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Temperature and Density Mapping of Supersonic Jet Expansions Using
Linear Raman Spectroscopy
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(Received 21 July 1995)

We present a first practical demonstration of Raman spectroscopy to obtain high definition maps of
rotational temperatures and absolute densities in molecular supersonic jets.

PACS numbers: 33.20.Fb, 47.45.–n, 47.80.+v
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Supersonic expansions associated to molecular gas
are of considerable interest for various branches of phys
chemistry, and engineering. The properties of such r
efield environments differ markedly from those of a gas
thermodynamical equilibrium, and a complete diagnos
of their local properties is desired. The spatial distributi
of molecular species, and its absolute density, the ag
gation states (monomers, dimers, clusters, droplets, liq
solid, aerosol, etc.), the translational speeds, the distr
tion of translational, rotational, and vibrational temper
tures, and, in some cases, the anisotropic orientation
molecules along privileged directions are the main va
ables to be characterized.

Spectroscopic methods can provide answers to th
questions, but none of them can be regarded as a c
plete, versatile, diagnostic tool for the supersonic j
Here we stress the use of linear Raman spectrosc
specially improved and adapted for this purpose, a
highly competitive diagnosis method capable of providi
a wealth of data about the jet. As shown below, the m
ping of several basic physical quantities of a superso
expansion by means of Raman spectroscopy is nowad
an affordable methodology, with specific advantages o
other spectroscopic methods, namely, (a) the univer
ity (all molecules can in principle be studied), (b) a hig
spatial resolution (few microns), (c) linearity (Raman i
tensities are strictly proportional to the molecular dens
number), (d) a wide spectral range (1 to6000 cm21), and
(e) a large dynamic range of intensities (over 6 orders
magnitude).

The feasibility of Raman spectroscopy in a superso
expansion was demonstrated using a laser intraca
setup to compensate for the low efficiency of Ram
scattering [1]. However, the critical optical alignme
of the laser cavity has limited in practice a systema
and routine use of this possibility and, on the who
Raman spectroscopy has received little attention a
diagnosis method for supersonic jets. Instead we use
a more flexible Raman setup whose efficiency is ba
on a global increase of sensitivity, derived from seve
instrumental improvements described next.

A 25-100 Jarrell-Ash monochromator has been co
verted to a multichannel spectrometer equipped with
2380 linesymm holographic grating as dispersive eleme
0031-9007y96y76(1)y34(4)$06.00
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It operates as a narrow bands#25 cm21d scanning sin-
gle monochromator with a512 3 512 pixel charge cou-
pled device (CCD) detector refrigerated by liquid N2. The
spectrometer covers a range of7000 cm21 at a maximum
spectral resolution of0.3 cm21. The stray light rejection
is good enough to record the good quality rotational spe
tra of gases needed to measure rotational temperatu
The detection limit in the gas phase is of the order o
1023 mbar at a spectral resolution of1 cm21, i.e., between
2 and 3 orders of magnitude more sensitive than a sta
dard Raman instrument.

An aluminum vacuum chamber of42 3 42 3 30 cm3

contains the jet nozzle, a drill hole of300 mm diameter
and 1 mm length, which can be accurately positione
along thex, y, z directions. An optical multipass system
for the laser exciting beam and the collection optics fo
the Raman signal are also placed inside the chamber. T
independent remote controlled microactuators allow fo
the fine positioning of the optical components, and of th
nozzle, with respect to the Raman focal pointP in Fig. 1.
A field of the expansion of25 3 6 3 6 mm3 can thus be
monitored with an accuracy and a spatial resolution of
few microns. The laser beam is sharply focused onto t
point P of the jet, with a beam waist of about14 mm,
and is multipassed through the pointP by means of an

FIG. 1. Experimental setup for the observation of the Rama
spectrum at pointsPsx, y, zd of the supersonic jet, with 2 W
laser power at 514.5 nm.
© 1995 The American Physical Society
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auxillary concave mirror, using the laser output mirr
as a secondary reflector. Optical coupling between
multipass system and laser resonator is minimized by
mode mismatch due to the intermediate optical surfac
The signal gain factor is about 5. Alignment is easy; it
not perturbed by the positioning motion of the nozzle, a
the stability is maintained for periods of over 10 h. Th
chamber is evacuated by means of two mechanical pu
in cascade. For a stationary continuous jet produ
by the 300 mm nozzle under a stagnation pressure
1 bar, the residual pressure at the chamber is kept be
0.2 mbar. The stagnation pressure to generate the jet
be regulated between 0.5 and 8 bars.

The geometric structure and the local properties
a supersonic jet of polyatomic molecules cannot
described accurately by means of simple models. In
zone of silence of the jet an approximate description of
local properties is possible on the basis of the isentro
flow model of a perfect gas [2]. In this approach th
local variables, temperaturesT d, density numbersN d,
and modulus of the velocity vectorsjvjd at point of the
expansion axis downstream the nozzle are given in te
of the molecular massW , of the coefficientg  CpyCy

of heat capacities, and of the Mach numberM, as T 
T0yF, N  N0F1ys12gd, and jvj  MsgRT0yWFd1y2,
respectively;T0 and N0 are the stagnation temperatu
and density number, respectively;M  jvjya is the ratio
of the local velocitysjvjd to the local velocity of sound
sad at the temperatureT , andF  1 1 M2sg 2 1dy2. M
has been empirically modeled using the experimental d
from large scale facilities (wind tunnels) in terms of th
axial distance from the nozzlesxd and of its diametersDd.
For an axisymmetric expansion [3]

M  x̃g21sb 1 cyx̃ 1 dyx̃2 1 eyx̃3d , (1)

for x̃  xyD $ 0.5, with the coefficients

b  16.5404 2 15.8215g 1 4.7018g2, (2)

c  215.6286 1 15.1459g 2 3.7335g2, (3)

d  13.1705 2 14.4312g 1 4.0591g2, (4)

e  23.4116 1 3.7898g 2 1.0720g2. (5)

Also off-axis density numbers are described by t
empirical expression [4]

N sR, ud
N sR, 0d

 cos2
µ

pu

17.0230 2 16.1334g 1 4.5346g2

!
,

(6)

whereR is the distance from the nozzle andu the angle
with the expansion axis. Combining the expressions,
off-axis properties for the local velocity and temperatu
can be obtained.

The expressions given above forT , N , andjvj refer to
an ideal unperturbed expansion propagating into a per
vacuum. Real expansions differ from these ideal con
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tions by a residual pressure due to molecules not eli
nated by the vacuum system. Collisions between the
molecules and the residual molecules do substantially
ter the structure of the expansion, as shown in the up
half of Fig. 2 (bold lines). A frontal shock wave (Mac
disk) is produced at a distancexM  0.67DsP0Pr d1y2

[4,5] from the nozzle, whereP0 is the stagnation pres
sure andPr the residual pressure. The barrel shock wa
confining the unperturbed regions of the jet has an
proximate diameter of0.75xM , while the diameter of the
Mach disk is about0.5xM . For real expansions Eqs. (1)
(6) just hold for the zone of silence, of essentially lamin
supersonic regime withM ¿ 1, where the effect of the
lateral and frontal shock waves is negligible.

A supersonic jet is usually a highly rarefield medium
For a stagnation pressure of 1 bar at 300 K, the den
number isN0  2.5 3 1025 moleculesym3. For the test
gas used here, CO2sg  1.3 at T0  300 K), the density
number falls down toN  2.3 3 1021 moleculesym3

at a distancex  25D downstream from the nozzle
Since the limit sensitivity of our system is aboutN 
2.5 3 1019 moleculesym3, the signal/noise ratio of the
recorded spectrum is good enough for quantitative w
in a relatively wide region of the expansion.

The present setup has an excellent spatial resolut
The Raman spectrum is recorded from a cylinder-sha
region of diameter about14 mm in the x-z plane, and
height about 1.3 mm along they direction, centered at the
point P in Fig. 1. A longitudinal slice from this region
can be selected by means of the entrance slit width of
spectrometer. The height of the observed slice along thy
direction can be controlled through the readout routine
the CCD array detector. In practice a spatial resolution
7 mm 3 300 mm 3 14 mm, referred to thex, y, z axes
of Fig. 1, can be achieved under routine conditions (T0 $

300 K, P0 $ 0.5 bar, D  300 mm) for most molecular
gases. In addition, the positioning accuracy of the po
P is of the order of61 mm, a spatial definition hard to
attain with any other spectroscopic technique.

FIG. 2. Raman mapping of rotational temperatures in
supersonic jet of CO2 under a stagnation pressure of 2 ba
Isothermal lines are depicted at steps of 20 K.
35
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Rotational temperaturesTR at the pointsPsx, y, zd of
the jet are measured from the local Raman intensi
IJ sx, y, zd of the J ! J 1 2 transitions in the rotationa
spectrum, given for CO2 by

IJ sx, y, zd  N C
sJ 1 1d sJ 1 2d

s2J 1 3d

3
expf2bBJsJ 1 1dyTRgP

J s2J 1 1d expf2bBJsJ 1 1dyTRg
,

(7)
with C a constant,J the rotational quantum numbersJ 
evend, b  1.4388 Kycm21, andB  0.39027 cm21 the
rotational constant of CO2. Equation (7) implies a Boltz-
mann distribution of population for the rotational level
No deviation from this distributions has been observed
the nearly 200 rotational spectra recorded here betw
40 and 300 K. Vibrational temperaturesTV at the points
Psx, 0, 0d have been measured from the intensity ratio
the vibrational hot band of CO2 at 1409.5 cm21 with re-
spect to its fundamental counterpart at1388.2 cm21. Rel-
ative density numbersN andN 0 between two pointsP
and P0 are measured from the relative intensities of t
vibrational band at1388.2 cm21 in the same experimen
tal conditions. For vibrational temperaturesTV # 300 K
the ratioN yN 0  I1388yI 0

1388 is a good approximation
Relative density numbers are converted to absolute d
sity numbers by comparing the intensity at a referen
point of the jet with the intensity recorded under sta
conditions at a pressure of 200 mbar.

To test the mapping capabilities of our setup, a sh
shock wave structure with a Mach disk at 10 mm fro
the nozzle was created by rising the residual press
in the expansion chamber. The temperature and den
distributions of this structure have been investigated he

A map of rotational temperatures of the CO2 molecules
expanding in the jet is shown in Fig. 2. The pu
rotational Raman spectra in the range 12 to32 cm21,
covering the transitionsJ  8 ! 10 to J  16 ! 18
were recorded at pointsPsx, 0, zd of the x-z symmetry
plane of the expansion at steps of 0.5 or 1 mm, for0 ,

x # 22 mm and0 # z # 4 mm. Solid dots at the lower
part of Fig. 2 correspond to the sites where such spe
were recorded. The rotational thermal data were obtai
from Eq. (7) and were then fitted to constant temperat
surfaces. Thex-z section of these surfaces is show
in the map in Fig. 2 forx # 16 mm, the region where
the more prominent features have been observed.
characteristic features of the Mach disk and of the late
shock waves can easily be recognized. The bold line
the upper part of Fig. 2 display a typical supersonic jet
described in the literature [3,5], scaled for the positi
of the Mach disk atxM  10 mm, the value expected
for the present stagnation and residual pressures of 2
and 0.81 mbar, respectively. As can be seen from Fig
the rotational rethermalization process is quite sharp
the shock waves, with rotational temperature gradients
36
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the neighborhood of the Mach disk of about 200 Kymm
and of 100 Kymm at the lateral barrel shock region. O
the contrary, the evolution of vibrational temperature
with the expansion is far smoother and remains “froze
at TV ø 180 K for x $ 6 mm, with no evidence of
rethermalization across the Mach disk.

For the same expansion, an absolute density nu
ber map in the domains5–100d 3 1021 moleculesym3 is
shown in Fig. 3. It was generated from the Raman inte
sity of the vibrational line of CO2 at 1388.2 cm21, mea-
sured at the sites marked by a solid dot in the lower p
of the figure. Thex-z section of the constant density sur
faces fitted to the experimental data is shown in Fig.
Again the Mach disk expected atxM  10 mm and the
lateral barrel compression shock waves can be clea
identified in the map. An increase of density by a fact
of about 6 is observed at the shock waves, which is co
parable to the relative rotational thermal jump betwe
homologous points. In general, the spatial distribution
rotational temperatures and of molecular density numb
are correlated, but some distinctive features deserve m
tion: Near the slip line in Fig. 2 there is a cold chan
nel with rotational temperatures about 40 K lower tha
the already rethermalized surrounding. Behind the Ma
disk in Fig. 3 there is a spot of strong compression, l
cated roughly between the slip line and the reflected sho
wave, where the relative density number increases b
factor of 8, apparently with no important variation of th
temperature.

The density number data obtained here are not
different from those obtained in large scale facilitie
mainly wind tunnels. The unperturbed region of th
expansion where supersonic conditions prevail (zone
silence) is shown in detail in Fig. 4. The constant dens
number lines predicted according to Eqs. (1)–(6) a
shown in thin lines, while the present experimental resu
are in bold lines in the lower part of the picture. Fo
distances up to 7 mm from the nozzle the agreem

FIG. 3. Raman mapping of the absolute density number
molecules in a supersonic expansion of CO2. Constant density
number lines are depicted at steps of 5 units, in units
1021 moleculesym3. Same conditions as in Fig. 2.



VOLUME 76, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 1 JANUARY 1996

l
m

l
e

b
e

t

t

e
e

s

to

re-
en-
0
aps
er-
ive
onic
sis
-
be

pli-
l

n of
n-
logy
lied

al

,
k,

po-
FIG. 4. Experimental absolute density number of molecu
(bold lines) compared to the distribution predicted fro
Eqs. (2)–(6) (thin lines). Units of 1021 moleculesym3. Same
conditions as in Fig. 2.

is fairly good on the expansion axis, but the angu
behavior predicted by Eq. (6) differs from the observ
data for anglesjuj . 30± off-axis, where the effect of the
frontal and lateral shock waves starts to be noticea
In spite of the nonideal shape of the nozzle used h
and of the different scale of experiments [4] to obta
the coefficients in Eqs. (2)–(6), the overall agreemen
better than expected.

As far as the rotational temperatures are concern
we notice an increase of about 20 K with respect to
theoretical predictions of the isentropic approximation,
agreement with previous Raman experiments in the
pansion axis [6]. This has been attributed to cond
sation effects. Indeed the liquid phase band of CO2 at
1385.8 cm21 is observed in our spectra in the zone of
es
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lence, with a relative intensity of up to 3% with respect
that of the gas phaseQ branch at1388.2 cm21.

The scope of Raman spectroscopy for hypersonic
search is shown with the present results. It is worth m
tioning that the total recording time of the nearly 20
spectra required to generate the data points for the m
of Figs. 2 and 3 has amounted to 6 h per map. This p
formance opens the possibility for systematic quantitat
studies of many basic aspects of the physics of supers
expansions at a molecular level, beyond the hypothe
of the continuum. Collisions, flow field, and nonequilib
rium are some of the questions where contributions can
expected. Together with the purely spectroscopical ap
cations for the simplification of molecular rovibrationa
spectra of gases at low temperature, for the observatio
frozen conformers of polyatomic molecules, or for the i
vestigation of aggregation states, the present methodo
opens appealing possibilities in basic as well as in app
research.
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