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Experimental detection of rotational non-Boltzmann distribution
in supersonic free molecular nitrogen flows
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In the present study, we measure the rotational population in supersonic nitrogen-free jets using a
resonantly enhanced multiphoton ionization �REMPI� method �Chem. Phys. Lett. 115, 492 �1985��,
which is not influenced by secondary electrons, unlike the electron beam method. Nitrogen ions are
detected as a REMPI signal and its spectra, depending on the wavelength of an irradiated laser
beam, are analyzed to measure rotational temperature through the Boltzmann plot. Nitrogen gas
expands into a vacuum chamber from a sonic nozzle with a D=0.50 mm diameter, setting P0 ·D
�where P0 is the source pressure�, depending inversely on the nozzle Knudsen number, at
15 Torr mm or lower. For P0 ·D=15 Torr mm, the rotational temperature distribution along the
centerline of the jet, measured by using only the linear portion of the Boltzmann plot lying at smaller
rotational quantum numbers, coincides with Marrone’s data �Phys. Fluids 10, 521 �1967�� measured
by electron beam fluorescence, and the rotational relaxation rate ZR calculated by the relaxation
equation results in 1.3. However, the non-Boltzmann rotational distribution appears evidently in
supersonic free molecular nitrogen flows for P0 ·D�15 Torr mm, in good agreement with the
simulation results of the combination of the classical trajectory calculation and the direct simulation
Monte Carlo method by Koura �Phys. Fluids 14, 1689 �2002��. As a decrease in P0 ·D, the deviation
from the Boltzmann distribution and the partial freezing of the population arise more upstream.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2130752�
I. INTRODUCTION

In recent years, the necessity of high Knudsen number
flows such as highly rarefied gas flows with a large mean
free path and gaseous flows around nanodevices with small
characteristic length has increased significantly, especially in
fields of research on space technology, surface science, fab-
rication of thin films for semiconductors and so on. In these
flows, temperature nonequilibrium, in which translational,
vibrational, and rotational temperatures for diatomic or poly-
atomic molecules differ from each other appears, because of
the small number of intermolecular collisions. If the density
becomes lower, furthermore, the rotational mode deviates
from the Boltzmann distribution and the rotational tempera-
ture cannot be defined.

Supersonic free molecular flows have been utilized to
examine the temperature nonequilibrium phenomena of di-
atomic gases and a rotational collision number for rotational
relaxation. A large number of simulation models related to
the rotational relaxation have been proposed, which Wysong
and Wadsworth1 reviewed in detail for the direct simulation
Monte Carlo �DSMC� method. Recently, the quantum me-
chanics has been introduced to numerical simulations and the
non-Boltzmann distribution in the rotational levels has been
discussed actively. Koura2 developed a new calculation
method, which combined the DSMC and classical trajectory
calculation �CTC� methods, and indicated the non-
Boltzmann rotational distribution of nitrogen gas expanding
spherically.
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Marrone3 and Coe et al.4 measured rotational tempera-
ture distributions quantitatively along the centerline of super-
sonic nitrogen-free jets, using an electron beam fluorescence
�EBF� method developed by Muntz,5 adopting P0 ·D �de-
pending inversely on the nozzle Knudsen number; P0 is the
source pressure and D is the orifice diameter� as a parameter.
However, Marrone described that the measurement by the
EBF method might be affected by secondary electrons, caus-
ing the analyses of the EBF spectra to be complicated. Al-
though the rotational distributions measured by Marrone de-
viated from the Boltzmann distributions, especially on the
higher rotational energy states, he described in his paper that
the nonlinearity was caused by the secondary electrons. Coe
et al.4 proposed a new analytical model including a quadru-
pole interaction with an ejected electron as well as a dipole
interaction with a primary electron and reduced the spectro-
scopic data to the Boltzmann distribution successfully, con-
cluding that there were no deviations from the Boltzmann
distribution in the rotational states in a wider range of P0 ·D
from 15.9 to 1016 Torr mm. On the other hand, Sharafutdi-
nov et al.6 mentioned that the contribution of secondary elec-
trons is small in low-density conditions. They compared the
experimental data obtained by EBF and coherent anti-Stokes
Raman spectroscopy �CARS� in the range of P0 ·D from
60 to 1500 Torr mm, and good agreement was observed if
the density in the jet was high enough to keep the equilib-
rium conditions.

The new measurement method using a resonantly en-
hanced multiphoton ionization �REMPI� technique7,8 has en-

abled the precise analyses of the rotational energy distribu-
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tion of highly rarefied gas flows. In the 2R+2 N2-REMPI
method, each nitrogen molecule is ionized by four photons
whose energy is about 4 eV, while the EBF method utilizes
electrons with considerably high energy ��10 keV� in com-
parison with the ionization energy of molecules. This means
that the ejected electrons by photons excite no other mol-
ecules or ions again in the REMPI method, leading to no
consideration of the secondary electrons for spectral analy-
ses. Furthermore, unlike the electron beam method using
fluorescence emitted by ions transferred from an excited state
�N2

+ B2�u
+� to a ground state �N2

+ X2�g
+�, the REMPI spectrum

reflects the rotational population in the ground state of neu-
tral molecules directly. Mazely and Smith9 reported rota-
tional distributions in a N2 expansion measured by the
REMPI technique. In their study, pure Boltzmann distribu-
tions were obtained at substantially higher values of P0 ·D
�66 Torr mm. More recently, Aoiz et al.10 have performed a
thorough measurement and analysis of rotational and trans-
lational cooling in N2 jet expansions using REMPI and time
of flight, for P0 ·D�0.4 mbar cm �3 Torr mm�, and dis-
cussed the deviation of rotational temperature from transla-
tional temperature in supersonic free molecular flows. They
mentioned that no significant deviations from the Boltzmann
distributions were obtained within the error of the measure-
ments, but the details were not discussed. However, the
slight difference between the experimental spectra by Aoiz
et al.10 and the theoretical ones based on the Boltzmann dis-
tributions might reflect the real deviations from the Boltz-
mann distributions. For free jets of carbon monoxide, the
nonequilibrium rotational energy distribution was obtained
by Belikov et al.11 using the EBF and REMPI technique, but
for nitrogen-free jets there are no experimental works to evi-
dence the deviation of rotational energy distributions from
the Boltzmann distributions.

In the present study, we measure the rotational energy
distributions in supersonic nitrogen-free jets using the
REMPI method, for P0 ·D lower than 15 Torr mm, the low-
est value of the experiments of Marrone, and confirm the
non-Boltzmann distribution of the rotational levels in super-
sonic free molecular flows experimentally.

II. MODELING OF ROTATIONAL RELAXATION

To consider the process of the rotational energy relax-
ation in supersonic free jets, Gallagher and Fenn12 derived
the relaxation equation for rotational energy as

d�Trot/T0�
d�x/D�

= − 4Ddm
2 n0

��/�

�
�Trot/T0��1 + �� − 1�Ma

2/2� − 1

ZRMa�1 + �� − 1�Ma
2/2��/��−1� , �1�

where ZR is the rotational collision number, Ma is the Mach
number, and Trot is the rotational temperature at the distance
x from the nozzle exit, T0 and n0 are the temperature and the
number density of the source reservoir, respectively, and D is
the diameter of the nozzle exit. For the diameter of nitrogen
molecules, dm, we adopted the value dm=3.784�10−10 m

13
derived by Chapman et al. � is the ratio of specific heats.
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However, if the number density of a supersonic free jet
is very small, the number of intermolecular collisions be-
comes very small, and thus the rotational energy distribution
may deviate from the Boltzmann distribution.

III. ANALYSES OF ROTATIONAL ENERGY
DISTRIBUTIONS BY REMPI

Figure 1 depicts the schematic energy level diagram �il-
lustrating the relevant processes� for 2R+2 N2-REMPI. In
this process, nitrogen molecules at the ground state �X1�g

+�
are excited to the resonant state �a1�g� by two-photon ab-
sorption. Then the excited molecules are ionized by addi-
tional two-photon energy. Because four photons participate
in this process, the ion current is proportional to the fourth
power of the laser flux when the flux is relatively low. On the
other hand, when the laser flux is sufficiently high so that
almost all the excited molecules are ionized, the ion current
is proportional to the second power of the laser flux, because
the REMPI process reflects the two-photon transition process
from the ground to the resonant state. In this case, since the
REMPI spectra depend on the rotational energy distribution
at the ground state, the rotational temperature can be de-
duced from the REMPI spectra, provided that the flow is in
equilibrium. Unlike the electron beam fluorescence method
using electrons having very high energy �e.g., 17.5 kV3�, the
photon energy for the ionization of nitrogen molecules in the
2R+2 N2-REMPI method is only about one-fourth of the
energy needed to ionize a nitrogen molecule. This means that
for the 2R+2 N2-REMPI, the electrons ejected by photons
excite no other molecules or ions again, leading to no con-
sideration of the secondary electrons for spectral analyses.
Furthermore, unlike the electron beam method detecting
fluorescence emitted by ions transferred from an excited state
of the molecular ion �N2

+ B2�u
+� to a ground-state ion

�N2
+ X2�g

+�, the REMPI spectrum reflects the rotational popu-
lation in the ground state of neutral molecules directly.

The relation between the population number N�J�� and
the rotational line intensity IJ�,J� in 2R+2 N2-REMPI spectra
is given by

IJ�,J� = Ag�J��S�J�,J��N�J��/�2J� + 1� , �2�

where J� and J� are the rotational quantum numbers of the
resonant and ground state, respectively, A is a proportionally
constant independent of the rotational quantum numbers,

FIG. 1. 2R+2 N2-REMPI process.
g�J�� is the nuclear spin statistical weight of nitrogen mol-
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ecules formed by N14 atoms, whose value is 3 and 6 for odd
and even J�, respectively. S�J� ,J�� is the two-photon Hönl-
London factor14 for the a1�g←X1�g

+ transition. N�J�� is pro-
portional to �2J�+1�exp�−Erot /kTrot�, provided that the rota-
tional energy distribution follows the Boltzmann distribution.
In this case, IJ�,J� is given by15

IJ�,J� = Ag�J��S�J�,J��exp�− Erot/kTrot� , �3�

and the rotational temperature can be deduced by a slope of
Boltzmann plot of IJ�,J� /gS vs Erot /k. On the other hand, if
nonlinearity appears in the Boltzmann plot, the REMPI spec-
trum indicates the deviation of the rotational energy distribu-
tion from the Boltzmann distribution, and the rotational tem-
perature cannot be defined.

IV. EXPERIMENTAL SETUP

Figure 2 shows the experimental apparatus composed for
this study. All experiments are carried out in the vacuum
chamber evacuated by a 2300 L/s turbomolecular pump
�ULVAC UTM-2300FW� with a dry pump �ULVAC LR90�
as a backing pump of the turbomolecular pump, allowing an
oil-free vacuum environment. Nitrogen gas is issued from a
converging nozzle with a D=0.50 mm diameter, and ex-
panded into the chamber. Stagnation temperature is kept at
293 K. We set stagnation pressures P0 at 30 Torr �4.0
�103 Pa�, 20 Torr �2.7�103 Pa�, and 10 Torr �1.3
�103 Pa�, which result in background pressures Pb of 1.0
�10−3 Torr �1.3�10−1 Pa�, 7.5�10−4 Torr �1.0�10−1 Pa�,
and 4.0�10−4 Torr �5.3�10−2 Pa�, respectively. A
Nd:YAG-pumped dye laser �Lambda Physik, SCANMATE
OG 2E C-400� operated with Rhodamine 6G dye is used as a
laser source, and the output is frequency doubled by a BBO
crystal. The beam is focused with a quartz lens �f
=120 mm� on the centerline of a nitrogen-free molecular
flow. The energy, repetition rate, and duration time of the

FIG. 2. Experimental apparatus.
laser beam are 7.0 mJ/pulse, 10 Hz, and 6 ns, respectively.
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The ionized nitrogen molecules are detected by a secondary
electron multiplier �Murata, CERATRON EME-2061C� for a
stagnation pressure of 1 Torr and a tungsten Langmuir probe
with 0.05 mm diameter and 1.5 mm length, on which
−2.0 kV is applied, for pressures of 10 Torr or higher. The
signal intensity is recorded on a personal computer after be-
ing amplified by a current-input preamplifier �NF, As-905-1,
gain: 4�106 V/A� and averaged by a boxcar integrator
�Stanford Research System, SR250�. The wavelength of the
laser beam is scanned between 283 and 284.1 nm by a step
of 0.001 nm, and the signal intensity is integrated for 100
laser pulses per step.

V. RESULTS AND DISCUSSIONS

A. REMPI spectrum and Boltzmann plots

Figure 3 represents an experimental 2R+2 N2-REMPI
spectrum of the �v� ,v��= �1,0� band, measured for P0 ·D
=15 Torr mm, T0=293 K at a focal point of x=2.5 mm
downstream from the nozzle exit �x /D=5.0� along the cen-
terline of the jet. In this figure, the horizontal axis indicates
the wavelength of the laser, and the vertical one the signal
intensity normalized by the peak. Five rulers in the figure
indicate the position of the spectral lines for O, P, Q, R, and
S branches, and numbers on the rulers correspond to the
rotational quantum numbers of the ground levels.

In this study, we have analyzed nonequilibrium phenom-
ena in rotational energy distributions in supersonic free mo-
lecular flows.

B. Non-Boltzmann distribution of the rotational states

Figures 4–6 show the Boltzmann plots at several x /D
for P0 ·D=15, 10, and 5.0 Torr mm, respectively, by using
the measured REMPI spectra. In these figures, the horizontal
axes indicate Erot /k and the vertical ones indicate ln�I / �gS��.
Numbers attached to the data points are the rotational quan-
tum numbers of the ground state. In Fig. 4, the energy dis-
tribution deduced by using the CTC-DSMC simulation by

2

FIG. 3. 2R+2 N2 REMPI spectrum at P0 ·D=15 Torr·mm. The horizontal
axis indicates the wavelength of the laser and the vertical one the signal
intensity normalized by a peak. Numbers on rulers in the figure correspond
to spectral positions for O, P, Q, R, and S branches.
Koura is also presented in open symbols.
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Figures 7 and 8 show the relation between x /D and the
rotational temperature Trot along the centerline of the super-
sonic free jet obtained by Boltzmann plots. Solid circles in-
dicate the measured rotational temperatures, the broken lines
indicate the translational temperature distribution calculated
by assuming an isentropic flow and using the Mach numbers
given by Ashkenas and Sherman,16 and the solid lines indi-
cate the rotational temperature calculated by Eq. �1� with
ZR=1.3. In Fig. 7, the rotational temperatures obtained by the
EBF method by Marrone3 are indicated by open triangles.
Figures 7 and 8 show that the rotational temperature deviates
from the translational temperature and coincides with the
calculated rotational temperature assuming ZR=1.3. In addi-
tion, for P0 ·D=15 the temperatures obtained in this study by
the REMPI method agree well with those obtained by Mar-
rone using the EBF method. Equation �1�, used to calculate
the rotational temperature distribution along the centerline of
a supersonic free jet derived by Gallagher and Fenn,12 has a
rotational collision number ZR for the rotational relaxation as

FIG. 4. Boltzmann plots �P0 ·D=15 Torr mm�.
FIG. 5. Boltzmann plots �P0 ·D=10 Torr mm�.
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the only parameter depending on the kind of gas. The rota-
tional temperature distribution calculated with ZR=1.3 agrees
well with Marrone’s and our results, though Wysong et al.1

reviewed about ZR strongly depending on translational tem-
perature and other parameters representing the intermolecu-
lar potential.

However, Figs. 4 and 5 reveal that all the Boltzmann
plots demonstrate nonlinearity, even at x /D=1.0 for P0 ·D
=15 Torr mm and especially the data in higher rotational lev-
els deviate from a line, confirming the non-Boltzmann distri-
bution of the rotational levels. For lower P0 ·D �e.g., P0 ·D
=5.0 Torr mm�, the nonlinearity in the Boltzmann plots is
more obvious. Furthermore, it is also clarified that the devia-
tion from the line starts at a smaller rotational level as the
flow proceeds downstream, i.e., as x /D becomes larger. The
rotational “temperatures” shown in Figs. 7 and 8 are ob-
tained by using only the linear portion of the plots lying at
smaller rotational quantum numbers. Marrone’s rotational
temperatures obtained by using the EBF shown in Fig. 7 are
also obtained from the linear part of the Boltzmann plots.
Nevertheless, he described in his paper that the nonlinearity
might be a measurement error caused by secondary elec-
trons. Unlike the EBF method, however, our results showing
the nonlinear Boltzmann plots obtained by REMPI are not
influenced by secondary electrons. Moreover, the simulated
rotational energy distributions by Koura2 shown in Fig. 4

FIG. 6. Boltzmann plots �P0 ·D=5.0 Torr mm�.
FIG. 7. Rotational temperatures �P0 ·D=15 Torr mm�.
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agree well with our distribution, confirming that the non-
Boltzmann distributions of the rotational levels appear in su-
personic free molecular nitrogen flows, even at P0 ·D
=15 Torr mm.

Figure 9 shows the Boltzmann plot at x /D=1.0 for
P0 ·D=15 Torr mm and 5.0 Torr mm. In each figure, two
lines are drawn by least-square fitting using the low rota-
tional levels and the high levels. Frequently, such a nonlinear
Boltzmann plot in a supersonic free jet is often regarded as a
mixture of two Boltzmann distributions. Muntz5 reported
that, in a highly rarefied supersonic free jet, background gas
molecules can diffuse into the jet because the shock wave of
the jet is very weak. In this case, the Boltzmann plot in the

FIG. 8. Rotational temperatures �P0 ·D=10 Torr mm�.
FIG. 9. Nonlinear Boltzmann plots �x /D=1.0�.
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jet may be the superposition of the energy distribution of the
jet molecules and that of the background molecules. The
criterion for the diffusion is given by the parameter
�=D�P0PB /T0, where PB is the background pressure. If
�	0.6k /dm

2 =5.8�10−5 N/m K, the condition is called the
“scattering regime,” and the background molecules can dif-
fuse into the jet. For P0 ·D=15 Torr mm, the parameter � is
deduced as �=3.9�10−5 N/m K, close to the upper limit of
the scattering regime. Moreover, for P0 ·D=5.0 Torr mm, �
is deduced as 1.4�10−5 N/m K, and the condition obviously
belongs to the scattering regime. In these cases, the influence
of the background molecules in the Boltzmann plot may not
be ignored, and the rotational energy distribution in the jet
may be considered as a mixture of the energy distribution of
the jet molecules and that of the background molecules.

For P0 ·D=5.0 Torr mm, the number density of the jet
molecules at x /D=1.0 is estimated as 1.7�1016

molecules/cm3, assuming an isentropic flow, while the back-
ground number density is 1.1�1013 molecules/cm3. Even if
the background molecules completely diffuse into the jet, the
number density of the jet molecules is about 1600 times
larger than that of the background molecules. In this case, if
the high-J part of the Boltzmann plot indicated by the broken
line in Fig. 9 was composed of the background molecules
while the low-J part �solid line� was composed of the jet
molecules, the difference of the two lines at the ln�I /gS�
intercept would be ln�1600��7.4. However, the actual dif-
ference shown in Fig. 9 is about 1.6, which is much smaller
than expected. This fact shows that the number of molecules
forming the high-J part of the Boltzmann plot is much larger
than that of the background molecules. For P0 ·D
=15 Torr mm, the difference of the two lines at the ln�I /gS�
intercept is about 0.4, which is also smaller than ln�1600�
�7.4. Therefore, the influence of the background gas mol-
ecules on the rotational energy distribution of the free mo-
lecular jet is negligibly small; the nonlinear Boltzmann plot
is the evidence of the non-Boltzmann rotational distribution
in the free molecular jet itself tested in this study.

C. Transition to non-Boltzmann rotational distribution

To clearly reveal the non-Boltzmann distribution, the ro-
tational populations obtained by REMPI for P0 ·D=15 and
5.0 Torr mm are presented in Figs. 10 and 11, respectively.
In these figures, the horizontal axis indicates the rotational
quantum number and the vertical one the population for each
rotational level normalized with the total. Symbols �circles,
triangles, squares, and diamonds� correspond to the popula-
tion ratio for the measurement points, as indicated in the
figures. Each curve corresponds to a Boltzmann distribution
at the temperature deduced by Boltzmann plots using only
the data for smaller rotational quantum numbers, as men-
tioned above.

At the condition of P0 ·D=15 Torr mm, at x /D=0.7 and
1.0, the rotational population follows almost the Boltzmann
distribution, whereas at x /D=20.0 the experimental data re-
veal the non-Boltzmann rotational energy distribution. Com-
paring between the distributions of x /D=7.0 and 20.0, both

show almost the same populations for J��7, suggesting par-
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tial freezing of the rotational population. Generally the
higher rotational quantum number the molecules have, the
lower the transition probability becomes, resulting in the de-
viation from the Boltzmann distribution particularly for the
higher rotational levels. This is the reason why the freezing
of the rotational population starts partially at the higher ro-
tational levels.

On the other hand, for P0 ·D=5.0 Torr mm, the deviation
from the Boltzmann distribution was observed, even at
x /D=1.0, in which for J��10 the population is consistent
with the Boltzmann distribution, but for J��11 the popula-
tion starts to deviate from the Boltzmann distribution, and
the population of each level becomes higher. At x /D�2.0,
furthermore, the deviation starts at the lower rotational lev-
els, i.e., J��7. Comparing the distribution at x /D=2.0 with
that at x /D=3.0, the distributions approximately coincide,
displaying the freezing of the rotational population in the
vicinity of x /D=2.0.

From the above experimental results, we have concluded
that the non-Boltzmann rotational distribution appears in su-
personic free molecular nitrogen flows for P0 ·D
�15 Torr mm and as P0 ·D decreases, the deviation from the
Boltzmann distribution and the partial freezing of the popu-
lation starts farther upstream.

FIG. 10. Rotational energy distribution �P0 ·D=15 Torr mm�.
FIG. 11. Rotational energy distribution �P0 ·D=5.0 Torr mm�.
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VI. SUMMARY

In this study, we have obtained rotational energy distri-
butions of supersonic free molecular flows of nitrogen for
P0 ·D�15 Torr mm by using the 2R+2 N2-REMPI method,
to clarify the deviation of the energy distributions from the
Boltzmann distribution.

The obtained rotational temperature using only the linear
portion of the plots lies at smaller rotational quantum num-
bers. The temperature distribution agrees well with that ob-
tained by using the EBF method by Marrone and that calcu-
lated for ZR=1.3.

The deviation of the rotational energy distribution from
the Boltzmann distribution was observed for P0 ·D
�15 Torr mm by using the REMPI method. The simulated
rotational energy distributions by Koura2 showing the non-
linear Boltzmann plot agree well with the distributions ob-
tained by the REMPI method. As a result, it is evident that
the non-Boltzmann distributions of the rotational levels ap-
pear in supersonic free molecular nitrogen flows, even at
P0 ·D=15 Torr mm. Moreover, as P0 ·D decreases, the devia-
tion from the Boltzmann distribution and the partial freezing
of the population starts farther upstream.

By comparing the rotational energy distribution for
P0 ·D�15 Torr mm at x /D=7.0 and that at x /D=20.0, we
have observed the partial freezing of the distribution at the
level of J��7, while at J�	7 there is a difference between
the two distributions. From the result it is clarified that the
freezing of the rotational population of supersonic free mo-
lecular flows starts partially at higher rotational levels.

ACKNOWLEDGMENTS

The present work was supported by a grant-in-aid for
Scientific Research by the Ministry of Education, Culture,
Sports, Science, and Technology, and the Akasaki Memorial
Foundation of Nagoya University. The authors would like to
express our gratitude to Carl Dankert at the German Aero-
space Center �DLR� for contributing the Langmuir probe
used in this study.

1I. J. Wysong and D. C. Wadsworth, “Assessment of direct simulation
Monte Carlo phenomenological rotation relaxation models,” Phys. Fluids
10, 2983 �1998�.

2K. Koura, “Direct simulation Monte Carlo study of rotational nonequilib-
rium in shock wave and spherical expansion of nitrogen using classical
trajectory calculations,” Phys. Fluids 14, 1689 �2002�.

3P. V. Marrone, “Temperature and density measurements in free jets and
shock waves,” Phys. Fluids 10, 521 �1967�.

4D. Coe, F. Robben, L. Talbot, and R. Cattolica, “Rotational temperatures
in nonequilibrium free jet expansion of nitrogen,” Phys. Fluids 23, 706
�1980�.

5E. P. Muntz, B. B. Hamel, and B. L. Maguire, “Some characteristics of
exhaust plume rarefaction,” AIAA J. 8, 1651 �1970�.

6R. G. Sharafutdinov, A. A. Ilyukhin, V. V. Smirnov, A. E. Belikov, G. I.
Sukhinin, and R. L. Pykhov, “Populations of rotational levels of nitrogen
molecules in free jets. Comparison of CARS and electron beam fluores-
cent technique,” Chem. Phys. 233, 127 �1998�.

7K. L. Carleton, K. H. Welge, and S. R. Leone, “Detection of nitrogen
rotational distributions by resonant 2+2 multiphoton ionization through
the a1�g state,” Chem. Phys. Lett. 115, 492 �1985�.

8T. Niimi, “Optical diagnostics of nonequilibrium phenomena in highly
rarefied gas flows,” in Rarefied Gas Dynamics: 23rd International Sympo-
sium, edited by A. D. Ketsdever and E. P. Muntz, Vol. 663 of AIP Con-

ference Proceedings �AIP, Melville, NY, 2003�, p. 1025.

P license or copyright, see http://pof.aip.org/pof/copyright.jsp



117103-7 Experimental detection of rotational non-Boltzmann Phys. Fluids 17, 117103 �2005�
9T. L. Mazely and X. Smith, “Rotational relaxation of N2 in a free jet
expansion,” J. Phys. Chem. 94, 6930 �1990�.

10F. J. Aoiz, T. Díez-Rojo, V. J. Herrero, B. Martínez-Haya, M. Menéndez,
P. Quintana, L. Ramonat, I. Tanarro, and E. Verdasco, “Low-temperature
rotational relaxation of N2 studied with resonance-enhanced multiphoton
ionization,” J. Phys. Chem. A 103, 823 �1999�.

11A. E. Belikov, A. V. Storozhev, M. L. Strekalov, and M. A. Smith, “Ro-
tational relaxation rates in CO–He mixtures,” Mol. Phys. 99, 559 �2001�.

12R. J. Gallagher and J. B. Fenn, “Relaxation rates from time of flight
analysis of molecular beams,” J. Chem. Phys. 60, 3487 �1974�.

13S. Chapman and T. G. Cowling, The Mathematical Theory of Non-

Uniform Gases, 3rd ed. �Cambridge University Press, Cambridge, 1970�.

Downloaded 19 Sep 2006 to 133.6.32.9. Redistribution subject to AI
14R. G. Bray and R. M. Hochstrasser, “Two-photon absorption by rotating
diatomic molecules,” Mol. Phys. 31, 1199 �1976�.

15H. Mori, A. Takasu, K. Niwa, T. Ishida, and T. Niimi, “Spectroscopic
study of rotational nonequilibrium in supersonic free molecular flows,” in
Rarefied Gas Dynamics: 23rd International Symposium, edited by A. D.
Ketsdever and E. P. Muntz, Vol. 663 of AIP Conference Proceedings �AIP,
Melville, NY, 2003�, p. 612.

16H. Ashkenas and F. S. Sherman, “The structure and utilization of super-
sonic free jets in low density wind tunnels,” in Rarefied Gas Dynamics,
4th International Symposium on Rarefied Gas Dynamics �Academic, New
York, 1966�, Vol. 2, p. 84.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp


