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Infrared Radiation from H,O0, CO,, or NH,
Collisionally Excited by N,, O, or Ar

M. G. DUNN,* G. T. SKINNER,T AND C. E. TREANOR]
Calspan Corporation, Buffalo, N.Y.

Results are reported of an experimental study to elicit the spectral infrared radiative properties of H,0, CO,, or
NH; molecules that have been involved in a single high-energy collision with N,, O, or argon. A pressure-driven
reflected-shock tunnel was used to produce a 5.8 km/sec supply of N, molecules or a 4.3 km/sec supply of O
atoms or a 5.4 km/sec supply of argon that subsequently impacted the target molecules. Experimental values of
6,/ (excitation cross section/radiative lifetime) are presented for the wavelength regions 2.5-3.1 um, 5.7-7.5 um,
8.3-9.2 ym, 9.1-10.3 ym, 10.6-11.6 ym, 11.1-14.0 um, and 8.3-14.0 um for the N,-H,O collisions. Values of
o,/T are also presented for the N,-CO, collisions in the wavelength regions 4.28-4.34 ym, 8.3-9.2 um, 9.1-10.3 um,
10.6-11.6 ym, and 8.3-14.0 ym. In addition, values of o/t are reported for the N,-NH; interaction in the wave-
length intervals 8.3-9.2 um, 10.6-11.6 ym, and 8.3-14.0 um. Experimental values of o,/t are also presented
for the O-H,O interaction in the wavelength intervals 2.46-3.13 um, 5.67-7.45 ym, and 11.1-14.0 um. A value
of o,/ is given for Ar-H,O collisions at 5.4 km/sec in the wavelength interval 5.67-7.45 ym. These experimental
values of ¢/t are compared with theoretical calculations of the effective values of 5, /7 for radiation in the given
wavelength intervals. Using available values of the radiative lifetimes, values for o, were obtained.
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Nomenclature () = perta%n?ng to the incident stream
. ( )2 = pertaining to the target stream

a =y coordinate of the lower flat plate ()3 = pertaining to a participating excited state
Ay = area of infrared detector
A; = Einstein coefficient for spontaneous emission
h = distance between the flat plates L Introduction
n, = number density of the incident stream . . ) ]
n,(y) = number density of the target stream HE experiment that is described here was designed to
P = maximum collision probability of collision for an incident determine the transition probability for vibrational excitation

stream particle with the target stream of molecules excited in a single high-energy collision. These
Pg = probability of excitation of a given rotational state transition probabilities have previously been inferred from vibra-
P, = probability of excitation of a given vibrational state tional relaxation experiments, where a distribution of collisional
v; = velocity of the incident stream Lo ! o

. energies is involved, rather than from monoenergetic collisions.

v, = velocity of the target stream For th . ts di od h e fected
v, = velocity of the center of mass in an incident-target molecule Or the experiments discuss CI¢, 4 pressure-driven re e_cte g

collision shock tunnel was used to produce N, molecules at a velocity of
w = total flux of photons into detector (photons sec™ %) 5.8 km/sec, O atoms at 4.3 km/sec, or argon at 5.4 km/sec at
X = coordinate parallel to the incident stream sufficiently low density that the effect of single collisions could be

p 2

y = coordinate parallel to the axis of the target stream observed. A liquid-nitrogen cooled flat plate containing a gas
z = coordinate at right angles to x and to y injector was aligned with the flow in the test section, and used to
& =y inject target gases of H,O, CO,, or NH;. A Ge:Hg infrared
Z = v2/ ("1"1"10) { the target and field-of-vi detector was located in this plate downstream of the injector to
7 =apexangle ol the larget and fleld-ol-view cones observeinfrared radiation from the collisionally excited molecules.
8, = defined by Eq. (12) Y
Iy _ wavelen gzh a A second flat plate, also cooled with liquid nitrogen, was placed
AA = wavelength interval parallel to the first plate and served as a cooled background
o, = elastic collision cross section for the incident stream particle for the detector. )

and the target gas For the experimental arrangement just described, the energy
o,g = cross section for excitation to the v, R vibrational-rotational transferred to internal excitation of the target molecule is

state ) L . close to the maximum for this type of collision. Viewed in the
6, = 1(,:({)1?510n «;ross Sf.ct.l()nt .for a p?.trt(limfelttlng excited state center-of-mass coordinate system, such a collision results in both
T = lifetime of a participating excited state

¥2(y) = total flux of target molecules at height y (molecules sec ™)
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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 order of magnitude smaller than the approaching
N, molecule, O atom, or argon, the center-of-mass velocity is
approximiately aligned with the velocity of the N,, 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
generated at one streamwise location and the associated radiation
intensity is 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
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Fig. 1 Schematic of the experiment.

(and through) the field of view of the detector, and to the
probability of collisional de-excitation.

In Sec. II, the experimental apparatus and diagnostic tech-
niques used to obtain these results are described. In Sec. III is
discussed the data reduction procedure used to convert the
detector output to the appropriate values of (¢,/r) and in Sec. IV,
the theoretical calculations utilized to go from values of (o,/7)
to values for the excitation cross section o,. The experimental
data are presented in Sec. V for the interaction of N,-H,O,
N,-CO,, N,-NH3;, O-H,0, and Ar-H,0.

II. Experimental Apparatus and Technique
A. Shock-Tunnel Measurements

The shock-tunnel used in this work utilizes a 3-in. internal
diam by 42 ft long pressure-driven shock tube as its gas supply.
For the 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
argon experiments the driver gas was hydrogen at 12,000 psi
and 670 K, and the driven-gas initial pressure was 30 torr.
Flow is initiated by rupturing the double diaphragms which
initially separate the driver and driven gases. The flat-plate
model used in this work is shown in Fig. 1 and was located on
the centerline just downstream of the 6 ft diam 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 duration and uniformity of the test-gas flow be
determined experimentally. Therefore, several diagnostic experi-
ments were performed for the shock-tube flow and for the nozzle
flow in order to define the parameters of interest. A detailed
discussion of these measurements is presented in the final report
referred to in the footnote.

B. Detector and Filter Calibration

The infrared detector used in these experiments was a liquid
helium cooled mercury-doped germanium detector. The 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 approximately 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 2.5-14.0 um using eight different filters. The
half-power points for each of these filters are: a) 2.5-3.1 um,
b) 428-4.34 um, c) 5.7-7.5 um, d) 8.3-9.2 um, e) 8.3-14.0 um,
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(0 9.1-10.3 um, g) 10.6-11.6 pm, and h) 11.1-140 um. 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 these eight 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 calibration
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 in.
diam by 0.100 in. long, placed in the FOV and electrically
heated to provide the necessary radiant flux. By measuring the
wire resistance and knowing the spectral emissivity! of platinum
as a function of temperature, it was possible to calculate the
radiant flux emitted by the wire over each bandwidth. A detailed
discussion of the calibration technique is also presented in the
final report.

C. 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 o,/7 from the
experimental results. A brief description of the data reduction
procedure and the importance of these parameters can be found
in Sec. III. The purpose of this discussion is to describe the
experimental techniques used to obtain the values appropriate
to these experiments.

To determine the H,0, CO,, or NH; 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 ev 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. 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 the ionization cross sections?-?
as a function of electron energy for all of the species involved,
the H,0, CO,, and NHj particle densities were determined
at the location (a+1) where (a) is the distance between the
x-axis and the plate surface and (/) is the ionizer length. The
inverse square law can then be used to determine the particle
density at the plate surface using a straightforward calculation.

The velocity of the target molecules, v,, was calculated from
the expression v, = (2/y— 1)'/?/a, where a, is the speed of sound
in the injector reservoir. In order to ascertain ao, 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 in. diam and 0.10 in.
long 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 temperature, it was possible to infer the injector gas
temperature and thus ao,. The water vapor, which was in
equilibrium with the liquid in the reservoir, was found to be at a
temperature of 343 K higher than either the CO, or NH; vapor
temperature because hot water was circulated through the
injector jacket for the H,O experiments but not for the CO,
or NH; experiments. The corresponding reservoir pressure
would have been 220 torr. However, the injector nozzle was
cooled by contact with the liquid-nitrogen cooled flat-plate
model. Thus the effective pressure was significantly less. The
target gas was expanded rapidly from this reservoir condition
in a nozzle with a length of 0.38-in. and an included angle of
90°. A liquid-nitrogen cooled skimmer was located downstream
of the nozzle exit plane at the surface of the flat-plate model.
It is anticipated that the water molecules striking the nozzle
walls would be frozen-out. Condensation of the target-gas stream
is not anticipated because of the rapid expansion in the short
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nozzle with the walls cooled to 77 K. It is a difficult task to
calculate accurately the target-gas particle density for the flow
conditions of interest here. Thus the target-gas density was
measured using an ionizer as explained above.

The temperature of the CO, vapor was measured to be 217 K
at a pressure of 45 torr, and for the NH; vapor the measured
temperature was 215 K at a pressure of 45 torr. The appropriate
values of the specific heat ratio were taken from Ref. 4 for
H,0 and CO, and from Ref. 5 for NH;. The accuracy of the
ionizer measurements of target-gas densities depends, in addition
to the ionization cross-section data used, on the assumption
that the target stream is uniform. The ionization cross-section
data are considered to be accurate to within +20% and it is
estimated that stream nonuniformities would not introduce
more than a few percent error in the calibration. Thus the
overall density measurement of the target stream is considered
to be accurate to within about 30%.

III. 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 parallel to the x-axis at the center-of-mass velocity,
v,. It is assumed that the lifetime ¢ of any participating state
is long compared with the transit time to, and through, the
field of view. A cross section o, is assigned to each excitation
of interest.

The schematic of the experiment is shown in Fig. 1. The
x-axis lies a distance (a) 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, 6. The target stream is
attenuated by collisions with the high-speed N, O, or Ar stream,
and essentially vanishes before reaching the upper plate. These
collisions are primarily elastic, involving the normal gas-dynamic
cross section, o,. It is tacitly assumed that the cross sections
for exciting the states of interest in these experiments o, 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 total photon flux into the detector can be calculated
on the basis of certain assumptions, namely that both streams
of particles are essentially monoenergetic, that the excited
species moves essentially parallel to the lower plate at the center-
of-mass velocity, and that there is some effective excitation
cross section o, for the participating states together with a
radiative lifetime 1 for these states.

It can be shown that the total photon flux into the detector
is given by

yan@2)  Agnyo, 0104(p) ,
v L J; 2720, to,y” tan® (6)2) [v* tan® (6/2)— z*)dzdy

J‘ Vol )l:tan3 6/2) tan® (0/2):' dy —
y 3y

(Q/Z)J '/’2()’) )

It is consistent to make the approximation that tan 6/2 = 6,2,
and since ¥/, (y) = 0 for y < h, Eq. (1) can be written

2A (7] ®
=54 d ny vy (0'*>j !/IZ(Y)dy Q)
T U* (5] T a y

where the dependence of the number of photons/sec, w on the
ratio ¢/t is shown explicitly.

An expression can be derived for y,(y) and when substituted
into Eq. (2), the number of photons/sec entering the detector is

given by
24,0n,0, (o, P
=TT % @ - d
o 2 e | ey )

Agnyo, 0,

n%v, T, tan? (6/2)
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Putting & = y/n, Eq. (3) can be written in terms of a tabulated

integral
24,6 1
W= anq vy <U*> lpz(a) en/r]J‘ Eem*dé (4)
afn

3120, 0,

The total flux of target molecules at the surface of the lower
plate ¥r,(a) can be expressed in terms of the probability P that
an N, molecule will collide with a target molecule in traversing
the maximum path length (diameter) in the target stream at
y = a. Writing n,(y) for the density of target molecules, to an
approximation consistent with Eq. (4),

E = 2atan (6/2)n,(a) (5)
Go
And since
Y2(a) = na® tan® (0/2)v,n,(a) (6)
this becomes
Vrl@) = "2 ( P) tan (0/2) ™
)

Finally, to the same approx1mation as Eq (4), the total number
of photons/sec entermg the detector is given by

A‘,G nval P\ /o, an ®1
67v,, oo/ \ T ¢ ,,,,,Ee de ®)

which, when multiplied by the energy/photon becomes the
wattage into the detector attributable to the excitation corres-
ponding to ¢,. The value of ¢, used in Eq. (8) to deduce the
values of o./r (reported in Tables 1-4 and 6-8) from the
measured photon flux were: 3.22x107*° cm? for N,-H,O;
4.54x 10713 em? for N,-CO,; 1.7x 107 1% em? for N,-NH,;
2.7x107*% ecm? for O-H,0; and 2.5x 1073 ¢m? for Ar-H,0.
For the comparison presented in Table 5 and in Sec. VH, the
value used for oy was 1.15x 107 !> ¢cm? to be consistent with
the theoretical calculation.®

Table 1 Experimental results for N,-H,O at 5.8 km/sec

No H,O With H,0O Signal

Filter injection injection due to H,0 (0'*/ r)exp
microns photons/sec  photons/sec  photons/sec cm? sec
2.5-3.1 9.9 x 10° 9.3 x 10° <0.95x10° <0.037x107'°
5.7-1.5 19x10'° 3.1x 104 1.2x10'° 046 x 10715
8.3-9.2 1.0x 10° 1.9 x10° 0.9 x 10° 0.035x 107 *°
9.1-10.3 1.0 x 10° 2.1x10° 1.Ix10° 0.042 x 10713
10.6-11.6 24 x10° 48 x10° 24x10° 0.092x 107 '3
11.1-14.0 1.5x 10'° 1.9 x 10'° 4.0x10° 0.15x 1012
8.3-14.0 5.7 x 10° 1.5x10'° 0.9 x 10'° 035x 10713

Table 2 Experimental results for N,-CO, at 5.8 km/sec

No CO, With CO, Signal

Filter injection injection due to CO, (04/Dexp
microns photons/sec photons/sec photons/sec cm? sec™ !
4.28-4.34 7.8 x 108 9.5 x 10% 0.17 x 10° 0.007x 10713

8392 1.0x10° 1.3x10° 0.3 x 10° 0.012x 10713

9.1-10.3 1.0 x 10° 1.5x 10° 0.5x10° 0.020 x-107 '3
10.6-11.6 1.6 x 10° 1.7 x 10° 0.1 x 10° 0.004 x 107 '3

8.3-14.0 5.7%10° 1.6 x 101° 1.0 x10'° 0.40x 10713

Table 3 Experimental results for N,-NH; at 5.8 km/sec

No NH; With NH; Signal
Filter injection injection due to NH; (c*/r)exp
microns photons/sec  photons/sec  photons/sec cm? sec™ !
8.3-92 1.0 x 10° 3.9 x10° 2.9%10° 0079 x10° 13
10.6-11.6 1.6 x 10° 6.6 x 10° 5.0x10° 0.14x 10713
8.3-14.0 5.7 % 10° 2.5%10'° 0.51x 10713

1.9 x 10°
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Table 4 Comparison of experimental results with calculations for N,-H,O at 5.8 km/sec

(04/1)aE(f) cm? sec™ ! x 10*8
9.13-

Energy 5.67- 8.29- 10.61- 11.05~ 8.32-
intervsl 7.45 pm 9.23 ym 10.33 ym 11.57 pym 14 ym 14 ym
cm
0-770 0 0 0 0 0 0
770-1541 0 0 0 0 0 0
1541-2312 0 0 0 0 0.37 037
2312-3083 0 0 0 033 1097 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 0 211 6.41 10.90 30.68 54.10
5395-6166 0 6.30 11.62 21.60 31.00 66.03
6166-6936 0 9.56 14.28 2241 23257 281.28
6936-7707 1.37 12.03 3220 494 673.30 710.86
7707-8478 1.24 9.48 21.74 12.55 767.74 802.82
8478-9249 7.30 13.35 252.53 10.11 47740 748.55
9249-10019 25.81 472 161.86 1.06 273.00 442.65
10019-10790 3049 2.08 89.59 50.58 130.63 221.49
10790-11561 0.76 0.95 31.33 33.02 84.46 137.16
11561-12332 53.65 0.08 14.80 18.49 40.56 103.93
12332-13105 30.08 0.21 17.41 49.98 26.31 75.39
13105-13873 106.48 19.13 9.18 21.27 9.39 76.07
13873-14644 0 0 0 0 0 0
1464415415 0 0 0 0 0 0
(T /Tcatc(f) 257.18 80.00 665.23 266.61 2852.55 3810.98
(04/Tex 160.00 13.00 15.00 21.00 54.00 120.00
(1/50)(0 4/ T)catc 5.00 1.6 13.00 53 57.00 76.00

Table 5 Cross sections for vibrational excitation in collisions with N, at 5.8 km/sec

AL T 04/ Dexpt, 0.(A1)
um sec cm? sec™?! cm?
H,O 000-010 5.7-1.5 45x1072 0.46x 10713 20x10717
000-001 2531 25%x1072 <0.037x 10713 <93x1071°
CO, 000-010 11.6-14 43x107! 0.36x 107 1% 1.6 x 107 ! (partial)
000-001 4.28-4.34 22x1073 0.007 x 10713 1.5 x 10~ 2° (partial)
NH; 0000-0100 8.3-14 6.8x1072 0.51x 10718 35%x10°17
The values pertaining to the actual experiments are: 6o =322x10""5 for N,-H,O

a =254 cm
A, = 00625 cm?
ny = 2.75x10' cm™ 3 for 5.8 km/sec N, stream

= 1.86 x 10'* cm ™3 for 4.3 km/sec O stream

= 1.35x 10** cm ™3 for 5.4 km/sec Argon stream

ny(a) = 2.25 x 10" cm™3 (for H,0)
=3.9%x 10" cm ™3 (for CO,)
= 2.36 x 10** cm 3 (for NH3)

Pl/oy =031 x10'5 cm™2 (for H,0)
= 0.53 x10'3 cm ™2 (for CO,)
= 0.32 x 10'5 cm ™2 (for NH3,)

Uy

= 4.3 x 10° cm/sec (for O-H,0)

= 5.4x10° cm/sec (for Ar-H,0)

= 1.13 x 10° cm/sec (for H,0)

= 5.4 x10* cm/sec (for CO,)

= 9.43 x 10* cm/sec (for NH;)

= 3.53 x 10° cm/sec (for N,-H,0)

= 2.26 x 10° cm/sec (for N,-CO,)

= 3.61 x 10° cm/sec (for N,-NHj)

= 2.02 x 10° cm/sec (for O-H,0)

= 3.70 x 10° ¢cm/sec (for Ar-H,O)

= 30° or 0.524 rad

U3

Ux

0

= 5.8 x 10° ecm/sec (for N,-H,O0, N,-CO,, and N,-NH3)

= 4.54 x 10~ 13 for N,-CO,
= 1.7x 107 '3 for N,-NH;,
=2.7x10"'% for O-H,0
=25x%x10"13 for Ar-H,O

With these values, Eq. (19) can be used to express the
experimental capability of measuring o,/7 in terms of the resolu-
tion of the detector.

0,/ = 3.842x 10726 (w) (for N,-H,0)
= 4036 x 1026 (w) (for N,-CO,)
= 2.710 x 10~ 26 (w) (for N,-NH,)
= 2,012 x 10~ 26 () (for O-H,0)
= 3.640 x 10726 (w) (for Ar-H,0)

where w is in photons sec™ 1.

The possibility of multiple collisions, which result in de-excita-
tion of excited molecules, was a design consideration. This
considération 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,O, the source is water-
jacketed at approximately 340 K whereas the detector is at about
5 K and shielded at about 77 K. Therefore, adequate separation
is necessary 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 produced. However, once a target
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molecule is highly excited, it moves with the N, stream at a
velocity (v; —v,) and its mean free path in the N, stream must
be sufficient to ensure that collisional de-excitation will not
interfere with the experiment. Thus the experiment 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 de-excitation in a single collision is negligibly
small.

The fraction F of the newly created excited particles that
undergoes collision with N, particles (or O or Ar) can be
estimated on the basis of the gas-dynamic collision cross section
o,o. The fraction of these excited particles that would suffer a
collision in traveling the distance between position x, where
the excited particle is formed to position x, where it would
radiate in the FOV of the detector, is given by

F= I—CXpI:— (xz_xl)(m_u*)ao"x]

Uy

The collision between the excited particle and a N, molecule
(or O atom or Ar) is a much lower energy collision than the
initial collision between a N, 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 use the
values of the gas-dynamic collision cross section ¢, given
previously, then we can estimate the fraction of the excited
particles that undergo a collision in traveling the distance x, — x, ;
for N,-H,O, F = 0.88; for N,-CO,, F =0.999; for N,-NHj,
F = 0.65; for O-H,0, F = 0.88; for Ar-H,O, F = 0.44.

From this calculation, it can be seen that for the N,-H,O and
the O-H,O experiments approximately 88% of the excited
particles will undergo a collision with the incident particle. In
the case of the N,-NHj3 experiment, approximately 65% of the
excited particles will experience a collision and in the case of
the Ar-H, O experiments 449 of the excited particles will undergo
a collision with the incident particle. As previously noted, these
second collisions are of much lower energy than the initial
excitation collision and the probability for de-excitation is signifi-
cantly less than it would be for a higher energy collision.
It is thus doubtful that any significant de-excitation occurred
for these collistons. However, in the case of the N,-CO,
experiment, 99.9% of the excited particles will undergo a second
collision and this condition deviates significantly from our design
consideration. There is a possibility that we may have had some
de-excitation for the N,-CO, experiment, even though the second
collision was at much lower energy than the excitation collision.
It is difficult for us to estimate the magnitude of this potential
influence, but it can be seen that if de-excitation did occur then
the reported values of ¢,/t would be smaller than the true
value.

The production of excited states which may contribute to the
measured radiation is related to the ordinary gas-dynamic elastic
collision cross section o by virtue of the fact that a change in
g, alters the geometrical location of the paths of the excited
molecules with respect to the infrared optics. For example, an
increase in 6, means that the water stream is attenuated more
rapidly and the fraction of collisions that result in excited
states occur closer to the source. Thus, they pass closer to the
detector and spend less time in the field of view. It follows that
the measured radiation is proportional to (¢,/0,)/r for the
experimental condition under which few target particles reach
the opposite wall. Thus, any experimental values determined
for o, are proportional to the value assumed for. o, which is
approximately a constant for any one experiment due to the fact
that both streams are highly expanded and therefore nearly
monoenergetic.

IV. 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 emission processes. For short wavelength vibra-

INFRARED RADIATION FROM H,O0, CO,, OR NH; 807

tional 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 ¢,/t by the known radiative lifetime
for the transition. In this way the cross section for H,O (000-
010) at 6.3 um and NH; (v,) at 10.7 ym were determined.
For the other transitions, however, where the observed radiation
originates from a broad range of energy levels, or where only a
portion of the band was observed (as with CO,), a somewhat
more detailed analysis is required. This analysis was applied to
the pure rotational spectrum of water, but has not been attempted
for the CO, transitions. For the vibrational transitions it can be
assumed that only the first vibrational level is excited. The
probability of 2-quantum transitions is relatively small, since
typical measured values of Py, are on the order of 0.025 or less,
and probabilities of higher order transitions are related by’
Py, = Py,"(1/n!). For the rotational transitions, however, it is
expected that multiple quantum jumps occur, and the classical
treatment discussed herein is consistent with that.

A. General Formulation
Thecross section for excitation to the v, R vibrational-rotational
state is taken as
oy = P, Prog 9
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 state v, the cross
section is

av=zcuR=60PuZPR=GOPv (10)
1 al
al 1 ;1
where Py is normalized so that
all
R

The intensity of the radiation that is observed immediately
after collisional excitation is proportional to the ratio of the
excitation cross section to the radiative lifetime, as previously
discussed. Thus the parameter that can be measured for any
transition j is

91‘(") = Uuk/‘fj = Our Aj (12)
where A;=1/7; is the Einstein coefficient for spontaneous
emission, and t; is the lifetime for transition j, originating from
level vR. Combining Egs. (10) and (12) for pure vibrational
transitions permits the simpledata reduction discussed. In general,
however, the filters employed transmit many spectral lines
originating from considerably different energies, so that for each
filter the observed radiation is proportional to the sum of all

the terms §(v) with values of v within the passband. Then for
each filter f

o /T(f) =Y 00 =Y (o,rA) (13)
i) if)
or
o*/T(f)=Go§f:PuPRAj 14
i

where j(f) indicates all the spectral lines j passed by filter f.
Becauseof thelargenumber 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 and P,, and then adjust these assumptions
to obtain a consistent comparison with the data. To accomplish
this, Py is taken to depend only on the ratio of the energy of the
rotational state to the center-of-mass energy of the collision.
The energy dependence that is utilized is the calculated values
obtained by Kolb et al.® for an impulsive rigid-rotor classical
model of H,O collisions with oxygen atoms. With this model
the probability of excitation into an energy range E to E+AE
is equal to PAE/E,, so that P(E/E,k,) is normalized by the
relation [oP(E/E ) d(E/E.,) = 1. In the present usage the
probability of excitation into an energy level i is equal to P, so
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Fig. 2 Oscilloscope records obtained for 10.6-11.64 filter for 5.8 km/
sec N, particles.

that the normalization relation is ZE';“{ Pg, = 1, where i represents
the ith energy level and i, is the total number of rotational
levels considered. Thus Kolb et al. values are related to those
used here by

Pr,= CP(E) (15)
where C is a single proportionately constant determined from

Zﬁ’;‘ai Pg, = 1.(Since the energy levels are distributed with reason-
ably constant density in the energy range of interest, C is
approximately given by C = /i)

B. H,O Reotation

The pure rotational spectrum of H,O extends over the entire
8-14 um infrared region of interest. The energies of the rotational
states and the wavelength and intensities of the transitions which
originate from them have been calculated by Maki® and these
calculations have been used in the present data reduction. They
show that the radiation of 14 um wavelength or shorter originates
from energy levels of J = 16, or energies > 5000 cm™!. Thus,
single-collision excitation of this radiation requires energetic
collision. The calculation described by Egs. (14) and (15), using
Maki’s values of A; and Kolb’s values of P(E), is tabulated in
Table 4 and compared with experiment.

V. Presentation of Experimental Data
A. N,-H,O Collisions at 5.8 km/sec

The experimental results obtained for the infrared radiation
from H,O collisionally excited by N, at 5.8 km/sec are given
in Table 1 for all of the wavelength intervals studied in this
work. Three important comments can be made about the results
appearing in this table. First, the photon flux measured in the
absence of H,O injection for the 2.5-3.1 um wavelength region
was approximately equal to (6% greater) that measured with
injection, suggesting that the H,O stretching mode was not
excited. On the basis of experience with these measurements
we feel that 109, effects can be resolved and that the slight
change in signal observed at this wavelength with H,O injection
is not significant. The data reported in Table 1 for this wave-
length suggest that the value of ¢/t must be less than 3.7 x 107
cm? sec™!. Secondly, the magnitude of ¢,/r measured in the
5.7-7.5 um region is relatively large (0.46 x 10715 cm? sec™ ') and
is roughly the same as the value measured over the entire
8.3-14 um region (0.35x 107 '* cm? sec™ 7). Finally, the sum of
the ¢,/r values measured at the 8.3-9.2, 9.1-10.3, 10.6-11.6, and
11.1-14.0 um wavelength intervals is approximately equal to the
value of o,/t measured with the 8.3-14.0 um filter, as would
be expected.
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Figure 2 is typical of the data obtained in the nitrogen
experiments. Figure 2(a) illustrates the detector-output history
measured in the 10.6-11.6 um wavelength region in the absence
of H,O injection. The test time is shown to be on the order
of 100 usec, consistent with the measurements discussed in
Sec. I1., and the photon flux is relatively uniform during this
time period. Figure 2b was obtained for the same N, velocity
but in this experiment H,O 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,O
injection.

Figure 2c is an oscilloscope record from a different “no
injection™ experiment, but this oscilloscope was triggered by a
heat-transfer gage located 20 in. downstream from the driver-
tube diaphragm and the scope sweep speed was 500 usec/ocm
instead of 100 psec/cm as used on Figs. 2a, 2b, and 2d. 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,O was
injected could in fact be attributed to the N,-H,O interaction,
several experiments were performed in which argon was injected
instead of H,O. Figure 2d illustrates that when argon was
injected the recorded' detector output was found to be nearly
identical to the signal received in the absence of injection.

Figure 3 is another illustration of the experimental data
obtained with and without H,O injection. These particular
oscilloscope records were obtained using the 8.3-14.0 ym filter.
Figure 3a illustrates that the photon flux measured in the
absence of H,O injection was 6.0 x 10° ph/sec as compared to
the value of 1.6 x 10*° ph/sec shown in Figure 3b which was
measured with H,O injection. These results are included in the
data summary presented in Table 1 and, as indicated there,
result in a value of ¢/t equal to 0.35 x 10~ '* cm? sec ™! for this
wavelength region.

B. N,-CO, Collisions at 5.8 km/sec

The experimental results obtained for the infrared radiation
from CO, collisionally excited by N, at 5.8 km/sec are given
in Table 2 for all wavelength intervals studied in this work.
One additional filter appears in this table (4.28-4.34 um) not
used in the N,-H,O work. In addition, the 5.7-7.5 yum and the
11.1-14.0 um filters were not used in the N,-CO, studies. It
was difficult to excite the 428-4.34 um mode, as illustrated
by the fact that the signal received by the detector with CO,
injection was only 15% greater than that received without
injection. For wavelength intervals 8.3-9.2 um, 9.1-10.3 um, and
8.3-14.0 um, the signals recorded with injection were consider-
ably greater than the background signals. However, in the 10.6-
11.6 um region, the signals recorded with injection of CO, were
less than 109, greater than those recorded in the absence of
injection, so that only an upper limit of the value for o,/t
could be determined at this wavelength interval.

C. N,-NH; Collisions at 5.8 km/sec

Table 3 presents a summary of the values for o,/7 obtained
for N, particles at 5.8 kmy/sec interacting with NH,. The three

1 vfem

05 viem 0.5 viom |

N WITH H,0 INJECTION

Fig. 3 Oscilloscope records obtained for 8.3-14.04 filter for 5.8 km/
sec N, particles.
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Fig. 4 Spectral dependence of collisionally induced radiation with
H,O0-N, at 5.8 km/sec.

wavelength intervals that were studied for this combination of
gases were 8.3-9.2 um, 10.6-11.6 um, and 8.3-14.0 um. Even
though all the available filters were not used in this study, the
results presented in Table 3 suggest that the value of o/t
measured for the 8.3-14.0 ym wavelength region is consistent
with the values measured in the two intermediate wavelength
intervals.

The photon flux recorded in the absence of injection was
approximately 9.6 x 10® ph/sec. When CO, was injected, the
photon flux increased to 1.3 x 10° ph/sec and the resulting o,/
was deduced to be 0.012x 107 % cm? sec™. However, when
NH; was injected, the photon flux increased to 4.0 x 10° ph/sec
and the value of ¢/t was determined to be 0.079 x 10~ !5 cm?
sec .

Comparison of Tables 1-3 suggests that the values of o,/t
measured at selected wavelength intervals for N,-NHj collisions
were always greater than corresponding values measured for
either the N,-H,O or N,-CO, interactions. However, the
N,-CO; radiation in the 11.6-14 um (i.e, near the 15 ym bend-
ing of CO,) is probably greater than that for H,O or NH,. It
can further be noted that the values of 6/t measured at specified
wavelength intervals for the N,-H,O interactions were generally
greater than corresponding values measured for N,-CO,
interactions.

The spectral nature of the results is demonstrated in Figs. 4-6.
On each graph, the quantity (o,/7)/A4 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 300° gas. The 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 Fig. 4, the absorption® of the bending mode of water
occurs at 6.3 um. The rotational spectrum observed at long
wavelength does not appear in the cold absorption spectrum,
since it results from transitions between very high energy levels;
analysis of these transitions is discussed in the following section.
As indicated in Table 4, most of the contribution from the
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Fig. 5 Spectral dependence of collisionally induced radiation with
CO,-N; at 5.8 km/sec.
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5.7-7.5 pm filter and some from the 8.3-9.2 um filter were used
to determine g, for the 010 transition.

In Fig. 5, the absorption'® curve of CO, is shown, the
prominent features being the 4.3 u asymmetric stretch and the
15 p bending mode. The five measurements of (g,/7)/AL are
also shown. The measurement from 8.3-14 um, corrected for the
small contributions from 8.3-11.6, is plotted in the region 11.6-
14 pm. It can be inferred from these figures that the measure-
ment of ¢,/t for both of these bands supply only partial
measurements of ¢, for the (001) and (010) excitation cross
sections.

In Fig. 6, the overall measurement of ¢,/t from 8-14 um
for NH;!'! has been used to normalize the scale of the curve.
The separate measurements in the spectral region 8.3-9.2 um
and 10.6-11.6 pm 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 mode.

D. Rotational Data for N,-H,0 Collisions

The ratio of excitation cross section to radiative lifetime for
the pure rotational spectrum of H,O was calculated as described
in Sec. IV. The cross section o, used in that calculation was
chosen for H,0-O collisions and the present experiments should
determine the scaling factor required for H,O-N, collisions.
The numerical results obtained for o,/7(f) [Eq. (14)] for each
energy interval and for each filter is shown in Table 4. The
sum of these values over all energy intervals then supplies the
valueofa,,/t(f)to compare with experimental results [ (o, /t)expr |-
For this comparison, shown in Table 4, a value of ¢, =
1.15x 107 % ¢cm® was used to reduce the experimental data.
This was done to be consistent with the value used by Kolb
et al.® in obtaining P(E/E,,), which was used in Eqgs. (14) and
(15). For this reason, the results of Table 4 are about three
timeslessthan thoseof Table 1. (See discussion Sec. II1. concerning
dependence of g, or a,.) It can be seen from Table 4 that the
calculated values [(04/7)carLc] are about 50 times too large at
the long wavelengths, where there should be no interference
from vibration-rotation transitions. In the third summary line
of Table 4, the calculated value is shown reduced by a factor
of 50. This brings the longer wavelengths into reasonable
agreement, and the additional radiation at the short wavelength
is attributable to the 000-010 vibrational-rotational transition.
It would be concluded that ¢,/ for rotational excitation -of
H,0 by N, is about 50 times less than that calculated by
Kolb et al.® for excitation of H,O by O atoms of the same
energy. There is an unexplained discrepancy for the 10.6 4—11.57 u
filter, where the low calculated value reflects the unusually
small number of strong lines attributed to this wavelength
region.

E. Vibrational Data for N,-H,O Collisions

The short-wavelength radiation at 5.67-7.45 um has been
attributed to the 000-010 vibrational-rotational transitions.
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Fig. 6 Spectral dependence of collisionally induced radiation with
NH;-N; at 5.8 km/sec.
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Using a lifetime of t=4.5x10"% sec'?, we obtain o, =

2.1 x 10717 cm?. A measurement in the wavelength interval 2.5-
3.1 um did not yield a measurable signal, and from this it was
concluded that the cross section for the transition 000-001
is less than 9.3x107'° cm? These data are summarized in
Table 5.

F. Vibrational Data for CO, and NH; Excited by N, Collisions

Using a lifetime of 2.2 x 1072 sec,'? a measurement of CO,
radiation with a narrow-band filter at 4.284.34 um yields a
partial cross section for excitation of (001) of CO, of 1.5 x 1072°
cm?. This low value is associated with the narrow passband,
as seen on Fig. 5. It is expected that measurement of all the
radiation from this band would yield a cross section several
times larger.

As seen in Table 2 and Fig. 5, most of the CO, radiation
measured in the long-wavelength region is contained in 11.5-
14.0 um region. The wavelength of detector cutoff is nominally
14.0 ym at which point the sensitivity has decreased to 0.24 of
maximum sensitivity. At 14.5 um, the sensitivity has decreased
to 0.1 of the 14.0 ym value, and at 14.75 um, it has decreased
to 0.05 of the 140 um value.§ In Fig. 5, it is seen that the
CO, transition probability increases by a factor of approximately
5 in the 14.0-14.5 um interval and by a factor of approximately
10 in the 14.0-14.75 um interval. It is probable that in these
experiments a significant portion of the CO, radiation in the
14.0-14.75 um region was received by the detector. For this
reason, a dotted line has been used to represent that portion
of the experimental result on Fig. 5 that extends beyond
nominal detector cutoff.

The experimental determination of ¢, for the 000-010 transi-
tion, shown in Table 5 to be 0.16 x 10~ 3 cm? for a lifetime
of 43x107! sec,'? would represent a small fraction of the
total cross section, but it is difficult to estimate the magnitude
of this fraction. A recent calculation by R. Marriott!® gives a
value of o, =0.155x10"*% cm? for collision at a relative
velocity of 5.3 km/sec.

The NH;-N, measurement utilized a filter which passed
8.3-14 uym. Separate measurements were made in the wavelength
intervals 8.2-9.2 ym and 10.6-11.6 um as shown in Table 3.
As illustrated in Fig. 8, the region of interest is centered at
about 104 ym so that the measurement from 8-14 ym should
encompass the entire band. Using a radiative lifetime of
6.8 x 1072 sec,'* the corresponding value of ,, can be calculated
from the experimental data to be equal to 3.5x107!7 cm?
which should properly represent the cross section for exciting
the v, mode.

G. O-H,O Collisions at 4.3 km/sec

The experimental results obtained for the infrared radiation
from H,O0 collisionally excited by O atoms at 4.3 km/sec are
given in Table 6 for the wavelength intervals 2.46-3.13 um,
5.67-7.45 ym, and 11.1-14.0 pm. It is difficult to compare these
results directly with the N,-H,O results given in Table 1 because
of the significant difference (4.3 km/sec vs 5.8 km/sec) in the
O and N, particle velocities. These particle velocities are not
the same because helium instead of hydrogen was used as the
driver gas for the O-H,O experiments since it was found that
the H,-O, interaction in the reflected-shock reservoir and in

Table 6 Experimental results for O-H,O at 4.3 km/sec

No H,0 With H,0O Signal
Filter injection injection due to H,O (04/T)expt,
microns photons/sec  photons/sec  photons/sec cm? sec” !
2.46-3.13 44 x10° 6.0 x 10° 1.6 x 10° 0.03x10~13
5.67-7.45 9.5 x 10° 15.0 x 10° 5.5x10° 0.11x 1075
11.1-14.0 52x10° 9.5 % 10° 43 x10° 0.09 x 10715

§ Data supplied by Santa Barbara Research Corporation for the
material from which this detector was cut.

ATAA JOURNAL

the nozzle expansion resulted in additional infrared radiation
which would have significantly complicated interpretation of the
results.

H. Rotational Data for O-H, O 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 Sec. IV.
Numerical results similar to those shown in Table 4 were
obtained for each energy interval for the 11.1-14.0 um filter.
These values were summed over all energy intervals to arrive
at a value of (6,/t)carc Which was approximately 1.4 times
greater than the measured value (o,/t)pxpr. The agreement
between experiment and calculation suggests that the theoretical
model® gives a correct description of the rotational excitation.

1. Vibrational Data for O-H,O Collisions

Table 7 summarizes the short-wavelength radiation measure-
ments obtained for the O-H,O experiments. The 2.46-3.13 ym
radiation has been attributed to the 000001 H,O stretching
mode and the 5.67-7.45 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 1072 sec, respectively, the excitation cross sections
deduced from the experimental data are 7.5x 10~ !° cm? (2.46-
3.13 ym) and 5.0 x 10~ 18 cm? (5.67-7.45 pym).

Table 7 Cross sections for vibrational excitation of H,0 in
collisions with 0 atoms at 4.3 km/sec

Al T (04/Texpt, 0,(A2)
microns sec cm? sec ! cm?
H,0 000010 5.67-745 4.5%x 1072 0.11x 10713 50x10718
000001 246-3.13 25%x1072 0.03x 10713 7.5%107%°

J. Vibrational Data for Ar-H,O Collisions

A limited number of experiments were performed in the 5.67—
7.45 ym wavelength interval using argon at 5.4 km/sec colliding
with H,O as the target gas. The results of this study are
reported in Table 8. Using a radiative lifetime of 4.5 x 1072 sec
for the H,O 000-010 vibrational-rotational transition gives an

excitation cross section of about 2 x 1078 cm?2.

Table 8 Cross section for vibrational excitation of H,O in
collisions with argon at 5.4 km/sec

No H,0 With H,O Signal
Filter injection injection due to H,O (04/Dexpt. a,(AL)
microns  photons/sec  photons/sec  photons/sec cm? sec ! cm?
5.67-7.45 6.1 x10° 7.4x10° 1.3x10° 0.047 x 10713 21x10718

K. Comparison of Vibrational Cross Sections with Theory

Some estimate of the vibrational cross section to be expected
can be obtained from comparison with the Milliken and White
formulation of vibrational relaxation. This is discussed in the
Appendix, and the results are shown in Table Al. These
numbers can be compared with the experimental results in Table 5
for excitation by collision with N,. The experimental results
for these triatomic molecules do not agree well with the
diatomic vibrational relaxation correlation of Millikan and
White. If Eq. (A13) is evaluated for O-H,O collisions at 4.3
km/sec. the resulting values of o, are 33x107'® cm? for
(000-010) and 1.4 x 1072° cm? for (000-001). The experiments
are close to agreement for (000-010) but indicate a much
higher cross section for (000-001) than would be expected from
the simple calculation.

VI. Conclusions

The spectral infrared radiative properties of H,O, CO,, and
NH; molecules that have been involved in a single high-energy
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Table A1 Millikan and White diatomic correlation applied to N, collisions with triatomic molecules

Eq. (A3) Eq. (A2)
¢, for o, for
Collision  Vibrational Energy A B 00K, K, v, = 5.2kmsec™! v, = 5.8 km sec™*
partner transition  cm ™! °K 13 sec atm cm? cm sec” cm? cm?
H,0 000-010 1595 1.16 x 102 424x1071°  224x107%7 1.88 x 108 1.6 x10°t7 30 x10717
000-001 3755 3.64 x 10? 485x10713  3.50%x1072% 1.04 x 107 1.9 x1072%? 1.89 x 10722
CO, 000-010 672 4.59 x 10! 247 x107° 30 x10727 3.74 x 10° 40 x1071'6 5.3 x10716
000001 2349 2.45x 102 544x 10712 1.13x10725 4.75 x 108 4.63x10718 143 x 10717
NH; 0000-0100 932 558x100  221x107° 121x107%7  636x10° 9.7 x107'7 14 x10716
collision with N, O, or argon have been measured. Experimentally K, = 4962(A3%/u)/? cm/sec (A6)
determined values of excitation cross section/radiative lifetime 00Ky = 3253 x 107 35(1/B)(1/A)*? sec? (A7)

(6,/7) have been obtained for selected wavelength intervals for
N,-H,0, N,-CO,, N,-NH;, O-H,0, and Ar-H,O collisions.
These experimental values of o, /7 have been used in conjunction
with available values of the radiative lifetimes for specific
vibration-rotation transitionsin order tocalculate the appropriate
values of the excitation cross section, o,. Using a Landau-
Teller type of description of the collisions it was found that
these results could be correlated with vibrational relaxation
times for the different collision partners. The most difficult
part of the data reduction procedure is that the deduced
values of o,/7 are ielatively sensitive to the value of the gas-
dynamic cross section ¢, Thus, we have provided sufficient
information so that if improved values of o, become available
the o/t results could be appropriately corrected. The most
sensitive steps in the experimental procedure were the calibra-
tion of the target-gas particle density and the calibration of the
infrared detector. Considering the probable error for these
measurements discussed in the paper we estimate that the overall
accuracy of the o/t results is a factor of two.

Appendix A
Vibrational Data Correlation

The cross section for vibrational 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= K1U287K2/v (Al)
and the cross section o, for this transition is
Oy = GOPIO = O'oKleeh‘KZ/u (A2)

where g, 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

pr= BT , (A3)
and this relation has considerable experimental confirmation.
By following through the derivation (see, for example, Refs. 15

or 16) the constants in Eqs. (2) and (3) can be shown to be
related by

Ky = (2/3A4y**(kjm)/? (A4)
and

P Y ) as)
PO E DN T\ k) BA

The units of pr have been taken as atmosphere sec. T is the
temperature in K, k is the Boltzmann constant, m is the
reduced mass of the colliding molecules, and Ny and T, are
the reference number density and temperature associated with
the reference pressure of one atmosphere used in Eq. (A3).
Thus N T, = 8.067 x 102! (particles/cm?®) K, and' (k/m)¥? =
1/(w)'* 9.117 x 10* deg™'? cm/sec, where u is the reduced
molecular weight. Introducing these numbers, Egs. (4) and (5)
become

and Eq. (2) is

0, = 3.253x107391/B(u/4)*?p? ¢ 4262w %0 (AB)
The constants A and B 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 White.!” From a comparison of 13
sets of collision partners, they obtain

A= cpt2g (A9)

and
B= e_(°‘°15“”4A+ 18.42)

(A10)

where 0 is the characteristic temperature hv/k for the transition
(in K) and ¢ is a number close to 1.16 x 1073, Thus if the
Millikan and White correlations are used, Egs. (6) and (7)
become

K, = 0196417467
GoKy = 8228 x 10723314 =2 p1.74x 107 0%

and Eq. (2) is
— - —5,3/4g4/3 — 1/492
0, = 8.228 x 1072331402 g1, 74X 107 149432 ,=(0.196x 14670

(A13)

With p in molecular weight units, # in K, and v in cm/sec,
the cross section g, is in cm?. The value of P, to be associated
with vibrational excitation in Eq. (21) is then ¢, /0,.

Values of the quantities in Eqs. (A9-A13) are given in Table
Al for the collisions of interest here. Experimental results of
Simpson and Chandler! (also, see Ref. 19) give, for N,-CO, (010)
vibrational relaxation, 4 =38 K '3, B=5x10"% atm sec.
These values, when used in Eq. (A8), give 6, = 40x 10717 ¢m?
for v = 5.8 x 10° cm/sec.

(All)
(A12)
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On the Attitude Dynamics of Spinning Deformable Systems
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A general method for attitude dynamics investigation of spinning deformable systems is presented. The stability
of given equilibrium configurations is determined by use of the Liapunov technigue. Necessary and sufficient
conditions are obtained in most cases. The choice of the body reference frame is considered, and the motion of
various frames, such as principal axes frame, mean frame, and Tisserand’s frame, is investigated.

Introduction

HE stability analysis of deformable mechanical systems

is an important problem in applied mechanics and, in
particular, for space technology applications. Many scientific
papers have been devoted to this subject during the last decade,
and realistic models have been presented even for sophisticated
structures.

In a first approach to the rotational dynamics for nonrigid
spacecrafts, the system is supposed to be a continuum, and
its dynamical behavior is described by a set of ordinary and
partial differential equations. Once an equilibrium configuration
is defined, the attitude stability can be discussed from considera-
tions on the linear displacements about that state and sufficient
stability conditions can be obtained by various methods.! ~3

Further, when the deformations are expressed in terms of a
linear combination of normal modes, the behavior of the
system can be described by a set of ordinary differential equations.
Such an approach, introduced by Buckens in his pioneering
work of 1963,* is very useful when the modal analysis is readily
available but its applications are somewhat limited by the
inevitable truncation problem.

The modelization as a continuum permits consideration of
systems composed of various structures such as antenna’s
(booms, beams)®>° solar arrays (plates, shells),”® fluid vessels,
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or any combination of these elements. As an example,
Rumiantsev considered the rotational stability of systems,
including rigid bodies, elastic parts, and cavities filled with
(perfect) fluids.®

The multibody approach, or system discretization, is more
directly oriented towards simulation but is also useful for
stability investigation. Various formalisms have been developed
and here Abzug’s work seems to be a forerunner.!®!! Hooker
and Margulies considered a system of point connected rigid
bodies and obtained vector dyadic equations expressed in terms
of the angular variables corresponding to the relative motion
between bodies.!> Roberson and Wittenburg obtained in-
dependently equivalent matrix equations expressed in terms of
the angular velocities of the bodies.!® In both formalisms the
torques acting in the connections were included, and the number
of equations could have been larger than the number ol
degrees of freedom.

Hooker'# suggested a procedure to eliminate unnecessary
equations, and as suggested by Likins,*> the equations obtained
following Hooker’s procedure and the Roberson-Wittenburg
matrix formulation can be used for complex spacecraft simula-
tion. A large number of computer programs were written
using such ideas and simulation can then be obtained by direct
integration of these nonlinear differential equations: this
obviously limits the application to systems composed of a
small number of equivalent rigid bodies, but appears to be very
useful for a preliminary design. From that time onwards, the
multibody formalism has been improved to include closed-loop
configurations,® translations in the joints, effect of deformation,
and rotors in the various bodies.!7 1%

Here also it must be noted that by an appropriate extension
of Pringle’s work,?° necessary and sufficient stability conditions
can be obtained from considerations on the Hamiltonian, and



