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ROTATIONAL TEMPERATURE MEASUREMENTS 300° K TO 1000° K
WITH ELECTRON BEAM PROBE

by William W. Hunter, Jr.
Physicist
NASA Langley Research Center
Langley Station, Hampton, Va.

ABSTRACT

Leboratory measurements of rotational temper-
atures were performed over a 300° X to 1000° K
range in static low-density air with an electron
beam probe. The accuracy of the measured rota-
tional temperatures was found to be a function of
gas numbeir density and temperature. Inclusion of
an experimentally determined correction for the
gas number density effect enabled measurements to
be made with an accuracy that varied approximately
from O percent to -6 percent with increasing gas
temperature.

INTRODUCTION

The investigations described in this paper
were undertaken as part of a continuing instru-
ment development program at NASA's Langley
Research Center. This particular effort was
directed towards the verification of a technigue
for measuring free-stream temperatures of low-
density hypersonic wind tunnels using air or No.

The technique is to pass a beam of high-
energy electrons {10 to 30 kV) through a low-
density gas. The electrons have inelastic
collisions with gas molecules which produce
fluorescence. A spectral analysis of the fluo-
rescence provides a means for determining molec-
ular gas rotational temperature.

The initial investigator, E. P. Muntz,l
experimentally verified his theoretical model for
the electron beam probe technique for two temper-
atures, ~300° X and 373° K. These experiments
were conducted in a low=velocity (0.5 m/sec) flow
of nitrogen gas and the data were obtained from
the 0-0 band of the nitrogen first negatlvg sys-
tem. Since the original work, others
have used the technigue for dlagnostlc wind-tunnel
measurements. Some have used the calculated tun-
nel parameters for comparison with the measured
temperatures as a test of the theory for tempera-

tures below 300° X

The purpose of the work reported here was to
experimentally verify the theory for rotational
tempersture measurements over a 300° K to 1000° K
range under controlled conditions in the labora-
tory. These tests were conducted in a static
test gas, alr, and the rotational temperature

meagurements were made from data obtained from
the 0-0 band of nitrogen.

The procedure for this investigation was to
pass high-energy electrons through the static test
gas which was at a known temperature. The gas was
contained in a test chamber which could be main-
tained at a desired temperature and pressure.

With the test gas under controlled conditions,
measurements of the rotational temperature were
performed and compared with a reference tempera-
ture. This comparison provided the basis for
determining ‘the applicability of the theory over
a range of temperatures.

The first portion of this paper ocutlines the
theory. This is followed by a description of the
experimental system, test procedure, the experi-
mental data, and results.

THEORY

General
Jeenexral

The test gas used in this investigation was
air and the primary sources of visible and near
ultraviolet radiation were the first negative and
second positive systems of nitrogen. The excita-
tion and emission path for the first negative
system is illustrated by an energy level diagram
in Figure 1. A high-energy electron, designated
as a primary electron, is emitted by a source and
has an inelastic colllslon with a ground state
nitrogen molecule, EXlZg. The molecule 1s
excited to the excited ionized state, I\IEB2 >
from which it spontaneocusly radiates and drops
into the ground ionized energy state, NgX Zg.
The intensity and spectral distribution of the

spontaneous emitted radiation reflects the rota-
tional characteristics of the molecules that were

in the Ngxlzg state.

Rotational temperature may be obtained from
an application of the intensity of emission
equation

Top = Nphev A (1)

enm

Superior numbers refer to similarly numbered references at the end of this paper.
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where hevyy 1s the energy of the emitted radia-
tion as a result of the transition between states
n and m, vpp is the wave number of the emitted
radigtion, Apy is the transition probability of
emigsion, and N, is the number density popula-
tion of the initial level of transition. An
inspection of equation (l) shows that all terms
are constants or dependent only on the particular
transition involved except N,. Application of
equation (l) requires the determination of the
population and its distribution in the initisl
level, NEB2Z'.;§.

Based on arguments presented in reference 1,
it is assumed that NEBQZu is populated primarlly
by lonized and excited molecules from NQXlZg.

Population contributions from other possible ori-
gins are neglected. Therefore, the population of
the rotational energy states of N2B2>Zu is deter-
mined by the excitation-transition process of
Ngxlzfg" molecules.

The excitation-transition process may be
described through a Born-Oppenheimer approxima-
tion of the molecular wave function

Vevamu = Ve (rl ’ rN) ¥y (7w) V1(8,%,8) (2)

where . Y, 1s the electronic wave function with
the ith electronic coordinate ¥4 referenced to
the molecular axis, V¥, is the vibrational wave
function with nuclei separation Ty, and VYgam
the rotational wave function which is a function
of the Euler angles (8,X,§). The Euler angles
relate the molecular coordinate system to the
coordinate system of the fixed point of cobserva-
tion. Also, it is assumed that the interaction
of the primary electron with the orbital electrons
can be described by a coulombic potential. There-
fore, the following matrix element of this inter-
action may be used to describe the excitation:

epreg BRIV I TIAM! z = lepuxingyamatm | (3)

r
7 1

In the above expression, the initial and final
wave functions of the primary electrons are repre-
sented by ePn and ept, eg? the secondary

electron, xlz+ and BEZ‘.u represent the initial

and final electronlc wave functions , v" and v'

the vibrational states, and J"A"™M" and J'A'M'
2

the rotational states. Of course, :_——- is
1i

the coulombic interaction term where the quantity
r14 1is the distance between the high-energy pri-
maxry electron and the ith orbital electron.

It should be noted that in the notation to
be used, prime superscripts refer to NEBEZG
states, double prime superscripts with a one (l)
subscript refers to Néxlz'é states, and double

prime superscripts with a two (2) subscript refer
to NpXPry states.

Since the particular transition of interest
results in the removal of one orbital electron

2 will be replaced with
T1i

and for simplicity
i

-;1— where the removed electron is labeled with a
12

subscript 2.
1ot
0,28 electron® from NoX Zg

The removed orbital electron is a

to form N;BQZ\': 5

therefore, the electronic state may be expressed
as XlZ',;o:, = Eazz‘.'&cuas] Equation (3) is now

rewritten as

o2

epn [Bgz.uu 28 v"K"A"M")
Tip
()

Note .that X has been used in place of J; this
may be done from consideration of the applicable
coupling scheme which is Hund's case (b)6 and by
suppressing the spin angular momentum.

(eP 1eg xBQZ‘.uv KIATMI S

In order to evaluate this matrix element for
high-energy primary electrons, a plane wave
approximation is made for the primary electron
wave functions and the integration over the pri-

mary electron coordinates is performed. This
integration gives
f ept (rl)( 12>ePn (rl) a¥ = e14:T2 (5)

where @ is the momentum transfer and ?2 is the
position vector of the interacting orbit electron.

At this point a series expansion of e 32 g
made
ig.T im = 1f= =A\2
e‘lr2=1+1q.r2—-2—(q.r2)+... (6)

To a first-order approximation the first two
terms of the above expansion are retained. But .
the contribution from the first term in equa-
tion (6) is zero because of the orthogonality of
the initial and final states of the molecule.
Therefore, equation (4) is given by

byt 2 ot = = 2+ " u
5 (eS-B v KA |13+ To| [BPfoues|virmAM
(1)

In order to evaluate equation (T) further,
the vector ¥, 1s transformed to the coordinates
of the molecular axis through the dyadic D(6,X,#)
which relates the molecular coordinate axis to the
fixed coordinate system of the point of observa-
tion. Therefore, equation (7) is rewritten
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a7 2‘1 . (K | B( e;X:¢)lK"A"M")
g

2| [Ptz v ") (8)

. D=
The absolute value squared of the term yﬂ%—q— is
q

contained in the excitation function, Cg, and
will be suppressed iIn the following equations.

. (es rB22'.uv‘

Evaluation of equation (8) shows that for the
case A" =A' =0 only odd MK transitions are
allowed. Most significant point is; not only
M = t1 transitions are permitted, as assumed in
reference 1, but AK = &3, 15, and ete. are also
permitted. Of course the crogs sections for the
XK =13, 15, and ete. excitation-transitions will
determine the contribution to the population of
the excited state. This contribution is expected
to be small.

The square of the second matrix element in
equation (8) is defined as the band strength or
the vibrational transition probability and is
designed Pyry®. This band strength Pyry" may
be approximated by assuming a mean value of the
internuclear separation. The second matrix ele~
ment of equation (8) may then be written

( s rBE}'_‘u| l Egazucu231> 2 ’ (V'IV")lE

The overlap integral of the vibrational wave func~
_tions squared |[(v'[v®)|2 is the well-known
Franck-Condon factor, gyty". Generally, equa-
tion (9) is then expressed as

PV'V" =

Byryhn = IRlJl Qyty? (10)
In order to take into account the variation of
internuclear separation, a method of ¥ cen-
$roids® is used where T is the expectation
value of the internuclear separation, ry, as
determined by the vibrational wave functions.

Now, the band strength is given by

vyt = lej(f'N) le‘lv'v" (11)

The rotational line strength is given by the
first matrix element of equation (8) squared,
summed over M" and M’

)

MM
This term is the well-known Honl-London factor

SK,,X\" vwhich is well 'tabulated.6
tion of interest, the relative rotational line
strength may be obtained through the ratio of the
line strength to the sum of the line strengths,
that is,

(12)

= 2
(K A ﬁIK"A"M“) ‘

For the transi-

PR = ——— (13)

This equation is the relative line strength for
excitation-transition which is indicated by the
superscript a. The relative line strength for
emission is the same except the summation is over

K" and is designated P§.

The preceding work of this section has been
pased on & plane wave approximation for the high-
energy incident primary electron. It is necessary
to consider low-eénergy secondary electrons since
these may contribute significantly to the number
of ionized nitrogen molecules. Several observa-
tions may be made without meking a detailed anal~
ysis of the excitation-tremsition process. It
should be noted that for electronic states of the

homonuclear nitrogen molecule, xlzg and 13223

rotational levels have symmetric and antisymmetric
states under nuclear exchange. The symmetry

properties of xlz:é and BQZ‘:E are the opposite

with respect to even and odd rotational quantum
numbers. And, only transitions between rotational
energy levels with the same symmetry are allowed.
Therefore, the same selection rules with respect
to AKX for high-energy electrons apply to low-
energy electrons. The only difficulty would be
if the first-order approximation is not suffi-
ciently accurate such that AK = %35 or other
transitions would contribute appreciably in
order to describe secondary electron-induced
transitions.

Rotational Temperature, TR

The rotational number density, MNgr of
NEBQZ&, is a function of the excitation-transition
process, depopulation rate, and number density,
NK:'E of Nlez‘.‘é. If it is assumed that rotational
states of a v!' are in thermal equilibrium, then

1
NK:'C is given by6

N n
VL (e -Exy (¥TR
NK,, = Q—;—-(ax + 1) / (1)
vhere Q. =Z (2" + l)e“EKi:/kTR is the rota-

K’“
tional partition function, EK&I = F(Kz)hc the

characteristic energy of a rotational state,
F(K}) the rotational term, and Ty the rota-

tional temperature. Notice that a relation to a
temperature has been established through the
Boltzmann factor based on the explicit assumption
that thermal equilibrium exists in the ground
electronic state of the neutral species of Na.

In order to interpret this temperature
dependence in the resulting intensity of radia-
tion, the selection rules for transitions between
various rotational energy states are applied. As
a first approximation the applicable selection
rule for the excitation-transition process is

Y

+
I
9



teken to be AK = 1., The A =11 selection
rule predicts the formation of a P branch and
R branch in the rotational fine structure of a
vibrational band in excitation as well as emis-
gsion. Shown in Figure 2 are the R and P

branches of the 0-0 band of N’E.

With the formation of the P and R
branches the steady-state population of NEBEZ.;

is given by*
v a a
NK! = Cez {[NI;"—].PRR + N'"'*‘lPRIZ] PV'VS} (15)
_V" .
1
are the relative rota-

where P?{R and. Pfaip

tional line strengths of gbsorption, previously
deseribed, for the P and R branches.

With the determination of Ngr, the intensity

of emitted radiation masy be calculated as a func-
tion of the rotational temperature, Tg. Before

the calculation msy be accomplished, it is neces~
sary to set up an expression for the emission
transition probability, AV'K',V" "

AV'K',V'E'KE = XVBvaVEPR (16)

vhere X is a comstant, e is the wave number
of the transition, and PR is the relative rota-

tional transition probability for emission.

The intensity of emission for a particular
R~branch transition is given by

IK'K'Q'
=B, 1 kT
&e Evl/ VP 1 n(A)
Q'I' v Vl 1
= XCéqu K Py u
Qr Kt + 1 v V2
(17)
where

() = K'e_EK"':'-/kTR + (K" + l)e“EK'ﬂ,KIIR (18)

This equation is simplified by noting that the
product

XCLP, nNo/QV (19)

is a constant,

transition. Also, the equation may be put in con-
ventional form® by noting that 2K' =K' + Kg + 1

for R-branch transitions.

7, for a particular v' - vg

Therefore,

KT
Tg ks mvif V(a)

] 0
K +K2+l

P n ne
2(21{' + 1)2
(20)

For the case of Ty S 800° X, 99 percent of

the total population is in the V‘{ =0 level.
Baqustion (20) may now be written

gflo = gy ] RO (KTHLIRC[KTR (5

K' + K3+ 1
where B_. 1ig the rotational constant related to
the vibrational level and
.ZPW/"e_EOIkTV
A NP« N (22)
201,
and
. v ’ _ '
6] - k1o ZBEDE/KTR | (| oy ~BBo(K! +1)he/KTR
2K' + 1

(23)

Note that a reference intensity I, has been

-dincluded to permit the measurements of relative

intensities. The term [G] involves Tgr and
requires a solution of equation (21) through a
procegs of iteration.

Analysis of equation (20) also reveals that
only a small error =+l percent will be introduced
by extending the applicatiensof equation (21) +to
temperature of 1000° K. This analysis was per-
formed by caleulating a Bgpp 1tO replace B, in

equation (20).

For ease of application, equation (21) is put
in the following form:

Bghe
kTg

(x* + 1) + z"

ey [T (1)
(K' +Xp + 1) {[G](v/vp))’r}

where v, 1s a reference wave number used to
normalize 'v. Following reference 1, v, value

is chogen for K' - Kg = 3-2 ‘transition. Also,
Z" is just logyp %', which is a constant.

= —‘2-3 lOglo

EXPERTMENTAL SYSTEM

Test Gas Temperature and Pressure Control System

The test gas temperature and pressure con-
trol system, Figure 3, was designed to provide

*The following derivation is similar to that of reference 1 by E. P. Muntz.



flexibility in temperature and vacuum test condi-
tions. Temperature and pressure operating ranges
are approximately 300° K to 1100° X and 6.7 to

133.3 x 10=3 N/m2 (1 torr =~ 133.3 newton/meter2),

The ma.jor component of the system is the
test chamber which consists of three concentrie
cylinders. The outer cylinder is a stainless-
steel water-cooled jacket and is fitted with
vacuum~tight water~cooled top and bottom covers.
Each cover is fitted with large flanges, attached
to extensions, for mounting test hardware. Three
7.6~cm-diameter optical grade quartz windows are
located in the outer cylinder wall. The next
concentric cylinder consists of a helically wound
nickel ribbon heating element and 1s attached to
ceramic supporting rods. Electrical connections
are made to copper electrodes which extend through
the outer cylinder. The inner cylinder is &
20-cm~diameter 38-cm-long stainless-steel electro~
static shield and is grounded together with the
outer cylinder to prevent charge buildup on the
walls. Also, the inner cylinder provides a more
uniform heating surface for the test gas than
would be provided by the ribbon heating element.
The inner cylinder is equipped with end covers
which have openings for passage of the electron
beam. A 3.8-cm by I1.3~cm slit opening is pro-
vided in the cylinder wall and is located in line
with one of the viewing windows of the outer
cylinder.

Rectified heater current is supplied from a
4o Vac 3-phase system. Temperature control is
provided by coarse and fine rheostats. Tempera-
ture is regulated within ¥l percent of the pre-
set value by an on-off automatic pyrometer. An
operating temperature of 1100° K is obtained for
a heating element voltage and current of 35 Vdc
and 50 amperes.

A 35 psi water cooling system is provided as
a heat sink for the outer chamber wall and covers,
as well as cooling the diffusion pump. An inter-
lock system prevents operation of the heating
system and diffusion pump unless proper cooling
flow is establighed.

A 5 CPM mechanical pump, 750 liter/sec dif-
fusion pump, cold trap and necessary isolating
valves comprise the vacuum pumping system. A
variable leak valve, with air dryer, in combina-
tion with the mechanical pump was used 4o main-
tain the test chamber at the desired pressure.
For all experiments the chamber pressure was meas-
ured with a Mcleod gage.

Test Chamber Temperature Survey

A series of tests was conducted to establish
the test chamber gas temperature. The first test
was a survey of the inner cylinder wall to deter-
mine the uniformity of the heating surface. This
survey was performed with 12 thermocouples
attached to the inner cylinder wall and located
to give reasonable coverage. The resulis

indicated that a *¥20° X variation existed at
1100° X. This variation decreased with decreasing
temperature. The second test was made to deter-
mine the effects on the test gas at the point of
observation by the inner cylinder ends. This was
necessary because the ends are not in close prox-
imity to the heating element and therefore cooler
than the side walls. A thermocouple wag located
on the bottom end plate near the chamber center
line. The temperature of this point was the low-
est temperature of the plate.

These wall temperature measurements were
used 1o calculate the gas temperature on the cen-
ter line. The results of the calculations show
that the effects of the inner cylinder ends would
lower the gas temperature at the midpoint of the
eylinder no more than 4° X at 1100° X.

The final test was an independent measurement
of the test gss temperature at the point of obser-
vation. These measurements were made with a
thermocouple whose leads were brought in along
the chamber center line and the junction located
at the point of observation. Two thermocouple
sizes, O.l-mm and 0.5-mm diameters, were used to
determine if there were significant heat losses
at the point of observation due to thermocouple
conduction. The data shows that conduction losses
were negligible. The results are indicated in
Figure 4. These data show that the gas tempera-
ture at the point of observation is Iower than the
mean wall temperature. This difference decreases
with temperature and converges to zero at an
ambient value of temperature. This difference is
attributed to heat sinks provided by the observa~
tion and pumping ports.

Electron Beam System

The electron beam system is illustrated in a
block diagram, Figure 5, and details of the elec-
tron gun are shown in Figures 6 and 7. The elec-
tron gun is a conventional point cathode system
which has a directly heated hairpin tungsten fila-
ment, independent negative grid blas for current
control and cathode focusing. The beam upon pas-
sage into the drift tube is magnetically focused
and deflected. The focused beam passes through a

1.0-mm~diameter hole in a 2% - cm-long plug which

is placed in the end of the drift tube. Because
of the low gas conductance of this passage through
the plug the test chamber may be operated at pres-
sures approaching 133 N/m2 while maintaining the
gun within acceptable pressure range of

2.7 X 10™2 N/m2 or less.

For the work reported here the beam system
was operated at potentials between 25 and 30 Kv
with currents of 1.0 to 1.5 ma. The beam poten-
tial and currents were held constant within
+1 percent of the selected valves for all tests.



Optical and Electronic Detector System

The major component of the optical and elec-
tronic detector system is the 0.5-meter Fastie~
Ebert mount scanning spectrometer. This instru-
ment has 16.0 Afmm dispersion in the first order
and a 0.2 A resolution. A 13-stage venetian-
blind photomultiplier tube which has a $-13 spec-
tral response characteristic is mounted at the
exit slit. The photomultiplier output is fed
into an electrometer amplifier which drives a
strip chart recorder. The overall response of
the system is approximately 1 second. Based on
the relatively slow response of the system, a
5 Ajmin scanning speed was used.

ROTATTONAL TEMPERATURE MEASUREMENTS

300° X to 1000° X TR Experiments
R

Rotational temperature measurements were
made in air at approximately 100° X intervals
from 300° X to 1000° XK. This procedure was per-
formed for three sets of experiments. Two sets
of experiments were performed with a constant gas

number density of 1 X 1016/cm3 and the other with
a constant number density of 5 X 1015/ ecmd. . The
rotational temperature measurements were made from
the 0-0 band first negative system of nitrogen.
Typical spectral traces are shown in Figure 8.

The procedure for the rotational temperature
measurenment is to measure the peak value of a
rotational line and enter this value into equa-

tion (24) for Igrgy- It 1s necessary at this

point to make an estimate of the rotational tem-
perature by noting the rotational line at which
maximm intensity is recorded. With the aid of

this estimate, a value for (G](V/vo)l* is

determined from table 1. This procedure is
repeated for each rotational line. The next

step is to plot each point, for strong lines, on
a graph (e.g., Fig. 9), then by least squares fit
determine the best straight line. From the slope
of the curve a rotational temperature may be
determined. If this value does not agree with
the estimated value, the process is repeated with
another temperature estimate and this process is
repeated until the estimated and calculated tem~
peratures fall within the smallest temperature

€] (v/vo)h} values.

The entire procedure is repeated for the weak
line system of the band. The final measured
rotational temperature is determined from a
welighted mean average of the values obtained
from the strong and weak line systems.

division of the table of

Results of these tests are given in Figure 10
as a plot of the percent difference between
welghted mean value of the rotational tempera-
tures and the reference temperature versus the gas

reference temperature. The gas reference tempera-
ture is the mean value wall temperature of the
chamber corrected in accordance with Figure 4.
There are two distinct groups of data, each corre-
sponding to measurements made at different gas
number densities. Two other points should be
noted also. The first is the general trend of
the data indicating a change in the percent dif-
ference between the measured value and reference
temperatures with increasing gas temperature.

The second is that the measured rotational tem~
perature is high at ambient temperature and the
difference increased with an increase in gas num-
ber density. This result indicated that the
measured rotational temperature was dependent on
gas number density.

Tgr Gas Number Density Dependence

In several cases inves“l;:‘Lga:{:orsl’4 have
pointed out that TR measurements made in a
static gas were higher than the reference tempera-
ture and appeared to be a function of gas number
density. Because of these observations and
results given above, tests were conducted to
determine Tp dependence on the gas number den-

sity. All tests were conducted at ambient tem-
perature which ranged from 287° K to 303° X with
an average of 291° K. The measured TR was com-

pared with the corresponding ambient temperature
for that particular test. The results are shown
in Figure 11. An analysis of the results pro-
vided the empirical equation

15.7
AT = loglo(n ) (25)

o

where AT is the increase in gas temperature at
the point of observation due to the number den-
sity, mn, dependence and ng is the reference
gas number density arbitrarily selected as

3 X lOll*/cm5 since the results appear to converge
to this value. The number density n is limited

to the range, 3 X lO:m/cz:\5 <nS 3 X 1016/cm5.

It is assumed, based on experimental obser-
vations, that this increase in temperature is a.
function of number density only and is independ-
ent of gas temperature. Therefore, as the gas
temperature increases the change in Ty due to

number density would become relatively small.

Tt is also assumed that equation (25) is
applicable only to the physical conditions of the
tests reported here. That is, beam current, beam
potential, and the distance of the observation
point from the exit aperture of the electron gun.
All observations were made at a point 30 cm from
the gun exit aperture, beam current of 1100 pa,
and beam potential, 28.5 Kv. It is important to
note these conditions because of beam spreading.
The greater the distance from the aperture the
greater will be beam spreading for a given gas



number density. If the gas heating should be
dependent on the beam electron current density,
then spreading will be an important factor. It
should be pointed out that changing the heam cur-
rent by a factor of 2 did not change the measured
Tp within experimental accuracy. Also, the tem-

perature of the gas at the point of obgervation
will be a function of a temperature gradient,
therefore beam spreading again may be a factor
since it could alter the gradient. In any case,
until the exact molecular heating mechanism or
process 1s determined, tests should be conducted
for each test configuration. It is important to
determine the molecular heating mechanism to
determine conclusively the effects on temperature
measurements in a flowing gas.

Results

Corrections in accordance with equation (25)
were gpplied to the measured rotational tempera-
tures. The corrected results are shown in Fig-
ure 12 which is a plot similar to Figure 10. The
resultant scatter of data has been reduced from
+10 percent to -k percent, in Figure 10, to
+2 percent to -6 percent, in Figure 12. Also the
data are approximately grouped about a common
curve. There still exists a slight difference in
the data for the two different densities. This
can be attributed to the inaccuracy of equa-
tion (25) due to experimental uncertainty associ-
ated with its derivation. The corrected results
still indicate a slightly Increasing difference
between gas temperature and the measured rota-

" tional temperature. An analysis of eguation (24)
does not reveal any apparent sources of this dif-
ference. There are two possible causes. The
first to be considered is possible experimental
error. But careful analyses have been made for
all the experimental apparatus and reasonable
confidence has been established. The second pos=-
sible source is in the formulation of the theory
leading to equation (24). The excitation-
transition process is complex and no direct
account has been made for the effects of second-
ary electron excitation. Also the explicit
assumption has been made that the rotational
levels of the ground molecular state, NQXIZE

are in thermal equilibrium. But, since a temper~
ature difference does exist between the refer-
ence gas temperature and the measured value, then
there will exist a population distribution of the
rotational levels at the point of observation

which is at least slightly non-Boltzmamm.? A
slight deviation from a non-Boltzmann distribu-
tion would not be detected within the obtainable
experimental precision, but would affect the
measured rotational temperature value.

Precision

A relative precision of *5 percent was esti-
mated for these measurements. The factors
affecting the relative precision of the measure-
ments were the uncertainties in gas number

density, reference temperature, and the tempera-
ture values obtained from the graphic solutions.
A value of %2 percent was calculated for the
effects of density and reference temperature and
13 percent was estimated for the uncertainty of
the measured temperature based on standard error
values obtained from a large number of independ-
ent measurements.

CONCLUSIONS

Rotational temperature measurements per-
formed in a static gas were found to be a func-
tion of the gas number density. An empirical
equation relating the difference between the
measured rotational tempersture and a reference
gas temperature to the gas number density was
developed from experimental data. The equation
was assumed to be applicable only to the physical
conditions of the experiments reported here.
Also, it will be necessary to determine the exact
heating mechanism in order to evaluate this
effect in a flowing gas environment such as a
wind tunnel.

The results of this work indicated a minimum
accuracy agreement with theory of +8 percent %o
-4 percent for rotational temperature measure-
ments in a static gas over the 300° X to 1000° X
range. Application of the corrections for the
gas nuwber density dependence of the measured
temperatures resulted in a minimum accuracy
agreement of O percent to ~6 percent. Therefore,
the experiments that were conducted and reported
here indicate that the theory developed by Muntz
for the electron beam technique for measuring gas
rotational temperatures is reasonably accurate
over a 300° K to 1000° K range.

NOMENCLATURE
(a) defined by equation (18)
A transition probability for emission

between states n and n

transition probability for emission
between vibrational energy
states v’ and vlé

AV'v§

transition probability for emission
between rotational energy
states K' and KJ

Aprgr ,ngg

By rotational constant related to the
vibrational level V{ =0

Bv., rotational constant related to the
1 vibrational level vi
Bgz.u*' represents the electronic wave func-

tion for N"‘BEZ"'
27 u

excitation function which deseribes
the electron~molecular excitation
process
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Jr,J"

K
K"

K"

ratio of the excitation function to
depopulation rate of N"g‘Bez.; state

speed of light

dyadic, function of Euler angles

characteristic energy of Ky rota-
tional energy level

characteristic energy of vi' vibra-

tional energy level
electron charge
primary electron
secondary electron

rotational term!

defined by equation (23)

vibrational term!

Planck’s constant

intensity of emission for trangi-
tions between n and m states

intensity of emission for transi~-
tions between X' and X" rota~
tional energy levels

reference intensity of emission

intensity of emission for transi-
tions between v' and v2! vibra-

tional energy levels 2

quantum number of the total angular
momentum

quantum number of rotational energy
level of NiB2sh

quantum number of rotational energy
g
level of NoX“Zg

quantum number of rotational energy
Dt
level of NiXerk

Boltzmann's constant

quantum number of a component of
total angular momentum

number density population of
state n

steady-state number density popula-
tion of Npxlmf

Gy'v"

R®
ij

steady-state number density popula-
tion of a rotational energy level

K' of NEBQZ":

steady-state number density popula-
tion of a rotational energy level

1yt
K" of NIz}

steady-state number density popula-
tion of a vibrational energy level

v' of Nngz;

steady-state number density popula-
tion of a vibrational energy level

Ot
vi of NEBPry
neutral nitrogen

ionized nitrogen

gas number density

reference gas number density

excited ion state of NE

ground state of Np

ground state of NZ

relative rotational line strength
for excitation

relative rotational line strength
for excitation, R Dbranch and
P branch, respectively

relative rotational line strength
for emission

relative rotational line strength .
for emission, R branch and
P ‘branch, respectively

band strength
rotational partition function

vibrational partition function

momentum transfer term

Franck-Condon factor

electronic transition moment for
electronic states 1 and

position vector of ith orbital
electron
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nuclei separation

position vector of primary elec-
tron with respect to point of
observation

distance between primary and second-
ary electrons

distance between primary and ith
orbital electrons

position vector of secondary elec-
tron with respect to point of
observation

position vector of secondary elec-
tron with respect to molecular
axis

HOnl-London factor

rotational temperature
vibrational temperature

vibrational energy state of 1\I+2]322:T1

vibrational energy states of I\IEBQZ{
vibrational energy state of NQX]-Z‘.;

vibrational energy state of N’é‘x2zg

a constant of AV'K',VEKE

represents the electronic wavefunc-
tion for NoX's}

constants defined in the text

Euler angles

quantum number of the resulbtant
electronic orbital angular
momentum

wave number of nm transition

angular characteristics of an orbi-
tal electron of NEX]-Z;

electronic state wave function

v evIAM molecular wave function

WJAM rotational state wave funetion
Yy vibrational state wave function
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Figure 1.~ Partial energy level diagram of nitrogen.
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