattered light, and a cylindrical lens cor-
rects for astigmatism. Suprasil II windows and lenses were
chosen to minimize fluorescence from the optics. This col-
lection scheme images the focal volume of the beam onto the
slit of a 0.3-m McPherson 218 spectrometer. The spectrometer
is equipped with a 3600-ln/mm grating blazed at 2500 A and
an intensified CCD camera which provide spectral resolution
of 0.1 nm. Background emission is rejected by gating the
intensifier to operate only during the laser pulse. A butyl
acetate filter of 1-cm pathlength placed near the entrance slit
absorbs the Rayleigh scattered light before it enters the spec-
trometer.

The collection optics and spectrometer are mounted on rails
so that the data can be taken at different stations along the
nozzle centerline. The locations in the nozzle at which data
are collected are determined to within 0.15 mm by illumi-
nating a scale placed in the nozzle with an atomic line source,
opening the spectrometer slits, and observing the digitized
image of the scale from the intensified CCD (ICCD). Al-
though submillimeter spatial resolution for the Raman spectra
is possible, low signal levels require that the spectra be in-
tegrated over the spatial dimension by summing the columns
of the ICCD array into "superpixels." This limits the spatial
resolution to 0.88 cm. In addition to taking measurements
along the nozzle, the system can also be configured to collect
spectra in the stagnation region with some reduction in col-
lection efficiency.

III. Numerical Models
The nozzle flowfield is computed using two different com-

putational schemes. A two-dimensional Navier-Stokes cal-
culation is performed to predict boundary-layer effects and
effects due to vertical and streamwise velocity components in
the rapidly expanding nozzle. The two-dimensional code uti-
lizes the standard Landau-Teller relaxation equation to pre-
dict energy transfer from the vibrational to translational modes.
The second type of code used can solve the vibrational master
equations to determine vibrational energy transfer, but solves
the quasi-one-dimensional fluid dynamic equations. The two-
dimensional flow solution is used to determine an effective
quasi-one-dimensional nozzle contour. This effective nozzle
contour is used in the quasi-one-dimensional calculations. De-
tails of this procedure are given in subsequent paragraphs.
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A. Two-Dimensional Nozzle Calculations
Calculations of the thermochemical nonequilibrium nozzle

flowfield were performed with a modified version of the code
developed by Palmer.11 The present code is also an improved
version of the code used in Ref. 9. The solver has fully coupled
finite-rate chemistry, upwind differencing, and an explicit time-
marching solution algorithm. In the present study, the species
concentrations of N2 and N are solved using the two-temper-
ature \/TTv model and reaction rates obtained from Park.4

Binary diffusion is assumed and the vibrational energy trans-
fer rate is determined by the original Landau-Teller model.

In order to provide adequate resolution of the boundary
layer, especially in cold wall simulations, second-order ac-
curate spatial differencing is required. Even with second-or-
der accuracy, however, the van Leer flux splitting used in
Refs. 9 and 11 resulted in large numerical dissipation in the
boundary layer for cold wall simulations. For the present
calculations, a second-order accurate Roe's averaged flux dif-
ferencing scheme was used. This scheme is similar to the flux
differencing scheme used by Obayashi12 and gave much more
accurate boundary-layer representations than the van Leer
scheme for cold wall cases.

The inflow plane for the two-dimensional nozzle compu-
tations is just downstream of the shock reflection wall of the
nozzle insert. An equilibrium chemical composition is as-
sumed, and vibration is assumed to be in equilibrium with
the translational and rotational modes. At this station, total
pressure, total temperature, and flow angle are specified and
a subsonic characteristic boundary condition is enforced. The
nozzle calculations were performed on a 32 x 23 grid and
the initial flow condition specified was uniform flow.

B. Quasi-One-Dimensional Calculations
To study the details of the vibrational relaxation process,

one must solve vibrational master equations. However, cal-
culation of all the transition probabilities and rates even for
one temperature is computationally expensive. In a general
two- or three-dimensional flow it would be necessary to com-
pute these for every temperature in the flowfield and to solve
the vibrational rate equation for each vibrational level and
the fluid dynamic equations simultaneously. Thus, detailed
calculations of the vibrational transition rate equations in gen-
eral two- or three-dimensional flows are prohibitively expen-
sive. However, quasi-one-dimensional calculations require
much less CPU time than two- or three-dimensional calcu-
lations because the number of grid nodes and equations are
reduced.

The quasi-one-dimensional code used in the present study
is similar to that described by Ruffin and Park.8 However,
the present version includes finite-rate chemistry, and the
quasi-one-dimensional solutions presented use the same N2
reaction rates as the two-dimensional code previously de-
scribed. Although the coupling of vibrational energy to dis-
sociation rate is only approximated by use of the Park
V7TV model, the approximation is justified: for the present
conditions, the flow is only weakly dependent on the disso-
ciation rate. This weak dependence on the flow chemistry is
due to the near frozen chemical conditions of the present
expanding flow.

The quasi-one-dimensional code solves the vibrational mas-
ter equations to determine vibrational population distribu-
tions and vibrational energy transfer. The vibrational tran-
sition rate master equations are of the form

theory. The fluid transport relations can then be used to con-
vert the material derivative to finite volume form

A

The streamwise velocity is u and the nozzle cross-sectional
area is A.

Although the quasi-one-dimensional approximation has been
made, the use of typical time marching numerical schemes
for solving the finite difference form of the governing equa-
tions would still be computationally very expensive. However,
advantage can be taken of the quasi-one-dimensional for-
mulation by performing one spatial march rather than iter-
ating in time. For this study, an efficient, implicit, space
marching solver called STIFF? is used. STIFF? numerically
computes jacobians and integrates a coupled set of quasi-
linear, partial differential equations and is described in detail
by Lomax.13 The above transition rate and energy relaxation
equations are coupled with the fluid dynamic equations for
quasi-one-dimensional, steady-state flow. The use of STIFF?
in nozzle flow computations and additional details of the
present quasi-one-dimensional solver are given by Ruffin and
Park.8 The present solver is used to also investigate the per-
formance of the Landau-Teller equation. This is done by omit-
ting the population distribution equations and using the Lan-
dau-Teller relaxation equation instead of the true energy rate
equation.

The quasi-one-dimensional approximation used herein is
valid for steady-state inviscid flows in which the flow area
changes gradually. In this study, an effective nozzle contour
which meets these requirements is obtained from a solution
of the two-dimensional Navier-Stokes equations. The effec-
tive quasi-one-dimensional nozzle contour obtained as de-
scribed below allows the quasi-one-dimensional code to give
the same prediction as the centerline solution of the two-
dimensional Navier-Stokes code. Figure 3a shows normalized
density contours and a selected stream tube from the two-
dimensional solution using the code described in the previous
section. The rapid turning near the wall is caused by the
thermal boundary layer which is influenced by the cold wall

a)

— Exact Nozzle Geometry
...... Effective Quasi 1-D Nozzle

b)
2 4
X (cm.)

where Nv is the number of molecules in state v per unit vol-
ume. K1t, „ is the vibrational transition rate found from SSH

Fig. 3 a) Density contours from two-dimensional nozzle calculations
showing quasi-one-dimensional flow in stream tube along the center-
line, b) comparison of effective quasi-one-dimensional area ratio to
exact nozzle geometry.
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Fig. 4 Comparison of two-dimensional computational results to quasi-
one-dimensional results with the effective nozzle geometry correction.

boundary condition. The more gradual curve of the contours,
especially near the nozzle exit, illustrates that the core in viscid
flow is very two-dimensional in that region. Near the throat
region, the density contours are nearly vertical which indicates
that in that region the in viscid flow is nearly uniform. Figure
3a also shows one stream tube near the centerline of the
nozzle. The stream tube selected has a slowly expanding area
and is in a purely in viscid region of the flow. Within this stream
tube, the flow at each streamwise station is nearly uniform
and the flow angle is never greater than 10 deg. This stream
tube satisfies the requirements for the quasi-one-dimensional
approximation and is used as the effective quasi-one-dimen-
sional nozzle contour. A comparison of the true nozzle area
ratios to the effective nozzle area ratios is given in Fig. 3b.
The effective nozzle area ratio is identical to the true nozzle
area ratio near the throat, but expands more slowly near the
downstream end of the nozzle. The effective nozzle contour
used in the present quasi-one-dimensional computations is
given by

A/A* = 1 + x/C, + x2/C2 + x3/C3

where

Q = 26.1962

C2 = 6.4811

C3 - -206.0117

The effective quasi-one-dimensional nozzle contour shown
in Fig. 3 is defined so that a quasi-one-dimensional solution
on the effective nozzle matches the centerline solution from
the two-dimensional Navier-Stokes code. Figure 4 shows a
comparison of the quasi-one-dimensional vibrational and
translational temperatures to the centerline values of the two-
dimensional solution. We see that the use of the effective
quasi-one-dimensional nozzle contour in the quasi-one-di-
mensional code gives solutions with are in excellent agreement
with the two-dimensional viscous solution.

IV. Results

A. Shock Tunnel Measurements
Since Raman data can only be collected at a single point

in the nozzle during a run, a series of runs is made with the
same initial conditions in order to assemble a full set of data.
Although the flow in the shock tube is remarkably reproduc-
ible, even the small variations seen in shock speed (—3%)
lead to nonnegligible differences in the stagnation conditions
from run to run. For this reason, the progress of the shock is
closely monitored in every run. Four ionization probes mea-

sure time of arrival of the shock wave at four stations in the
shock tube, while two photomultiplier tubes are used to detect
the arrival of the mixing region (contact surface) at two of
the measurement stations. These measurements indicate that
about 150 )its of test flow is available behind the incident
shock. Some attenuation in shock speed is noted, roughly
0.12 mm//is/m.

A typical pressure trace from the station 2.54-cm upstream
of the endwall is shown in Fig. 5. The features of this pressure
trace are 1) the arrival of the incident shock followed by a
region of constant pressure, 2) the arrival of the first leg of
the bifurcated reflected shock, 3) the second leg of the bi-
furcated reflected shock including an overshoot, 4) a period
of relatively constant pressure, and 5) a drop in pressure
associated with an expansion emanating from the contact sur-
face upstream from the measurement station. Note that since
the bifurcation of the reflected shock is limited to the region
of the boundary layer, the period of constant conditions be-
hind the reflected shock includes at least the time from the
arrival of the first leg of the bifurcated shock to the time of
arrival of the expansion from the contact surface, about 175
jits. This time minus the startup time of the nozzle, about 80
/AS, is the testing time for the facility. The measured pressure
behind the reflected shock is taken to be the average pressure
during the approximately 75-/xs plateau in the pressure trace.

The best correlation between shock speed and measured
pressure behind the reflected shock is achieved using a linear
fit to the three time-of-arrival measurements nearest the end
of the shock tube. This correlation is shown in Fig. 6. The
systematic offset between measured and computed pressures
behind the reflected shock for a given shock speed can be

Fig. 5 Reservoir pressure 2.54 cm from endwall showing incident
and reflected shocks, test time, and arrival of the expansion wave.

• Experiment
—— Theory

2.45 2.50 2.55 2.60 2.65 2.70
Shock Speed, mm/^sec

Fig. 6 Comparison between measured reservoir pressure and shock
speed to theoretical calculations based on the Rankine-Hugoniot re-
lations.
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• Experiment
—— Theory

2.45 2.50 2.55 2.60 2.65 2.70
Shock Speed, mm/nsec

Fig. 7 Comparison between measured reservoir temperature and
theoretical calculations based on effective shock speed.

attributed to nonidealities in reflected shock tube operation
such as shock attenuation (boundary-layer growth) and three-
dimensional effects in the shock reflection. These nonideal-
ities are accounted for by defining an effective shock speed.
This effective shock speed is 0.03 mm/ju,s slower than the
measured shock speed.

The temperature in the reservoir region behind the re-
flected shock was measured using the same spontaneous Ra-
man technique applied in the nozzle. Figure 7 shows the three
measurements which were made, two of which agree well with
Rankine-Hugoniot predictions for temperature behind the re-
flected shock. This is considered sufficient agreement to jus-
tify using calculated temperatures based on the effective shock
speed for reservoir temperatures. In this way, run-to-run vari-
ations in reservoir conditions are accounted for in the data
analysis. It should be stressed that these corrections are rel-
atively minor, and, while they do reduce the scatter in the
data, they do not significantly alter the conclusions.

B. Raman Measurements
The probing laser beam was focused into a thin sheet of

0.1 x 6.0 mm to avoid gas breakdown in the focal volume,
while at the same time maximizing the light collected by the
detection system. Experimentation with various focal spot
sizes and laser intensities demonstrated the energy density of
the beam in the focal volume did not measurably perturb the
spectra, nor were coherent Raman processes observed.

Raman spectra taken from three of the seven stations along
the nozzle axis are shown in Fig. 8. The columns of pixels on
the two-dimensional ICCD array are binned to form super-
pixels, each of which is designated by a symbol in the spec-
trum. Although each superpixel represents the Raman signal
averaged over an 0.88-cm path length, the variation in vibra-
tional temperature over this distance is smaller than the ex-
perimental error for the measurement, as will be shown be-
low. The abscissa is scaled to approximate the number of
photons detected for each superpixel so that, for example, at
x = -0.6 cm we see that a total of about 30,000 Raman
scattered photons are detected. As expected, the Raman sig-
nal drops as the number density drops along the nozzle. Look-
ing at the number of vibrational peaks present, it is also noted
that the vibrational energy of the flow is dropping as the gas
expands.

The Raman spectra are analyzed first by deducing vibra-
tional population distributions. Since the overlap between
adjacent levels is dependent on the rotational temperature,
and since low signal levels preclude the measurement of ro-
tational temperature from the Raman spectra, an estimate
for the rotational temperature based on the two-dimensional
flowfield computations is made. This estimate for the rota-
tional temperature has very little impact on the evaluation of
a vibrational relaxation model since the computed rotational

261.0 261.5 262.0 262.5 263.0 263.5 264.0
Wavelength, nm

Fig. 8 Raman spectra taken at three stations along the nozzle cen-
terline. Distances measured from the throat.

Vibrational Level

Fig. 9 Boltzmann plot of measured vibrational population distribu-
tion at three stations along the nozzle center line. Distances measured
from the throat.

temperatures in the expansion are virtually independent of
the vibrational relaxation model used, and furthermore, the
vibrational distributions are relatively insensitive to the ro-
tational temperature.

The procedure for generating population distributions from
the experimental spectra is begun by simulating a separate
Raman spectrum for each vibrational level. Each simulated
Q-branch (spectrum of an individual vibrational level) is di-
vided into wavelength intervals roughly corresponding to the
peaks of a complete spectrum. The intensity is integrated
within each interval to yield a factor quantifying the contri-
bution of each vibrational level to the given wavelength in-
terval. For each run, an entire matrix of these overlap factors
is constructed. This matrix is then inverted and multiplied
with a vector constructed from the measured integrated in-
tensities within each wavelength interval. The result is the
intensity of each of the vibrational levels from the experi-
mental spectrum.

For spontaneous Raman, the intensity of each level is pro-
portional to the population in that level scaled by the level
plus one, i.e.

Iv ~ Nv(v + 1)

The intensities are divided by the factor (v + 1), and the
distribution is normalized by the sum of all the levels to yield
the relative vibrational population distribution.

The resulting population distributions are shown on a Boltz-
mann plot in Fig. 9. The lower vibrational states fit well along
a straight line, indicating a Boltzmann distribution. An al-
ternative representation of the same data is shown in Fig. 10.
A vibrational temperature for each level (Sv) is defined by
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Fig. 10 Vibrational temperature of individual vibrational levels de-
rived from the relative populations.

the population ratio of that level to the ground state, i.e.

NV/N0 = exp[-(Ev - EQ)/k®v]

and the ground state vibrational temperature is defined as

exp(-E0/k®0)N0/N = e
where the partition function has been approximated by

= exp(- £Q/fceo)
I - exp(-AE0//c(H)0)

For these test conditions, SSH theory predicts a small over-
population of the very high- vibrational states (v > 20). How-
ever, the absolute number densities of the upper states are
so small that the SIN (signal-to-noise ratio) is less than 1 for
states above v = 8. Although there is some scatter and un-
certainty in the data for the vibrational levels 5-8, the dis-
tributions are nearly Boltzmann, and a single vibrational tem-
perature is a good approximation for the levels measured.

Instead of deducing a single vibrational temperature from
the vibrational distributions, better accuracy is obtained by
using a band-shape fitting technique and assuming a Boltz-
mann distribution for v = 0-8. This technique consists of
iteratively synthesizing Raman spectra for different vibra-
tional temperatures and comparing to the measured spectra.
The temperature for which the best match is achieved is taken
to be the measured vibrational temperature. Again, the mea-
sured temperature is dependent to some degree on the ro-
tational temperature which is an independent input to the
synthesized spectrum. The rotational temperature is esti-
mated from the two-dimensional computation and held fixed
in the band-shape fitting as the vibrational temperature is
varied.

Substantial effort was required to achieve adequate S/N in
the experiment. The gain on the intensified CCD camera was
adjusted so that single photoelectrons could be detected. Based
on photon count levels, the measured Raman signal levels
agree reasonably well with estimates based on cross sections
for spontaneous Raman found in the literature. Nevertheless,
the data are limited primarily by photon statistical noise.
Background emission and scattering levels were measured in
time integrated spectra and were found to be smaller than
the shot noise for the experiment, with the exception of emis-
sion from isolated spectral lines seen in the stagnation region
and near the throat of the nozzle. The emission features were
identified as iron lines and were not of sufficient intensity to
affect the results of the experiment.

In the shot noise limited case, the S/N can be estimated by
knowledge of the number of photons reaching the ICCD and

the quantum efficiency. In the data analysis, the estimated
S/N provides error bars for the populations on the Boltzmann
plots and the vibrational temperatures deduced from band
fit. Simulated spectra, which included artificial shot noise,
have been analyzed by the same data reduction technique as
the experimental spectra (see Fig. 11), and the resultant errors
agree well with the error bars. More significantly, simulated
spectra have also been used to evaluate the systematic error
produced by errors in the calculated rotational temperature.
The results in Fig. 12 are typical and show that an error of
100 K in the rotational temperature causes only a 40 K error
in the vibrational temperature. Since the rotational temper-
ature is nearly independent of the vibrational relaxation model
used, the uncertainty in the rotational temperature is small.
Because this small uncertainty leads to even smaller errors in
the deduced vibrational temperature, errors in the computed
rotational temperature are not a significant source of error in
the vibrational temperature measurements.

The results for the vibrational temperature measurements
are shown in Figs. 13 and 14 for all seven stations in the nozzle.
At least two measurements were made at each station. The
data has been normalized by the stagnation temperatures in-
ferred from shock speed measurements as discussed above.
Included in this plot are curves from the quasi-one-dimen-
sional computations using the SSH and Landau-Teller models.
Only a single curve is included for translational temperature
since all calculations yield virtually identical results for this
property.

The experimental data do not fall along a single line, yet
the overwhelming evidence shows a relaxation rate that is
reasonably well described by the simple Landau-Teller relax-
ation, and certainly is not much faster than Landau-Teller.
Based on these results, an upper limit of 1.5 can be placed

Tv=3500 K
T,-3200 K
-•- Simulated

spectrum
—— Band Fit

262.2 262.4 262.6 262.8 263.0
Wavelength, nm

Fig. 11 Comparison of simulated spectrum to band-shape fit.

200 -.fSz-™---———————

Trerro,K

Fig. 12 Systematic error in vibrational temperature caused by un-
certainty in rotational temperature.
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Fig. 13 Normalized temperatures along the centerline of the nozzle:
experimental results compared to Landau-Teller relaxation with </> =
1, 2, and 5.

-••-• TvL-T<p=1
--- TvSSHv=0-1
-—• Tv SSH total EV

Nozzle Position, cm

Fig. 14 Normalized temperatures along the centerline of the nozzle:
experimental results compared to SSH relaxation model.

on <f>. Furthermore, SSH theory also predicts the correct re-
laxation rate. The scatter in the data is believed to stem pri-
marily from two sources: 1) some uncertainty in the reservoir
conditions and 2) a degree of unsteadiness in the nozzle flow
which may be seen as a temporally and spatially varying per-
turbation to the steady test flow. Pressure traces and holo-
graphic interferograms taken in the nozzle flow demonstrate
that while some unsteadiness exists, it is a small fraction of
the local flow properties.

The value of </> measured in the present experiment is con-
siderably lower than previous estimates which lie in the range
5-70. This study differs from previous work with nitrogen in
two important ways. First, spontaneous Raman scattering
provides a direct measurement of the vibrational population.
In past experiments, the flow was either seeded with ther-
mometric species such as CO or sodium, or an electron beam
was used to excite the nitrogen into an electronically excited
state where it would radiate. Second, it is well-known that
the presence of even a small amount of impurity can signif-
icantly increase the relaxation rate,2 and the purity of the test
gas is very important. In this experiment, seeding is not re-
quired to monitor the flowfield. The present experiment,

therefore, represents the first direct measurement of vibra-
tional energy in a spectroscopically clean flow.

V. Conclusions
The vibrational population distribution in an expanding flow

of nitrogen has been measured directly using spontaneous
Raman scattering. For the vibrational states measured, the
population distribution is adequately modeled by a single vi-
brational temperature. A comparison of the measured vibra-
tional temperature profile in the nozzle with computations
shows good agreement to theory. The results show that both
the Landau-Teller model and the SSH model describe the
relaxation well. At these test conditions, the data indicates
an upper limit of 1.5 on the relaxation correction factor c/>.
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