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PREFACE

This final report documents an experimental study to elicit the infrared
properties of HZO s COZ or NH3 molecules that have been in a single high-
energy collision with NZ or O. The research program was undertaken by
Calspan Corporation, Buffalo, New York, under Contract No. F04611-72-C-
0035 for the Air Force Rocket Propulsion Laboratory, Director of Science
and Technology, Air Force Systems Command, Edwards Air Force Base,
California 93523. This program was sponsored by the Advanced Research
Projects Agency; Col. Paul Baker, Director, ARPA Plume Physics Program,
and monitored by the Air Force Rocket Propulsion Laboratory; Capt. J. R. Nunn

and Dr. Lawrence Quinn, technical monitors.

The overall program was divided into three main tasks. The purpose
of Task A was to measure the spectral infrared radiation induced by high-speed
collisions between rocket exhaust products and atmospheric species. The
purpose of Task B was to relate the pure-rotational spectra cbtained in Task A
to the tocal plume raciant intensity, determine collisional cross sections for
rotational excitation, and extrapolate the results to higher velocities. The
purpofre of Task C was to measure SWIR spectral radiances and other

suppc rting diagnostic characteristics of rocket plumes in a high-altitude test

facility.,

A detoiled discussion of each task is presented in two separate reports.
This report {AWRPL-TR-74- 3C) “uscribes the results of Tasks A and B.
A repert (AFRPL-TR-74-31) tc be issued later will describe the results of
Task C.

The authors wish to acknowledge tae assistance of Miss Marcia Williams

in the analysis of the rotational spectrum.
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~at sufficiently low density that the effect of single collisions could be observed.\

1. INTRODUCTION

The experiment that is described here wa.s demgned to elicit the
infrared radiative properties of molecules of HZO CO or NH3 that have
been involved in a single high- energy collision with N2 » O, or Argon. A
pressure-driven reflected-shock tunnel was used to produce N, molecules

at a velocity of 5.8 Km/sec, O atoms at 4.3 Km/sec, argon at 5.4 Km/ sec

A liquid nitrogen cooled flat plate, containing the HZO CO2 or NH3 in-
jector and a Ge:Hg infrared detector, was aligned with the flow in the test
section. A second flat plate, also cooled with liquid nitrogen, was placed

parallel to the first plate and served as a cooled background for the detector.

For the expermental arrangement just described, the energy trans-
ferred to rotational excitation of the target molecule is close to the maximum
for this type of collision. Viewed in the center-of-mass coordinate system,
such a collision results in both particles emerging frcm the interaction zone
with little residual velocity. In the laboraiory system both particles, and in
particular the excited target molecule, move with a velocity close to that of
the center of mass. Since the initial velocity of the target molecule is an
nrder of magnitude smaller than the approaching N, molecule, O atom or
Argon, the center-of-mass velocity is approximately aiigned with the velocity
of the Nz » O or Argon stream. Thus the excited target molecules travel

downstream nearly parallel to the direction of the bombarding stream.

One can take advantage of this special feature of these collisions to
design an experiment in which excited states'are generaced at cne stream-
wise location and the associated radiation intensity viewed by an infrared
detector at a location farther downstream. The design limitations, then,
are related to the lifetime of the excited state as compavred with the transit
time to (and through) the field of view of the detector, and to the probability
of collizional deexcitation.

In Section 2, the experimental apparatus and diagnostic techaiques
used to obtain these resulis are described. Section 3 discusses the daia

reduction procedure used to convest the detector output to the appropriate

H”;ﬂ TRL



' A
~= values of the ratio of cross section for collisional excitation to the lifetime |
~ of the participating excited state ( 0x /7 ) and Section 4 discusses the .

theoretical calculations utilized to go from values of ( 0% /7 ) to values

for the excitation cross section 0x . ‘Section 5 presents the experiraental ‘
data ff)r the interaction of N2 -HZO, NZ; -COZ, Nz'-NI-I. s O-HZO. and Ar-Hng'.’*‘-"‘
The Appendix provides some semi-empirical formulae which permii correla-

tion of vibrational relaxation data and collisional excitation cross s :tions, »“"':’;;"‘"~"‘<
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2. EXPERIMENTAL APPARATUS AND TECHNIQUE

2.1 Shock=Tunnel Measurements

The shock-tunnel used in this work utilizes a 3-inch internal diameter
by 42 feet long pressure-driven shock tube as its gas supply. For these
nitrogen experiments the driver gas was hydrogen at 10,000 psi and 670°K,

and the driven gas initial pressure was 30 torr and room temperature. For

- the oxygen experiments the driver gas was helium at 12,000 psi and 670°K,

and the driven gas initial pressure was 30 torr and room temperature. For
the argen experiments the driver gas was hydrogen at 12,000 psi and 670°K,

and the driven gas initial pressure was 30 torr and room temperature,

Flow is initiated by rupturing the double diaphragms which initially
separate the driver and driven gases. The tunnel is of a two~stage design.
The initial two-dimensional expansion allows the flow to expand to a nominal
Mach number of 3.5. This flow is then turned through 19° by a Prandtl-
Meyer expansion on a flat plate, the center portion of this flow being collected
by the entrance stage of a conical nozzle. The final diameter of the nozzle is
six feet and a twenty feet long constant diameter dump tank is attached to the
nozzle at this diarneter. The flat-plate model used in this work is shown in

Figure 1 and was located just downstream of the nozzle exit plane.

Because of the high-enthalpy conditions of interest in this study, it
was known that the available test time would be relatively small. It was felt
to be essential to the success of the study that the d° -~ .on and uniformity
of the test-gas flow be determined experimentally. efore, several
diagnostic experiments were performed for the shock-tube flow and for the

nozzle flow in order to define the parametars of interest.

Shock-tube measurements were performed in order to establish the

shock-wave diagram (distance-tirne) for the high-enthalpy conditions. An

.unfiltered 1P28 photomultiplier tube was used to monitor the incident-shock

radiation intensity. Six photodiodes were used to monitor the reflecied-shock
radiation ‘atensity in the wavelength range 0.36 to 1.1 microns. One of the

diodes was located in the end wall so as to view the radiation intensity parallel
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to the shock-tube axis. The remaining photodiodes were located in the side

wall 8o as to view the reflected-shock processed gas normal to the tube axis o
at 0.62, 1,12, 1.62, 3.83 and 4.88 inches from the end wall. A flush-mounted =

pressure transduvcer was located in the end wall in order to measure the

reflected-shock pressure history. The data obtained from these detectors :
‘made it possible to construct the appropriate shock-wave diagrams and \' i

ascertain th. uniformity and duration of the reflected-shock test siug.

Figures 2 and 3 illustratc the characteristics of the oscilloscope
records obtained using nitrogen as the test gas at a reflected-shock
reservoir condition of 8600°K at 85 atm pressure. The corresponding
value of the maximum velocity to which the test gas could be expanded
(1/-27{;:;:;:;;) was about 6. 5 x 107 cm/ sec. However, at this test con-
dition, the welocity realized in the test section was calculated to be
5.8 x 105 cm/sec (this value has been confirmed experimentally as will be :
described later in this section), reduced from 6.5 x 105 cm/sec, because
of the energy frozen in dissociaiion oi 13 per cent of the nitrogen molecules :
at the test location. Figure 2(a) illustrates the uniformity and duration of
the incident-shock radiation intensity measured upstream of the end wall,
Figure 2(b), is the reflected-shock pressure measured at the end wall, and
Figure 2(c) is the radiation intensity measured after shock reflection look~
ing from the end wall, Figure 3(a) through (d) are the radiation-intensity
histories measured after shock reflection looking normal to the tube :xis
at 0,62, 1,12, 1,62 and 4. 9 inches from the end wall, The data presented
in Figures 2 and 3 are used to construct the wave diagram shown in

Figure 4. The reflected-shock test time can be seen to be on the order of

100 usec for this condition,

Experiments were also performed at shock-tube conditions that !
resulted in somewhat lower test-section particle velocities but increased |
test time. This test condition will be used to study the influence of N2 :
velocity on the infrared radiation observed from the excited target mole- :
cules, The shock-wave diagram obtained for this condition, which resulied |

in a test-section velocity calculated to be 5.2 x 105 ¢m/sec, is gshown in
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REFLECTED-SHOCK MEASUREMENTS IN NiTROGEN

Figure 3
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Figure 5. It is of interest to compare these results with those of Figure 4
and note the reduction in reflected-shock test time with increasing ‘

reservoir~enthalpy level,

The transient starting processl’ 2 of the nozzle is an important
consideration because of the potential influence on the available test time,
Therefore, measurements necessary for the determination of the starting
process were obtained using nitrogen as the test gas. As part of this
work, the test-gas particle velocity as well as the duration and uniformity
of the flow were obtaired in the test section at the flat-plate location. The
diagnostic tools used in this work were thin-wire Langmuir probes and
piezoelectric pressure transducers. The wire probes were 0, 004 in,
diameter by £, 400 in, in length and were aligned with the flow direction,
Two of these probes were biased at +1 volt so as to collect electrons. By
piacing the probes a known axial distance apart and by assuming the plasma
to be neutral, the particle velocity could be determined by observing the
smali fluctuations in test-flow electron density, The nonuniformities in
the electron-density history, observed at both axial stations, can be readily
used to estimate the particle velocity., These data were recorded on
oscilloscopes at sweep rates such that the velocity could be determined

within the necessary accuracy,

A third electrostatic probe was placed in the test flow and the
voltage applied to this probe was swept from -5 to +2 volts during the test
flow so that the electron density and electron temperature could be deter-
mined, Figures 6 and 7 illustrate the oscilloscope records from which the
electron-density and electron-temperature results were deduced using the
free-molecular flow theory of Laframboise. 3 The probe output was
recordad on two oscilloscopes so that the ion-current region could be
geparzted, and recorded on a more sensitive scale, from the electron~
retarding and electron-current regions of the probe characteristic. 7The
electron temperature was found to be approximately 1300°K reflecting a
nitrogen vibrational temperature of the same order a3z compared with a

calculated heavy-particle temperature of approximately 230°K. The
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electron density deduced from the ion-current region of the probe charac~

o . 3 -
teristic was 3x 16" ¢ /cm™ compared with 1.8 x 107 e /cm3 obtained
from the electron-current region. This agreement between the clectron-

density values obtained from these two portions of the probe characteristic

is satisfactory for the purpose of ascertaining .i& appropriate expansion
parameters, Additional experiments were conducted for which better
agreement was achieved between the electron density determined from

these two portions of the current-voltage characteristic,

In addition to the Langmuir-probe measurements, the pitot pres-
sure was measured using flush~-diaphragm piezoelectric transducers in
order to provide for a check on the gas density, since the pitot pressure
is proportional to pwz » and the spanwise flow uniformity. Since the
particle velocity was known from the Langmuir-probe measurements and
confirmed by nonequilibrium-flow calculations and since the specific heat
ratio could be calculated, the gas density was easily determined within the
necessary accuracy. The gas density determined in this manner was then
compared with the results of an inviscid-flow calculation in order to
determine the appropriate expansion area ratio for our experimental con-
ditions. To provide a check on this determination, the calculated electron
density at the area ratio determined from the pitot-pressure measurements
was compared with the measured electron density and found to be in good

agreement,

Both the electrostatic-probe and the pitot-pressure measurements
indicated that approximately ten to fifteen percent of the available test time
wag consumed in the starting process. It was thus concluded that the
transient starting process of the nozzle would not adversely influence the
available test time at these high-enthalpy conditicns: Further, the eleciron
density as a function of time was found to have oanly minor fluctuations in

the test flow gsuggesting good test-flow uniformity.

2.2 Detector a. 4 Filter Calibration

The infrared detector used in these experiments wag a liquid helium

cooled mercury doped germaniwm detector. As illustrated in Figure 8, the

13
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field of view of the detector was terminated at the opposite wall of the
model by a surface-gilvered spherical mirror whose center of curvature
was app:roxirnatelyVcoincident with the detector chip, The purpose of this
mirror was to minimize diffused reflection of radiation into the detector,
which could have occurred since the I.JN‘2 -cooled model was suspended in

a vacuum tank at room temperature. Provided the surface of the mirror
did not frost, the only background radiation that could enter the detector,
in principle, had to come from the surface of the mirror, The mirror was
backed by a pad of copper mesh to keep it in good thermal contact with the
LN2 -cooled model,

l

For these experiments the radiation intensity was observed in the
region from 2. 5 to 14, O p using eight diffevent filters. The half-power
points for each of these filters are: (1) 2.5 to 3.1 um, (2) 4.28 -4, 34um,
(3) 5. 7to 7. 5um, (4) 8.3to G.2pm, (5) 8,3 to 14, Oum, (6) 9.1 to 10. 3 pm,
(7) 10.6 to 11, 6 pm and (8) 11.1 to 14, Oum. The field of view of the
detector is 30° and a 2 mm thick Irtran 2 window, cooled to liquid nitrogen
temperature, separates the detector shroud from the test flow, For each
experiment, oune of the eight previously mentioned filters, cooled to near
liquid helium temperature, 1s placed between the detector and the Irtran 2
window in the field of view, It was therefore necessary to perform cali-
bration experiments for each of the filters by employing a known input
radiant flux of the same order as expected in the experiment, This input
signal was provided by a platinum wire, 0, 0001 inch in diameter by 0, 100
inch in length, placed in the FOV and electrically heated to provide the
necessary radiant flux, By measuring the wire resistance and knowing the
spectral emissivity‘1x of platinum as a function of temperature, it was pos-
sible to calculate the radiant flux emitted by the wire over each bandwidth

using the equations presented above.

In order to compute the appropriate area of the radiating surface it
was important to review the calibrating system in detail. If the system
were perfectly aligned the Lot wire would cast its shadow across the center
of the detector, in the radiation reflected from the mirror., If imperfectly
aligned, that shadow could miss the detector completely anc there would
be no loss, The maximum possible loss caused by the shadow is very

gmall, since the wire diameter, ¢ , was 0,000l inch., Considering the
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‘radiation from a point on the surface of the virtual image, noting that
wire length, L
width, & , of the shadow is given by

S _ R+e¥’ (1)

d §+4
Now, since AR =2f , where f _is the focal length, and 77 = 72’~—_;§,’—;,
Eq. (1) can be written

R l
LR il o
d 1’3
2 (1-%)

The approximate values were

R = 5-1/2 inches
¥ = 1/2 inch

& %
L. - 5%
d

The detector aperture is square with
D = 0.25cm

The wire diameter is
d = 0,0001 inch

Thus the maximum fractional loss of radiation from the image was

,.; 0w *x 2.5¢ .
-6-‘-92— = -§-- — -—I-l- X = 5.6 X 10 3
o D 2 0.25

Since the radiation from the wire and its image are roughly equal at the

detector, the correction {o= the shadow effect is about (1/4)% and was,
therefore, neglected.

16

» is an order smaller than the other dimensions, the

(4)
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The power radiated into the detector from the hot wire and its

image is readily obtained in terms of the radiance of the surface, Ny .

Assuming the wire to be a Lambertian surface (which is probably not quite

accurate beyond 50° from the normal) the power radiated into the detector

in the wavelength interval A A is given by

BAN = LdN, ANA [(R-2)"+(R+4) "]
(5)
2LdN,aNA
RZ

o Ia'\ AA =

2
where terms of order -—‘é—a- have been neglected.
Now

1
N'\AI\ = -'I?GAI)\A)\

where €, 1is the spectral emissivity of pla,tinum4 at wavelength A ,

and I, 1is the biackbody spactral radiant emittance given5 by

I, - & o1
&
)\ e Co/ AT 3 (6)

where T is the wire temperature (°K) and

2

C, 3, 714 x 104 watts ,u4 cm’

[}

¢, = L438x10% K

4]

Combining Eqgs, (5) and (6),

2Lbd Ay ¢ AA
AN = e 6 b T (7

Figures 9-11 illustrate the detector output in rillivolts measured

as a function of average photon flux for the 2, 5to 3. 1y, 6.3 to 9. 2 pm,

17
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and 8. 3 to 14um filters. The calibration results are representative of
the remaining filters and all were found to be linear with relatively small

deviations occurring at the low signal levels.

Figure 12 is typical of the calibration data cbtained as part of this
study. These particular results are for the 8, 3 to 9. 2 um filier.
Figure 12(a) is the detector output signal obtained with the platinum wire
at 77°K and the remaining background also at 77°K. Figure 12(b) is the
signal received for a wire temperature of 590°K (photon flux of 2.1 x 109
photons/sec) and Figure 12(c) is a corresponding oscilloscope data record
for a wire temperature of 736°K (photon flux of 2. 9 x 109 photons/sec).
The radiant flux recorded is shown to remain nearly constant for at least
15 millisec. indicating that conduction cooling does not significantly
influence the calibration results, For a given wire resistance (or temper-
ature) the calibration results were independent of whether the wire was

being heated or cooled.

2.3 Measurement of Injected-Gas Flow Rates

The number of target molecules, n, , entering the path of the
incident stream and the velocity, v, , of these target molecules must be
known in order to deduce values of ¢7% /7 from the experimental results.
Section 3 provides a complete description of the data reduction procedure
and the importance of t} ;se parameters can be found in that section, The
purpose of this discussion is to describe the experimental techniques used

| to obtain the values appropriate to these experiments.

In order to determine the I—IZO s CO2 or NI—I3 particle density and
time history, an ionizer built in the form of a cube was placed flush with
the plate surface at the outlet of the injector, The opening into the ionizer
was just slightly larger in diameter than the injector outlet. A beam of
80 e, v, electrons was established in the ionizer and the injector was
operated. This permitted the target gas to flow and the collected ion and
electron currents were monitored on an oscilloscope. Figure 13 ig typical
of the results obtained for HZO » COZ . and NH3 injection, The time at

which the Nz arrives at the injector location for the 5.8 Km/sec

2]
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experiments is shown on these data records. For the lower velocity

experiments the arrival of incident stream particles will occur at a later time.

In order to convert the measured ion current to particle density, the ionizer was

gt

oo e s
R X

filled with a known density of air molecules and the current measured. Knowing

s 7

the ionization cross sections as a function of electron energy for all of

the species involved, the HZO s CO2 and NH3 particle deunsities were ,&?
determined at the location (a+.1) where (a) is the distance between the {.
x-axis and the plate surface and (.l) is the ionizer length. The inverse #
square law can ‘hen be used to determine the particle density a. the plate t: ;
surface using a straightforward calculation, %‘:
2

The velocity of the target molecules, ¥, , was calculated from h

the expression v, = -%72:—, a, where a, is the speed of sound in the é |
injector reservoir. In order to ascertain a, it was necessary to measure : B

the temperature of the gas in the injector when the plates were cooled to

AL

liquid nitrogen temperature. To make this measurement, a platinum wire

R

0. 000! inch in diameter by 0, 10 inch in length was supported between two

7
=ed]

needles and placed in the injector chamber, The temperature coefficient

o
£ps

s

of resistivity of platinum is well known but was independently checked

n

ST

{from room temperature to 77°K), By reasuring the wire resistance at
room temperature and after the plates had reached a steady-state tempera-
ture, it was possible to infer the injector gas temperature and thus do .
The temperature of HZO vapor was found to be 343°K (higher than either

the CO2 or NH3 vapor temperature because hot water was circulated

oy
% B e

£

through the injector jacket for the HZO experiments but not for the CO2

G o

. 'gé':t L3

or NH3 experiments), the temperature of the COZ vapor was found to be

S

217°K and for the NH3 vapor the measured temperature was 215°K, The

e

appropriate values of the specific heat ratio were taken from Ref, 8 for
HZO and COz and from Ref, 9 for NH

.
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3
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3. ELEMENTARY THEORY OF THE INFRARED MEASUREMENTE -

The theory of the infrared measurements reported here is based on
the approximation that the excited target molecules, whose radiation was
observed, traveled from their point of excitation parallel to the x-axis at
the center-of-mass velocity, Vg . It is assumed that the lifetime, 7 ,
of any participating state is long compared with the transit time to, and
through, the field of view. A cross section, 0 , is assigned to each

excitation of interest,

The schematic of the experiment is shown in Figure 1, The x-axis
lies a digtance (a ) below the surface of the lower plate, and passes through o
the effective origin of the target-gas stream and through the apex of the

field of view, both of which are conical with the same apex angle, & .

The target stream is attenuated by collisions with the high-speed

NZ’

plate. These collisions are primarily elastic, involving the normal gas- i

O or Ar stream, and essentially vanishes before reaching the upper

dynamic cross section, 08 . It is tacitly assumed that the cross sections '
for exciting the states of interest in these experiments, 0% , are at :
least an order of magnitude smaller than the gas-dynamic cross section.

Thus the production of excited states does not affect the distribution of

target molecules,

The number of target moleculea entering the slice of the cone :
between Y and ‘}‘“’L‘j is ¥, (Lj) per second. The probability that a
target molecule will suffer an elastic collision in crogsing o y is obtaired '

by considering the distance it travels through the high-speed N2 stream,

Lo Tn s e S S b S o Db B e Al
o e, Tk AT .

which, taking the relative velocity to be approximately that of the Nz

stream, VvV, , is
v

n o, — ol,«é
! va

where the density of N?. molecules, n, , is takeu to be constant. This

was approximately true because it was a condition of the experiment that

25




the target stream should not create a shock in the incident Nz , and con~
sequently the probability of collision for an N2 molecule was kept low,

having a maximum at the lower plate of about 1/4.

The loss of target molecules in c!.(# ig thus given by
v, o
SAV P = o s Yl dy

and since collisions start at y = a , the total target flux is obtained by

4

integrating from y =a,

o

"

! 4
L ST
;lfa(Lj) v, /.

a.

e

-4/
¥, (@) = g @ e e ¥

where

SR

TR T A

v
N = =N (9)

The molecules which undergo elastic collisions, upon striking

either plate, will essentially be removed for the duration of the experiment
either by freezing or by becoming accommodated to the wall temperature,
approximately 77°K. Those which undergo collisions resulting in excita-
tions of interest in these experiments will travel from their point of
excitation, parallel to the x-axis, and pass through the field of view of the
detector at the same height, 4 above the lower plate. The probability
of radiating in the field of view is proportional to the time of flight through
the core and therefore depends on the coordinate 3 as shown in Figure
14, Thus it ig necessary to calculate the flux of excited states as a func~
tion of both Y and 2 .

Writing ¢*_ ( 4, 1) for the flux of excited molecules passing

through a plane normal to the x-axis between the target-stream cone and
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the field of view, the production of excited molecules can be related to
d>* (t; ' 3 ). Since the density, n, , of Nz has been assumed constant,
the distribution of target molecules is uniform over the section of the first
cone at any height y . (Strictly speaking this should be over the
spherical cap at constant distance from the apex, but the angle & will

be assumed small enough to justify the above approximation. )

Thus the number of excited molecules produced per second in a
small element, d¥ d-L} d.} » of the target cone is the product of two terms,
namely the probability of excitation in traversing d y (which is just the
probability of collision with ¢ replaced by the excitation cross section,

0% ) and the flux of target molecules through dz dg . This product is

_ v, ) dz d% CL}
n,og 7)’2 w?‘%) Tr(ja Wa (9/2)

The flux emanating from the prism, shown in Figure 14, in the

target cone is thus

_ v Y, (y) dy di 2 z T
6(4.3)dydz = n 0% v, T 4 tn® (872) ai/g tn " (f/2) - 3®

(10

Each guch excited molecule is exposed to the field of view of the ,

. 2 0 3
detector for a distance of ’t/lja tam® (672) - ,}a at the center-of-mass p

velocity, Vg . Thus the probability of radiating in the field of view is 3

Yy? tan® (072) - 32

where the lifetime, 7 , is such that this probability is << 1,

Hence the total radiation emanating from the corresponding prism

in the field of view is

2n 0 Uy ¥, (‘#‘\'
TV, T Y, y? tam® (6/2)

ow =

[%a tan® (6/2)-}1 01.11 ol.} o
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The fraction of the radiation which actually enters the detector

~area, A d s is
Ay
4T %2
where again the approximation that the distance to the apex is t} has

been made,
Hence the total photon flux into the detector is given by

+ y ton (02)
/f Ay n 0% v, ¥, ()
2 F T v, y* tam® (6/2)

a o

[#a tan® (8/2) - 32] didy

Ay n. 03 v, * tan’(82)  tan’(6/2)
/3&@(3) - oL%
4 3y

T ont U, T v, tan?®(6/2)
@

4
Aygn, 0 v )
==t L e (9/2)/ Ly, (12)
noV T, . Y
a.
. . . . e . @
It is consistent to make the approximation that tan > = T and
since 1, (ta() = 0 for %é A , Eq. (12) can be written

—
=

-]

2R, 6 n, v, (a-;) B /A7) d

3miv, v, \7 Y ¢
w

where the dependence of the number of photons per second, w . on the

ratio 0% /7T is shown explicitly,

Substituting from Eq. (8) for

second entering the detector is given by

v, (‘é) » the number of photons per

£ (14)

2B, &n, v ;o0 am % -
d 1 Yy * ) 1 q
3wl v, v, (,L,);Va(a)c. [ y ¢ d"}




Putting { =y / n + Eq (14) can be written in terms of a tabulated
-integral

-t :
1
— e d (15)

a‘hz

-
=

2Ry B n, v, (0%
ons a)e

3n®v, v, (‘f)%( ‘
&/p"

The total flux of target molecules at the surface of the lower plate, ¥, (&) ,

PREIEC ARG

P e

can be expressed in terms of the probability, P , that an Nz molecule

will collide with a target molecule in traversing the maximum path length

(diameter) in the target stream at ys=a . Writing n, (q,) for the den-
sity of target molecules, to an approximation consistent with Eq. (15),

okt

e B LA

el

$2

can be expressed as

NS

% = 2a tam (8/2) n,(a) : (16)

R

TR

And since

TR T

2 2
¥, @) = Ta tlam (6/2) v, n,(a)

I
oA I Ak

£

this becomes

A e S o

ey

gy

oYy Py
Y, (@) = “E“"(E'—:)W(e/a)

ot

LA

Calt

Finally, to the sane approximation as Eq. (15), the total number of

photons per second entering the detector is given by

Ry B%n,v,a s p (0"‘* a/n
LA Y . & d 1
bT v, W’é) v ¢ § (19)

which, when multiplied by the enexrgy per photon becomes the wattage into
the detector attributable to the excitation corresponding to @3 .
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2.75 % 10'% cm™

1,86 x 1014
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0.31 x 1013
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-2
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The integral in Eq, (19) is plotted in Figur:> 15,

The values pertaining to the actual experiments are given below,

for 5, 8 Km/sec Nz stream

for 4.3 Km/sec QO stream

for 5.4 Km/sec Argon stream

cm~3 (for I-IZO)

em”™ (for co,)

(for NH3)

(for HZ 0)

2)
{for NI—I3)

5.8 % 10° cm/sec (for N, -H,0, N, -CO,, and N

4.3 x 10° cm/sec (for O -1

«
5.4 x 10 cm/sec (for Ar~ H

1,13 x 10° em/sec (for H,0)

20)

20)

2

5.4 x 10% cm/sec (for CO,)

9,43 x 10% ¢m/sec {for NH

3.53 x 10° cm/sec (for N

3)

2~ H,0)

2.26 x 10° cm/sec {for N, - CO,)

3,61 x10° cm/sec (for N, - NH

3}

2.02 x 105 cm/ sec {(for O-HZO)

3.70 x 195 cm/sec (for Ar-H

20)

3C°® or 0.524 radians
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- NH

3)

3
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15

0, = 3.22x10 for N,-H,0
= 4.54x10""° for N,-CO,
= L7x 107 for N,-NH,
= 2.7x 107" for 0-H,0
= 2.5x 107" for Ar-H,0

With these values, Eq., (19) can ke used tc cxpress the experimental
capability of measuring 0x /7T in terms of the resclution of the
detector,

3.842 x 10-26 (w) (for N2 -HZO)

h

/T

I

4.036 x 10°%° () (for N, - CO,)

2

2.710 x 10°2% () (for N

I

- NH

2 - NH;)

= 2.012x 10°%% (4} (for O-H,O

2

n

3.640 x 10-2’6 (a) (for Ar -H,0)
where w is in photons sec-1 .

The possibility of multiple colligions, which result in deexcitation
of excited molecules, was a design considératiofx. This consideration
leads to one of the design problems of the experiment which concerned the
spacing of the target source and the detector. When operating with H,0
the source ig water-jacketed at 100°F whereas the detector is at about
5°K and shielded at about 77°K. Therefore, adequate separation is neces-~
sary for thermal isolation, Also, in the flow between the plates, the cones
of the target stream and of the field of view of the detector should not
overlap up to a height beyond which eassentially no excited states are pro-
duced. However, once a target molecule is highly excited, it moves with
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the: N2 stream at a velocity ( v, - ur*‘) and its mean f;'.;ee path in the N2
stream must be sufficient to ensure that collisional deexcitation will not
interfere with the experiment. Thus the cvperiment was designed so that
an excited molecule would have, on the average, about one collision before
entering the detector field of view, The probability of deexcitation in a

single collision is negligibly amalll

The probability of the newly created excited particle undergoing a
collisiony.rith a N2 particle can be estimated on the basis of a typical
gas-dynamic collision cross section, ¢, . In traveling between position

X, where the excited particle is formed to position X, where it would
radiate in the FOV of the detector, the probability of it striking a NZ

particle is given by -

X, - X,

3

(v,-v, ) n @,

The collision between the excited particle and a N2 molecule is a
much lower energy collision than the initial collision between a NZ particle
and a target gas molecule, The distance between the centerline of the
FOV of the target gas, X%, , and the centerline of the FOV of the detector,

X, , was approximately 3. 7 cm for our experiments, Thus if we agsume
a gag-dynamic collision cross section, oF » equal to 10'15 cmz, then
we can then estimate the probability of the excited target molecule under-
going a single collision with a NZ particle in traveling the distance x,- X4

as follows:

7Z - x1 PR 3 n‘l o
For H,0 (ﬁ‘;“') (v, - Uy );—-: = 0,65
- % n
For CO (”z 1) RN = 1,6
2 Uy (%, v,,)%_ x
For NH3 (x?- - % (‘U’, - U, .23. z 0,62
V* o

It thus appears that a negligible fraction of the excited target beam

particles were deexcited prior to entering the FOV of the detector,
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4. METHOD OF DATA ANALYSIS

Analysis of the data to determine the cross section for excitation
has required an unfolding of the collisional excitation and radiative emis~-

-aion.processes. For shoriwave vibrational transitions most of the emission

occurs in a relatively small spectral range, and can be clearly identified
as radiation from a specific excited vibrational state., The cross section
for-excitation of this state can then be determined by multiplying the
experimental value of 0% /7 by the known radiative lifetime for the

transition, In this way the cross section for H,0 (000~010) at 6. 3 pm aad

NH3 (.Y, ) at 10, 7um were determined. For the other transitions, how-
ever, where the ocbserved radiation originates from a broad range of

energy levels, or where only a portion of the band was observed (as with
CO, )s a somewhat more detailed analysis is required. This analysis was
applied to the pure rotational spectrum of water, but has not been com- . i
pleted for the CO2 transgitions. Thus partial cross sections are supplied i

for these excitations.

4,1 General Formulation

The cross section for excitation to the v , R vibrational-

rotational state is taken as

0o = P, P o, . (20)

where P, is a probability of excitation of a given vibrational state
and P, the probability of excitation of a given rotational state. For

excitation to any given vibrational gtate v , the cross section is

P, = a; P (21)

where Pg is normalized so that

L ko= 5
ot (22)
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The intensity of the radiation that is observed immediately after colli~-
sional excitation is proportional to the ratio of the excitation cross section
to the radiative lifetime, as previously discussec. Thus the parameter

that can be measured for any transition 1_ is

A ¢ Twr _ :
G = = T e (23)

where Hi = ""8!— is the Einstein coefficient for spontaneous emission,
and T, is the lifetime for transition 4 , originating from level v R .
Combining Eqs. (21) and (23) for pure vibrational trangitions permits the
simple data reduction discussed above. In general, however, the filters
employed transmit many spectral lines originating from considerably
different energies, so that for each filter the observed radiation is propor-
tional to the sum of all the terms 92‘, (Y) with values of » within the

passband. Then for each filter f

Ox 4

2 = F 8,0 = L (4R,

T %m’ £>”?) (24)
or

0;/ = | : .

= () a%ﬁ@an; 25)

where 4'(?) indicates all the spectral lines 4 pasaed by filter f . In
these comparisons the kinetic cross section, (o , has been taken squal
to 11,5 x 1071¢ cm?, consistent with the value used by Kolb, et al, 10 e
radiative transition probabilities Hi_ have been taken from sources
referenced below, It is the purpose of the experiments to determine valuesg

of P, and Py consistent with these assumptions,

Because of the large number of energy levels to which transitions
can occur compared with the relatively few passbands in which observations
are made, it is necessary to make some assumption about the values of

P

R and P-,, , and then adjust these agsumptions to obtain a consistent
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comparison: with the data. To accomplish this, PR is taken.to depend
only on the ratio of the energy of the rotational state to the center-of~mass 3
energy of the collision. The energy dependence. that is utilized is the T

calculated values obtained by Kolb et al. 10 for an impulsive rigid-rotor

classical model of H,O collisions with sxygen atoms. These values are
ghown in Figure 16, and are applied to the 5.8 Km/aec collision of N2 and i
H,O, where the value of £, is 15,400 cm, or 1,9 ev. With this model

. the probability of excitation into an energy range £ to £ + AE is

‘ equal to EE—A-—E— so that P ( EE ) is normalized by the relation :
!! ] (5 em s !
| f P ( EE ) d ( "E‘) =1, In the present usage the probability of excita-

r o cH (<, ] .

‘ tion into an energy level . is equal to FR; so. that: the normalization

f & MAxX .

; relation is L PR, = 1 , where 4 representa the i't.h' ensrgy level

i L=t &

and A neax 18 the total number of rotational levels considered. Thus

Kolb et al. values are related to those used here by !

where { 1is a single proportionately constant determined from
A Kax

i
} Z , PR& = 1 . (Since the energy levels are distributed with reasonably
t AT
( constant density in the energy range of interest, C is approximately
‘ givenby ( = 7/":H¢x‘)
| 4.2 H,0 Rotation

; 2
The pure rotational spectrum of HZO extends over the entire 8~14um

R

4 infrared region of interest, but the shorter wavelength radiation originates

AR RN S R R

only from transitions between higher energy states, The energies of the

o

K5

ot

' rotational states and the wavelength and intensities of the transitions
' ¥

) which originate from them have been calculatzd by Ma,ki1 a.ad these calcu-~
S latione have been uged in the present data reduction, There are 2J+
5 energy states for each value of the rotational quantum number J , and
" their energies are spread between the limiting curves shown in Figure 17,

These curves can be fit roughly to the form £ = BJ(J +1), where
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Figure 16 TRANSITION PROBABILITIES FOR ROTATIONAL EXCITATION OF

Ha0, CALCULATED BY KOLB ET AL, REF. 10
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B =24 cm-l for the upper curve ( K*a J)and 9.8 cm“1 for the lower
curve (K= J ), Since transitions have AJ = 1 , the wave number of
the radiation that can be expected would vary roughly as ¥ = 28J .
This would imply, for example, that to obtain radiation of 14 pm wave-
length or shorter ( Y = 700 cm_l) would require excitation to energy
levels of J = 16 on the upper curve, or energies 75000 cm-1 .
Detailed inspection of Maki's calculated data show that this is the case, as
illustrated in Figure 13. In this figure, the Einstein A coefficients have
been summ2d for the transitions in the interval 8,32 < A < l4um and the
results plotted for 770 <:rn"1 intervals of the upper energy state. It can be
seen that very little radiation originates from energy levels below about
5600 cm":l . At high energy levels the calculation becomes inaccurate;
above about 13, 000 em™) some of the levels are not included. Fortunately
at these high energies the probability of excitation is small, as shown in
Figure 16, Thus the product of the curves in Figures 16 and 18, which
supplies the radiation term in Eq. (21), decreases at high 2nergy and it is

not required to have an accurate value.
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5. PRESENTATION OF EXPERIMENTAL DATA

5.1 NZ"HZO Collisions at 5.8 Km/sec

The experimental results obtained for the infrared radiation from

HZO collisionally excited by N, at 5.8 Km/sec are given in Table I for
all of the wavelength intervals studied in this work, Three importart com-
ments can be made about the results appearing in this table, First, the
photon flux measured in the absence of HZO injection for the 2,5 to 3, 1 pmn
wavelength region was approximately equal to (6 percent greater) that
measured with injection suggesting that the HZO stretching mode was not
excited, On the basis of experience with these measurements we feel that
10 percent effects can be resolved and that the slight decrease in signal
observed at this wavelength with HZO injection is not gignificant, The
data reported in Table I for this wavelength suggest that the value of

0x /7T must be less than 3.7 x 10"17 cm2 sec"1 . Secondly, the magni-~
tudeof 0%/ T measuredinthe 5.7 to 7. 5um region is relatively large
(0.46 x 10'-15 cm2 sec-l), roughly the same as the value measured over the
entire 8. 3 to 14 um region {0.35 x 10-15 cmz sec:-'1 ). Finally, the sum of
the 67 /7T values measured at the 8.3t0 9.2, 9.1 to 10. 3, 10.6 to 11, 6,
and 11.1 to 14, 0 um wavelength intervals is approximately equal to the
value of og /T measured with the 8, 3 to 14. 0 um filter, as would be

expected,

Table I
EXPENIMENTAL RESULTS FOR NZ - HZO AT 5.8 km/sec

FILTER NO H,0 INJECTION | WITHH,0 INJECTION | SIGNAL DUE TO N0 (0% dgyp
microns photens/sec photons/sac photons/sec em? g’
= omny TR
257031 8.6x1¢% 9.3x 10° < 0.85x10° < 0,037 x 1010

677076 1.8x 1010 31x1010 1.2x 10" 045 » 108
8.3708.2 $.0x 10° 1.6 x 10° 0.9 x19? 0035 x 108
8170103 1.0x10° 21x10? 1.9 %108 0.042 x 1018
10670 11.8 2.6%10° a8 %108 24 x100 0.082 x 106
1.1 70140 15xv0'0 18x 10" 40100 015 x 10'16

8370140 5.7x 16? 16x 100 0.0 x 1010 025 x 10716
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Figure 19 is typical of the data obtained in these experiments. A

' Figure 19(a) illustrates the detegtor-output history measured in the 10.6

to 11. 6 um wavelength region in the absence of HZO injection. The test

time is shown to be on the order of 100pusec, consistent with the resulta

presented in Section 2, and the photon flux is relatively uniform during
this time period. Figure 19(b) was obtained for the same N2 velocity but !

in this experiment HZO was injected as a target gas, The photon flux

FYUPLONVIVE TS N M

meagured during the test flow was almost a factor of two greater than that

%

i . measured in the absence of HZO injection.

Figure 19(c) is an oscilloscope record from a different "no
injection' experiment, but this oscilloscope was triggered by a heat-

; transfer gauge located 20 inches downstream from the driver-tube dia-
B phragm and the scope sweep speed was 500 usec/cm instead of 100 psec/cm

: as used on Figures 19(a), (b) and (d}, The reason for showing this record

AT

is to illustrate that when the incident-shock reflects from the driven-tube

end wall, creating the reservoir of high-enthalpy particles, the detector

does not receive a signal from the shock tube that could potentially influence

the results.

o ek

To be sure that the increased signal observed when HZO wasg

injected could in fact be attributed to the NZ-HZO interaction, several i ;
experiments were performed in which argon wae injected instead of HZO .
Figure 19(d) illustrates that when argon waeg injected the recorded detector i ’

output was found to be nearly identical to the signal received in the

absence of injection,

Figure 20 is another illustration of the experimental data obtained
with and without HZO injection, These particular oscilloscope records ‘
were obtained using the 8, 3 to 14, 0 um filter. Figure 20(a} illustrates that
] s the photon flux measured in the absence of Hp0 injection was 6.0 x 109 ) g
; N ph/sec as compared to the value of 1.6 x 1010 ph/sec shown in Figure 20(b) |
‘ - which was measured with H20 injection, These results are included in
the data summary presented in Table I and, as indicated there, result in
; o avalue of 03 /7T equalto 0.35x 10‘15 cmz sec.:_1 for this wavelength 3

region,



5.2 N,-CO, Collisicns at 5.8 Km/sec

The experimental results obtained for the infrared radiation from

E CO, collisionally excited by N, at 5.8 Km/sec are given in Table II for
“; all of the wavelength intervals studied in this work. One additional filter
é appears in this table (4. 28 to 4, 34 um) that was not used in the NZ-HZO

3 work, In addition, the 5.7 to 7. 5 um and the 11,1 to 14, O um filters were
s not used in the N2 -COZ studies. It was difficult to excite the 4, 28 to

4. 34 pm mode as illustrated by the oscilloscope records presented in

R ATk s e

Figur 21. The signal received by the detector with COZ injection was

approximately 15 percent greater than that received without injection, For

the wavelength intervals 8.3 to 9. 2pm, 9.1 to 10. 3um, and 8. 3 to 14, Oum

TN TIRE Rk R TR,

: the signals recorded with injection were considerably greater than the
background signals. However, in the 10,6 to 11, 6 um region the s)gnals

recorded with injection of CO2 were less than 10 percent greater than

those recorded in the absence of injection so that only an upper limit of the

I3
L
§ value for ¢ /7 could be determined at this wavelength interval,
: Table I
i EXPERIMENTAL RESULTS FOR Nz - COZ AT 6.8 km/sec
i
‘ FILTER NO CO, INECTION | WITH CO, INJECTION | SIGNALDUETOCO, | (04 Tlgyp
4
;; microns photons/sec photons/sec nhotons/sec cm2 sec'1
£ 42870 4.34 7.8 x 108 9.5 x 108 0.17 x 10° 0.007 x 10°18 4
: 83 T0 8.2 10x10° 1.2x 10% 0.3x 10% 0.012 x 10°16
¥ a 5 9 45 i
L 81 7010.3 1.0 x 10f 16x 10 0.6 x 10 0.020 x 10 ;
106 TO11.6 1.6 x 10? 1.7x 10° 0.1 x 10° 0.004 x 10°15 g
; , g
v 83 TO14.0 6.7 x 102 1.6x 1010 1.0x 1010 040 x10°1% % j
5.3 N,-NH, Collisions at 5, 8 Km/sec X
: 2 3

Table III presents a summary of the values for 0% /7 obtained

ik

Eo

for NZ particles at 5. 8 Km/sec interacting with NH; . The three wave-

length intervals that were studied for this cornbination of gases were 8, 3 ;
to 9.2pm, 10.6 to 11, 6um, and 8,3 to 14, 9um. Even though all of the g

available filters were not used in this study, the results presented in ¥ A
Table III suggest that the value of 0% /¥ measured for the 8,3 to 14. Opm 5
wavelength region is consistent with the values measured in the two inier- 4
mediate wavelength intervals, v
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Tabie I
EXPERIMENTAL RESULTS FOR Ny - NHg AT 5.8 km/sec !

i
FILTER NO NH, INJECTION | WITH NH, INJECTION | SIGNAL DUE TG NHg| ( 0 +/)pyp
microns photons/sec photons/sac photons/sec em? sec’!
! 837092 1.0 x 109 39x10% 29x 10° 0.079 x 10°15
10.6 TO 11.6 1.6 x 10° - esxw0? 5.0 x 107 0.14 x 1010
8.3T0 14.0 5.7 x 108 25x 1010 19x 1010 051 x 10718

Figure 22 illustrates the characteristics of the oscilloscope records
obtained with CO, injection or NI—I3 injection in the 8. 3 to 9. 2 ym wave-
length region (note the sensitivity change on Figure 22(c)). The photon

flux recorded in the absence of injection was approximately 9. & x 108 ph/sec

as illustrated by Figure 22(a). When COZ was injected, the photon flux

increasedto 1, 3 x 109 ph/sec and the resulting 0%/ 7T was deduced to

i

) -15 2 -1 ..

; be 0, 0028 x 10 cm sec ', However, when NI—I3 was injected, the
. 9

g photon flux increased to 4.0 x 10° ph/sec and the value of 0%/7 was
: determined to be 0. 045 x 10'-15 cm2 s;ec-1 .

s Comparison of Tables I, II and III suggests that the values of 0 /T
: measured at selected wavelength intervals for Nz’-NH3 collisions were

always greater than corresponding values measured for either the N,-H,O

: 2 2
o or NZ-CO2 interactions, However, the NZ-CIO2 radiation in the 11, 6 to

| 14 pm (i. e, near the 15um bending of COZ) is probably greater than that

for HZO or NH3 . It can further be noted that the values of (% /7

measured at specified wavelength intervals for the NZ-HZO interactions
were always greater than corresponding values measured for NZ-COZ

interactions,

e s o g e 4,5 8 R s Pt s Fe B ¥

The spectral nature of the results is demonstrated in Figures 23

to 25, On each graph the quantity ﬁA/)'f is plotted vs wavelength, and i

is compared with the optical absorption coefficient for the target gas. The !

shape of the absorption coefficients used were those for 300° gas. The

o i S et
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purpose of the comparison is to demonstrate the correlation between the

meagured radiation and the spectral features of the gas, thus confirming
that the source of radiation is the species being introduced through the

target beam.

In Figure 23 the absorption of the bending mode of water occurs

at 6, 3pm., The rotational spectrum observed at long wavelength does

X

not appear in the cold absorption spectrum, since it results from transi-

tions between very high-energy levels; analysis of these transitions is

R KSR AT

discussed in the following section. As indicated in TableIV, most of the

contribution from the 5. 7 to 7. 5 um filter and some from the 8,3 to 9. 2 um

filter were used to determine ¢y for the 010 transition.

In Figure 24 the absorption curve of CO2 is shown, the prominent

popts

features being the 4. 3|1 agsymmetric stretch and the 151 bending mode.

TR RO AN M T TR
—
i

The five measurements of ( 6;/7) / AN are also siown. The measure- &

ey ey
TR TN,
2,

ment from 8. 3 to 14 um, corrected for the small contributions from 8. 3 to k
11, 6, is plotted in the region 11,6 - 14um, It can be inferred from these §
figures that the measurement of -g,%— for both of these bands supply only
partial measurements of ¢% for the (001) and (010) excitation cross |

sections,

In Figure 25 the overall measurement of a;/% from 8 to l4pm

has been used to normalize the scale of the curve, The separate measure=-

ments in the spectral regions 8,3 -9, 2pm and 10, 6 =11, 6 um are then :
plotted in their spectral regions and it is seen that they are consistent with

the broad-band measurement. It is expected that the overall measurement

from 8 - 14 um supplies a good total cross section for excitation of the Y,

mode,
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Table IV

COMPARISON OF EXPERIMENTAL RESULTS WITH CALCULATIONS
FOR N, - HyO AT 6.8 km/sec

( %,—}-) N em?sec’ x 1018

ENERGY 5.67- 8.29- .13 10.61- 11.05- 8.32-
INTERVAL 7.45um 9.23,u.m 1033um 11.57um 14,urn 14um
cm’?

0-770 0 0 0 0 0 0
770-1641 0 0 0 0 0 0
1541.2312 0 0 0 0 0.37 0.37
2312-3083 0 0 0 0.33 10.97 11.01
3083-3853 0 0 0.12 2.03 28.90 31.10
3853-4624 0 0.6018 2.16 7.34 35.27 48.17
4524-5395 0 2.11 6.41 10.80 30.68 54,10
5395-6166 0 6.30 11.62 21.60 31.00 66.03
6166-6936 0 9.56 14.28 22.41 232.57 281.28
6936-7707 1.37 12.03 32.20 494 673.30 710.86
7707-8478 1.24 9.48 21.74 12.65 767.74 802.82
8478-9249 7.30 13.35 252.53 10.11 477.40 748,55
9249-10019 25.81 4,72 161.96 1.06 273.00 442.69
10019-16790 30.49 2.08 89.59 50.58 130.63 221.49
10790-11561 76 0.95 31.33 33.02 84.46 137.16
11561-12332 63.6% .08 14.80 18.49 40.56 103.93
12332-13105 30.08 21 17.41 49,98 26.31 75.39
13105-13873 106.28 19,13 9.18 21.27 9.39 76.07

13873-14644 0 0 ¢ 0 0 0
14544-15415 0 0 0 0 0 ¢
(0; / T)calcm 257.18 80.00 6565.23 265.61 2352.55 |3810.98
(o;/noxp 160 13 15 21 54 120
(1/80) “i’/“caac 5 16 13 5.3 57 76




5.4 Rotational Data for N2 - HZO Collisions

The ratio of excitation cross section to radiative lifetime for the 3
pure rotational spectrum of HZO was calculated as described in Section 4.
The numerical results obtained for (o%/Z)(f) (Eq. (24)) for each energy
interval and for each filter is shown in Table IV. The sum of these values
over all energy intervals then supplies the value of (4/Xf) to compare with ¢
experimental results, (c;/z—)em), For this comparison, which is shown in TablelV,
avalueof ¢35 =1.0x 10-15 crn2 was used to reduce the experimental data .
in order to be consistent with the calculation. For this reason, the results
(02/7 ) of Table V and those of Table I are different. It can be seen that the
calculated values @x /7 are about 50 times too large at the long wave-
lengths, where there should be no interference from vibration-zrotation
transitions. In the third summary line of Table I the calculated value is |

shown reduced by a factcr of 50. This brings the longer wavelengths into

reasonable agreement, and the additional radiation at the short wavelength
is attributable to the 010-000 vibrational-rotational transition. There is an
unexplained discrepancy for the 10.61 pu - 11.57 u filter, where the low cal~

%

£

g

;

culated value reflects the unusually small number of strong lines attributed é

to this wavelength region.

5.5 Vibrational Data for N2 -HZO Collisions
The shovt wavelength radiation at 5,67 - 7,45 has been attributed j

to the 000-010 vibrational rotational transitions. Using a lifetime of

T =4.5x 10-2 sec, 12 we obtain (% = 2.1 x 10~ 17 sz . A measurement
in the wavelength interval 2.5 - 3, 1 4 did not yield a measurable signal,
and from this it was concluded that the cross section for the transition

2
000-001 is less than 9,3 x 1.0'19 cm”. These data are summarized in
Table V.
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CROSS SECTIONS FOR VIBRATIONAL EXCITATION iN COLLISIONS
WITH Ny AT 5.8 km/sec

@&/7) EXPT. ox (42)

ax 7
_Am s8¢ cm? sec”! cm?
H,0 000010 | 67-7.5 |456x102 | 046 x10%® | 20xi0"

000-001 25-3.1 25x102 | <0037x10" |[<93x101?

CO, 000010 |11.6-14 | 4.3x 107 0.36x 108 | 1.6 x 1078 (partial)
000001 | 4.28-434 | 22x103 | 0007 x 105 | 15x1020 (partial
NHg 00000100 | 83-14 | 68x102 | o051x10% | 35x107

5.6 Vibrational Data for CO, and NH, Excited by N, Collisions

A measurement of CO2 radiation with a narrow-band filter at
4.28 -4, 34 yields a partial cross section for excitation of (001) of COZ of

. -20 2 . .
1.54 x 10 cm . This low value is associated with the narrow passhand,

as seen on Figure 24. It is expected that measurement of all the radiation

from this band would yield a cross section several times larger.

As seen in Table Il and Figure 24, most of the CO2 radiation
measured in the long wavelength region is contained in the 11,5 to 14, 0 ym
region. The wavelength of detector cut-off is nominally 14, 0 um at which
point the sensitivity has decreased to 0. 24 of maximum sensitivity, At
14, 5pm the sensitivity has decreased to 0.1 of the 14, 0 pm value and at
14, 75 pra it has decreased to 0, 05 of the 14, 0 ym value. * In Figuve 24 it ig
seen that the COz transition probability increases by a factor of approxi-
mately 5 in the 14, 0 to 14, 5 um interval and by a factor of approximately 10
in the 14, 0 to 14, 75 pm interval. It is probable that in these experiments a
significant portion of the COz radiation in the 14, 0 to 14, 75 um region was
received by the detector, For this reason, a dotted line has been usged to
repregent that portion of the experimental result on Figure 24 that extends

beyond nominal detector cut-ofi,

Data supplied by Santa Barbara Research Corporation for the material
from which this detector was cut,
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The experimental determination of 0% , shown in Table V to be
-15

! cross section, but it is difficult to estimate the magnitude of this fraction.

. M .

cmz, would be expected to represent a fraction of the total

. * .
A recent calculation by R. Marriott (unpubhshed)* gives a value of

Gz =0.155x% 10"15 cm2 for collision at a relative velocity of 5.3 Km/sec.

The NH:,’-N2 measurement utilized a filter which passed 8.3 - 14y,
Separate measurements were made in the wavelength intervals 8. 3 to 9. 2um’
and 10, 6 to 11. 6um as shown in Table III. It is illustrated on Figure 24 that
the radiation of interest is centered at about 10. 44m so that the measure-
ments from 8 - 14 u. should encompass the entire band. Thus the value of
Ox= 3.5 x 10”17 should properly represent the cross section for exc;_iting

the vz mode.

5.7 O -HZO Collisions at 4.3 Km/sec

; The experimental results obtained for the infrared ra.dia.%ion from
: HZO collisionally excited by O atoms at 4.3 Km/sec are given in Table VI
for the wavelength intervals 2.46 to 3.13 um, 5.67 to 7.45 pm and 11.1 to

A 14.0 ym. It is difficult to directly compare these results with the N2 -HZO
results given in Table I because of the significant difference (4.3 Km/sec vs.
' 5.8 Km/sec) in the O and N, particle velocities. The reason that these
particle velocities are not the same is that helium instead of hydrogen was
used as the driver gas for the O-H,0 experiments because it was found

that the H2 - O2 interaction in the reflected-shock reservoir and in the

nozzle expansion significantly complicated interpretation of the results.

Table ¥I. :
EXPERIMENTAL RESULTS FOR O - H50 AT 4.3 km/sec %
PA
{3
g FILTER NO H,0 INJECTION | WITH H,0 INJECTION | SIGNAL DUE TO H,0 | (g4/ % )gxpr, g
i microns photons/sec photons/sac photons/sec cme se(:'1
;;41./ T s = __._...:==¢=:_—_..__.____....._.=g"‘.-:.__w e — = -y
% 2.46 TO 3.13 a4x10° 6.0 x 10° 16x10° 0.03x 1013
o 5.67 70 7.45 9.5 x 10° 18.0x 10° 6.5 10° 0.1t x 10718
C 11,170 14.0 5.2 x 108 9.6 10° 4.3x 107 0.09 x 10°15
-3 —
Private Communirationt R, Marriott, Research Institute for Engineer-
- ing Sciences, Wayne State Univ., Detrcit, Michigan,
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Figure 26 is typical of the oscilloscope records obtained in the oxygen
experiments. The detector-output history in the absence of HZO injection is
shown in Fig. 4(a) for the 2.46 to 3.13 um filter and Fig. 4(b) illustrates the
data record obtained with HZO injection. The tes. time is marked on both of
these records and shown to be approximately lo- microseconds which is con-
sistent with previous measurements mentioned in Section 2. The photon flux
measured in the absence of injection is shown to be 3.9 x IO9 ph/sec as
compared to.6.6 x 107 ph/sec with injection. The difference between these

15

signals is used to compute a value for 0% /% equal to 0,03 x 10” cm2 sec’

5.8 Rotational Data for O - HZO Collisions

The ratio of the excitation cross section to radiative lifetime for the
pure rotational spectrum of HZO was calculated for the oxygen experiments
using the technique described in Section 4. Numerical results similar to
those shown in Table V were obtained for each energy interval for the 11.1
to 14.0 um filter. These values were summed over all energy intervals to
arrive at a value of ( 0%/7 )ga. Which was approximately 1.18 times

greater than the measured value ( ¢x/7 ) + The agreement between

EXPT
experiment and calculation is considerably better than was obtained for the
NZ -HZO experiments discussed in Section 5.4 but.this is not surprising

since the theoretical model was formulated for the case of HZO collisions

with oxygen atoms.

5.9 Vibrational Data er G- ';ZO Collisions

Table VII summarizes the short-wavelength radiation measurements
obtained for the O -HZO experiments. The 2.46 o 3.13 pm radiation has
been attributed to the 600-001 H,O stretching mode and the 5.67 to 7.45 um
radiation has been attributed to the 000-010 bending mode. Using radiative
lifetimes of 2.5 x 10"2 sec and 4.5 x 10"'2 sec, respectively, the excitation
cross sectione deduced trom the experimental data are 7.5 x 10'19 cmz sec:"1
(2.46 t0 3.13 um) and 5.0 x 10718 cm? sec™! (5.57 to 7.45 pm).
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Table Y11
CROSS SECTIONS FOR VIBRATIONAL EXC!TATION OF HZOIN COLLISIONS
WITH 0 ATOMS AT 4.3 km/sec
E OA Z' (G'IZ)EXPT. o+{ar) :‘
; microns sec om? sec”! em? 4 g
s e g
H,0 000010 | 56770745 | 45x10% | 6.11x10% | 50x 108 3 ]
: g
{ 000.001| 246703.13 | 25x107 | 003x 1018 | 7.5x1071° 2

5.10 Vibrational Data for Ar 'HZO Collisions

A limited number of experiments were performed in the 5.67 to
7.45 pu.a wavelength interval using argc.a at 5.4 Km/sec colliding with H
as the target gas. The results of this study are reported in Table VIII.

2O

Using a radiative lifetime of 4.5 x 10"2 sec for the HZO 000-010 vibrational-
rotational transition gives an excitation cross section of about 2 x 10-18 cmz.
Table VIII 3
; CROSS SECTICN FOR VIBRATIONAL EXCITATION OF H,0 IN COLLISIONS g
WiTH ARGON AT 5.4 km/sec £
FILTER NOC Hy0 INJECTION WITH H20 TRJECTION SIGNAL DUE TG H,0 (oul?) EXPT. TalAA
microns B photons/sec photons/ssc photons/sec cmz sac’! cm2
5.67 TO 7.45 6.1 x 10° 7.6 x 10° 1.3x 10% 0.047 x 10718 | 21 x 1018
60

E <*r:,.,-,«—-):al-ée.f;{g:;:;:;i&;ﬁ;g; d}.q‘
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6. CONCLUSIONS

" Measurements have been made of the spectral infrared radiative
properties of HZO' COZ and NH3 molecules that have been involved in a
single high-energy collision with Ny, Q, or Argon. A pressure-driven
reflected-shock tunnel was used to produce a supply of N, molecules at 5, &
Km/sec, a supply of O atoms at 4. 3 Km/sec and a supply of Argon atoms at
5.4 Km/sec. Experimental values of excitation cross section/radiative life~-
time ( 0% /7T ) have been obtained for the 2,5to 3.1 pm, 5.7to 7.5 pm,
8.3t0 9.2 pm, 9.1to 10.3 um, 10.6 to 11.6 um, 11.1 to 14 pm and 8, 3 to
14 pm wavelength regions for NZ-HZO collisions. For NZ-CO2 collisions,
measurements of 0% /7 have been obtained in the wavelength regions
4,28t04.34 pm, 8.3t 9.2 pm, 9.1to 10.3 pm, 10,6 to 11,6 um, and
8.3 to 14 um, Measurements of o} /7 have also been obtained for
N,-NH, collisions in the wavelength intervals 8.3 to 9.2 pm, 10. 6 to 11, 6 pm
and 8.3 to 14 um. For O-I—IZO collisions, measurements of 0% /7 were

performed in the wavelength interval 2,46 to 3,13 um, 5. 7to 7.5 um, and

11.1 to 14 pm. The experimental values of ¢ /7 are shown to compare

favor ably with theoretical calculations of the effective values of

for radiation in the given wavelength intervals,
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APPENDIX A

VIBRATIONAL DATA CORRELATION

The cross section for vibration:i excitation as a function of impact
velocity can be estimated by using collision theory in conjunction with
measurements of vibrational relaxation. Collision theories yield that, for
a colligion between molecules which have an exponentially repulsive force,

the probability of transition in a collision has the form

P, = K v'ae‘Kz/v‘
- (A-1)

10 1

and the cross section ¥ for this transition is

2 - K /v
0 = 0, F = K vie (A=2)

where (¢ is the kinetic cross section. When the transition probability
is averaged over a Boltzmann distribution of velocities, an expression for

the vibrational relaxation time is obtained, of the form

_1/3
ot = Be (A-3)

and this relation has considerable experimental confirmation, By follow=
ing through the derivation (see, for example, Refs, 13 or 14) the constants
in Egqs. {2) and (3) can be shown to be related by

3/ =
/ 2 ® A-4
K, (5 A) 1/:— a-a

and

AN (A-5)
N.To (%) 3
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The units of 4T have been taken as atmosphere sec. T is the tempera- i
ture in °K, #R is the Boltzmann constant, m is the reduced mass of the
colliding molecules, and N, and T, are the reference number density

and temperature associated with the reference pressure of one atmosphere

uged in Eq. (A-3). Thus N, T, =8.067x 1021 (particles/cm3) °K , and

} 3 - ) A
; —%— = 1/—_'—;-— 9.117x 10 deg 1/2 cm/sec , where p is the reduced |
' molecular weight, Introducing these numbers, Eqgs. (4) and (5) become !
* :

: E
ik
! K = 4962 4/-— ocm/jase. (A-6) E:
¢ ¥ (.
L
! i
.
: i 5
| 0% L (B pae?
: OQK, —A3.253X o B (H AL (A-7) 3 j
and (2) is
;o

t

¥z - 49624/ — /v

-35 " - !
0z = 3.253x10 B (—&) vréie M (A-8) 1 4
A i
3 R
The constants A and B can be obtained from vibrational relaxatioa ‘
o data, in cases where these are available, Otherwise, estimates can be ¢
.
obtained from the semi-empirical correlation relations of Millikan and
White, From a comparison of 13 sets of collision partners, they obtain & 4
A=cu®e™ (8-9) P
3
and 4
o
0.015 ™A+ 18.42) T
- (0. - A-10 o0
B = e ( ) § ;
where & isthe characteristic temperature w/#® for the transition (in z ]
°K) and ¢ is a number close to 1. 16 x 10“3. Thus if the Millikan and <§ fr
;
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White correlations are used, Eqs. (6) and (7) become ,
’ )

4 2 {

Ka = 0.19b 1 8 (A-11) :

-5 3/4 _ 4/3
~23 3y -2 1.74x10 "7 8
a, K, = 8,228 x 10 7! £ e (A-12)

and Eq. (2) is

- e e e ] el il

28 i TSI ot T2 A X 2 AT A ST ATTANAT RARE 4 RTI O S R,

i -5, 3¢ 5 3 Yant

_ ~23 Yo -2 1.74x107p7"%e -(0.19%1"0%) /v

. O = 8.228x 10 w0 e rie

3 (A-13) [
v : . . . . . . b
: With p in molecular weight units, & in °K and ¥ in cm/sec, the cross ;

: .. 2
section ¢, is incm”. Thevalue of P, to be associated with vibra-

v 4

tional excitation in Eq. (21) is then a3 /05
b
Values of the quantities in Egs., (A~9) to (A-13) are given in Table A-] o
for the collisions of interest here. :
Experimental results of Simpson and Cb.andler16 (also see Ref. 17) z
give, for NZ-COZ vibrational relaxation, A = 38°K"1/3 , B =5x 10"8 ‘

= atm sec. These values, when used in Eq. (A-8), give O =4.0x 10-17 !

cm'2 for v =5,8x 105 cm/sec,
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-LIST OF SYMBOLS

a y coordinate of the lower {lat plate
A, area of infrared detector
A, Einstein coefficient for spontaneous emission
$ dietance of hot wire from mirror surface
¥ distance of virtual image from mirror surface i
d hot-wire diameter
, :
o virtual-image diameter
D dimension of (square) infrared detector
f focal length of mirror
h distance between the flat plates
1 blackbody spectral radiant emittance H :
L length of the hot wire
N spectral radiance of hot wire
n, number density of the incident stream 3
R
nzoa() number density of the target stream G
o
3
P maximum collision probability of collision for an incident stream E
particle in the target stream g
Fr probability of excitation of a given rotational state i '
F,  probability of excitation of a given vibrational state b
. k!
A power radiated by hot wire into detector in AA ;
R spherical radius of mirror
T hot-wire temperature
Y, velocity of the ‘incident stream
v, velocity of the target stream 3}
Uy velocity of the center of mass in an incident-target molecule
colligion ‘ E
w total flux of photons into detector (photons secnl) i
X coordinate parallel to the incident stream ‘
4 coordinate parallel to the axis of the target stream .
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LIST OF SYMBOLS (Contd)

7 coordinate at right angles to x and to y
§ width of wire shadow on detector

€, spectral emittance of hot wire at temperature T

4

v /(YN 0g)

defined by Eq. (23)

§
n
6 apex angle of the target and field-of-view cones
é :
¢
A

wavelength
AA wavelength interval

a5 elastic collision cross section for the incident. stream particle
and the target gas

0,g cross section for excitation to the » , R wvibrational-
rotational state

Oy collision cross section for a participating excited state

T lifetime of a participating excited state

qz‘uj,;) flux of excited sztates lietween targel cone and field of view,

(molecules cm ~ sec )

lpt‘,loé) total flux of target molecules (molecules sec-l)
(), pertaining to the incident stream
(),  pertaining to the target stream

(), pertaining to a participating excited state
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