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Electron Beam Diagnostics Applied to
High-Density Gasdynamic Laser Mixtures

S. L. Petrie*
The Ohio State University, Columbus, Ohio

A new, systematic study of the electron beam induced emission in N2-CO2-H2O mixtures typical of those in
gasdynamic lasers has been conducted. Vibrational temperatures of molecular nitrogen were successfully
measured at density levels at least an order-of-magnitude above those normally used with an electron beam. The
experimental studies were performed in an arc-heated free jet with densities up to those corresponding to a
pressure of 20 torr at 300K. Comparisons of theoretical and experimental N2 vibrational temperatures are
presented which show that the data are not adversly influenced by the high density nor by the addition of CO2
and H2O so long as there is a relatively high flow velocity.
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Nomenclature

= intensity proportionality constants
= radiative transition probability for /—• j

transition
= speed of light
= Planck's constant
= intensity for y—> k transition
= intensity of reference gas conditions
= intensity in the absence of collision quenching
= Boltzmann's constant
= electron beam path length
= reduced mass of N2 and species / particles
= molecular weight
= electron number density
= gas number density
= number density of species /
= quenching number density for species /
= static pressure
= equivalent pressure
= cross section for excitation of N2 to level j in

the N2
+(£2D) state due to electron beam

excitation
= cross section for collisions between N2

molecules in level j and particles of species /
= gas constant
= translational temperature
= electron velocity
= electron beam accelerating potential
= mole fraction of N2
= intensity constant
= frozen ratio of specific heats
= wavenumber for they'-* A: transition
= vibrational relaxation time

Introduction

T HE very efficient energy transfer between the asym-
metrical stretch mode (v3) of CO2 and N2 is responsible,

in part, for the population inversions which lead to lasing in
the N2-CO2-H2O (or He) gasdynamic laser (GDL). A widely
used grouping of the energy states active in the GDL, due to
Anderson,! is illustrated in Fig. 1. The vibrational relaxation
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of N2 within a flowfield is relatively slow so that the resonant
transfer between N2 and the v3 mode of CO2 leads to an
elevated population of the (001) level of CO2 compared to
that of the (100) level. The population inversion is enhanced
by the addition of H2O or He which increases the rate of de-
excitation of the (100) level.

To estimate GDL performance and optimize operating
parameters, accurate values for the rates of the various kinetic
processes must be available. Such information can be ob-
tained only from direct measurements in expanding
flowfields. The vibrational population distributions of CO2
and H2O can be investigated by measuring the intensities of
the vibration-rotation bands emitted by these molecules.
However, since N2 is homonuclear, it has no pure vibration-
rotation spectrum and some other means of investigating the
vibrational population distribution must be used.

The electron beam provides a means for direct
measurement of the vibrational temperature of N2. In this
technique, an electron beam generator produces a narrow
column of high-energy (20 keV) electrons which is projected
across the flowfield of interest. The interaction of the ac-
celerated electrons with gas particles produces a column of
radiation which is nearly coincident with the beam of elec-
trons. Under appropriate conditions, the fluorescence can be
analyzed spectroscopically to determine the concentration and
temperature of the active species.

The predominant radiation due to excitation of N2 is the
first negative system of the ionized nitrogen molecule.oThe
most intense band of this system is the (0,0) band at 3914 A.

Much experimental work, summarized by Muntz,2 has
been done with the first negative system in nitrogen and air to
verify the applicability of the diagnostic technique at suf-
ficiently low density and high temperatures. It should be
noted that the rotational line and vibrational band intensities
in the first negative system are used in an excitation-emission
analysis to determine the rotational and vibrational
population distributions for the molecules in their ground
electronic state. That is, the rotational and vibrational
temperatures prior to excitation by the high-speed electrons
are obtained. Details of the method can be found in Refs. 2-5.
The electron beam technique has been applied previously to
N2-CO2 mixtures,6 but the measurements were made at gas
densities much lower than those typical of operating GDL's.
Since there is considerable interest in making direct
measurements of the vibrational temperature of N2 in actual
GDL flowfields, techniques for applying the electron beam to
high-density mixtures of N2, CO2 and H2O were investigated.

Investigations of the accuracy with which the rotational and
vibrational temperatures of molecular nitrogen can be
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Fig. 1 Partial energy level diagram for the N2-CO2 system.

3000

2000 -

I
ROTATIONAL TEMPERATURE (K)

D 300
O 400
A 500
+ 600
X 700
0 800
$ 900
X 1000
Z MOO
Y 1200

x + A On

4.0 6.0
IQ/I|2 INTENSITY RATIO

Fig. 2 Theroetical intensity ratios for the N#0,l) and (1,2)
vibrations! bands.

measured in high density air flows have recently been con-
ducted.7 Calibration experiments were performed in a static
test chamber and in an arc-heated free jet facility. These
studies show that at pressures above approximately 3 torr (at
300K) in a static test chamber, the line and band intensities in
the N2

+ first negative system cannot be used for temperature
and density measurements. Severe overlap of the first negative
system by bands of the N2 second positive system occurs and
there is considerable excitation by low-energy particles
(secondary electrons, N2

+ ions, meiastable particles, etc.)
trapped within the static chamber. However, with high flow
velocities typical of those in arc-heated wind tunnels, accurate
measurements of the N2 vibrational temperatures in air flows
can be obtained at densities at least as high as those
corresponding to a pressure of 20 torr at 300K.

The purpose of the present studies was to investigate the
density range over which nitrogen vibrational temperatures
can be measured with an electron beam in N2-CO2-H2O gas
mixtures. The CO2 concentrations in air were varied from 0 to
25% (by volume) and the H2O concentration was varied from
0 to 197o. Equivalent pressures ranged from 2.0 to 30 torr.
(Equivalent pressure is defined as the pressure corresponding
to the actual gas density at a translational temperature of
300K). All data discussed here were obtained in the arc-heated
free jet facility; Ref. 7 can be consulted for results of the static
chamber experiments and the special problems associated
with this type of testing.

Theoretical Analyses
Electron Beam Theory

To interpret electron beam measurements in terms of
vibrational temperatures, a detailed analysis of the excitation-
emission process which leads to the observed radiation must

be available. It is common to assume that the emission is
excited by collisions between beam electrons and gas
molecules in their ground electronic energy state. All other
excitation processes (excitation by secondary electrons and
low-energy ions, double excitation, cascading, etc.) and all
selective quenching mechanisms are ignored. The resulting
excitation and emission processes are shown schematically in
Fig.1.

With these assumptions, measurements of line and band
intensities can be interpreted in terms of rotational and
vibrational temperature. The rotational temperatures are
usually obtained from the rotational lines in the N2

+ (0,0)
band, while vibrational temperatures are determined from
scansoof at least two bands [typically N2t09l) and N^(l,2) at
4278 A and 4235 A respectively]. For vibrational temperature
measurement, integration of the intensity distribution should
be used to obtain accurate total band intensities.

At high rotational temperatures, the rotational lines
corresponding to high rotational quantum numbers overlap
the next band in the sequence. For example, rotational lines in
the (0,1) band with rotational quantum numbers greater than
23 overlap the band head of the (1,2) band. This overlap of
rotational lines must be included in the theoretical analysis to
allow unambiguous interpretation of the measured band
intensities in terms of vibrational temperature.

The band intensity ratios for the (0,1) and (1,2) bands,
including the effect of overlap due to high rotational tem-
peratures, are given in Fig. 2. It is to be noted that significant
errors in indicated vibrational temperature occur when the
overlap accompanying high rotational temperature is ignored.
All of the vibrational temperature data reported here were
obtained from Fig. 2 employing the measured rotational
temperatures and the integrated (0,1) and (1,2) vibrational
band intensities.

In most applications of an electron beam, the gas densities
are low enough that direct excitation by primary beam
electrons is the only excitation mechanism and collision
quenching of the electronic energy level excited by the beam
can be ignored. However, in flows with densities typical of
those in GDL's, the beam-induced radiation is highly
quenched by collisional mechanisms.

The influence of collisions on the intensity resulting from
electron beam excitation can be derived by requiring a steady-
state population of the upper level of the observed transition
assuming that only direct excitation, radiative transitions, and
collision quenching occur. For simplicity, the rotational and
vibrational structures of the radiation are ignored so that we
deal only with the electronic transitions. A slight modification
of the intensity formula given by Muntz2 is

hcvjk(Ajk/A T) neveQ0j (ve)ngX (I)

The summation over the index / must include all species which
can quench the observed radiation. For constant electron
beam current density and beam energy, Eq. (1) can be sim-
plified to

k

where
i/( T) = (2 /A T) Qji(

(2)

(3)

nl(T) is defined as the quenching density analogous to the
quenching pressure defined by Grim.8 In a single-species gas,
when the density is equal to AZ/( T), the intensity is reduced to
one-half the value obtained in the absence of collision
quenching.

In GDL flowfields, the density is expected to be high
enough that the terms in the summation of Eq. (2) dominate
the denominator. In the limit of very high gas density, Eq. (2)
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becomes

(4)

As discussed by Griin,8 in the high-density limit for a single
species gas or if one term dominates the summation of Eq.
(4), the intensity becomes independent of the absolute number
density of the excited species and becomes a function of
temperature (through the unique dependence of n\ on tem-
perature) and the relative concentrations of the excited and
quenching species, i.e.,

k = ajnf
i(T)X/Xi (5)

In studies similar to those discussed here, Smith and
Driscoll9 employed a form of Eq. (1) written for high-density
helium (%= 1) as

(6)l + k 2 n g Q ( T ) [ ( 8 / v ) R T } -

In this notation, the quenching density would be given by
\ / n ' ( T ) = k 2 Q ( T ) { ( S / T r ) R T } 1/2. Smith and Driscoll sim-
plified Eq. (6) to

I / I f s = ( c ] n g / ( l + c2n (7)

and experimentally evaluated ch c2, and a for several helium
lines at translational temperatures from 3.5 to 300K. They
demonstrated that simultaneous time-resolved measurements
of both the helium density and translational temperature can
be obtained in high-density helium flows when quenching is
an important mechanism.

Alternate correlations for Eq. (6) have been developed. For
helium10 and nitrogen, * l an equation in the form

(8)

has been used to fit experimental data. The second term in the
numerator of Eq. (8) accounts for excitation by secondary
electrons and collisional exchange with excited particles in
other energy states. Detailed expressions for the second term
are given by Muntz.2

In the present work, we are concerned with making
vibrational temperature measurements, rather than density
determinations. Since temperatures are obtained from
measurements of the relative intensities of the vibrational
bands, Eq. (2) is written in the form

/,*_
/,<„, (9)

where I0 is the intensity which would be observed if there were
no quenching. Separated quenching densities are defined for
the vibrational energy levels in the excited electronic energy
state; ri{i(T) denotes the quenching density of the fth
vibrational energy level due to collisions with species /. While
the extent of the quenching will vary with both the absolute
number density and the translational temperature, the central
question in application of the technique to vibrational tem-
perature measurement is whether the ratio of quenching terms
in Eq. (9) will vary with density. That is, vibrational tem-
peratures can be measured in the presence of severe quenching
if the n[j( T) values in Eq. (9) are constant for all vibrational
levels in the N2

 +(B2L) state. The experimental studies
discussed here were directed at examining the accuracy with
which vibrational temperatures can be measured in N2-CO2-
H2O mixtures when the intensities resulting from electron
beam excitation of N2 must be represented in the form of Eq.
(9).

Vibrational Relaxation Model
To evaluate the accuracy of vibrational temperature

measurements, a reliable model of the vibrational relaxation
process which occurs in the flowfield must be available. The
model of Anderson1 was modified to provide theoretical
estimates of the N2 vibrational temperatures at the measuring
stations. The various kinetic rates given in Ref. 12 were
employed, except for the N2-N2 rate. The N2-air rate of
Sebacher13 given by

(10)

was used in place of the N2-N2 rate and the vibrational
temperature of O2 was set equal to that of N2. No effects of
O2 on collisional deactivation of the other energy levels were
included.

While ignoring the effects of O2 on all levels except the
vibrational levels of N2 in the (X!E) state will lead to some
error in predicting the CO2 vibrational relaxation, the effects
on the predicted translational temperature are expected to be
minimal. The main consideration here is to predict the N2
vibrational temperature variation through the flowfield and
the rate of Eq. (10) has been shown to apply with good ac-
curacy, particularly for reservoir temperature above 2000K.13

As described in the next section, the experimental con-
figuration consisted of a conical nozzle exhausting to an open-
jet test cabin. For the conditions of these studies, the nozzle
flow was highly underexpanded so that a strong expansion
wave system emanated from the nozzle exit. The N2
vibrational relaxation was assumed to proceed only up to the
point where the leading expansion wave from the nozzle exit
crossed the nozzle centerline. All vibrational temperatures
downstream of this freezing point were assumed to be equal to
their values at the freezing point. Theoretical variations of the
temperatures through the nozzle and the locations of the
nozzle exit and freezing point are given in Fig. 3 for the
highest reservoir temperature used. The theoretical tem-
peratures resulting from an earlier14 N2-N2 rate are included
in Fig. 3 to indicate the difference between N2-N2 and N2-air
vibrational relaxation. At lower reservoir temperatures, the
differences between the two sets of theoretical results
diminish.

The gas conditions at the measuring stations were deter-
mined by measuring the local pitot pressure. The theoretical
model of Ref. 1 was modified to include a pitot pressure
calculation. This was accomplished by assuming that the flow
through the pitot probe shock wave was vibrationally frozen.
A frozen speed of sound was calculated from

(11)

The Mach number obtained from af and the local velocity was
then used in an isentropic formula to compute the ratio of
pitot and freestream static pressures. The values for the flow
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Fig. 3 Theoretical temperature distributions at a reservoir pressure
of 1 atm; rp from Eq. (10);—rp from Ref. 14.
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properties at the measuring stations were obtained from this
theoretical model by matching the theoretical and ex-
perimental pitot pressure ratios.

Experimental Apparatus and Procedures

Arc-Heated Free Jet
An arc-heated free jet facility was employed to provide air

flows at known thermodynamic conditions. In certain cases,
unheated CO2 was admixed with arc heated air upstream of
the nozzle. Molecular hydrogen was also added to provide
H2O with the water-gas reaction.

A conical nozzle was employed with an expansion half
angle of 3.5°, delivering a flow with a nominal Mach number
of 2.0 and a static pressure of 60 torr. The vacuum pumping
station maintained a pressure in the free jet test cabin of
approximately 0.5 torr; hence, a "barrel-shock" system was
generated by the highly underexpanded nozzle flowfield. The
electron beam was projected across the flowfield at various
distances downstream of the nozzle exit to provide test regions
with static pressures varying from 1.5 to 60 torr and flow
Mach numbers from 2.0 to 4.25.

Electron Beam System
The electron beam was generated by a commercially

available 19AYP4 television electron gun. Beam currents of
approximately 0.5 mA at voltages near 15 kV were employed.
The entire electron beam generator system was electrically
isolated from the wind tunnel so that no special beam
collecting device was required.

Rotational and vibrational spectra were obtained with a
Jarrell-Ash 0.5 Meter Ebert scanning spectrometer. The
grating was ruled with 30,000 lines/in, yielding a dispersion of
16A per millimeter and a maximum resolution of 0.2A. An
uncooled EMI 6256 photomultiplier was used with the
spectrometer.

The image of the electron beam was focused on the entrance
slit of the spectrometer by a 13 in. focal length, 2 1/2 in.
diameter quartz lens. The electron beam was oriented per-
pendicular to the entrance slit. Photocurrents were measured
and amplified by a Keithly Model 417 picoammeter. The
output of the amplifier was entered into the signal con-
ditioning system of the Digital Computer and Data
Acquisition System operated by The Aeronautical and
Astronautical Research Laboratory of the Ohio State
University.

The electron beam current was continuously monitored by a
second photomultiplier-spectrometer system. Radiation from
the electron beam was focused on the entrance slit of a 0.25 m
Jarrell-Ash spectrometer set to viewothe head of (0,0) band of
the N2

+ first negative system at 3914 A.
During all spectral scans, the output from the 0.5 m

spectrometer was divided by that from the 0.25 m spec-
trometer to account for variations in beam current during the
wavelength scan. All data reported here were obtained in this
manner. A schematic of the optical system is given in Fig. 4.

0.5 M SPECTROMETER

0.25M
SPECTROMETER

Because of the relatively high flow densities and low beam
voltage employed for these studies, beam spreading was a
potential problem. In this case, the main effect of beam
spreading is a loss of spatial resolution, which could be im-
portant because of the large gradients in flow properties
present within the free jet. A series of experiments was per-
formed to determine the variation of beam diameter with
beam voltage, gas density, and path length. The data were
obtained in a static test chamber for voltages from 10 to 40
kV, pressures from 0.2 to 30 torr, and path lengths up to 6 in.
The results of these experiments are reported in detail in Ref.
7. The data are well-correlated by expressing the change in
radiation half width of the beam as

A W/L = 0.44 \pe (torr)L (cm/ V2
e (kV)]1/2 (12)

gives the difference between the half width and the
minimum beam half-width, which usually occurs at the exit
orifice of the beam generator. The results given by Eq. 12
agree in form with those given by Camac15 and Wallace16

except that here the change in beam half-width is correlated
rather than the half-width itself.

For the measurements reported here, density variations
were obtained by examining various locations within the
highly underexpanded free-jet. Because of the low density of
the gas surrounding the free-jet, very little beam spreading
occurred up to the point where the beam entered the free-jet.
At the highest density condition (equivalent pressure of 30
torr), the beam path length within the gas was approximately
5 mm; hence, the beam half-width increased by 0.5 mm,
giving a total beam diameter at the measuring station of
approximately 3 mm. At the lowest density condition of 1
torr, the path length through the free jet was about 25 mm,
leading to a beam diameter of approximately 5 mm. Hence,
the beam spreading did not result in significant loss of spatial
resolution in the flow direction.

Results and Discussion
Test Conditions

Wind tunnel data were obtained at axial locations down-
stream of the nozzle exit approximately equal to 0.10, 1.5,
and 2.0 in. At each of these positions, the reservoir tem-
perature was varied from approximately 1500K to 2200K at a
nominal reservoir pressure of 1.0 atm. To ensure that pitot
pressure and electron beam data were taken at the same
position within the flowfield, the electron beam was always
positioned such that it intersected the tip of the probe while
the probe was positioned on the tunnel centerline. The beam
position was adjusted with a deflection coil mounted between
the exit orifice of the drift tube and test region. Once the
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Fig. 4 Optical system schematic.
Fig. 5 Typical scan of the R branch of the N21[0,l), band; pe = 20
torr; CO2 and H2O concentrations of 24% and 0.7%, respectively.
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Fig. 7 Ratio of measured and predicted N2 vibrational tem-
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proper alignment was achieved, the pitot probe was with-
drawn and spectral data were collected.

Spectral Features
The rotational structures of the (0,0), (0,1), and (1,2) bands

of the first negative system were examined in detail to
determine if excitation by secondary electrons or preferential
collision quenching disturbs the band structure in a high-
density air flow containing CO2 and H2O. A typical scan of
the R-branch of the (0,1) band obtained at an equivalent
pressure of approximately 20 torr with CO2 and H2O con-
centrations of approximately 24% and 0.7%, respectively, is
shown in Fig. 5.

The band profile agrees well with the results of theoretical
predictions ignoring preferential collision quenching and
excitation by secondary electrons. It also agrees well with
scans obtained at low densities where quenching can be
ignored.

The studies reported in Ref. 7 for N2 in air show that the
(0,1) band is overlapped severely by the (1,5) band of the N2
second positive system under static (no flow) conditions. It is
apparent that in the static chamber at high densities the
second positive system is excited by long-lived metastable
species which remain within the field of observation.
However, in a high-speed flowfield, these species are swept
from the field of view and do not appear to contribute to the
excitation in any measurable way for the gas conditions of
these studies. Similarily, no measurable influence of
preferential collision quenching of the vibrational energy
levels in the N2

 +(B2E) state could be observed. The addition
of CO2 and H2O to the flowfield does not appear to alter
these conditions.

Fig. 8 Ratio of measured and
predicted N2 vibrational
temperatures for various CO2
mole fractions; o air + CO2;
cr air + CO2 + H2O.
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Fig. 9 N2 vibrational temperature in N2-H2O mixtures; o ex-
perimental data; —theoretical temperatures.

Thermodynamic Data Comparisons
The measured N2 vibrational temperatures are compared

with the theoretical estimates in Fig. 6. The range in predicted
temperatures is due to the variations in reservoir pressures
accompanying varying mixture ratios and the influences of
CO2 and H2O addition on the theoretical N2 vibrational
relaxation. Good overall agreement of the theoretical and
experimental data is evident in Fig. 6.

To determine the possible effects of selective quenching on
the data, the ratios of the measured and predicted N2
vibrational temperatures are shown in Fig. 7 plotted against
equivalent pressure. No specific trend in the ratio of the
measured and predicted temperatures with gas density is
evident. At equivalent pressures greater than approximately 1
torr, the radiation in the N2

+ first negative system is highly
quenched by collisional mechanisms. However, the data of
Fig. 7 demonstrate that the rotational and vibrational energy
levels in the N2X#2£) electronic energy state are not
preferentially quenched for equivalent pressures at least up to
20 torr.

The scatter in the data of Fig. 7 amounts to approximately
± 6% and is due to accumulation of errors in determining the
reservoir temperature from the measured mass flow rates and
reservoir pressure, uncertainties in determining the rotational
temperature (for use with Fig. 2 to determine vibrational
temperature), and inaccuracies in obtaining integrated band
intensities.

Ratios of the measured and predicted nitrogen vibrational
temperatures in various air-CO2-H2O mixtures are given in
Fig. 8 as functions of the mole fraction of CO2 in the mixture.
Good agreement between the predicted and measured tem-
peratures is evident, indicating that the presence of CO2 in the
gas mixture causes no additional perturbations in the electron
beam induced radiation in the N2

+ first negative bands used in
this study. In addition, the presence of CO2 does not appear
to lead to measurable excitation of the N2

+ first negative
system by secondary electrons.
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The effects of the addition of water vapor on the measured
temperatures are shown in Fig. 9. These data were obtained
with no CO2 in the flow and reflect the influence of the N2-
H2O vibrational relaxation rate on the N2 vibrational tem-
perature distribution. The theoretical predictions show that
the addition of small quantities of H2O has only a minor
influence on the nitrogen vibrational temperature. The dif-
ference between the measured and predicted temperatures are
within the accuracy of the measurements; however, the trend
to the data suggests that a systematic error in either the
measured temperatures, the predicted temperatures, or both
may exist.

Conclusions
A new, systematic study of the electron beam induced

emission in N2-CO2-H2O mixtures has been conducted at
density levels well above those normally used in application of
the technique. In the density range investigated, the com-
parisons of the theoretical and experimental N2 vibrational
temperatures show that the data are not influenced by
selective collision quenching nor by excitation by secondary
particles in any measurable amount when there is sufficient
flow velocity to sweep long lived metastable particles out of
the region of observation. Hence, in the temperature and
density ranges of these studies, it is concluded that vibrational
temperatures can be measured in typical GDL gas mixtures
with no loss in accuracy for equivalent pressures at least up to
20torr.
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