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Measured Shock-Layer Vibrational Populations
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Radiation is analyzed from a highly nonequilibrium shock layer produced by a blunt body in a low-
density arcjet flow of nitrogen. Populations of vibrational states are obtained at several locations in the
shock layer through fits of basis spectra to measured spectra. Several techniques determine the rotational
and vibrational temperature corresponding to Boltzmann fits to low vibrational state populations for N2
and Nj molecules. These techniques include correlations of ratios of intensity integrals, fits of calculated
vibrational basis sets to measurements, and minimization of the deviation between calculated and mea-
sured spectra. Analyses of basis set fits yield vibrational populations that deviate from a Boltzmann
distribution at vibrational quantum numbers greater than about 6-8. Differences in rotational and vi-
brational temperatures are found, together with temperature differences between the neutral molecule
and the ion. Temperature profiles and non-Boltzmann vibrational populations indicate the nonequilibrium
character of the layer. Experimentally determined population distributions should interest anyone mod-
eling nonequilibrium vibrational kinetics. These distributions, up to v' = 20, should be of interest, and
temperature profiles generally should be useful when validating the gas models used for high-enthalpy
nonequilibrium nitrogen flows.
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Nomenclature
= electronic state of molecular nitrogen ion
= electronic state of molecular nitrogen
= electronic state of molecular nitrogen
= electronic state of molecular nitrogen ion
= rotational temperature
= vibrational temperature
= vibrational quantum number of upper state
= vibrational quantum number of lower state

^ ~,g - electronic ground state of molecular nitrogen
X22* = electronic ground state of molecular nitrogen ion

Introduction

L OCAL flow near a spacecraft during re-entry may be sim-
ulated by heating a gas in arcjets to enthalpies correspond-

ing to flight velocities. A high-enthalpy flow is necessary to
obtain the correct steady heat flux to test materials designed
for spacecraft re-entry. It is difficult to simulate the enthalpy,
pressure, and heat-flux parameters simultaneously in any
ground facility. Often only the heat flux and pressure or the
heat flux and enthalpy are simulated simultaneously. Flow in
arcjets and flight is usually in thermochemical nonequilibrium,
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requiring knowledge of flow chemistry to determine surface
chemical reactions such as catalytic recombination, surface ox-
idation, or even possible atomic nitrogen reactions with the
surface. A careful analysis of the radiation spectrum from the
shock layer of blunt bodies in arcjet flow can yield information
that may be used to validate gas kinetic and radiation models
developed to predict nonequilibrium flow in both test facilities
as well as in flight. Before these measurements were under-
taken, there was only one ground-based shock-layer measure-
ment, a shock-tube measurement in 19631 used for model com-
parison. While, because of their continuous operation, arcjet
flows present a more convenient means of shock-layer study,
it is clear there are differences between arcjet shock layers and
those found in shock tubes and flight. The manner in which
shock-layer flow deviates from thermal equilibrium is signifi-
cant in any case, and may be assessed with suitable spectro-
scopic measurements and analysis techniques.

Various emission spectroscopic techniques2'9 have been
used to determine temperatures and vibrational population dis-
tributions for N2 and Nj molecules. These techniques include
fitting the measured spectra to sets of basis spectra correspond-
ing to each vibrational level; integral ratio techniques; and one
technique that separates P and R branches using an allocation
scheme based on theory. Each of these methods is detailed in
Ref. 10.

Measurements
Facility

Measurements were obtained at NASA Johnson Space Cen-
ter in the flow of a constricted arc heater. This heater, which
is powered by a 10-MW dc power supply, heats to high-en-
thalpy nitrogen or a mixture of nitrogen and oxygen to simu-
late air. The heated gas flows through a small settling chamber,
then through a converging/diverging conical nozzle with a
5.71-cm-diam throat. The 38.1-cm nozzle exit in these exper-
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Fig. 1 Layout of spectral measurement apparatus with an inset
showing the volume of acceptance of shock-layer radiation by the
optical system.

iments was about 60 cm from the throat. Flow expands outside
the nozzle into the test chamber containing a shock-forming
body. The apparatus layout is given in Fig. 1.

Blunt Body
A water-cooled blunt body was inserted into the arcjet flow,

where it produced a normal shock wave. The blunt body pre-
sented a 22.9 X 10.2-cm rectangular cross section to the flow.
Its surface is a cylinder segment with a 25-cm radius that as-
sures the stagnation line is well known. The rectangular body
is quasi-two-dimensional, which minimizes the three-dimen-
sional effects and lets us avoid a number of measurements that
would normally be required to obtain an Abel inversion. How-
ever, because of the nonuniform flowfield, there was still some
minor nonuniformity in the zone of spectral measurements.

Flow Conditions
Flow conditions for these measurements are an arc current

of 600 A; a nitrogen gas flow rate of 54.4 g/s; and a bulk
enthalpy, based on energy balance measurements, of 8.72 MJ/
kg. The centerline enthalpy is estimated to be about a factor
of 2 times the bulk enthalpy.11 The blunt body was located on
the centerline of the flow 14.3-16.5 cm from the nozzle exit.
Shock-layer conditions are not expected to vary significantly
over this small range of distances, however. The measured
stagnation point pressure for these conditions (shown next) is
approximately 1300 Pa. Estimated flow properties based on
calculations for a centerline enthalpy of 17.4 MJ/kg: 1) Frees-
tream = temperature 840 K, velocity 4000 m/s, density 3.1 X
10~3 kg/m3, Mach numbber 5.9, pressure 30 Pa, mole fraction
0.406 N, and mole fraction 0.594 N2. 2) Stagnation point =
temperature 6500 K and calculated pressure 1400 Pa. Esti-
mates of freestream and shock-layer flow conditions were cal-
culated using the NATA code.12 The NATA code solves one-
dimensional (stream tube) inviscid flow equations for a
chemically nonequilibrium, high-enthalpy gas through a vari-
able-area nozzle, which accounts for nozzle wall boundary-
layer displacement effects using boundary-layer correlation.
Frozen stagnation conditions behind a normal shock are cal-
culated using Rankine-Hugoniot relations.

Spectral System
Spectral intensities were measured with a Spex Triplemate

spectrometer using two different gratings. One scanned over
the spectrum at a higher resolution but at a slower rate; the
other scanned at a lower resolution but at a faster rate. Mea-
sured spectra were collected with a linear diode array (LDA)

of 1024 diodes controlled by an optical, multichannel analyzer
(OMA). The dynamic range of measurements was enhanced
by a repetitive collect-and-store procedure with background
subtraction. Intensities were calibrated using a tungsten ribbon
filament lamp whose calibration is traceable to the National
Institute of Standards and Technology.

Light from the zone of interest in the shock layer was col-
lected by a 0.5-m focal length lens placed inside the test cham-
ber at 0.5 m (perpendicular distance) from the flow axis. The
lens axis was aligned so that it was fixed 12.7 cm from the
nozzle exit. The distance of the optical axis, or sample vol-
ume, to the blunt-body surface was controlled by moving the
body along the flow axis, away from or toward the nozzle exit
(Fig. 1).

To limit radiation collection from the straight section of the
shock layer and reduce the effects caused by shock curvature
around the blunt body, a long optical path length was used.
This arrangement resulted in a calculated depth of field of 8
cm for a 500-mm focal length lens using an aperture located
about 8 m from the lens. This also reduced the effective ra-
diation volume. Measurements taken with a 6-mm aperture
resulted in a spatial resolution (volume diameter) of 4 mm at
the arcjet flow axis and 6 mm at a distance of 6 cm from the
flow axis; this resulted in a narrow-waist, pencil-shaped vol-
ume (Fig. 1, inset).

The Spex Triplemate spectrometer has a 0.6-m focal length.
With this spectrometer light was detected using a 1024-element
LDA detector. The higher-resolution measurements were ob-
tained using an 1800 I/mm grating that yielded a 0.023-nm
pixel resolution; the lower-resolution measurements were
made with a grating of 600 I/mm and a 0.0692-nm pixel res-
olution. The resolution or isolated-peak full-width-at-half-max-
imum is 0.08 and 0.28 nm, respectively. Spectral data were
recorded with an OMA. Because of the limited wavelength
range subtended by the LDA, it was necessary to piece to-
gether about 20 scans at different grating settings to cover the
entire range of wavelengths emitted by the N2 (B-A) and NJ
(B-X) transitions. Measurements were taken at shock-layer lo-
cations separated from one another by about 6.3 mm.

Analysis Techniques
Analysis techniques for determining rotational and vibra-

tional temperatures from measured spectra for N2 and N2,
briefly summarized here for completeness, are described in
Ref. 10. Most of these were developed using concepts of ther-
mal equilibrium or Boltzmann population of rotational and vi-
brational states that neglect overlapping spectra of different
species. Applying these techniques can yield inconclusive re-
sults if assumptions are not carefully considered. In determin-
ing vibrational state populations, overlap is considered; noth-
ing is assumed except the Boltzmann populations of rotational
states. Vibrational temperatures determined here are based on
lower vibrational state populations, which tend to follow a
Boltzmann trend.

While we may refer to temperatures obtained as those for
N2 or NJ, all analysis is based on radiation from excited elec-
tronic states of the molecules, and results basically apply to
those states from which the transition originates. Under equi-
librium conditions, results would apply to all states; but for
some nonequilibrium cases, it is possible that each set of tem-
peratures may be unique, not only for each molecule but for
each electronic state of each molecule. Simplifying shock-layer
computations requires an assumption of certain energy cou-
plings within shock-layer flow. In the analysis made here, the
general assumption is a single rotation temperature. Because
determining vibrational populations depends on knowing ro-
tational distributions, we will begin by assessing the rotational
temperature.

Nj Rotational Temperature from the Spectra
of the (B-X) System

Techniques for determining the rotational temperature of
Nj are grouped into four categories. The first is the method



BLACKWELL, SCOTT, AND AREPALLI 467

of ratio of intensity integrals, Spectral features, such as peaks
in rotational spectrum, are integrated and ratios of integrals of
calculated spectra are correlated with Tr and Tv. Tr is inferred
from these correlations and from the measured ratio of inte-
grals. Because several ratios are calculated, inferred tempera-
tures are averaged to determine a more accurate value. Sen-
sitivity factors are used as weighting factors in these averages
to give more weight to those ratios that are more sensitive to
temperature.

The second technique is the Akundi-Arepalli technique,
which is a method of allocating R and P branches in the v',
v" = 0, 1 spectrum. Calculated or theoretical weight as a func-
tion of temperature is given to the P and R branch of each
peak in the (0, 1) spectrum of the Nj (B-X) transition between
424 and 428 nm. These P- and /^-component-allocated inten-
sities are plotted on a Boltzmann plot. The slope of each set
of points corresponding to an assumed temperature yields a
temperature that is not generally the same as the assumed tem-
perature (Fig. 3 in Ref. 10). The correct temperature is com-
mon to the assumed temperature for the P and R branches,
that is, where plots of the two temperatures cross (Fig. 4 in
Ref. 10).

The third technique, called the Leger technique, is a least-
squares method that minimizes the difference between mea-
sured and calculated ratios of integrals or rotational features
of the (0, 1) spectrum. One may determine the best rotational
temperature by using a computation algorithm or simply by
plotting the rms deviation.

The fourth technique is a method that minimizes the devi-
ation between measured and computed spectra with Tr as a
parameter. This method was used simultaneously and self-con-
sistently to determine the vibrational state populations.

Nit and N2 Vibrational Temperature
The following techniques determine the vibrational temper-

ature from the N2 (B-X) or N2 (B-A) spectra:
1) The first technique is a least-squares fitting of basis set

functions to measured spectra. A set of basis spectra for a given
rotational temperature is calculated for spectral range and res-
olution of the experiment.13 Each basis spectrum corresponds
to a given v' level. The set of basis spectra is then fitted to the
measured spectrum by adjusting the relative population of each
level. If a relative population slope appears to be Boltzmann,
the population slope yields the vibrational temperature. Devi-
ation from Boltzmann populations in our cases are readily ap-
parent, and can be seen in the higher-vibration quantum num-
bers. Because the N2 (B-A) spectra overlaps with the N2 (B-X)
and N2 (A-X) spectra, it is preferable to fit measurements to
all three basis spectra simultaneously, or at least to the N2 (B-
A) and N2 (A-X) spectra, which already overlap significantly.
With this technique we can obtain the relative populations of
vibrational energy levels of each upper electronic state. If all
three basis sets are included, we can, in principle, obtain the
relative populations of the N2 B2SiT and A2IIM electronic levels,
thereby providing an indication of electronic temperature.

2) The second method is based on ratios of integrals of
vibrational spectrum bandheads. A set of computed spectra is
determined for the range of rotational and vibrational temper-
atures. Integrals over narrow wavelength ranges are computed,
and a set of ratios of integrals is determined and plotted as
functions of Tr and Tv. If we know Tr from another technique,
vibrational temperatures can be inferred. Weighted averages of
these inferred vibrational temperatures are determined in the
same way as for rotational temperatures. This method assumes
a Boltzmann distribution describes the population of vibra-
tional states.

Results and Discussion
Spectral measurements were made in the shock layer of the

rectangular blunt body in arcjet flow for conditions given in
the Measurements section of this paper. Five locations in the

shock layer are presented. The first, 3.5 cm from the body, was
made during one sequence of measurements; and the other four
were made during another sequence, about three months later.
The run condition settings for the two sequences were the
same; but it appears that the intensity of the two sequences
differed for reasons not clearly understood, and that the shock
layers may have other differences that also have not been clar-
ified. An intensity calibration covering the optical system from
end to end was made for each sequence. The measured spectra
are given in Figs. 2-4, where Fig. 2 shows the higher-reso-
lution spectrum acquired from about 320 to 480 nm; Fig. 3
shows the lower-resolution spectrum acquired in that same
range; and Fig. 4 shows the lower-resolution spectrum from
500 to 800 nm.

Rotational Temperature of N2 (B-State) and Nj (A-State):
Visible Spectra

The rotational temperature of N2 alone is difficult to deter-
mine for several reasons, including the closeness of rotational
lines, similar intensity distribution in the bands depending on
Tr and Tv, and overlapping of the N2 (B-A) radiation with the
N^ (A-X) system. Nonequilibrium effects may create problems
as well because the calculation of spectra assumes Boltzmann
vibrational and rotational populations. An estimate Tr for N2 is
obtained by minimizing the deviation between fitted and mea-
sured spectra. Again, fits were done for a Tr range that assumes
a single rotational temperature for the two overlapping sys-
tems. The rotational temperature corresponding to the mini-
mum rms deviation was selected as the best estimate of rota-
tional temperature for both molecules. The vibrational state
population of the B-A transition (N2, first positive system) is
determined in the fitting process, and the results are plotted in
Fig. 5.

3200 3400 3600 3800 4000 4200 4400 4600 4800
Wavelength ,A

Fig. 2 Measured spectra for five locations in the blunt-body
shock layer taken at a higher resolution of about 0.08 nm.
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Fig. 3 Measured spectra for five locations in the blunt-body
shock layer taken at a lower resolution of about 0.28 nm in the
short wavelength region.

Rotational Temperature for NJ (B-State): Ultraviolet Spectra
The rotational temperature of N2 was determined using sev-

eral techniques, two of which use only the (0, 1) band of the
(B-X) transition. Measured ratio of intensity integrals were
used to interpolate curves in which calculated ratios are plotted
against Tr. Results of each ratio are averaged with one another
to obtain a best estimate of temperature. The P- and /^-branch
allocation (Akundi-Arepalli) technique was also used to de-
termine temperature from this band. A third technique covers
several (v', v") bands of the Nj (B-X) system, minimizing the
rms deviation between fitted and measured spectra. The min-
imum deviation here for fits of Nj spectra to (B-X) basis spec-
tra is found as Tr is varied.

The (0, 1) band of the Nj (B-X) system was used to deter-
mine the rotational temperature of the B state. There is some
overlap in the region because of radiation from high v' levels
of the B-state Av = 2, which may affect accurate inference of
rr, particularly if strong nonequilibrium vibrational or rota-
tional state populations exist in the shock layer.

A summary of rotation results is given in Fig. 6, where the
mean of all techniques is also shown. Approximately, these
values of Tr were used to determine Tv.

5500 6000 6500 7000
Wavelength.A

7500 8000

Fig. 4 Measured spectra for five locations in the blunt-body
shock layer taken at a lower resolution of about 0.28 nm in the
long wavelength region.
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Fig. 5 Rotational temperature determined by minimizing simul-
taneous fits of N2 (B-A) and Nj" (A-X) systems.

Vibrational Temperature of N£
Our determination of the vibrational temperature of N J was

accomplished using 1) fits of Nj (B-X) basis spectra to the
measured spectrum from 377 to 480 nm; and 2) ratio of in-
tensity integrals using calculated spectra from two codes that
used slightly different spectral constants, the PSI code,13 and
the NEQAIR2 code.14 Ratios of integrals took into account the
background radiation described in Ref. 10. Both high- and
low-resolution measurements were used. Results of the integral
ratio technique are summarized in Fig. 7, where the designa-
tion "Rz" indicates that the background or zero level was
subtracted before the ratios were calculated. An approximate
value of Tr was assumed when calculating Tv at each distance.

Vibrational Temperature of N2

The vibrational temperature of N2 was determined by two
techniques using the spectrum of the B-A transition (the first
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Fig. 6 Rotational temperature from various techniques with
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Fig. 7 Vibrational temperatures inferred from the ratio of inten-
sity integrals for low-resolution N_~ (B-X) transitions. The mean is
shown by a heavy solid line.

Ref. 10. The calculated ratios assume a Boltzmann distribution
of vibrational states.

The second technique also used a PSI spectral fitting code
to obtain vibrational state populations by fitting basis spectra
to measured spectra. These populations were then fitted in a
Boltzmann plot to yield a temperature based on the lowest four
or five levels. Although the first few levels of Boltzmann plots
described a good, straight line, the higher v' state populations
deviated from Boltzmann.

In Fig. 8, the averages of all vibrational techniques are com-
pared. Most of these cluster together, except the one for the
higher-resolution basis set fit technique, which yields some-
what higher results. This may be because only four or five
levels are used in a fit that covered up to 21 levels. Only the
bandheads involving lower states can be used reliably because
of possible overpopulation in the higher states.

Because the N2 (B-A) radiation is overlapped by the N." (A-
X) system, spectral fits for this wavelength region should em-
ploy both systems, although a near fit may be obtained using
only the first positive system. The overlapping Nj (A-X) spec-
trum is relatively weak but not negligible, and there is too
much uncertainty in the A-state populations obtained from the
fits to derive a Boltzmann temperature. Results can differ when
different wavelength intervals for a fit are used. For example,
the PSI code ignores the N^ (A-X) altogether if wavelengths
covering the first transition from the v' = 2 state are not in-
cluded. Overlap in basis spectra tends to produce errors in
populations determined by the code, with possible uncertain-
ties in higher v' populations so large that a finite positive pop-
ulation for certain levels may not be produced at all. In such
cases, the code sets the population to zero. While it is con-
venient to be able to determine populations and temperatures
from particular wavelength intervals in the spectra, we adapted
the PSI code to handle three systems simultaneously over
much of the spectrum. This was done to avoid errors caused
from the range and overpopulation of higher states and state
population cutoffs, and to provide a means of checking tem-
peratures derived separately from various spectral ranges.
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Vibrational Populations of the N2 B, N_~ B, and N." A States
By using the PSI code spectral-fitting technique, we simul-

taneously determined the relative populations of the N2 B,
Nj B, and N2 A states. As before, low v' state populations
seem to follow a Boltzmann distribution, but the upper v' lev-
els do not. Only one distribution, the first positive system that
measured 3.5 cm from the surface, showed Boltzmann behav-
ior up to v' = 17. This is the measurement farthest from the
body, and it comes from a different sequence of measurements.
Resultant populations of the Nj B state for v' = 0—17 are
shown in Fig. 9, the resulting Nj A-state populations of the v'
= 2-21 states are shown in Fig. 10, and the N2 B state appears
in Fig. 11. The v' levels for the N2 B and N2 A states start at

Distance, cm
Fig. 8 Vibrational temperature from N_~ spectra and fits of three
basis sets.

positive system) while requiring a rotational temperature input.
As can be seen in Fig. 4, the spectrum presented for a 1.9-cm
distance has an erroneous region between 730 and 760 nm.
Similarly, the spectrum at 1.27 cm has atomic nitrogen lines
that contaminate the molecular spectrum. Ratios involving
these regions were therefore not used to determine tempera-
ture.

The first technique employed intensity integrals calculated
from spectra using the NEQAIR2 code14 and the PSI spectral
fitting code13 with Boltzmann-specified v' populations. These
two codes used spectral constants from different sources to
calculate spectra. Ranges for intensity integration are given in
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Fig. 9 Population of the N_~ B state in a shock layer at different
distances from the body.
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Fig. 11 Population of the N2 B state in a shock layer at different
distances from the body.

2 because emission from v' = 0 and 1 is outside the spectral
measurements range.

The plots of Figs. 9-11 indicate that the lower v' levels tend
to follow a straight line (Boltzmann behavior); however, at
energies above about 12,000-15,000 cm, the populations tend
to be greater than those based on a Boltzmann population at
a temperature corresponding to the first few levels.14 Such a
trend has been observed in electrical discharges of nitrogen
and CO.15'17 These are believed to be the first vibrational pop-
ulation measurements made in the shock layer of an arcjet
flow. The opposite trend (populations lower than a Boltzmann
distribution) has been predicted for shock layers where the
freestream is undissociated and its velocity is high.18 The be-
havior observed in Figs. 9-11 may be related to the fact that
the freestream in arcjets is significantly dissociated and prob-
ably partially ionized, with electrons frozen at a relatively high
temperature.

To be certain that overpopulation of the upper vibrational
states was not a result of code-fitting errors or problems with
wavelength range, fits were attempted using Boltzmann pop-
ulations of the basis sets at or near the temperatures found.
These did not agree well with measurements and are particu-
larly noticeable in the wavelength ranging from about 500 to
600 nm. At various temperatures the qualitative comparison of
spectra shows the same behavior for all but the first position

4000 4500 5000 5500 6000 6500 7000 7500 8000
wavelength, A

Fig. 12 Comparison of measured spectrum, at a distance of 2.54
cm, with that computed by fit to three basis sets, N2 (B-A), N^ (B-
X), and NJ (A-X).

0.25

B 0.15

0.1

0.05

4000 4500 5000 5500 6000 6500
wavelength, A

7000 7500 8000

Fig. 13 Comparison of measured spectrum, at a distance of 2.54
cm, with that calculated assuming a Boltzmann population of N2
(B-A) at Tr = 7500 K and Tv = 7000 K, and Nj (B-X) and Nj (A-
X) at Tr - 5000 K and Tv = 5500 K.

(3.5 cm). For example, in the spectrum taken at 2.54 cm from
the surface (Fig. 12), the measured spectrum is compared with
the spectral fit that incorporated vibrational basis sets from N2
(B-A), Nj (B-X), and Nj (A-X) electronic transitions. The
fitted spectrum matches the measurements well over the whole
wavelength range; but the agreement is not as good if we as-
sume Boltzmann populations. In Fig. 13, the measured spec-
trum is compared with a spectrum calculated assuming Boltz-
mann populations of states including N2 (B-A) at Tr = 7500 K
and Tv = 7000 K, and Nj (B-X) and N2 (A-X) at Tr = 5000
K and Tv = 6500 K. This temperature combination seemed to
yield the best overall agreement of measured and calculated
spectra after we tried many combinations. The spectra still
deviate considerably in the spectral range of 500-600 nm;
however, there is also some deviation at other wavelengths.
Nor can the deviation be explained by overlapping of the N2

f

(A-X) spectrum.

Comparisons of N2 and Nj" Temperatures and Populations
The vibrational and rotational temperatures for N2 and Nj

based on lower vibrational levels are shown in Fig. 14, where
it can be seen that the temperatures differ significantly at the
farthest two points from the body. This difference is greater
than the standard error (estimated to be about 300 K). It is not
clear why this temperature difference occurs between the two
species. Although a detailed interpretation of this finding is
outside the scope of this paper, some possibilities are discussed
herein.

A principal reason for the lack of a more complete analysis
is our lack of knowledge about the state of the gas upstream
of the shock. The freestream in arcjets proceeds from the noz-
zle expansion of a uniform arc-heated gas, thus making it dif-
ficult to establish local enthalpy. However, in our case local
enthalpy could be as high as three times bulk enthalpy. And,
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Fig. 14 Vibrational and rotational temperature distributions in
a shock layer.

at three times bulk enthalpy the reservoir temperature would
be about 6100 K. This temperature range should establish
bounds on the vibrational energy in the freestream; and it is
likely that the freestream vibrational temperature is about half
the stagnation temperature because of relaxation in the expan-
sion.19 The energy distribution and excitation of nitrogen mol-
ecules in the freestream is, in fact, unknown. The peak in pop-
ulation distribution at v' = 3 for the N2 B state found at the
position nearest the shock front (at 3.5 cm) would indicate that
distribution was likely formed by excitation from a ground
state strongly populated at the v = 0 level, possibly reflecting
the freestream distribution and resultant temperature.20 That is
no longer the case as the flow moves toward the body, where
the ground and excited state populations are influenced by
higher temperature conditions in the shock layer.

As the flow approaches the body, the spectrum associated
with the (B-A) transition of N2 has a peaked behavior in the
region of 500-600 nm, which is a consequence of overpopu-
lation in higher vibrational states. It is possible that the atoms
recombine to form N2 in highly excited states,21'23 particularly
leading to an overpopulation of v' states 10-14. This may
result in a higher vibrational temperature.

Formation of N2 as flow approaches the body is probably a
result of associative ionization

N + N -» N2 + e

or possibly a result of the direct impact of hot electronics that
originate in the arc and stay frozen at high energies

followed by the charge exchange

N+ + N2 -» N

The B state of the ion shows an overpopulation of upper states
at 3.5 cm, which the neutral molecule does not. The evolution
of excited atomic nitrogen is unclear from the data. Radiation
from nitrogen atoms is observed at 1.27 cm, but is not seen
farther from the body. It would appear that a sharp increase in
N-atom density occurs well into the shock layer near 1.27 cm.

The rotational temperatures are close to the corresponding
vibrational temperatures for N2 and N2 , respectively. This may
be fortuitous because of the 1000 K uncertainty in the assess-
ment of rotational temperature for N2.

Conclusions
Spectral measurements in the shock layer of a blunt body

in an arcjet flow have been analyzed to estimate rotational and
vibrational temperatures from several techniques, and to de-

termine vibrational state populations of the N2 B, N^ B, and
Nj A-states. It was found that the populations of a few lower
states tend to follow a Boltzmann distribution from which vi-
brational temperatures were determined; but higher states de-
viate significantly from equilibrium. The overpopulation of
certain N2 B-v' states significantly affects the character of the
spectrum in the wavelength range 500-650 nm.

From these first measurements of vibrational populations in
an arcjet shock layer, we found that low-density arcjets pro-
duce nonequilibrium populations of vibrational states. This
overpopulation of upper vibrational states can lead to signifi-
cant errors in determining temperature. We also found that
much care must be used to avoid erroneous temperature results
from using ratio and fitting techniques because upper states
contribute radiation not at just one wavelength region but
throughout the spectrum. The N2 (B-X) system, for example,
may contribute weak radiation into the long wavelength region
through 800 nm, a negligible amount if upper-state populations
follow a Boltzmann distribution. But, if overpopulated upper
states are left out when attempting to fit the spectra here, the
fit may result in erroneously high populations of the lower
states, leading to somewhat different vibrational temperatures.

In some cases temperatures determined from different tech-
niques differed more than expected (Fig. 8). While the tech-
niques for determining temperature are generally reliable, care
must be exercised in their use, particularly when evaluating
spectra from a highly nonequilibrium high-temperature source.
For example, a simple technique developed to determine vi-
brational temperatures of N2 from ratios of Av-interval inten-
sities from the first positive system (B-A) can yield accurate
results if the radiation in the 500-800 nm region is only from
the first positive system and if there is a Boltzmann population.
In the shock layer here, substantial radiation from the molec-
ular nitrogen ion, Nj (A-X), invalidates a temperature assess-
ment of N2 by that method. Because the results indicate non-
Boltzmann behavior and because of overlapping systems, the
ratio technique could not be used to determine Tv for N2.

In cases where a technique for determining the vibrational
temperature depends on a rotational temperature, an error in
rotational temperature contributes to an error in vibrational
temperature. Also, an error in fitting technique may result from
excluding vibrational states in the fitting process or a lack of
wavelength alignment of measured and theoretical spectra.
Temperature results may also be somewhat dependent on the
wavelength range used in the fit, whereas differences in tem-
perature obtained by different methods may result from large
statistical uncertainties,10 much of the error stems from non-
equilibrium. Even when the three radiative systems are used
together in a total fit, it is difficult to obtain accurate popula-
tions for the upper states because of overlapping spectra. In-
deed, all three systems overlap strongly in the midwavelength
region.

The upper state populations obtained nevertheless show a
trend away from a Boltzmann distribution, and there are some
indications that differences in temperature could exist even be-
tween the A and B states of N2. It is certain that electronic
temperatures differ.

Development of the state to state vibrational exchange ap-
proximations has allowed flow code computations without re-
quiring a Boltzmann population of electronic states. In recent
years work was done to develop models that handle non-Boltz-
mann vibrational populations and to understand the effects of
this distribution on thermodynamic properties. Ultimately, a
multitemperature gas kinetic model for N2 and N2 that includes
vibrational state nonequilibrium will be required. Measure-
ments such as those presented here may provide the basis for
validating such a model.
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