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S~PREFACE

This final report documents an experimental study to elicit the infrared

properties of H 20, Go 2 or NH 3 molecules that have been in a single high-

energy collision with Nz or 0 . The research program was undertaken by

Calspan Corporation, Buffalo, New York, under Contract No. F04611-72-G-

•"i0035 for the Air Force Rocket Propulsion Laboratory, Director of Science

• and Technology, Air Force Systems Command, Edwards Air Force Base,
•ii:}California 93523. This program was sponsored by the Advanced Research

i! Projects Agency; Col. Paul Baker, Director, ARPA Plume Physics Program,

S~and monitored by the Air Force Rocket Propulsion Laboratory; Capt. J. R. Nunn

•) and Dr. Lawrence Quinn, technical monitors.

i •The overall p~rogram was divided into three main tasks. The purpose

!•:;of Task A was to measure the spectral infrared radiation induced by, high-speed
•ii• collisions between rocket exhaust products and atmospheric species. The

• purpose of Task B wr;s to relate the pure-rotational spectra obtained in Task A

•< to the tocal plume radiant intensity, determine collisional cross sections for

-4; rotatioital excitation, and extrapolate the results to higher velocities. The

purpo ~ •. ofTsC was to measure SWIR spectral radiances and other

•:. suppcrting diagnostic characteristics of rocket plumes in a high-altitude test

i ); facility,

!• A detailed discussion of each task is presented in two separate reports.

:';This report /jA•'RPL-TR-74- 301 --Iscicibes the rersults of Tasks A and B.

S...A r,ýport (AFRP.c-L-TR-74-31) to, bt; issued later will describe the results of

i:2 Task C.

S!' The authors wish to acknowledge tae assistance of Miss Marcia Williams

!':• •,in the analysis of the rotational spectrurn.

ii
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1. INTRODUCTION

The experiment that is described here was designed to elicit the

infrared radiative properties of molecules of H20, CO2 or NH that have
2 3

been involved in a single high-energy collision wvith N2 , 0, or Argon. A

pressure-driven reflected-shock tunnel was used to p•coduce N2 molecules

at a velocity of 5.8 Krn/sece 0 atoms at 4.3 Km/sec, argon at 5 .4 Kmn/sec
-at sufficiently low density that the effect of single collisions could be observed.i

A liquid nitrogen cooled flat plate, containing the H2 0, CO 2 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 backgroun-I for the detector.

For the experlmental 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 from the interaction zone

with little residual velocity. In the laboratory 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

o-rder of magnitude smaller than the approaching N2 molecule, 0 atom or

Argon, the center-of-mass velocity is approximately aligned with the velocity

of the N. 0 0 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 genera-ed at one 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 compared with the transit

time to (and through) the field of view of the detector, and to the probability

of collisional deexcitation.

In Section 2, the experimental apparatus and diagnostic techniques

used to obtain these results are described. Section 3 discusses the dama

reduction procedure used to convert the detector output to the appropriate

k"i'



values of the ratio of cross section for collisional, excitation to the lif etime

of the participating excited state ( T ' )and Section 4 discusses the

k ~~theoretical calculationa utilized to go from values of (T/ C )to values
1f&ý the excitation cross section. o0 . Section 5 presents the experi'-i~ental

data for the interaction of N2 -H 0, N. -0 2, N2 -NI-~ 0-H.0, and.Ar-HO

The Appendix provides some semi -empirical formulae which permiz czorrela-

tion of vibrational relaxation data and collisional excitation cross s~t.2tions.



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 argGni experiments the driver gas was hydrogen at 12,000 psi and 670 0 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 10' 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 oi the nozzle is

six feet and a twenty feet long constant diameter dump tank is attached to the

nozzle at this diamueter. 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- - ion 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 parameters of interest.

Shock-tube measurements were performed in order to establish the

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

unfiltered IP28 photon-xultiplier tube was used to monitor the incident-shock

radiation intensity. Six photodiodes were used to monitor the reflec'•ed-shock

radiation 'ntensity in the wavelength range 0.36 to I 1- microns. One of the
4 •diodes was located in the end wall so as to view the radiation intensity parallel

3
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to the shock-tube axis. The remaining photodiodes were located in the side

wall so as to view the reflected-shock processed sas normal to'the tube axis

at 0.62, 1.12, 1.62, 3.88 and 4.88 inches from the end wall. A flush-mounted

pressure transducer 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

ascertain thr. uniformity and duration of the reflected-shock test slug.

Figures 2 and 3 illustra.tQ 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

(./-Hes o was about 6. 5 x 105 crn/sec. However, at this test con-

dition, the velocity realized in the test section was calculated to be
N' 55. 8 x 10 cm/sec (this value has been confirmed experimentally as will be

described later in this section), reduced from 6. 5 x 10 cm/sec, because

of the energy frozen in dissociaLion ol 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 ý.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-shack test time can be seen to be on the order of

1004sec 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 resulted

in a test-section velocity calculated to be 5. 2 x 105 cm/sec, is shown in

5
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Figure 5. It is of interest to compare these results with those of Fi•gure 4

and note the reduction in reflected-shock test time with increasing

reservoir-enthalpy level.

The transient starting process 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 obtained 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 0. 400 in, in length and were aligned with the flow" direction.

Two of these probes were biased at + I 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
3

RI free-molecular flow theory of Laframboise. The probe output was

recorded on two oscilloscopes so that the ion-current region could be

separated, and recorded on a more sensitive scale, from the electron-

retarding and electron-current regions of the probe characteristic. The

electron temperature was found to be approximately 1 300'K reflecting a

nitrogen v'ibrational temperature of the same order as compared with a

calculated heavy-particle temperature of approximately Z30°K. The

9
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electron density deduced from the ion-current region of the probe charac-
0 39 3

teristic was 3 x 1I' e /cm compared with 1. 8 x 109 e/cm 3 obtained

from the electron-current region. This agreement between the electron-

density values obtained from these two portions of the probe characteristic

is satisfactory for the ;-arpose of ascertaining 118 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 I uD , and the spanwise flow uniformity. Since the

particle velocity was known from the Langmuir-probe measurements and

confirmed by nonequilibriumn-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

was 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 conditions; Further, the electron

density as a function of time was found to have only minor fluctuations in

the test flow suggesting good test-flow uniformity.

2. 2 Detector a. d Filter Calibration

The infrared detector used in these experiments was a liquid helium

cooled mercury doped germanium 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-silvered spherical mirror whose center of curvature

was app:coximately coincident 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 LN -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

LN -cooled model.

For these experiments the radiation intensity was observed in the

region from 2. 5 to 14. 0 L using eight different filters. The half-power

points for each of these filters are: (1) 2. 5 to 3. 1 Lm, (2) 4. 28 -4. 34pm,

(3) 5. 7-to 7. 5 ±m, (4) 8. 3 to 9. Zum, (5) 8.3 to 14. 04m, (6) 9. 1 to 10. 3 4m,

(7) 10.6 to 11. 6 n.m and (8) 1i. 1 to 14. 0 4m. 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, one of the eight previously mentioned filters, cooled to near

liquid helium temperature, is 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 enmissivity 4 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 14:.,t 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 ana there would

be no loss. The maximum possible loss caused by the shadow is very

ernall, since the wire diameter, d was 0. 0001 inch. Considering the

15
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wire length, L ,is an order smaller than the other dimensions, theA

width$, 3 ,of the shadow is given by

Iowjsinlce 2f whr is the focal length, and *

Theappoxiatevalues were

5-1/2 inches

1/2 inch

making

& (3)

The detector aperture is square with

D 0. 25cm

The wire diameter is

d 0. 0001 inch

Thus the inaxiinun fractional. lose of radiation from the image was

So _ X' 702~ (4)

Since the radiation from- the wire and its image are roughly equal at the.
detector, the correction L;" the shadow effect is about (1/4)% and was,
therefore. neglected.

16
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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, AIX

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 X is given by

P~A AA LSN/A A)Ad [(R ) (I
(5

ZL 0 NA A A 4) °:P &AA

where terms of order have been neglected.

Now

: NaAAA= -~- IAAA

where 6 A is the spectral emissivity of platinum at wavelength ,
5

and I , is the biackbody sp•ctral radiant emittance given by

A -1 •(6)

K .... where T is the wire temperature (°K) and

4 -ZC = 3. 74 x 10 watts u cm

ý'= 1. 438 x 10 OK

Combining Eqs. (5) and (6),

AA d d C AA (7)

• 7TR 6 A Al Ce/AT

Figures 9-11 illustrate the detector output in rillivolts measured

as a function of average photon flux for the 2. 5 to 3. 1 [, 6.3 to 9.2 4m,

17
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and 8. 3 to 14jtm 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 d.ta obtained as part of this

study. These particular results are for the 8. 3 to 9. 2 ptm filter.

Figure 12(a) is the detector output signal obtained with the platinum wire

at 77*K and the remaining background also at 77 0 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 7360K (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, t7 , entering the path of the

incident stream and the velocity, vr , of these target molecules must be

known in order to deduce values of a-, / T from the experimental results.

Section 3 provides a complete description of the data reduction procedure

and the importance of tý._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 H 0 , GO2 or NH3 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 is typical

of the results obtained for H2 0 , CO2  and NH 3 injection. The time at

which the N2 arrives at the injector location for the 5. 8 Km/sec

21
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A

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

filled with a known density of air molecules and the current measured. Knowing
6,7

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

the species involved, the H 0, CO and NH particle densities were

determined at the location (af.lI) where (a.) is the distance between the

x-axis and the plate surface and (1) is the ionizer length. The inverse

square law can 'hen be used to determine the particle density a. the plate

surface using a straightforward calculation.

L The ,elocity of the target molecules, Va , was calculated from

the expression U- = a. where a.. is the speed of souna in the

injector reservoir. In order to ascertain a. it was necessary to measure

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

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

0. 0001 inch in diameter by 0. 10 inch in length was supported between two

needles and placed in the injector chamber. The temperature coefficient

of resistivity of platinum is well known but was independently checked

(from room temperature to 77*K). By measuring 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 , .

The temperature of H 0 vapor was found to be 343'K (higher than either
&2

the CO or NH vapor temperature because hot water was circulatedZ 3through the injector jacket for the H2 0 experiments but not for the CO 2

or NH3 experiments), the temperature of the CO2 vapor was found to be

217K and for the NH3 vapor the measured temperature was 215 0 K. The

appropriate values of the specific heat ratio were taken from Ref. 8 for

H2 0 and CO2 and from Ref. 9 for NH 32 2I

i2
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3. ELEMENTARY THEORY OF THE INFRARED MEASUREMENTS

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 parallei to the x-axis at

the center-of-mass velocity, 1f . It is assumed chat the lifetime, ,

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 distance (o.) below the surface of the lower plate, and passes through

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

N2 , 0 or Ar stream, and essentially vanishes before reaching the upper

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

dynamic cross section, 0-, . 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 molecules entering the slice of the cone

between and + c is is ) per second. The probability that a

target molecule will suffer an elastic collision in crossing OL ý is obtaired

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

which, taking the relative velocity to be approximately that of the N2

stream, -V' , is

where the density of N2 molecules, ti , is taken to be constant. This

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

25
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the target stream should not create a shock in the incident N2 . 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 d. is thus given by

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

integ rating from LI0,

Hence

faa C eh (8)

whe re

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, t8 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 as shown in Figure

14, Thus it is necessary to calculate the flux of excited states as a func-

tion of both and

Writing ( , • 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

•* , i.). Since the density, n1 , of N. has been assumed constant,

the distribution of target molecules is uniform over the section of the first

cone at any height •j . (Strictly speaking this should be over the

spherical cap at constant distance from the apex, but the angle 0 will

be assumed small enough to justify the above approximation.)

Thus the number of excited molecules produced per second in a

small element, CLY, d 1 , of the target cone is the product of two terms,

namely the probability of excitation in traversing c • (which is just the

probability of collision with aO. replaced by the excitation cross section,

and the flux of target molecules through otZ This product is

nr,0-,

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

target cone is thus

.. Each *such excited molecule is exposed to the field of view of the

detector for a distance of a' (OiZ) -- a at the center-of-mass

velocity, V*• Thus the probability of radiating in the field of view is

where the lifetime, V" is such that this probability is •< 1

}:i~iHence the total radiation emanating from the corresponding prismn

: ;: in the field of view is
0# V,,)

t .

Tr~~ Ir I
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The fraction of the radiation which actually enters the detector

area, A , is

where aanteapproximation that the distance to the apex is has

been m-ade.

Hnethe total photon flux into the detector is given by

V, Yf
77a 7 /2) 3 (2)(2

sinc 0-,, U~ fr £~,Eq (1) an be/2 wrtten O

ratio ~ ~ ~ ~ ~ a (012) s hw epicty

Iisecondsenterng th ae dthetoproximagiven by ttl n

~/i 7  1 - ~(14)
3 7T V7 V JS'a
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Putting • - / , Eq. (14) can be written in terms of a tabulated

integral

S= •z (o• • ,.-e oL • (15) .,

The total flux of target molecules at the surface of the lower plates ?P, (a.)

can be expressed in terms of the probability, P , that an 12 molecule

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

(dia'aieter) in the target stream at o . Writing A (•) for the den-

sity of target molecules, to an approximation consistent with Eq. (15),

can be expressed as

= - 2. wj C/),(16)

And since

this becomes

Tr o0, ?-r (•) (/)(8

Finally, to the sa-ne approximation as Eq. (15), the total number of

photons per second entering the detector is given by

0d2nr~, Or,, l am19

which, when multiplied by the energy per photon becomes the wattage into

the detector attributable to the excitation corresponding to G,

30
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The integral in Eq. (19) is plotted in Figur '~15.

The values pertaining to the actual experiments are given below.

=2. 54 cm

R =0,10625 cm

=l 2.75 x 10 14cm -3for 5. 8 Km/sec N2 stream
14 -3

1.8 6 x10 cm for 4. 3Km/ sec 0 stream

~:1.35 x10l CM3 for 5.4 Km/sec Argon stream

= 3.: i14 cm 3 (f G 2

=l (a Z. 365 x 1014cm (fo r NH13 )
P14 -33. 0.3 x 10 c m (for CO.)

14 -2
V- 2~. 36x 1 0 cmn (for NH 3)

0. 43: 10~ cm/se (for OH 0)

0 . 53x 115cm/sec.(for ArCO 0

0. 132 x 10~ cm/e (fo r NH2

5.4 8 1 cm/sec (fo r N ,N CZadN N

4 .53x 10 c/se(or0-H0

3.46 x 10~ cm/ sec (for N2 - H 30)

5 .04: 10~ cmn/sec (for CO.1~)

4A943.70 10~ cm/sec (for NrH 2 0

31)
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3.22X 101" for N 2 -H 2 0

4.54x 10-15 for N 2 -GcO

S.7x l0 for N 2 -NH 3

2.7 i0~for O-.H2 0
-15

2.5 x 10 for Ar-NHI

With these values, Eq. (19) can be used to express the expert~menta1 •

capability of measuring O• / 'T in terms of the resolution of the

detector. -2

3.842x 10( ) (for NA,-17IO)

i•'•i) =~~ 4. 036 x 1 0 ( wir (for N 2 - C 0) :'•

de t.710 x1t" 2 6 (. (for N2 -NH 3 )-26

/ 2. 842 x 10- ( ) (for O -H 0)

S3.640 x (10) (for Ar-HNO)2

where ur is in photons sec-1

The possibility of multiple collisions, which result in deexcitation

of excited molecules, was a design consideration. This consideration

leads to one of the design problems of the experiment which concerned the

spacing of the target source and the detector. Wher. operating with HO0

the source is. water-jacketed at 100*F whereas the detector is at about

,5K 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 essentially no excited states are pro-

duced. However, once a target molecule is highly excited, it moves with

33



the N2 stream at a velocity (u1 - t and its mean free path in the N2

stream must be sufficient to ensure that collisional deexcitation will not

interfere with the experiment. Thus the c-periment 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 n-tligibly small:

The Rrobability of the newly created excited particle undeigoing a

collision with a N. particle can be estimated on the basis of a typical

gas-dynaanic collision cross section, r, In traveling between position

11, 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 N2

particle is given by

The collision between the excited particle and a N molecule is a

2
much lower energy collision than the initial collision between a N2 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,

'Xz was approximately 3. 7 cm for our experiments. Thus if we assume

a gas-dynamic collision cross section, a , equal to 10 15cm, then

we can then estimate the probability of the excited target molecule under-

going a single collision with a N. particle in traveling the di,-tance x,- A,

as follows:

For H 0 (. ( V,) 0. 65

For CO ___ - 1. 6Scz =,:.6-

For NH(-) 0. 62

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 1'o •determine the cross section for excitation

has required an unfolding of the collisional excitation and radiative emis -

•sion-processes. For shortwave 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 L"- / " by the kmown radiative lifetime for the

transition. In this way the cross section for H.O (000-0 10) at 6. 3 ýLrn aMd

NH3 (.)2 ) at 10.7 ý,m were determined. For the other transitions, how-

ever, where the observed -radiation originates from a broad range of

-energy levels, or where only a portion of the band was observed (as with

CO2 ), a somewhat more detailed analysis is required. This analysis was

applied to the.pure rotational spectrum of water, but has not been com-

pleted for the CO2 transitions. Thus partial cross sections are supplied

for these excitations.

4. 1 General Formulation

The cross section for excitation to the •r , R vibrational-

rotational state is taken as

V' P R 0-(Z0

where PV is a probability of excitation of a given vibrational state

and -PR the probability of excitation of a given rotational state. For

excitation to any.given vibrational state V , the cross section is

rVa -J -. P

where Pr is normalized so that

ORA

35



The intensity of the radiation that is observed imnmediately after colli-

sional excitation is proportional to the ratio of the excitation cross saction

to the radiative lifetime, as previously discussee. Thus the parameter

that can be measured for any transition is

where / - is the Einstein coefficient for spontaneous emission,
and is the lifetime for trasition , originating from level V R

Combining Eqs. (21) and (23) for pure vibrational transitions 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 0 (') with values of 1) within the

passband. Then for each filter f

Y) 2 (24)

or

where (F) indicates all the spectral lines . passed by filter f . In

these comparisons the kinetic cross section, 0o , has been taken equal

to 11. 5 x 10 cm , consistent with the value used by Kolb, et al. The

radiative transition probabilities P have been taken from sources -A

referenced below. It is the purpose of the experiments to determine values

of P1,. and PR 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 j
are made, it is necessary to make some assumption about the values of

and and then adjust these assumptions to obtain a consistent
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comparison: with. the: data. To accomplish. this, PR iw taken. to. depend

only on the ratio of the energy of the rotational state to the center-ofn-mass

energy of the collision. The energy dependence. that. is utilized is the-
10calculated values obtained by Kolb et al. for an impulsive rigid-rotor,

classical model of H 0 collisions with ,xygen atoms. These values. are

shown in Figure 16, and are applied to the 5. 8 Km/sec collision of N2, and

H2 0 , where the value of Ec. is 15, 400 cm, or 1. 9 ev. With this model

the probability of excitation into an energy range E to. E + A E is
PA Eequal to E o that P is normalized by the relation

IP )d. p E In the present usag~e the. probability of excita-

.tion into an energy level A is equal to /. so. that. the normalization

relation is I , where i represents. the i~th energy level

and x is the total number of rotational levels considered. Thus

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

PR. C P(E) (z6)

where C is a single proportionately constant determined from

PM• I . (Since the energy levels are distributed with reasonably

constant density in the energy range of inteorest, C is approximately

given by C I I/.,Px

4.- HO Rotation

The pure rotational spectrum of H20 extends over the entire 8-14pmn

infrared region of interest, but the shorter wavelength radiation originates

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

rotational states and the wavelength anti intens-itieo, of the transitions

which originate from them have been calculat3d by Maki and these calcu-

lations have been used in the present data reduction. There are 2 J'+ I

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 E + BJ(J 1 i.),, where
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8. 2 24 cm1 for the upper curve ( K+= J) and 9. 8 cm' for the lower

curve (K1 J ). Since transitions have A J - ,the wave number of

the radiation that can be expected would vary roughly as V 2 B J

This would imply, for example, that to obtain radiation of 14 ptm wave-

length or shorter ( 2 ._-700 cm") would require excitation to energy
levels of J>, 16 on the upper curves or energies '?5000 cm .

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 summed for the transitions in the interval 8. 3Z 4 • K 14 prm aand the

results plotted for 770 cm intervals of the upper energy state. It can be

seen that very little radiation originates from energy levels below about-1

5000cm . At high energy levels the calculation becomes inaccurate;

above about 13, 000 cm" 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

S. supplies the radiation term in Eq. (Zl), decreases ataigh .anergy and it is

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

L5.1 N -Hz0 Collisions at 5.8 Km/sec

The experimental results obtained for the infrared radiation from

H 0 collisidnally excited by N. at 5. 8 Km/sec are given in Table I for

all of the wavelength intervals stu~died in this work. Three importan't t-om-

ments can be made about the results appearing in this table. First, the

photon flux measured in the absence of H 0 injection for the 2. 5 to 3. 1 ýtr

K measured with injection suggesting that the H 0 stretching mode was not

excited. On the basis of experience with these measurements we feel that1110 percent effects can be resolved and that the slight decrease in signal

observed at this wavelength with H 0 injection is not significant. The
Fdata reported in Table I for this wavelength suggest that the value of

17 2 -1
6-/rT must be less than 3.7 x 10 1 7 cm sec .Secondly, the magni-

tude of 0'* /Vmeasured in the 5. 7 to 7. 5 ýtn region is relatively large

(0.46 x 10 15cm2 sec ), roughly the same as the value measuroid over the
entire 8. 3 to 14 ',m region (0.355 x 10 15cm2 sec-) Finally, the sum of

the 07./' valueta measured at the 8. 3 to 9. 2, 9. 1 to 10. 3, 10. 6 to 11. 6,

and 11. 1 to 14. 0 ýtm wavelength intervals is approximately equal to the

value of cr*/V measured with the 8. 3 to 14. 0 4m f ilte r, as would be

TabisI

EXPEMlMENTAL RESUJLTS FOR N2 - H20 AT 5.8 kmi/sec

2'2"
Micron$ photons/sec photons/see photons/sacam 1*

:Y 6 TO &I 9.9X 109 9.3 X10 9  < 0.96X log < &037 X1O 106

6.7 TO07.5 11.9K1010 3.1 K 1010 1.2 x 1010 0.46 c10

U 3TO0.2 1.0 X 109 1.8 X 109 0.9 h '109 0.035 X IV.

9.1 TO 10.3 11.0X 109 2.1 x 109 1.1 X 109 0.042 x 106~

10.6 TO 11.8 2.4M 101) 4.8 x 101, 2.4 x 109 0.0m2 X 106

11.1 TO 14.0 1,5 X1i010 1,9 X 1010 4.0 K log 0.15 X K 1

&3T 4057X191.5H 1010 0.9 X 1010 0.35 X 10,15
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Figure 19 is typical of the data obtained in these experiments.

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

to 11. 6 ý±m wavelength region in the absence of H 0 injection. The test,

time is shown to be on the order of 100[isec, consistent with the results:-

presented in Section 2, and the photon flkx is relatively uniform during

this ti-ne period. Figure 19(b) was obtained for the same N2 velocity but

in this experiment H 0 was injected as a target gas. The photon flux

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

measured in the absence of H 0 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-

phragm and the scope sweep speed was 500 isec/cm instead of 100 Lsec/cm

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

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.

To be sure that the increased signal observed when H 0 was

injected could in fact be attributed to the Nn-H 2 0 interaction, several

experiments were performed in which argon was injected instead of H 0.

Figure 19(d) ilustrates that when argon wap injected the recorded detector

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

absence of injection.

Figure 20 is another illustration of the experimental data obtained

with and without H 0 injection. These particular oscilloscope records

were obtained using the 8. 3 to 14. 0 ý±m filter. Figure 20(a) illustrates that

the photon flux measured in the absence of H 2 0 injection was 6.0 x 109
10

ph/sec as compared to the value of 1.6 x 10 ph/scc shown in Figure 20(b)

which was measured with H0 injection. These results are included in

the data summary presented in Table I and, as indicated there, result in
-15-1

Sa value of U- / equal to 0.35 x 1015 cm 2 sec for this wavelength

region.
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5.2 N-C02 Collisions at 5.8 Km/sec

The experimental results obtained for the infrared radiation from

Ii • COz collisionally excited by N2 at 5. 8 Km/sec are given in Table II for

all of the wavelength intervals studied in this work. One additional filter

appears in this table (4. 28 to 4. 34 ým) that was not used in the N -H O

"work. In addition, the 5. 7 to 7. 5 Inm and the 11. 1 to 14. 0 tm filters- were

not used in the Nz-COz studies. It was difficult to excite the 4. Z8 to

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

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. 2Lm, 9. 1 to 10. 3 ptm, and 8.3 to 14. 0pIm

the signals recorded with injection were considerably greater than the

background signals. However, in the 10. 6 to 11.6 ilm region the s'gna.ls

recorded with injection of CO 2 were less than 10 percent greater thanI; • those recorded in the absence of injection so that only an upper limit of the

value for a-, /P could be determined at this wavelength interval.
Table][E

z' •:- EXPERIMENTAL RESULTS FOR N2 - CO2 AT 5.8 km/sec

FILTER NO CO2 INJECTION WITH CO2 INJECTION SIGNAL DUE TO CO2 . O* 2/rEXP

k microns photons/sec photons/sec nfootons/sec cm2 sec'1

4.28 TO 4.34 7.8 x 108 9.5 x 108 0.17 x 109 0.007 x 10'16

8.3 TO 9.2 1.0x 109 1.3x 109 0.3x 10 0.012 x 10I15

9.1 TO 10.3 1.0 X o of 1.5X 109 o.5X 100 0.020 x 1o0,5

10.6 TO 11.6 1.6 x 109 1.7 x 109 0.1 x 10 0.004 x 10"15

8.3 TO14.0 5.7x 109  1,6x 101 0  1.0x 101 0.40 X 10"15

5. 3 N -NH 3 Collisions at 5. 8 Km/sec

Table III presents a summary of the values for I /Vf obtained

for N. particles at 5. 8 Km/sec interacting with NH 3 . The three wave-

length intervals that were studied for this combination of gases were 8. 3

to 9.O2 4m. 10.6 to 11. 6 4mn and 8. 3 to 14. 0 I.m. Even though all of the

available filters were not used in this study, the results presented in

Table III suggest that the value of Gla / T measured for the 8. 3 to 14. 0 4m, i
wavelength region is consistent with the values measured in the two inter-

mediate wavelength intervals.
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pST~bte TITI-

EXPERIMENTAL RESULTS FOR N2 -NH3 AT 5.8 km/sec

FILTER NO NH3 INJECTION WITH NH3 INJECTION SIGNAL DUE TO NH3 ( a *I,/)EXP
microns photons/sec photons/sec photons/see cm2 sec"1

8.3 TO 9.2 1.0 x 109 3.9 x 109 2.9 x 109 0.079 x 10.15

10.6 TO 11.6 1.6 x 109 6.6 x 109 5.0 x 10 0.14 x 10.15

8.3 TO 14.0 5.7 x 109 2.5 x 1010 1.9 x 1010 0.51 x 10"15

Figure 22 illustrates the characteristics of the oscilloscope records

obtained with CO 2 injection or NH3 injection in the 8. 3 to 9. 2 p.m wave-

length region (note the sensitivity change on Figure 22(c)). The photon

flux recorded in the absence of injection was approximately 9. 6 x 108 ph/sec

as illustrated by Figure 2 2 (a). When CO? was injected, the photon flux
02

increased to 1. 3 x 10' ph/sec and the resulting 0"* / Z was deduced to
-15 2 -1

be 0. 0028 x 10 cm sec . However, when NH 3 was injected, the
A

photon flux increased to 4. 0 x 10' ph/sec and the value of 0- / V was
-15 2 -

determined to be 0. 045 x 10 cm sec -

Comparison of Tables I, II and III suggests that the values of 0 /V

measured at selected wavelength intervals for N,-NH3 collisions were

always greater than corresponding values measured for either the N -H 2 0

or N2 -CO interactions. However, the NG-CO2 radiation in the 11. 6 to

14 pm (i. e. near the 15 prm bending of CO 2 ) is probably greater than that

for H 2 0 or NH 3 . It can further be noted that the values of r#/C IV

-measured at specified wavelength intervals for the N-H interactions

were always greater than corresponding values measured for NG-CO2

interactions.

The spectral nature of the results is demonstrated in Figures 23

to 25. On each graph the quantity is plotted vs wavelength, and

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

shape of the absorption coefficients used were those for 3000 gas. Th •

49]
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purpose of the comparison is to demonstrate the correlation between the

measured 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. 3 ý±m. The rotational spectrum observed at long wavelength does

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

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

discussed in the following section. As indicated in TablelVp most of the

contribution from the 5. 7 to 7. 5 ýLm filter and some from the 8. 3 to 9. 2 ptm

filter were used to determine T* for the 010 transition.

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

Xv. features being the 4. 3 [1 asymmetric stretch and the 15 p. bending mode.
The five measurements of ( -/I) / AX are also shown. The measure-

ment f rom 8. 3 to 14 pim, corrected for the small contributions from 8. 3 to

11.6, is plotted in the region 11.6 - 14 ptm. It can be inferred from these

figures that the measurement of for both of these bands supply only

partial measurements of 0-* for the (001) and (010) excitation cross

sections.

In Figure 25 the overall measurement of ý/-r from 8 to 14 pm

has been used to normalize the scale of the curve. The separate measure-r. ments in the spectral regions 8. 3 - 9. 2 pLm and 10. 6 - 11. 6 pim 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 - l4 pim supplies a good total cross section for excitation of the iz

Smode.
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Table IV

COMPARISON OF EXPERIMENTAL RESULTS WITH CALCULATIONS

FOR N2 -H 2 0AT 5.8 kr/sec

cm2 sec, x 101

ENERGY 5.67- 8.29- 9.13- 10.61- 11.05- 8.32-
INTERVAL 7.45j ~ 9.23/,tm 1033,m 11.57pAm 14/.tm 14,sim

0-770 0 0 0 0 0 0
770-1541 0 0 0 0 0 0

150i-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 0.0018 2.16 7.34 35.27 48.17
4624-5395 0 2.11 6.41 10OM0 30.68 54.10
5395-6166 0 6.30 11.62 21.60 31.00 66.03
616&.6936 0 9.56 14.28 22.41 232.57 281.28
63-7707 1.7 12.03 32.20 4.94 673.30 710.86 '
7707-8478 1.24 9.48 21.74 M5~5 767.74 802.82 .
8478-9249 7.30 13.35 252.53 10.11 477.40 748.55

9249-10019 25.81 4.72 161.86 1.06 273.00 442.66
10019-10790 30.49 2.08 89.59 50.58 130.63 221.49

109-11561 .7 .531.33 3.2 84.46 137.16

11561132 53.61., .08 14.80 8.9 40.56 103.93
12332-13105 30.08 .21 17.41 49.98 26.31 75.39
1310&-13873 106.48 19.13 9.18 21.27 9.39 76.07

.3873-14644 0 0 000

14644.15415 0 0 0 0 0 0A g
257.10 80.00 665.23 266.61 2852.55 3810.98

160 13 1521 5 2
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5.4 Rotational Data for N2 - 1-0 Collisions

The ratio of excitation cross section to radiative lifetime for the

pure rotational spectrum of H 0 was calculated as described in Section 4.

The numerical results obtained for (ak-t) CF) (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 (a/W ) to compare with

experimental results, (j/vr) )° For this comparison, which is shown in TableIV,
-15 2

a value of a- 1.0 x 10 cm was used to reduce the experimetital data

in order to be consistent with the calculation. For this reason, the results

( /,r ) of Table V and those of Table I are different. It can be seen that the

calculated values Or / V are about 50 times too large at the long wave- 5

lengths, where there should be no interference from vibration-rotation

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 • - 11.57 L filter, where the low cal-

culated value reflects the unusually small number of strong lines attributed

to this wavelength region.

5.5 Vibrational Data for N2 H0 Collisions

The shor.t wavelength radiation at 5. 67 - 7. 45 it has been attributed

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

=4.5 x 10 sec, we obtain a-* = 2. 1 x 10 17 2 A measurement

in the wavelength interval 2. 5 - 3. 1 ýt did not yield a measurable 8ignal,

and from this it was concluded that the cross section for the transition19 2• 000-001 is less than 9.3 x 1.0"9 cry These data are summarized in

Table V.
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"Table Y
CROSS SECTIONS FOR VIBRATIONAL EXCITATION IN COLLISIONS

WITH N2 AT 5.8 km/sec

rXT (0/-.ExP.
sec cm 2 C1 cm

H 0 000.010 6.7- 7.5 4.5 X 1* 0.48 x 10'15 2.0 X 01

000-001 2Z5 -3.1 2.5 x 10.2 4 0.037 x1 5 I lr 9.3 x 10-19

I CO2 000-010 11.6-14 43x 101 0.36x 101 1.6 x 10"16 (partial)

000-001 4.28-4.34 2.2x 10- 0.007 x 10-15 1.5 x 10. 2 0 (partial)

NH3 0000.0100 8.3-14 6.8x 10-2 0.51 x 10"15 3.5 x 1170

5.6 Vibrational Data for CO and NH3 Excited by N2 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 CO2 of

1.54 x10-20 cm 2 . This low value is associated with the narrow passband,

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 II and Figure 24, most of the CO2 radiation

measured in the long wavelength region is contained in the 11.5 to 14. 0 tm

region. The wavelength of detector cut-off is nominally 14. 0 4tm at which

point the sensitivity has decreased to 0. Z4 of maximum sensitivity. At
S~14. 5 4tm the sensitivity has dec reas ed to 0. 1 of the 14. 0 ýLm value and at !

14. 75 4rn it has decreased to 0. 05 of the 14. 0 4m value. In Figure 24 it is

en that the CO2 transition probability increases by a factor of approxi-.
}: mutely 5 in the 14. 0 to 14. 5 4m interval and by a factor of approximately 10

in the 14. 0 to 14. 75 4±m interval. It is probable that in these experiments a

•i: ~significant portion of the COz radiation in the 14. 0 to 14. 75 ýtm region was.;
' ~ received by the detector. For this reason, a dotted line has been used to i

V represent that portion of the experimental result on F igure 24 that extends

beyond nominal detector cut-oil.

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"h * shown in Table V to be
0"15 .

0.16 x 10 cm , would be expected to represent a fraction of the total

cross section, but it is difficult to estimate the magnitude of this fraction.
•: (upublshed**

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

=0. 155 x 10  cm for collision at a relative velocity of 5.3 Km/sec.

The NH 3 -N 2 measurement utilized a filter which passed 8.3 - 144±.

Separate measurements were made in the wavelength intervals 8.3 to 9.2 ý m

and 10. 6 to 11. 6 pm as shown in Table III. It is illustrated on Figure 24 that

the radiation of interest is centered at about 10. 4jLm so that the measure-

Vi ments from 8 - 14,u should encompass the entire band. Thus the value of

Os*= 3.5 x i017 should properly represent the cross section for exciting

the mode.

X 5.7 0-H 2 0 Collisions at 4.3 Km/sec

The experimental results obtained for the infrared radiation from

H 0 collisionally excited by 0 atoms at 4.3 Km/sec are given in Table VI

for the wavelength intervals 2.46 to 3.13 ýrm, 5.67 to 7.45 •m and 11. 1 to

14.0 •m. It is difficult to directly compare these results with the N2 - H 20

results given in Table I because of the significant difference (4.3 Km/sec vs.

5.8 Km/sec) in the 0 and N2 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 2 0 experiments because it was found

that the H2 -0z interaction in the reflected-shock reservoir and in the

nozzle expansion significantly complicated interpretation of the results.

Table 1ZT
EXPERIMENTAL RESULTS FOR 0.- H20 AT 4.3 km/sec

FILTER NO H20 INJECTION WITH H20 INJECTION SIGNAL DUE TO H20 0 r/' )EXPT.

imicrons photons/sec photons/sac photons/sec cm2 see"

2.46 TO 3.13 4.4 x '109 6.0 x 109 1.6 x 109 0.03 x 10"15

5.67 TO 7.45 9.5 x 109 15.0 x 1 5.5 x 109 0.11X 10,15

11,1 TO 14.0 5.2 x 10 9.5x 10 4.3 x 10 0.09 X 10"15

Private Communir'.ation: 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 H 20 injection is

shown in Fig. 4(a) for the Z.46 to 3.13 pLm filter and Fig. 4(b) illustrates the

data record obtained with H 0 injection. The teo time is marked on both of

these records and shown to be approximately I, microseconds which is con-

sistent with previous measurements mentioned in Section 2. The photon lux

measured in the absence of injection is shown to be 3.9 x 109 ph/sec as

compared to, 6.6 x 109 ph/sec with injection. The difference between these
-15 2 -1

signals is used to compute a value for 0 IT equal to 0.03 x cm sec

5.8 Rotational Data for 0 - Hz0 Collisions

The ratio of the excitation cross section to radiative lifetime for the

pure rotational spectrum of H O 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 pLm filter'. These values were summed over all energy intervals to

arrive at a value of ( a,./ )C1LC which was approximately 1. 18 times

greater than the measured value ( o-,,/v ) . The agreement between

experiment and calculation is considerably better than was obtained for the

N2 -H 0 experiments discussed in Section 5.4 but this is not surprising

since the theoretical model was formulated for the case of H 0 collisions

with oxygen atoms.

5.9 Vibrational Data for 0- 0 Collisions j
Table VII summarizes the short-wavelength radiation measurements

obtaine. for the 0- 1-0 experiments. The 2.46 to 3.13 pLm radiation has

been attributed to the 000-001 H 0 stretching mode and the 5.67 to 7.45 LLrn

radiation has been attributed to the 000-010 bending mode. Using radiative

lifetimes of 2.5 x 10" sec and 4.5 x -02 secs respectively, the excitation
19 2 -1

cross sections deduced from the experimental data are 7.5 x I0" cm sec

(2.46 to 3.13 pim) and 5.0 x 10"1 cm 2 sec" (5.67 to 7.45 pm).
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Table )M
CROSS SECTIONS FOR VIBRATIONAL EXCUTATION OF H2OIN COLLISIONS

WITH 0 ATOMS AT 4.3 km/sec

_________ _______ (0"*It)EXPT. o ( A

microns sec cm sec1  cm2

H0000-010 5.67 TO 7.45 4.5 x 10. 0.1,1 x 10' 5.0 x i101 4

00-0 2.4 TO 3.13 2. V0' 1 7.5 x101

5. 10 Vibrational Data for Ar - H 0 Collisions
K,'

A limited number of experiments were performed in the 5.67 to

7.45 ýL.n wavelength interval using argcai at 5.4 Km/st~*c colliding withH0

8 as the target gas. The results of this study are reported in Table VII.

-22
-18 2q rotational transition gives an excitation cross section of about 2 x 10 cm

Table VI
CROSS SECTION FOR VIBRATIONAL EXCITATION OF H20 IN COLLISIONS

WITH ARGON AT 5.4 km/sec

FILTER NO H20 I NJECTI ON WITH H20 INJECTION SIGNAL DUE TO H20 (<-./t) EXPI. ___

microns photons/sec photons/sea Phtnlc om2 sec1  cm J

5.67 TO 7.45 6.1 X io0 7.4 x 10 ~ 1.3 x 10 ~ 0.047 7. 10,~218x
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6. C ONCLUSIONS

Measurements have been made of the spectral infrared radiative

properties of H2 0, CO 2 and NHI3 molecules that have been involved in a

single high-energy collision with N2 , 0, or Argon. A pressure-driven

reflected-shock tunnel was used to produce a supply of N2 molecules at 5. 8

Km/sec, a supply of 0 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 ( o- /V ) have been obtained for the 2.5 to 3.1 I.xm, 5. 7 to 7.5 tm,i~i•::•8. 3 to 9. 2 ;xm, 9. 1 to 10. 3 ýnm, 10. 6 to 11. 6 IAm, 11. 1 to 14 ýtn and 8. 3 to ;:

14 jým wavelength regions for N -H 2 0 collisions. For N2 -0O 2 collisions,

nmeasurements of O- / 1 have been obtained in the wavelength regions

4,28 to 4. 34 pm, 8. 3 to 9. 2 m, 9. 1 to 10.3 /m, 10. 6 to 11. 6 pm, and

8. 3 to 14 um. Measurements of c /,r have also been obtained for

N -NH 3 collisions in the wavelength intervals 8. 3 to 9. 2 •m, 10.6 to 11. 6 pm

and 8. 3 to 14 .im. For O-H 0 collisions, measurements of 6-* Pr were
2

performed in the wavelength interval 2.46 to 3. 13 gLm, 5. 7 to 7. 5 /.Lm, and

11. 1 to 14 Mm. The experimental values of "cr /v are showvn to compare

favorably with theoretical calculations of the effective values of

for radiation in the given wavelength intervals.

I
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APPENDIX A

VIBRATIONAL DATA CORRELATION

•J 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 collision between molecules which have an exponentially repulsive force,

the probability of transition in a collision has the form

P10 (A-l)

and the cross section 0-s for this transition is

• • = • o =a K•z e- r (A-2)

where U-0 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

-P• eaB (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 Eqs. (Z) and (3) can be shown to be relate.d by

2( -4)-

and

oK- q 1 ,I 1t I
K, = (A-5).3 2 V Noo --- BR'---
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The units of .Tpr have been taken as atmosphere sec. T is the tempera-

ture in °K, . is the Boltzmann constant, M is the reduced mass of the

colliding molecules, and N0 and T. are the reference number density

and temperature associated with the reference pressure of one atmosphere

used in Eq. (A-3). Thus N. T,, 8. 067 x 102 (particles/cm3) °K ,cand

molecular weight. Introducing these numbers, Eqs. (4) and (5) become

K 4q- (A-6)

.3.253 x 10 (A-7)

and (2) is

3/- 41146,2 7
I T1

3.253 .5

The constants P and • can be obtained from vibrational relaxation

data, in cases where these are available. Otherwise, estimates can be

obtained from the semi-empirical correlation relations of Millikan and
15;

White. From a comparison of 13 sets of collision partners, they obtain

C Q. " (A-9) I

and :

- (015 .0 ' + 18.4e) (A- 0)

where 8 is the characteristic temperature wl/A for the transition (in
-3

IK) and C is a number close to 1. 16 x 10 Thus if the Millikan and
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White correlations are used, Eqs. (6) and (7) become

K . 1 9 1 (A-1l1)

-S' V4 413
23 Z/4 -,2 1.74X 10 pL 8 A-

and Eq. (2) is I
~3 ~1.74 X 1-'4 / ( 0 q 1~f4 9)/~

(A-13)
4With ý± in molecular weight units, 9in *K and Ir in cm/sec, the cross

section C- is in cm .The value of Pt to be associated with vibra-
tional excitation in Eq. (Z21) is then 0- / r,

Values of the qaiantities in Eqs. (A-9) to (A-13) are given in Table A-I
for the collisions of interest here.

16
Experimental result's of Simpson and Chandler (also see Ref. 17)

give, for N COz vibrational relaxation, A = -1385 O

atm sec. These values, when used in Eq. (A.-8), give (3=4. 0 x J10
2 5

cm for Vu =5. 8 x 10 cm/sec.
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-LIST OF SYMBOLS

a.. y coordinate of the lower flat plate

Ad area of infrared detector

A* Einstein coefficient for spontaneous emission

distance of hot wire from mirror surface

distance of virtual image from mirror surface

, hot-wire diameter

o( virtual-image diameter

SD dimension of (square) infrared detector
focal length of mirror

ft. distance between the flat plates

.1.. blackbody spectral radiant emittance .4
L length of the hot wire

" N spectral radiance of hot wire

n• number density of the incident stream

l2C •) number density of the target stream

.P maximum collision probability of collision for an incident stream
particle in the target stream

PR probability of excitation of a given rotational state J

Pv probability of excitation of a given vibrational state

power radiated by hot wire into detector in A A

R spherical radius of mirror

T hot-wire temperature

irU velocity of the incident stream

V2 velocity of the target stream

,. velocity of the center of mass in an incident-target molecule.
collision

W" ' total flux of photons into detector (photons sec")

coordinate parallel to the incident stream

coordinate parallel to the axis of the target streamr

68



LIST OF SYMBOLS (Contd)

Scoordinate at right angles to x and to y

6 width of wire shadow on detector

CA spectral emittance of hot wire at temperature T

-;I

0 apex angle of the target and field-of-view cones

0' defined by Eq. (23)

A wavelength

LAA wavelength interval

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

0 ;R cross section for excitation to the v' , R vibrational-
rotational state

0 collision cross section for a participating excited state

lifetime of a participating excited state

0'(pp flux of excited states between target cone and field of view,
-2 -1

(molecules cm sec

,(V) total flux of target molecules (molecules sec"I)

C)I pertaining to the incident stream

) pertaining to the target stream

()4 pertaining to a participating excited state
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