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Emission and Raman Spectroscopy Measurements
in Hypersonic Nitrogen Flows

H. Pilverdier,¤ R. Brun,† and M. P. Dumitrescu‡

Université de Provence, 13453 Marseille, France

The self-luminosity of nitrogen hypersonic � ows in the free-piston shock tunnel TCM2 at Marseille is analyzed
for different enthalpy conditions. To perform vibrational population measurements in these � ows by spontaneous
Raman spectroscopy (SRS), the intensity of this emission is tentatively reduced by acting on various technical
parameters and � ow conditions. Thus a few low-enthalpy conditions are de� ned for which the SRS method can
be used without being disturbed too much by the � ow emission at the nozzle exit and behind the bow shock of
a blunt body. For these conditions the vibrational populations of the � rst several vibrational levels of nitrogen
are determined during the steady phase of the � ow: The vibrational temperatures de� ned from the population
of these levels correspond to the values given by classical computations assuming Landau–Teller models, that is,
the expected frozen value at the nozzle exit and a value close to equilibrium behind a bow shock. However, an
overpopulation of the highest levels cannot also be excluded.

Nomenclature
A = nozzle area
A¤ = critical nozzle area
Ms = shock Mach number
Np = number of detected photons
Nv = vibrational population of the v level
P0 = stagnation pressure behind the re� ected shock
T = translational temperature
Tr = rotational temperature
Tv = vibrational temperature
T0 = stagnation temperature behind the re� ected shock
t = time with origin taken at the shock re� ection

at the end of the shock tube
¾ = standard deviation

Introduction

B EFORE using spectroscopy diagnostic methods in high-
enthalpy hypersonic facilities, it is necessary to perform spec-

trally resolved studies of the � ow luminosity generally present in
these facilities.1;2 Thus, the � rst aim of this study was to analyze
this self-luminosity for the enthalpy conditions previously used in
the free-piston shock tunnel TCM2 at Marseille (3.5 and 11 MJ/kg
correspondingto conditions1 and 2 in Table 1).3;4 This facility uses
a free piston to obtain a high-pressureand a high-temperaturedriver
gas.5 The ultimate purpose was to perform vibrational population
measurements (N2 , O2 , NO) in the air� ow at the exit of the noz-
zle in the Mach number range 6–8 and also along the stagnation
line of a hemisphericalbody by a spontaneousRaman spectroscopy
(SRS) method. It was therefore necessary to know if the observed
radiation could conceal the Raman lines. Thus, the emission of a
nitrogen � ow corresponding to already de� ned enthalpies (running
conditions1 and 2, Table 1) is � rst recordedduring the steady phase
of this � ow in the spectral range centered on 500 nm covering the
Stokes and anti-Stokes lines. Then, taking into account the emis-
sion intensity, various means are used to reduce this emission to a
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minimum. Various changes on the technical parameters are made,
like improving the cleaning process of the facility and acting on the
nature and the mountingof the diaphragmseparatingthe shock tube
from the nozzle. However, it is impossible to avoid the presence of
the secondarydiaphragmseparating the shock tube from the nozzle
and also to change the nature of the compression and therein the
heating of shock-tubewalls, which are the source of signi� cant pol-
lution of the test gas. Other means acting on the � ow conditions are
also tested: The simplest one is to decrease the stagnationenthalpy,
because increasingthe reservoirpressureand thereby increasingthe
Raman line intensity relatively to the � ow emission is not suf� cient
because then line overlapping is observed.Thus, new lower stagna-
tion enthalpy conditions are tested correspondingto lower pressure
and temperature inside the shock tube in order to decrease the spon-
taneous emission without signi� cantly decreasing the vibrational
excitation and the possiblenonequilibrium.Finally, only the � ow at
the nozzle exit corresponding to conditions 1 in Table 1 is accessi-
ble to a Raman analysis to the exclusion of the bow-shock region;
New running conditions (conditions 3, Table 1) are also de� ned
corresponding to an incident shock Mach number of 1.7, for which
Raman measurements are possible behind a bow shock.

Thus, the second aim of this study is the determination of rel-
ative vibrational populations in a nitrogen � ow from SRS method
in the already de� ned cases, either at the nozzle exit (conditions 1)
or along the stagnation line of a blunt body (conditions 3). The
experimental analysis of hypersonicexpanding � ows in vibrational
nonequilibriumhas been the subjectofmany investigationsfor more
than 30 years6 and, still now, gives rise to controversial conclu-
sions as for the relaxation process in compression and in expand-
ing conditions: all experimental results concerning the vibrational
relaxation times, assumed to describe the process by the Landau–

Teller formulation, have been obtained in a shock-tube environ-
ment, that is, in compression conditions.7 These values of relax-
ation times, when applied to situations of expanding � ows in noz-
zles, did not agree with the experimental results, which present
also discrepancies with results coming from simulations taking
into account a level-by-level relaxation.8 This was the case, for
example, for the oldest experiments,6;9 which led the respective
authors to the conclusion that the relaxation times in nozzles were
much shorter than expected from shock-tube experiments and that,
therefore, the expanding � ows were closer to equilibrium. In fact,
these results were deduced from indirectmeasurementsby different
techniques, like sodium line reversal,6 electron beam,10 or tracer
emission.9;11 Recently, a direct method of measurement of vibra-
tional populationsby an SRS method was used, and the conclusion
was that there was no difference between global relaxation times
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in compression or expansion situations, even if the anharmonicity
effects and nonresonant vibration-vibration exchanges were taken
into account.12 However, most “old” experiments were performed
in “strong” expansion conditions corresponding to usual re� ected
shock tunnels, and the last one was made in a so-called clean shock
tube � tted with a nozzle of low area ratio (A=A¤ D 12). Together
with different impurity level in facilities, this might explain the
observed discrepancies about the frozen value of the vibrational
temperature.

Experimental Facility and Diagnostic Techniques
The experiments are performed at the exit of the nozzle of the

TCM2 facility at Marseille, France (Fig. 1), which has been previ-
ously described4 as has been its associated equipment.3

Several test condition sets are de� ned to obtain steady-statecon-
ditions behind the re� ected shock at the end of the shock tube as
long as possible. The high-pressure, high-temperature gas is used
as a reservoir gas to be expanded in a nozzle in order to generate
a hypersonic � ow. A 693-mm-length conical nozzle with an area
ratio of 164 is � tted at the end of a 70-mm-diam shock tube, giv-
ing a freestream Mach number of 6 for the conditions 2 (Table 1).
The emission measurements are performed with the experimental
setup sketched in Fig. 2. Except the exciting laser, this setup is iden-
tical with the one used further for the SRS measurement, and the
apparatus as a whole is described hereafter (Fig. 2).

The collection system includes a spatial � lter to select the scat-
tering volume of interest, a holographicsharp-edgenotch � lter with
an optical density of 6 at 500.0 nm, more than 75% transmission
outside the notch, and a second lens to adapt the collected beam to
the acceptance cone of a Jobin-Yvon HR 640 monochromator. At
the exit of the HR 640, a double-intensi�ed diode array, Princeton
Instruments D/SIDA 1000, cooled at ¡25±C, receives the 25-mm-
wide spectral window on its 1024 diodes. The gratings used are
blazed at 500 nm. One system has a grating carved at 600 lines/mm,
and the other has a grating carved at 1200 lines/mm.

ForSRS measurementsa single-pulse� ashlamppumpedCandela
dye laser is used as incident radiation source to obtain as many
as possible incident photons keeping incident power well below
air breakdown (10 W/m2 ). The laser gives up to 16 J in 6 ¹s at
500 nm, with a spectral line width of 0.07 nm. The laser beam,
vertically polarized, parallel, and located above the shock-tunnel
axis, is vertically re� ected toward the experiment chamber. It is
focused in the hypersonic freestream at the nozzle exit or 4 mm
in front of the model on the stagnation line. The irradiated volume
is 1.5 mm height and 0.6 mm diam. It is imaged on both sides
of the facility (Fig. 2) through identical collection systems giving a
90-degobservationangle con� guration.To increasethe signal/noise
ratio,the intensi� ersof thedetectorsaregatedsimultaneouslyduring
7 ¹s inside the laser pulse duration, thus capturing 70% of the total
incident energy. Before each run, the laser energy and the whole
optical system are checked.

Table 1 Conditions of SRS experiments

Conditions Ms P0 , Mpa T0 , K

1 5.0 17 2900
2 9.0 50 6500
3 1.7 7 600

Fig. 1 Scheme of TCM2 facility.

Luminosity Experiments and Reducing Parameters
Emission spectra with the conditions2 present a very high back-

groundlevelwith importantindividuallinesessentiallycomingfrom
metallic impurities, calcium, sodium and silicon so that these con-
ditions have no longer been used. Similar levels of self-luminosity
have been encountered in other comparable facilities.1;2

An example of spectrum obtained in the range 535–595 nm for
the conditions 1 at the nozzle exit is represented in Fig. 3 and also
presents an important emission. However, it has been possible to
reduce this emission, partly coming from the mylar secondary di-
aphragm separating the shock tube from the nozzle, which com-
pletelydisappearsafter the shock re� ectionandgivesrise to strongly
radiatingorganicmoleculesor radicals, even, apparently,during the
steady phase of the � ow.

Different materials constituting the secondary diaphragm were
tested, and it was found that the metallic sheets give the best results.
An aluminum diaphragm is quickly partially lique� ed, breaks into
manymeltedscrapsdangerousformodels,and is also theoriginof an
important radiation.Finally, a 100-¹m-thick copper diaphragmwas

Fig. 2 Experiment chamber and collection systems.

Fig. 3 Spontaneous emission at 4 mm in front of the model using
organic or copper for the secondary diaphragm.
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chosen, owing to its higher thermal capacity and its higher melting
point and resulting low emission as seen in Fig. 3. In both cases the
runningconditionsof the facilityare conditions1, which correspond
to a stagnationtemperatureof 2900K, but the integrationtime of the
run with the copper diaphragm is 100 ¹s (from t D 750 to 850 ¹s),
whereas it is 7 ¹s (from t D 800 to 807 ¹s) in the run with mylar
diaphragm. Moreover, a circular score with a nonuniform depth
enables the diaphragmto be ejectedoutside the nozzleaxis.Another
important parameter contributing to a reduction of luminosity is
obviouslya careful and systematic cleaningof the facilityafter each
experiment.

Of course, the in� uence of the stagnation temperature on the
radiation level is also very important and weakly depends on the
nature of the test gas, argon or nitrogen. In this way two examples
of the spontaneous emission in the same spectral range obtained
with the same collection setup parameters, that is, essentially the
same integration time, monochromator slit height, and width, are
given in Fig. 4 coming respectively from nitrogen � ow and argon
� ow in front of the hemisphericalmodel. The respective stagnation
temperatures are 7000 K (argon) and 2900 K (nitrogen): identical
lines appear in both spectra, but they are considerably ampli� ed in
the case of argon � ow for which the temperature is higher.

It is very dif� cult to identify atoms and molecules responsible
of all parasitic lines because the possible pollutants are numerous.
However, among the most intense lines the 541-nm line can be
ascribed to chromium, the 559 nm to aluminium, the 578 nm to
copper, the 589 nm to sodium. This obviously comes from the var-
ious materials composing the tunnel and its accessories, as well
as from environment (calcium, sodium). Another independent pa-
rameter, which is responsible for increase of radiation, is the laser
itself used for Raman experiments: it may excite not only nitrogen
moleculesbut also various impurities,thus noticeablyincreasingthe
radiation level of the corresponding molecules. An example is rep-
resentedin Fig. 5. Becauseof this effect,Raman experimentscannot
be correctly interpreted behind a bow shock with conditions 1.

Fig. 4 Spontaneous emission at 4 mm in front of the model using
nitrogen or argon as test gas.

Fig. 5 Emission spectra of the � ow at 4 mm in front of the model:
conditions 1, with and without laser.

Fig. 6 Emission spectra of the � ow at 4 mm in front of the model with
laser: conditions 1 and high-pressure conditions.

Fig. 7 Emission spectra of the � ow at 4 mm in front of the model with
laser: conditions 3.

On an attempt to increase the intensity of Raman spectra, the
initial pressurein the shock tube is increased in order to increase the
reservoirpressure:new conditionswere so de� ned, these conditions
giving high reservoir pressure 56 § 5 Mpa but the same reservoir
temperatures as in conditions 1. In Fig. 6 Raman lines obtained
with these high-pressureconditions (reservoir pressure three times
higher than pressure of conditions 1) depict an increased intensity,
but their overlappingwith backgroundlines (themselvesmagni� ed)
prevents any reliable population measurement.

Finally, as just indicated, the low-enthalpy conditions, that is,
conditions 3, Table 1, have been chosen for Raman measurements
behind a bow shock: they correspond to an incident shock Mach
number of 1.7 with reservoir pressure and temperature of respec-
tively 7 Mpa and 600 K, and at the nozzle exit to local translational-
rotationaltemperatureand static pressurerespectivelyof about50 K
and 10 Pa. An example of the Stokes Raman spectrum in front of
a hemispherical model (5.6-cm radius) is presented in Fig. 7. Like
all similar experiments, the laser is started during the steady phase
of the � ow, and the light is collected during 7 ¹s. For this case
the obtained spectrum includes only a few lines, and the more in-
tense correspondsto the transition0 ! 1 from the Raman Stokes Q
branch of nitrogen. Other higher transitions are also visible, but a
few emission lines remain. In conclusion,nitrogen � ow with condi-
tions 1 at the nozzle exit and with conditions3 behind a bow shock
can be used for Raman tests, which are described hereafter.

Experimental Flow Conditions
The experimentalconditions1 and 3 de� ned in Table1 must be as-

sessedbycomplementaryexperimentsin order to be sure thatRaman
spectra correspondto a reliable and known environment.Thus, vari-
ouspressuremeasurements(stagnationregion,nozzlewall, andpitot
pressure) are performed and reported here, as well as time-resolved
spectra recorded during the shot.
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Pressure Measurements

First, it is necessary to be sure of the constancy of the stagna-
tion pressure during a suf� ciently long time .This seems to be the
case when consideringthe pressureplateau in Fig. 8 lasting 700 and
1500 ¹s, respectively, for conditions 1 and 3 and corresponding,
more or less, to tailored conditions in the shock tube. It is the same
for pitot pressures reported in Fig. 9 exhibiting quasi-constantval-
ues during 300 and 1000 ¹s, respectively.A pressure increase and
a � uctuating period precede this steady phase and correspond to the
nozzle startup and the � ow establishment around the model. How-
ever, sole pressure measurements cannot give reliable information
on the arrival of the contact surface separating the driver and driven
gases and must be correlated with other experimental means (see
the following).

Static-pressuremeasurements are also performed along the noz-
zle walls for conditions 1, and their values during the steady phase
are represented in Fig. 10. In the same � gure they are also com-
pared with measurements obtained with air as a test gas for the
same reservoirpressure and temperature:The correspondingvalues
remain 10% smaller than in pure nitrogencase, thus con� rming that
stronger real-gas effects exist in the air case, recombinatingoxygen
being the cause of a weaker expansion.

These measurements are in good agreement with the results
given by a Navier–Stokes numerical computation including Park
chemistry13 and a simple Landau–Teller vibration model with
Shatalov vibrational relaxation times.14 This calculation was per-
formed by William15 using the experimentally measured reservoir
parameters with air and nitrogen as test gases and the results are
reported in Fig. 10. This graph shows the deviation between both

Fig. 8 Time evolution of reservoir pressure in conditions 1 and 3.

Fig. 9 Time evolution of model stagnation pressure in conditions 1
and 3.

Fig. 10 Evolution of static pressure along the nozzle in conditions 1
using nitrogen or air as test gas.

Fig. 11 Time evolution of emission spectrum at 4 mm in front of the
model: conditions 1.

cases, which is the same as found in experiments, and only a small
discrepancy appears between computations and experiments at the
beginning of the expansion.

Time-Resolved Emission Spectra

Pressure measurements have been followed by a time-resolved
recording of a large spectral range of the � ow emission, thus the
history of the most important lines can be easily analyzed, in partic-
ular their appearance and vanishing. The experimental setup is the
same as already used (Fig. 2), but a streak camera system placed at
the exit of the monochromator gives the time evolution of a spec-
trum part. For this, the monochromatoris centered at 410 nm giving
a spectral window from 379 to 442 nm, and the record begins at
t D 675 ¹s (i.e., 675 ¹s after the shock re� ection at the end of the
shock tube). Three-dimensional images are then obtained. An ex-
ample corresponding to conditions 1 is represented in Fig. 11. As
expected, the emission is weak during the � rst 400 ¹s after the start-
ing of the registration,that is, about1.1 ms after the shock re� ection.
Then, the observed steep increase of the emission comes from the
mixing zone constituting the contact surface known to be strongly
luminousparticularlyafter its interactionwith the re� ected shock.16

This increase is quasi-synchronouswith the pitot-pressureincrease
(Fig. 12) so that this increase can be considered as the end of the
useful steady � ow time. The time record performed for the most
intense band of the spectrum (424–432 nm), compared with pitot-
pressure evolution, con� rms these conclusions (Fig. 12). Thus, the
steady phase of the nitrogen � ow can be clearly delimited. From
the Pitot-pressure records (Fig. 9), con� rmed by the nozzle-wall
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Fig. 12 Time evolution of pitot pressure and of the most intense emis-
sion band (424–432 nm): conditions 1.

Fig. 13 Experimental Raman Stokes spectrum of air: Tv = Tr = 300 K.

static-pressure records (not represented here), the starting phase of
the nozzle lasts about 600 ¹s from the opening of the secondary
diaphragm. Likewise, from the pitot-pressure records (Fig. 9) and
time-resolved emission records (Fig. 12) the steady phase ends at
1100 ¹s. Thus, this steady phase lasts about 500 ¹s at least for
the free � ow at the nozzle exit. However, pressure � uctuations,
important during the � rst 300 ¹s of this phase (Figs. 9 and 12),
point out that the part really stationary around the model only last
200 ¹s between 900 and 1100 ¹s. Raman measurements are oper-
ated during this period. Conditions 3 are much less drastic (Fig. 9).

Raman-Scattering Diagnostic and Data Reduction
As analyzed above, runs are performed with the laser pulse trig-

gered during the steady phase, in which the expanding gas coming
from the nozzle has constant aerodynamic and spectroscopic pro-
perties.

Raman-Scattering Diagnostic and Experimental Setup

SRS is a nonintrusive linear optical diagnostic very attractive for
direct measurements of the vibrationalpopulationbecause it allows
the recording of several Raman spectra in a spectral bandwidth of a
few tens of nanometers with no overlapping nor quenching effects.
The Raman shift is characteristicof the scatteringmolecule, and the
intensity is linearly dependent of its concentration.

In Fig. 13 an experimental Raman Stokes spectrum of an N2/O2

mixture at a pressure of 0.1 Mpa and temperatures T D Tr D Tv

equal to 300 K is represented: this spectrum corresponds to a static
measurement (without � ow) in the test section of the tunnel.

Fully described theory and practical applicationscan be found in
variousbooks.17;18 So, for an incident laser wavelength at 500.0 nm
the nitrogen Stokes Q branch head corresponding to the vibrational
transition v D 1 to 0 is at 565.9 nm; the Stokes Q branch head

corresponding to the transition v D 2 to 1 is 0.93 nm downwards
from the preceding one; the v D 3 to 2 transition is also 0.93 nm
closer to the laser wavelength and so on.

The spectra obtainedin conditions1 and 3 with examplesgiven in
Figs. 5 and 6 effectivelyincludeRaman lines, and their analysismay
thereforebe operated.However,many dif� culties remain as for their
interpretation. The most important comes from the fact that, in the
wavelength range includingthese lines, a few emission lines are still
present and even some may overlap the Raman lines. The � rst rule
therefore is to eliminate each line nonstrictly corresponding to the
theoretical wavelengths for the transitions just de� ned and with an
uncertaintyof §0:1 nm. If there is overlappingwith emission lines,
the Raman line will be analyzed from the location of its maximum,
if any, and assuming a theoretical shape consistent with the local
conditions.

Data Reduction

Thus, each vibrational band is localized and identi� ed as being
a Raman Stokes Q branch part, and a computer peak � tting is per-
formed to � t the well-reproduciblebaseline (caused by the thermal
and readout noises) and the vibrationalpeaks. Because the intensity
of the v C 1 to the v Raman Stokes transition scales as v C 1 times
the vibrational population Nv , the summation of all rotational level
transition intensities of the vibrational level of interest is equal to
the area of this peak divided by v C 1. This operation, strictly valid
for a harmonic oscillator,brings negligibleerror when applied to the
� rst four levels of nitrogen. After performing these operations for
all identi� ed vibrationalpeaks, the deducedpopulationsare normal-
ized by the population of the v D 0 level N0 . Like other scattering
phenomena,Raman scatteringhas a standarddeviationon the inten-
sities given by a Poisson distribution:¾ D .Np/1=2. Photon counting
experiments gives 50 counts per photon, and so the intensity errors
are calculated to be §14%. Another source of error may be the cal-
culation of the area assumed to be the sum of rotational transitions
in a selected vibrational level. But the effects of vibrational temper-
ature Tv and rotational (or, in our case, translational) temperature Tr

are quite different on the Raman spectra. Increasing Tv leads to an
increasedpopulationon the upper vibrationallevels, and so the ratio
of intensities of vibrational levels changes; thus, the peak heights
change approximatelyin a similar way. When Tr increases, the ratio
of intensities of vibrational levels remain the same, but the peak
widths are extended. When Tr reaches a given value, the tail of the
rotational structure of a level overlaps the adjacent upper level. The
estimation of the area of vibrational transition intensities becomes
much more dif� cult. Figure 14 represents calculatedRaman Stokes
spectra for nitrogen,assumingvibrationaland rotationalBoltzmann
distributions.The maximumintensitiesare arbitrarilyreducedto one
in order to show the effects of Tv and Tr on the spectra; fortunately,
because of the low value of Tr this point is not critical in the case of
the experiments hereafter exposed.

However, when there is overlappingwith parasitic lines the error
already estimated of 14% must be largely doubled, so that the total

Fig. 14 Effects of Tv and Tr on Raman Stokes spectra of nitrogen.
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a)

b)

Fig. 15 Experimental Raman Stokes nitrogen spectrum at 4 mm in
frontof the model, conditions3: a)relative populationsand b)spectrum.

, possible location domains of Raman lines.

error, includingalso the uncertaintieson the line location (§0:1nm),
can be estimated to about 40–50%.

SRS Measurements: Conditions 3

For conditions 3, corresponding to low temperatures, only SRS
spectra coming from the � ow behind the bow shock in front of
the model are available because it is practically impossible to de-
tect Stokes, and, a fortiori, anti-Stokes bands coming from levels
different from the � rst one (level zero) in the free � ow, the tem-
peratures being too low, as previously noted. Thus, in the shock
layer an example of the recorded spectrum obtained at 4 mm from
the stagnation point is represented in Fig. 15: this spectrum corre-
sponds to the wavelength range in which Stokes lines may appear
(Fig. 15b). In the same plot theoretical positions of the lines cor-
responding to transitions from the vibrational levels 0, 1, 2, and 3
are also representedwith an uncertaintyof §0:1 nm. Before giving
any interpretation about populations, the preceding considerations
indicate that the lines close to the Stokes lines 2 ! 3 and 3 ! 4 are
practically outside the possible locations of these Stokes lines and
therefore cannot be taken into account: they probably are emission
lines including, or not, the Stokes lines. On the contrary, the 1 ! 2
transition (565.0 nm) is clearly distinguishableas well as the 0 ! 1
at 565.9 nm. This last line, however, is overlappedby other parasitic
lines, but can be easily identi� ed and interpretedowing to its visible
maximum.

Then, computation of the relative populations of levels 1 and 0,
N1=N0 , can be operated by the just described method: the result-
ing relative population is plotted in Fig. 15a and compared with a
Boltzmanndistributioncorrespondingto the stagnationtemperature
600 K. The agreement is satisfactory, which is not surprising, be-
cause the computed values of the temperatures T and Tv ahead of
the detached shock are respectively 70 and 560 K. In the recom-
pressed � ow behind this shock, close to the stagnation point these
temperatures are both close to 600 K.

This result can be considered as a good agreement between the
computationand the experiment.If the lines close to 564 and 563 nm
were considered respectively as the Stokes lines 2 ! 3 and 3 ! 4,
the computationof the correspondingpopulationswould give a very
strong overpopulationof the correspondinglevels 2 and 3 (not rep-
resented).

Fig. 16 Experimental Raman Stokes air spectrum at 4 mm in front of
the model: conditions 3.

a)

b)

Fig. 17 Experimental Raman Stokes nitrogen spectrum in the
freestream, conditions 1: a) relative populations and b) spectrum. ,
possible location domains of Raman lines.

The same initial conditions are used with reconstituted air as a
test gas, and the experimental spectrum is reported in Fig. 16. The
parameters Ms and P0 are identical, but only the 0 ! 1 transition is
visible for N2 . The same transition is also visible for O2 in the same
spectrum. Moreover, the line at 551 nm might be caused by Raman
Stokes branch of NO, which could be a proof of the (surprising)
presence of this gas at this low temperature: this has been found
in another facility.15 Because of some misalignment, the intensities
of the Raman bands are very weak and correspond only to a few
photons, and so no quantitative analysis has been made.

SRS Measurements: Conditions 1

For conditions 1 an example of the spectrum obtained in the
freestream at the nozzle exit is presented in Fig. 17b. As with the
conditions 3, it is clear that the Stokes line corresponding to the
transition 0 ! 1 is overlappedby emission lines, but, in the present
case, the identi� cation is more unreliable. However, the secondary
maximum of this spectrum part is included in the possible location
domain of the Stokes line 0 ! 1 and thus can be considered as the
center of this line. On the other hand, the Stokes lines 1 ! 2 and
2 ! 3 are clearly identi� able. This is however not the case for the
3 ! 4 line, apparently concealed by a strong emission line.

Thus, the � rst three Stokes lines are taken into account, and the
relative populations of levels 0, 1, 2 are computed. The results are
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reported in Fig. 17a, and compared to the Boltzmann distribution
at Tv D 2153 K and T D 270 K temperatures given by the just cited
Navier–Stokes computation.15 The agreement is also quite satis-
factory and can be considered as a validation of the physical and
computationalmodels.

It is also remarkable that, if the line close to the 3 ! 4 Raman
line was taken into account, the population of the level 3 would be
much larger than the expected Boltzmann population.This is either
unrealistic or would come from the presence of impurities, as it has
been found in old experiments6 or, more recently, in an arc tunnel,19

but it does not seem the case in shock tubes.20

Conclusions
New reliable and stable running conditions have been de� ned in

the hypersonic facility TCM2 increasing its potentialities toward
low temperatures and high pressures. The possibility of determin-
ing the useful test time accurately also represents an additionalstep
in the control of experiments.Concurrently, the development, dif� -
cult but feasible,of a spontaneousRaman scatteringtechniquegives
the possibilityof obtaining vibrationalpopulations in a nonequilib-
rium hypersonic � ow. Thus, the population of the � rst vibrational
levels corresponds to a Boltzmann distribution de� ned at tempera-
tures, translationaland vibrational,givenby classicalLandau–Teller
computations, as already shown by other recent experiments,12 op-
erated however in much weaker expansion conditions. This also
means that the relaxation process does not differ in compressionor
expansion (strong and weak) conditions and that simple and global
models are suf� cient for the determination of the macroscopic pa-
rameters of hypersonicexpanded � ows. However, the possibilityof
overpopulationof higher levels, perhaps caused by the presence of
impuritiesexciting the correspondingnitrogenmolecules,cannotbe
excluded in the large facilities. This conclusion, however, remains
uncertain because of the overlapping of Raman lines by residual
emission lines, themselves caused by radiation of impurities. Thus,
efforts must be made to obtain a clean setup, although their effect
must not be overestimated.20 Moreover, measurements of the same
type should be operated in the reservoir itself, and other Raman
spectroscopy experiments, spontaneous or coherent, should be to
plan in higher stagnation enthalpy conditions including signi� cant
chemical reactions.
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