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Radiation from Hot Air

Part ll. Shock Tube Study of Absolute Intensities
James C. Xeck, Joux C. Camu, BExnxeTr Kiver, anp Tunis WENTINK, JR.

Avco Research Laboratory, Everett, Massachusetts

The radiation emitted by shock-heated oxygen, nitrogen, and air has been
studied in the wavelength range 2000 to 10,000A at temperatures from 4000
to 9000°K and densities from 0.01 to 10 times standard atmospheric. Both
spectroscopic and photometric techniques were employed. The radiation con-
sists of bands from O, , N, Ny*, and NO molecules, lines from () and N atoms
and continuum Kramers radiation from O~. Comparison of the experimental
results with the theoretical expressions giving the wavelength, temperature
and density dependence of the radiation gave electronie f-numbers for all the
bands observed.

INTRODUCTION

The optical radiation from air is important in problems of hypersonic aero-
dynamies, atomic explosions and atmospheric physics. In addition, the electronie
transition moments of molecules are fundamental quantities in spectroscopy and
quantum physics. The present paper describes an experimental study of the
radiation from air heated by shock waves which has applications to all these
problems.

The general theory of the emission of radiation by atoms and molecules has
long been the subject of intensive study and is deseribed in many texts (1-3).
While in prineiple the radiation is completely predictable from known quantum
mechanical laws, in practice the theory must usually be normalized by comparison
with experiment to obtain absolute intensities. This normalization was a central
aim of the present work. In the case of molecules, which are the most intense
source of radiation from air, it involves determination of the electronic transition
probabilities or f-numbers. In interpreting our results we have relied heavily on
theoretical work by Kivel ¢t al. (4) (KMB) given in Part I of this paper and by
Meyerott (5).

Emission spectra of molecules have previously been studied in arcs, flames,
and electric discharges. These sources, in addition to being highly nonuniform,
are far from thermodynamic equilibrium and cannot be used for quantitative
studies of absolute intensities. Ovens, such as the King furnace, have been used
with more success since they achieve thermal equilibrium except near openings
in the oven walls. However, they are limited to temperatures below which the
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walls disintegrate; typically this is the sublimation temperature of carbon,
~4000°K.

Most of the quantitative measurements of f-numbers which have been re-
ported to date have been made in absorption experiments carried out at room
temperature (6—8). The fact that so few f-numbers for molecular bands are
currently known attests to the difficulty of these experiments. Moreover, the
extrapolation of room temperature results to high temperatures is uncertain be-
cause the vibrational transitions involved frequently differ and there isno a priori
reason to expect the effective electronic f-number to be the same for all vibra-
tional transitions (9).

The development of the shock tube (70, 11) has made possible the quantitative
study of both the emission and absorption of radiation in gases at high tempera-
tures. Under appropriate conditions it is possible to produce a uniform sample of
gas in thermodynamic equilibrium at accurately known temperature and pres-
sure. The obvious disadvantage of the shock tube is that the conditions are
transient, lasting only from 10 to 100 usec. However, modern techniques in
electronics and spectroscopy make it possible to obtain much valuable data even
in this short time interval, and the advantages of the shock tube in other respects
are sure to promote the further development of new and more powerful tech-
niques.

The versatility of the shock tube in spectroscopy is demonstrated by pre-
viously published work. Kantrowitz and co-workers (712) at Cornell University
have measured the absolute emission intensity due to argon recombination or
Kramers radiation (A+ + e — A* -+ hp). At the same time they observed a shift
of the argon spectral lines attributed to perturbations by the free electrons in the
high temperature argon gas. Laporte and co-workers (13, 14) at the University
of Michigan have been making careful measurements of the spectral line profiles
of hydrogen Balmer lines to determine the contribution of free electrons to the
line broadening. Seay and Seely (15) at Los Alamos have studied helium using
an explosive driver to obtain the required temperatures and Model (16) in Russia
has used the same technique to study air. At the Cornell Aeronautical Labora-
tory (17, 18) measurements of absorption by O. and air behind shock waves are
being made. Exploratory studies have also been reported by Gaydon (19) and
Nicholls (20). This list is not meant to be complete as there is much other work
in progress.

The present studies owe their existence to the importance of radiative heat
transfer in hypersonic aerodynamics. Practical considerations, therefore, played
an important role in determining the conditions under which the gases were
studied. The temperature range from 4000 to 9000°K and the initial density
range from 0.001 to 1 times standard atmospheric density are appropriate in
problems of hypersonic flight at speeds up to the satellite velocity. Most of the
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data on air were accumulated in the spring of 1956, but some data accumulated
as a by-product of other studies carried out since then have also been included.
In general, it was found that the internal consistency of the data obtained during
a given experiment was 20 % while the maximum spread between experiments
was 430 %. Considering the newness of the shock tube as a radiation research
tool, the ability to reproduce results to this accuracy over so long a period of time
is most gratifying, especially when one considers that this was a period of rapid
growth in the understanding of shock tube performance. It should be emphasized,
however, that even at the present writing our understanding of many important
details of shock tube operation, particularly those associated with decelerating
shock waves, is far from complete; therefore, there is a possible source of sys-
tematic error in the results.

The paper is divided into five parts: The first is devoted to a description of the
shock tube and the general characteristics of the shock waves studied. The
second describes the spectrographic work which resulted in the identification of
the important radiating bands. The third describes the photometric studies from
which absolute intensities were deduced. The fourth outlines the theory of the
average emissivity of molecules and describes the reduction of data to f-numbers.
The fifth is devoted to a discussion of the results and comparison with other
work.

I. THE SHOCK TUBE

A schematic diagram of the shock tube used for the present measurements is
shown in Fig. 1. The shock tube consisted of a high-pressure driver section
separated from a low-pressure test section by a copper or steel diaphragm. The
driver section was stainless steel tubing three feet long and 1% inches inside
diameter. The test section was 10 feet long and 115 inches inside diameter. For
the study of incident shock waves the test seetion was Pyrex tubing. It was not
practical to use a Pyrex tube with reflected shock waves except in cases where
extreme purity was required, since reflected shock waves exploded the tube on
each run., A stainless steel test section was therefore employed for normal run-
ning. A photograph of the shock tube with the Pyrex tube in place is shown in
Fig. 2.

Shock speeds up to 3.5 mm/usec were obtained by using hydrogen in the driver
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F1a. 1. Schematic diagram of shock tube.
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Fra. 2. Photograph of shock tube with Pyrex test section installed. Note the scars on the
inside of the wooden box used to contain the fragments of the tube, which usually exploded
after reflected shock runs.

at pressures up to 2000 psi. Faster shock speeds up to 6 mm/usec were obtained
by charging the driver with a stoichiometric mixture of H, and O, diluted with
He and igniting the charge uniformly with an electrically-exploded aluminum
wire running axially the length of the driver.

The test section was evacuated prior to introducing the test gas by a carefully
trapped oil diffusion pump. With a Pyrex tube, pressures of less than 0.1 micron
and virtual leak rates of less than 1 micron per minute were obtained by pumping
for a few hours. With a stainless steel tube, pressure of a few microns with virtual
leak rates of the order of 20 microns per minute were obtained.

To minimize impurities due to outgassing of walls a flow system was usually
employed which changed the gas in the test section approximately 5 times a
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second. Before entering the shock tube the test gas was dried by passage through
a dry ice or liquid N, trap. Check valves were employed to protect the flow sys-
tem. In cases where the highest gas purity was sought the Pyrex tube with a
liquid N cold trap was employed as an alternative to the flow system. The cold
trap was approximately one foot long and was located just down stream of the
diaphragm. The addition of the cold trap has no noticable effect on the per-
formance of the shock tube sinee the shock wave in this region is already seriously
perturbed by the opening of the diaphragm.

The initial pressure in the test section was measured by a manometer or
alphatron gauge with an estimated error of 45 %.

The shock speeds were measured in the Pyrex tube by observing the light
emitted by the shock wave as it passed a series of 5 equally-spaced slits arranged
along the last half of the shock tube. In the steel tube ionization pickups were
employed to detect the passage of the shock. The outputs of the speed pickups
were displayed on a folded oscilloscope sweep which was normally read to the
nearest microsecond. For pickup intervals of 30 em this produced an error of
4+0.7% in the speed measurement for a median shock speed of 4 mm/usec.
Shock speed histories for several typical shoek waves in the 4.5 mm/usec range
are shown in Fig. 3a. The deceleration observed is characteristic of combustion-
driven shock waves and constitutes one of the most difficult effects to account
for in the interpretation of the data.

CHARACTERISTICS OF INCIDENT SHocK WAVES

Figure 4 shows a time-resolved photograph of a shock wave moving past a
1-mm slit perpendicular to the shock tube axis. The photograph was made with
an f/2 pneumatically driven drum camera at a film speed of 0.08 mm/usec. Also
shown in the figure is an a—¢ diagram of the shock wave and two schematic views
of the shock tube illustrating the glit arrangement.

The luminosity jumps abruptly at the shock front and remains roughly con-
stant for approximately 30 usec. Following this the luminosity becomes erratic
due to the arrival of the turbulent mixed zone ahead of the relatively cold driver
gases. There is no evidence of important boundary layer radiation in the photo-
graph. Note that light from the gas may be distinguished from light from the
boundary layer by the fact that, for a tube of a circular cross section, the former
produces maximum intensity across the center of the tube while the latter pro-
duces intensity maxima along the walls. These effects can be clearly seen in the
densitometer recordings shown at the bottom of Fig. 4.

In the past, the presence of a highly luminous boundary layer along the shock
tube wall has caused considerable confusion in the interpretation of optical and
spectroscopic studies made in shock tubes. In stainless steel tubes the boundary
layer radiation dominates the gas radiation. Even in new Pyrex tubes the bound-



6 KECK, CAMM, KIVEL, AND WENTINK, JR.

Lk
Us
U, |
10 . \ A . A
) 100 200 300 400 500
TIME BEFORE REFLECTION, MSEC
(b) vsf
1.5}
1.4}
Yrs sl
Urs,
12k
[
. A
I-% 6 20 30 40 50
TIME AFTER REFLECTION, pSEC
(c)
URS: -0 o_—_'——‘_—§_ —o 9o —
o
Urs; o 0o ©
8 1 1 1 1 1 1 1 1 1 1 1 1 1 1}
35 4.0 4.5

Fic. 3. Parts (a) and (b) show normalized shock speed histories for several typical shock
waves before and after reflection; like symbols refer to the same run. Part (¢) shows the
ratio of the experimental to theoretical reflected shock speed for a number of typical runs
including those shown in parts (a) and (b).

ary layer dominates the radiation. However, with repeated running a Pyrex tube
may be “cleaned up” as shown by Fig. 4. Although this solves the problem of
the emission from the boundary layer, its effect in absorption must still be
considered in radiation problems.

CHARACTERISTICS OF REFLECTED SHOCK WAVES

The reflection of a shock wave gives rise to some interesting gas dynamic
phenomena which have proved troublesome in the present experiment. The first
of these is the growth of “feet’” on the reflected shock wave. These ‘‘feet’” have
been studied extensively by Mark (27) using schlieren techniques and have been
interpreted by him as due to an interaction between the reflected shock wave and
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Fr1c. 4. Time-resolved photograph of a typical shock wave moving past a slit perpendicu-
lar to the shock tube axis. The position of the slit, the shock tube and an x-¢ diagram are
shown schematically. Also shown are densitometer traces of the photograph illustrating the
intensity variation both parallel and perpendicular to the shoek tube axis.
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FiG. 5. Time-resolved photograph of a typical shock wave moving past horizontal and
vertical slits illustrating the acceleration of the reflected shock wave and the growth of the
“foot” discussed in the text.

the boundary layer behind the incident shock wave. They are clearly visible in
time-resolved photographs taken by the slit method described above and are
shown in Fig. 5. The geometry may be reconstructed by reference to the z—¢
diagram and the schematic drawings of the shock tube. It will be noted that this
particular set of photographs was taken using a square shock tube.

The presence of such large “feet” on the reflected shock wave implies non-
uniformities in the flow behind the reflected shock wave which could have im-
portant effects on photometric and spectroscopic studies made transverse to the
shock tube. There is some evidence of this in Fig. 5, which showsthat the luminos-
ity behind the reflected shock wave is nonuniform. In addition, spectrographic
studies discussed in Section I1IT show heavy contamination with impurities.
Largely for these reasons the observations on reflected shock waves were made
looking along the tube axis.

A second troublesome phenomenon which is seen clearly in Fig. 5 is the ac-
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celeration of the reflected shock wave. Several speed histories for reflected shock
waves derived from photographs similar to that shown in Fig. 5 are shown in
Fig. 3b. Although the percent acceleration is relatively large, the effect on the
enthalpy of the gas behind the shock wave is small due to the relatively high
enthalpy of the incident stream. The acceleration has been studied by Rose and
Nelson (22) who associate it with the decleration of the incident shock wave. It
is not well understood, however, and constitutes a major uncertainty in the
interpretation of the data.

The ratio of the measured initial reflected shock speed to that predicted
theoretically from the measured incident shock speed at the time of reflection is
shown in Fig. 3c¢. The vertical bar shows the estimated random error in the
measurement of an individual point. In addition, there is a systematic error of
about the same magnitude due to an uncertainty of 41° in the alignment of the
shock tube axis and the axis of rotation of the drum camera. Although the
average of the points indicates that the measured reflected shock velocity is
slightly low, the discrepancy is within that attributable to alighment errors and
is not considered significant. This suggests that if we measure the incident shock
velocity at the time of reflection and confine our observations on the reflected
shock to a short interval thereafter we should be fairly safe in using the theory
to caleulate temperatures and densities.

CaLcuLaTiON OF SHOocK CONDITIONS

The temperature and density behind shock waves in air were deduced from
the measured initial density and shock speed using the curves in Feldman’s
“Hypersonic Gas Dynamic Charts for Equilibrium Air.” (23) The equilibrium
concentrations of the various atomic and molecular species were calculated by
Teare at the Aveo Research Laboratory directly from their partition functions
and checked against both the Rand (24) and the Cornell Aeronautical Labora-
tory (25) tables. Conditions behind shock waves in O. and N were calculated by
Teare.

The main uncertainty in using shock wave theory to deduce the gas conditions
centers on the range of validity of the equilibrium assumptions. This has been
the subject of intensive study at the Aveo Research Laboratory and will be
dealt with at intervals throughout this report. In general, the conclusion is that
the equilibrium assumption is valid for the conditions of the present experi-
ments.

II. SPECTROGRAPHIC STUDIES

Photographic studies of the spectra produced by reflected shock waves in
oxygen, nitrogen and air (21% 0. + 79% N,) were made to determine the
qualitative features of the radiation. Two spectrographs were employed: one was
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Fic. 6. Schematic of drum camera spectrograph in position to make axial spectrograme
of reflected shock waves. The blow-up shows that this geometry avoids photographic radia-
tion from the “foot’’; the dashed lines show the reflected shock wave and “foot’ at 10
psec intervals.

equipped with a moving film on which a complete time history of the radiation
could be obtained, and the other was equipped with a shutter which could be
triggered to give exposures down to 10 usec. The quality of the spectra obtained
with the latter system was superior to that obtained with the former, and it was
used when detail was desired. The former system was used in preliminary surveys
of the general characteristics of the radiation to obtain information concerning
the proper timing of the shutter and the most favorable geometry in which to
set up the spectrograph.

DruMm CAMERA SPECTRA

A preliminary study of the radiation produced by reflected shock waves was
made using the drum camera spectrograph shown schematically in Fig. 6. Spectra
were obtained for two directions of observation: one looking across the shock
tube through a window 0.5 em from the closed end of the shock tube and the
other looking along the axis of the tube through a window in the end plate. The
spectra are shown in Fig, 7. Note that the axial view shows an interval of about
30 wsec during which the spectrum is relatively free of radiation from impurities
while the transverse view shows strong radiation from impurities starting the
moment the shock wave passes the observation station. This situation indicates
that both the boundary layer along the shock tube wall and the turbulent mixed
zone ahead of the driver are heavily contaminated by material picked up at the
shock tube walls, but there is a region of clean gas along the shock tube axis on
which observations may be made for about 30 usec looking through the end of
the tube. Even this region shows some radiation from impurities (notably CN)
which can be associated with the vapor pressure or organic compounds which
have not been pumped out of the tube. The partial pressure of these impurities
is not as serious as might be thought from the prominence of CN in the spectrum,
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Fi1G. 7. Time-resolved spectrograms of air heated by reflected shock waves taken with
the drum camera. Both axial and side views are shown; the side viewing position was 0.5
e¢m from the end of the tube. Note that the spectrum observed axially is relatively free of
radiation from impurities for approximately 30 usec while strong radiation from impurities
appears immediately in the side view. These impurities are associated with the boundary

laver.

however. The CN violet band system is an extraordinarily prominent source of
radiation due to a relatively large f-number of order 0.1, the narrowness of the
bands because of the similarity of its electronic potentials, and the fact that the
radiation eomes from a low-lying upper state. Less than one part-per-million of
CN is sufficient to produce the intensity observed in the spectra shown. By
employing a Pyrex tube (which shattered on every run with reflected shock
waves) and a liquid N, trap it was possible to virtually eliminate CN from the
spectrum. Such extreme measures were not normally employed since the presence
of a small CN impurity did not appear to affect the radiation from other sources.

SHUTTERED SPECTRA

As a result of the observations made with the drum camera, it appeared that
the cleanest spectra could be obtained by looking along the shock tube axis and
recording the radiation within the first 30 usec after reflection of the shock wave.
The spectrograph used was an f/10 Hilger having interchangeable glass and
quartz optics and an electromechanical shutter designed by Camm (26). This
shutter had a characteristic delay of 25 & 5 usec and operated at exposure times
down to 10 usec. In normal operation the shutter was set to open 5 usec before
and close 20 usec after reflection of the shock wave. It was not satisfactory to
start with the shutter open and simply close it since the integrated exposure from
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Fic. 8. Phototube traces illustrating the operation of the spectrograph shutter. Impurity
radiation which appears after 30 usec, as shown in Fig. 7, is avoided by closing the shutter
20 usec after reflection of the shock wave.

the oncoming incident shock was of the order of that from the reflected shock.
The performance of the shutter was monitored by a phototube which picked up
a portion of the light entering the spectrograph. The output of this phototube
compared with that of an unshuttered phototube looking at the same shock as
shown in Fig. 8. A useful feature of the shutter is that with it one can super-
impose the spectra of several shocks to obtain increased exposure. This was done
in studying the radiation from the N first positive band system in nitrogen.

The emission spectra of oxygen, nitrogen, and air (21% O, + 79% N.) ob-
tained with the shuttered spectrograph are shown in Fig. 9. The conditions
under which these were obtained are given in the figure caption.

Molecular bands which are easily identified include O, Schumann-Runge, NO

Fia. 9. Shock tube spectra of air, oxygen, and nitrogen. All spectrograms were taken
with an f/10 Hilger spectrograph with a 40-micron slit width. Spectrograms (a), (b), and
(c) were made with quartz opties; (d), (e), and (f) with glass. Exposure times were about 20
usec, the electromechanical shutter opening about 5 microseconds before shock reflection
and closing about 20 usec after reflection. The average thickness of the gas source was about
1 em. The spectrograms were broadened by moving the paper during printing. Details per-
taining to the individual spectrograms are tabulated below.

Spectrum Gas Tempeeqll'?)ture De(EUs;ty S;(;;;tésatlr;(;gli()m Pleiée(:) ;kae
(a) Air 8100 0.83 2200-5000 103-0
(b) Ne 8200 0.79 2200-5000 103-0
(e) 02 6100 1.13 2200-5000 103-0O
(d) Air 8500 0.88 3700-7000 103-F
(e) N: 8700 0.90 3700-7000 103-F

8200 0.79 7000-9000 1-N
(f) (e} 10400 0.50 37004900 1-N
11800 0.48 4900-7000 103-F

10400 0.50 7000-9000 1-N
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v, N: second positive and N,* first negative. No structure definitely associated
with the NO 8 bands can be seen in the spectra but it is quite clear that NO y
bands are superimposed on background radiation which it is logical to aseribe to
the NO 8 bands. In addition the general distribution of the radiation in the near
infrared is similar to that of the N first positive bands. This is shown in more
detail by the densitometer records in Fig. 10.

N NN
Na
H
N
FILM
SENSITIVITY
CUTOFF
B ——— ]
N,, 8000° K \f I‘N
ple, =1
N,, DISCHARGE TUBE L m
NZ(H,) e s e 2 s e .4:0 ..... 30 . 20 ‘o
t 1 1 1 1 1 I 1
6000 7000 8000 9000

WAVELENGTH, ANGSTROMS

Fia. 10. Densitometer traces of spectrograms comparing the radiation from nitrogen
heated by a reflected shock wave with that from nitrogen in a discharge tube. Although
positive identification of individual band heads is difficult in the shock tube spectrum due
to strong overlapping of rotational strueture, the general similarity of the two traces indi-
cates that a major part of the shock tube radiation in this wavelength region is due to the
N, first positive bands.
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TABLE 1

WAVELENGTHS OF O AND N LINES OBSERVED IN THE SHOCK TUBE SPECTRUM OF AIR AT
8000°K AND NORMAL DDENSITY

Nitrogen Oxygen

6483« 81857 8568 7948

6484° 8188« 8594 7951¢

64852 8201« 8630 79522

6645 8211« 8680¢ 8446«

7424 82164 86842 8447«
7443 8223 86862
7469 8243 8712¢
8719«

s Unresolved.

There is also evidence of continuum radiation in the visible region of the
spectrum. This is interpreted as Kramers radiation from O~ and the intensity
is consistent with that which can be deduced by detailed balancing arguments
from the photodetachment cross section of Branscomb et al. (27).

A number of atomic lines from both O and N were observed in the spectra.
Their wavelengths are tabulated in Table I.

III. PHOTOMETRIC STUDIES

Measurements of the absolute spectral intensity of the radiation from air and
oxygen were made using a grating monochromator and calibrated phototubes.
The experimental apparatus is shown schematically in Fig. 11. The luminous gas
was imaged at the entrance slit of the monochromator by an optical train con-
sisting of two aluminized mirrors. For measurements on incident shock waves
the monochromator was equipped with two Dumont 6292 photomultipliers: one
which measured the intensity in a narrow wavelength band selected by the
monochromator, and a second which monitored a fraction of the light passing
through the entrance slit and provided an indirect check on the measured shock
speed. For reflected shock waves the photomultipliers were replaced by 935
photocells for measurements in the violet wavelength region and 917 photocells
for measurements in the red.

The outputs of the phototubes were fed either directly or via cathode followers
to Tektronix oscilloscopes having rise-times of 0.3 usec or better. The traces were
photographed using Land cameras.

CALIBRATION

Overall calibration of the complete optical train including shock tube windows
and appropriate filters to prevent overlapping of orders was made using both a
standard tungsten ribbon filament lamp and a graphite are.



16 KECK, CAMM, KIVEL, AND WENTINK, JR.

DRIVER GAS] \P‘MXED ZONE SHOCK WAVE

—F

4

4-CM 1.D. PYREX TUBE-/

0.4MM ENTRANCE SLIT

GRATING -2°
MONOCHROMATOR

P™ COLLIMATING SLIT

EXIT SLIT
MONITOR m

[~ 1

O O

Fia. 11. Schematic diagram of monochromator in position to record radiation from
shock waves.

The brightness temperature of the standard lamp was given as a function of
lamp current at a wavelength of 6530A by the National Bureau of Standards.
The spectral intensity of the lamp at other wavelengths was calculated using
data on the emissivity of tungsten given by DeVos (28) and the measured trans-
mission characteristics of the quartz window. The standard lamp was used to
calibrate from 3500 to 10,000A.

To obtain a calibration at shorter wavelengths a graphite arc was used. Data
on the true temperature and spectral emissivity of such arcs has been given by
Euler (29). They are roughly gray bodies having a true temperature of 4000°K
and an emissivity of 0.75. A check on the brightness temperature of the arc
which agreed with Euler’s value with 15°K was made using a Leeds and North-
rup optical pyrometer. The graphite arc was used to calibrate from 2500 to
10,000A. In the region of overlap the two methods of calibration agreed with
each other within 20 % or better. This was regarded as satisfactory for the pres-
ent purposes since fluctuations in shock tube operation produced variations of
this order.

IncipENT SHOCK WAVE MEASUREMENTS

Typical traces of the radiation from air as a function of time after the passage
of both “fast” and “slow’ shock waves are shown in Fig. 12.

For the “slow” shock wave the radiation rises monotonically to a steady state
value in a time of the order of 5 usec. The noise on the trace is due to statistical
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F1c. 12. Intensity histories recorded by the monochromator monitor for “fast” (us =
4.5 mm/psec) and “slow” (us = 3.1 mm/usec) speed shock waves. The radiation was ob-
served looking across the shock tube as shown in Fig. 11. The ordinates for the two traces
are not to the same scale.

fluctuations in the number of photons counted within the resolving time of the
electronics. The uniformity of the steady state signal attests to the uniformity of
hydrogen-driven shocks. In the analysis of the data the steady state level was
assumed to be the equilibrium level.

For the “fast” shock wave the radiation at the shock front goes through a
maximum before approaching a relatively steady value. This maximum has been
shown spectrographically to be largely due to radiation from the first negative
bands of N+ in the high temperature relaxation zone following the shock front.
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Following the maximum the radiation falls, then rises slowly for an interval of
approximately 35 usee, after which it becomes erratic indicating the arrival of
the mixed zone preceding the driver gas. The slow rise mentioned above is char-
acteristic of uniformly decelerating shock waves and is interpreted as due to an
increase in the temperature with distance behind the shock front. The percentage
variation in intensity is roughly three times the percentage variation in shock
speed. As will be seen later, the percentage change in the initial amplitude of
the equilibrium radiation is roughly 10 times the percentage change in the in-
stantaneous shock speed, showing that considerable smoothing of conditions oc-
curs behind decelerating shock waves due to the propagation of sound waves. It
might be mentioned that in the case of accelerating shock waves the radiation is
observed to fall with time as expected. In the analysis of nonuniform shock waves
the radiation was extrapolated to the shock front and correlated with the in-
stantaneous shock speed.

REFLECTED SHOCK MEASUREMENTS

Observations on reflected shock waves were made looking along the shock tube
axis through a quartz window in the end of the tube. Typical traces of the radia-
tion from air as a function of time after the reflection of both “fast” and “slow”’
shock waves are shown in Fig. 13. The incident shock conditions correspond very
closely to those for the incident shock waves shown in Fig. 12. The difference
between the ‘‘fast” and ‘“‘slow” traces is negligible. Apart from small-amplitude
oscillations, both traces rise linearly with time as the thickness of the radiating
layer increases. No radiation is observed prior to reflection of the shock wave due
to the fact that the specific brightness of the incident shock wave is only 1073
that of the reflected shock wave. After about 35 usec the “fast’”” shock wave en-
counters the mixed zone and the radiation becomes erratic; the “slow” shock
wave has not yet encountered the mixed zone at the end of the trace. In view of
the pronounced accelerations which were observed for ‘“fast” reflected shock
waves it is somewhat surprising to note that the rise in the intensity of the light
emitted is so nearly linear. Apparently, some sort of canceling effects must be
occurring which are not at present understood.

In the analysis of the reflected shock data the intensity of the radiation per
centimeter thickness of gas was determined by dividing the mean rate of rise of
intensity for the first 15 usec after reflection by the reflected shock velocity at
the time of reflection. This was the closest practical approach which could be
made to the objective of measuring the radiation at the time of reflection as a
means of circumventing the problem of the accelerating reflected shock.

ExpERIMENTAL RESULTS

The spectral intensity of the equilibrium radiation from oxygen and air (21 %
0, + 79% N.) heated by incident shock waves is shown as a function of wave-
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FiG. 13. Intensity histories for reflected shock waves recorded by the monochromator
monitor for reflected shock waves viewed axial. The incident shock conditions correspond
closely to those for the shock waves in Fig. 12. The ordinates for the two traces are not to
the same scale.
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length and shock speed in Figs. 14 and 15. The intensity of the radiation from
air (21% 0. + 79% N.,) heated by reflected shock waves is shown as a function
of shock speed, density, and wavelength in Figs. 16-18. The curves in Figs. 14-18
represent a reconstruction of the radiation based on the theory given in the fol-
lowing section.

On the intensity versus shock speed graphs the experimental points are plotted
directly. In the other cases it was, in general, necessary to interpolate or extra-
polate the data to a fixed shock speed because the speed of an individual shock
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F16. 14. Spectral intensity of the radiation from shock heated oxygen as a function of
shock velocity and wavelength. The measurements were made looking across the 1.5-inch
Pyrex shock tube. The curves were reconstructed from the theory given in the text.
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Fig. 15. Spectral intensity of the radiation from shock heated air (219 O, + 79% Nj)
as a funection of shock speed and wavelength. The measurements were made looking across
the 1.5-inch Pyrex shock tube. The curves were reconstructed from the theory given in the
text.
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was approximately 1.0 cm. The curves were reconstructed from the theory given in the



22 KECK, CAMM, KIVEL, AND WENTINK, JR.

{a) {pb)
24 <) <26 | 32<A<34u
T=7000°K T =T7000°K
|03_ 3
1710 BLACK BODY\

L 1710 BLACK BODY~,

TOTAL:

Lt
2

w 10

. I

e |

3

~ L

k2 [+

- T

2 0

: (d)

Z A @sacarsp T T T ) ST 6565 i ]
b _T=7000°% °/ L T=7000°K ]
z - 8 /
= .
S 1710 BLACK BODY-/

o

(2]

10"
DENSITY RATIO, P/P,

Fie. 17. Spectral intensity of the radiation from air (21% O, + 79% N.) heated by re-
flected shock waves as a function of density for four wavelength intervals. The measure-
ments were made looking along the tube axis and the effective sample thickness was ap-
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Fic. 18. Spectral intensity of the radiation from air (219 O, + 79% N») heated by re-
flected shock waves as a function of wavelength. The measurements were made looking
along the tube axis and the effective sample thickness was approximately 1.0 cm. The
curves were reconstructed from the theory given in the text.

wave could only be predicted in advance with an error of about 5%. The varia-
tion of intensity with shock speed given by the theory was used as a guide in this
process.

1V. ANALYSIS OF DATA

The problem of relating the average emission of a molecular band to the elec-
tronic f-number has been treated by Meyerott (5) and by Kivel et al. (4)
(KMB). Their results may be summarized as follows:

Tor a slab of gas of thickness, [, in which the molecules are in thermodynamic
equilibrium at a temperature, 7', the radiation per unit area in the wavelength
interval A to X 4 dA into a solid angle dQ normal to the layer is:

i . dB
daaan ~ Y ") sy 1)
where
dAded)\ — AN (PN _ 1) (2)

is the black body intensity, and

F)\, — M)\(l _ e-—ha/kT)\)

(3)
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is the apparent absorption coefficient. )" differs from the true absorption coeffi-
cient, 1, by the factor in parenthesis which corrects for induced emission. In
the special case of an optically thin gas layer, i.e., m'l < 1, Egs. (1-3) may be
combined in the form:
&Z%%ZE\ =l - OheiN "IN (4)

Thus, a measurement of the spectral brightness of an optically thin gas in ther-
modynamic equilibrium may be used to determine the true absorption coeffi-
cient, uy .

For a molecule, p is a complicated sum over many overlapping lines which
when averaged with respect to rotational structure may be written:

he he (1 1

where: 7, = ¢'/mc’ is the classical electron radius,
f = 8a°me/3hN | R |’ is the electronic f-number and the matrix element
is a funection of internuclear separation,
[X] is the concentration and absorbing molecules, and
Ao is the wavelength of the 0, O vibrational transition.
¢ is a dimensionless factor of order unity which gives the details of the vibra-
tional spectrum and is defined by the equation:

kT 1 —(ey Fe, VKT
Y = h_C ' Qv”Qr”(Be, — Be”) ' 6720 qv o€ ’ (6)
where: Q,” = [1 — exp(—hcw,” /kT)] " is the vibrational partition function for
the absorbing state, (the ’ refers to the excited electronic or emitting
state and the ” refers to lower electronic or absorbing state);
Q.” = kT/heB,” is the rotational partition function for the absorbing
state;
¢ is the Condon factor for the transition from »" to ¢”;
e’ = he(1/N — 1/\y) is the vibrational energy relative to the ground
vibrational state for the emitting state;
& = B,)/(B) — B.”). he(1/N — 1/A\,.») 1is the rotational energy for the
emitting state;
1N = we(v + 14) — we(v + 16) + wy.(v + 14)* is the wave number
of the vth vibrational level; and
1/ A = 1/Agp + (1/Ay — 1/Ap) — (1/Ap — 1/Ap) is the wave num-
ber for the vibrational transition between the states v’ and »”.
The constants w., wZe, weye, Be, and vy = 1/Ae obtained from Herzberg’s
“Spectra of Diatomic Molecules” (2) are tabulated in Table II.
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TABLE II
SrECTRO$COPIC CONSTANTS (2) FOR MOLECULAR STATES IMPORTANT IN THE EMISSION OF
RapiaTioN FRoM O:, Na, No¥, anp NO

2

State ‘ we weke weVe B

v,
e H'S 00
emot i phed] emet Transition Band

cm™!

0, 'B“E[ 700.4 | 8.002 | —0.375 |0.819

B — X | 49363 | Schumann-Runge

X3z, | 1580 12.07 0.0546 | 1.446 ’

N. (601 2035 17.08 | —2.15 l 1.826 | ¢ — B | 29670 | Second positive
B, 1734 14.47 1.638 | B— A4 9557 | First positive
Azt | 1460 13.89 J —0.025 | 1.440 | A — X | 49757
X1zt 1 2360 14.46 0.0075 | 2.010

Nt | B2z, | 2420 23.19 | —0.538 | 2.083 | B— X | 25566 | First negative
Xzt | 2207 16.14 —0.040 1.932 | |

NO | Bm 1038 7.60 0.097 | 1.127 r B — X | 45440 | 8 bands
4=t | 2371 14.48 | —0.28 1.995 | A — X | 44138 | v bands
X 1904 J 1.705 '

13.97 } —0.0012 |

Note that the approximation discussed by KMB in Section 1I-E is equivalent
to setting ¢ = 1 and that in this approximation Eq. (5) of the present paper is
identical with Eq. (2) of KMB.

Inserting Eq. (5) into Eq. (4) we obtain the following expression for the
radiation from molecules of type X for u'l < 1.

dI . L oR2 . - -5 he —he/kThgo
(mﬁd')\ = 7y uhC f[fx]lgo)\ k’[’ e . (7)

This equation is a slight generalization of Eq. (12) of KMB.

To compare the theoretical results with the experimental measurements, it is
necessary to average Eq. (7) over the wavelength interval, A\, defined by the
monochromator. The result for uy'l < 1 is:

dl 5 he _pe o
() = g 2 fX W)k L e (8)
where
6 A+HAN/2 6
== A 0d) .
{o)n AN Sa—an2 ¥

Given the Condon factors and the basie spectroscopic data, it is a simple matter
to compute {p)ay with the aid of a digital computer. The results for the most
important molecular bands in air are plotted in Figs. 19-21, as a function of
wavelength for several temperatures in the range 4000 to 10,000°K. The Condon
factors used in the calculations for the N, first and second positive and N, first
negative bands are those computed by Nicholls and co-workers (30). Those for
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the NO 8 and y bands were taken from KMB. No sufficiently complete set of
Condon factors was available for the O. Schumann—-Runge bands and we have
therefore computed them using an approximation discussed in Appendix I. The
range of validity of our caleulation of {p)ay is determined by the size of the table
of Condon factors used. The summation in Eq. (6) converges because the fac-

tor ¢ */*" becomes small as the vibrational energy of the upper state, e’, be-
(a) (b)
1.0 1.0 : ERTTTN m
8 NO(y)
4 H i 10,000 *K
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Fic. 19. Theoretical distribution functions used in computing the radiation from the
NO v and NO 8 bands.
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Fia. 20. Theoretical distribution functions used in computing the radiation from the
0 Schumann-Runge and N: second positive bands.
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¥ia. 21. Theoretieal distribution functions used in computing the radiation from the
N, first pegative and N first positive bands,

comes large. Thus our table must include entries for sufficiently large value of
v to make kT < &’. As can be seen from the values of epmax given in Figs., 19-21
this criterion was not well satisfied for the higher temperatures. It is neverthe-
less felt that the uncertainty in {¢)s: is probably less than the uncertainty in
the experimental results and is therefore of little practical importance for the
present applications.

CALCULATION OF ELECTRONIC f-NUMBERS

If the shock-heated gas is assumed to be in thermodynamic equilibrium Eq.
(8) may be used to compute the unknown f-numbers from the experimentally
observed radiation intensities. In doing this we must bear in mind the restriction
that the gas must be optically thin everywhere. Since the speetrum is composed
of a series of lines, a rough criterion for this is that the observed emissivity, e ,
must be small compared to the ratio of mean line width, w, to mean line spacing,
s. That is:

6)\8/?1) < 1.

Values of s/w have been estimated by Meyerott and KMB. Their work shows
that self-absorption for molecular band systems is generally not important at
high temperatures as long as the average emissivity is less than 10%. This is
because of the many vibration bands, each with many excited rotational lines,
and the sufficiently broad Doppler width. The Doppler width provides a defini-
tive and reasonable lower limit to the line width. Of course, at the higher gas
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densities collisions increase the line width and decrease any effect of self-absorp-
tion.

An experimental check that the gas is optically thin may be obtained by ob-
serving the dependence of the intensity on the density and thickness of the
radiating layer. Some evidence of saturation in the ultraviolet end of the spec-
trum was observed at the highest densities studied but in all other cases the gas
appeared to be optically thin.

In the cases studied the radiation is the sum of contributions from overlapping
bands and continua, and an unfolding procedure had to be used to isolate the
contributions from individual sources. The success of this procedure is based on
the fact that the relative contribution to the total radiation from individual bands
is a function of wavelength, temperature and density, and it was therefore possi-
ble to select conditions under which the radiation from a single band could be
isolated by subtracting the contribution due to other sources. The criteria for
selection were that at least 50% of the radiation be due to the band under study
and that the calculated f-numbers be independent of temperature, density, and
wavelength over an appropriate range. The procedure is outlined below,

KramMers RapiaTioNn ¥rom O~

A preliminary step in the analysis was to subtract a small contribution due to
the Kramers radiation from O~. This is composed of parts denoted free-free and
free-bound radiation and associated respectively with scattering and capture of
electrons by O.

The free-free radiation has been studied in the infrared by Wentink et al. (31)
who found that for an optically thin gas their data could be satisfactorily fitted
with an expression of the form:

16 6 o N
d_fl%éﬁ =27 3__\;—?; . 7:;—62 (2rmkT )2\~ Ofelle ™+ ™ (9)

with Z° = 0.04.

The free-bound radiation may be inferred using detailed balancing arguments
from the photodetachment cross section, ¢, for O~. The result for an optically
thin gas is:

dar

dAdQdn

The cross section, ¢, has been measured by Branscomb et al. (27) from the thresh-

old to about 4000A. A theoretical (32) curve which fits this experimental data
and predicts the absorption at shorter wavelengths is shown in Fig. 22.

o - 2he™NT[O 7Nl (10)

0. ScHUMANN-RUNGE BANDS

The f-number for the Schumann—Runge bands of O, was deduced from the
data on pure oxygen shown in Fig. 14. The contribution from Kramers radiation
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F1g. 22. Photodetachment cross section for O~. The experimental points are those meas-
ured by Branscomb and co-workers. The curve was computed by Kivel and is based on
work by Klein and Brueckner.

was subtracted out using Iigs. (9) and (10) and the f-number was then computed
from the residue using Eq. (8). The value obtained for the wavelength range 3300
to 4700A was f = 0.028 with an rms dispersion of £0.008. Within the range of
values covered there was no significant variation with wavelength, temperature
or density.

NO B Baxps

The f-number for the NO 8 bands was deduced from selected portions of the
data on air shown in Figs. 15, 16b, 16¢, 17b, and 17¢ after subtraction of the con-
tribution from O~ Kramers radiation and the O, Schumann-Runge bands. The
value obtained for the wavelength interval 3500 to 5000A was f = 0.006 + 0.002
with no significant dependence on wavelength, temperature, or density.

NO v Banbps

The f-number for the NO v bands was determined from the data on air shown
in Figs. 16a and 17a after subtraction of the contribution from the sources previ-
ously discussed. The value obtained for the wavelength interval 2500 to 2700A
was f = 0.001 & 0.0005 with no significant dependence on wavelength, tempera-
ture, or density.

N. Szcoxp PosiTivE BANDS

The f-number for the N, second positive bands was determined from the data
on air shown in Figs. 16a, 17a, and 18 after subtraction of the contribution from
the sources previously discussed. The value obtained for the wavelength interval
2900 to 3300A was f = 0.09 + 0.03 with no significant dependence on wave-
length, temperature, or density.
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N." First NEGATIVE BANDS

The f-number for the N.™ first negative bands was determined from the data
on air shown in Figs. 16¢, 17¢, and 18 after subtraction of the contribution from
the sources previously discussed. The value obtained for the wavelength interval
3300 to 4500A was f = 0.18 £ 0.07 with no significant dependence on wave-
length, temperature, and density.

N, First PosiTive Baxps

The fnumber for the N, first positive bands was computed from the data of
Trigs. 16d, 17d, and 18 after subtraction of the contribution from the sources pre-
viously discussed. This band is the principal source in the wavelength interval
6000 to 10,000A and a significant variation in the f~-number was observed. This
is in agreement with the work of Nicholls et al. (9) who studied the variation with
internuclear spacing of the matrix element | R | appearing in the definition of the
f-number. Their results imply that the f-number for the N, first positive bands
can be represented in the form.

= fu Ao ~6((r)=(r00)) , (11)
A

where fy 1s a true constant, Ay is the wavelength of the 0, 0 transition, and
(roo) is the mean of the equilibrium internuclear spacings for the upper and lower
potential curves.

The correlation between {r) and X is remarkably close and is shown in Fig. 23.
For (rop) = 1.25A and My = 104604, Eq. (11) gives a satisfactory representation
of the observations with fi» = 0.025 4 0.008.

RECONSTRUCTION OF RADIATION

The comparison of theory and experiment is shown by the curves in I'igs. 14
to 18. In general the agreement is within the scatter of the experimental points.
There are, however, a number of minor discrepancies which require explanation.
The first of these, seen in Figs. 17a and 17b, is the tendency of the theory to over-
estimate the radiation at high emissivities. This is attributed to self-absorption
of the radiation in the gas sample. If the value of line width to spacing is known
a correction for this effect may be made. Alternatively the value of the width to
spacing ratio may be estimated from the value of the emissivity at which the
radiation departs from the theory. Unfortunately neither our knowledge of the
width to spacing ratio nor the quality of the experimental data seemed to justify
a more thorough analysis of this effect. The second discrepancy, seen in Figs. 16d
and 17d, is the tendency of the theory to underestimate the radiation at 6500A.
The issue here is confused because two atomic lines, one from H (present as an
impurity) and the second from N, were inadvertently included in the wave-
length interval studied. The final discrepancy is that seen in Fig. 18 in the wave-
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Fig. 23. Correlation of internuclear separation and wavelength of radiation as given by
Turner and Nicholls for the N, first positive bands. See text for explanation of use.

length region around 5500A where the theory again underestimates the radia-
tion. This is a region in which radiation from the tails of N;* first negative, N,
second positive and NO 8 bands are important and a possible explanation may
be that the functions, {¢)ar, describing the distribution of radiation are inac-
curate on their tails due to the incomplete tables of Condon factors used.

In concluding this diseussion we note that any or all of the disecrepancies men-
tioned above may be an indication that sources other than those considered are
contributing to the radiation. However, the fact that plausible explanations can
be found in other considerations rules out the possibility of a definitive statement
on this point. One source of particular interest which one might expect to be im-
portant at low temperatures and high densities is NO; and it is conceivable that
some of the observed discrepancies may be associated with radiation from this
molecule. A second source important at high temperatures and low densities is
Kramers radiation from atomic and molecular ions. Estimates of the radiation
from this source have been made assuming an effective Z of one and it appears
to be negligible for the conditions of the present experiment.

Coruiston Limriting oF Rapiation

In the interpretation of our results the assumption of local thermodynamic
equilibrium has been made. Evidence that the major adjustment in energy
among the internal degrees of freedom of the gas has occurred is fairly easy to
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obtain. The fact that the radiation is constant for incident shocks and rises line-
arly for reflected shocks shows that the temperature of the gas is not changing
appreciably. Another indication is that the ratio of the reflected and incident
shock speeds is correctly given by the equilibrium theory. The fact that the major
adjustment in energy bas occurred, however, does not guarantee that the highly
excited states from which the radiation originates are in equilibrium. An optically
thin gas sample is out of equilibrium due to unbalanced energy loss by radiation
and these states may be more rapidly depopulated by radiation than they can
be populated by collisions. If this is the case the radiation is said to be “collision
limited.” Under collision limited conditions one may have steady state radiation
at a value considerably less than the equilibrium value.

One method of distinguishing between equilibrium and collision limited radia-
tion is to study the absorption coefficient. Under equilibrium conditions, appli-
cation of detailed balancing arguments requires emission and aborption coeffi-
cients to be related by the equation

o= (1—¢"h. (12)

Failure to satisfy this relation may indicate collision limiting of the radiation.
Unfortunately, under conditions where one would expect collision limiting to oc-
cur in shock tubes the absorption is so small that it cannot be easily measured.

An alternative procedure, employed in the case of the present experiments, is
to study the density dependence of the radiation. If the population of the radiat-
ing state is to be maintained by collision processes then the rate of depopulation
of this state by radiation must be small compared to the rate of depopulation by
collisions. Assuming deactivation to occur in a binary collision with a particle, X,
we can write as a necessary condition for equilibrium radiation:

_}__ [B] < O'BXUBX[B][X], (13)

where 7, is the radiative lifetime of the radiating state, [B] is the concentration
of particles in the radiating states, opx is the cross section for deactivation by
collision with X, vy is the mean velocity for the collisions between B and X,
and [X] is the concentration of X. Introducing I'y , by means of the equation:

[X] = 27 X 10‘93 I'x, (14)
0
we may write Eq. (13) in the form:
~ 108\"* 1
OBX >> T, = 9 X 10 18){;?<—T‘) MBX1/2E’ (15)

where M is the wavelength in mierons, T is the temperature in °K, and M zx is
the reduced atomie mass for collision of B and X. The cross section ¢, is plotted
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F1a. 24. Collisional deactivation cross section required to maintain radiation at the
equilibrium level as a function of the parameter 5 for several values of wavelength.
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for several values of X in Fig. 24, If the deactivation cross section, oy , is known,
Eq. (15) defines the density range over which the equilibrium assumption may
be valid. If the deactivation cross section is not known, Eq. (15) implies that it
may be measured by determining the density at which the radiation begins to
fall below the equilibrium value.

At the present time, cross sections for deactivation of the radiating species im-
portant in air are unknown. The experimental indication (33) is that diatomic
molecules deactivate electronic states with cross sections of the order of 5 X 107"
em’ (and on occasion they are even larger). The electronic energy goes into ex-
citing the vibration of the diatomic molecule. In view of this data we may esti-
mate the critical densities above which equilibrium radiation may be expected
for the temperature range of interest by setting ezx = 107° em® and giving I'x
its maximum value of 2. These are shown in Table I11. It will be noted that in
some cases these critical densities are less than a factor of 10 greater than those
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TABLE III

DENsITIES BELOWw WHICH RADIATION FROM VARIOUS BaND SysTEMs 1s ““COLLISION
LimiTEp”’ BasEp oN A DE-ExcitatioNn Cross SEcTIoN ofF 10715 ¢m?

Band system Critical density < po
O: Schumann-Runge 0.0055
NO v 0.0009
NO s 0.0013
N first positive 0.0010
N second positive 0.031
N.* first negative 0.018

for which measurements were made in the present experiments. Since a satis-
factory fit to the data, down to the lowest densities, was obtained by assuming
equilibrium populations, we can conclude that, averaged with respect to all par-

2

ticles, the cross sections for deactivation by collision are of the order of 107" ¢m”.

A preliminary attempt was made to reach a collision limited situation in pure
oxygen. The results are shown in I'ig. 25 where the apparent electronic f-number
is plotted as a function of density for a temperature in the neighborhood of
4000°K. For densities from p = 0.02 to 0.2 p, the f~-numbers are constant within
the scatter of the data. At higher densities there is a fall-off which can be attrib-
uted to the fact that self-absorption is becoming important. There is no indica-
tion of a fall off at low density, however. It was not possible to extend the data

EMISSIVITY OF 3.8cm LAYER
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Fie. 25. Apparent f-number for the O, Schumann-Runge bands as a function of density.
The dashed line shows our best estimate of the true value of f from all measurements. The
fall-off in the apparent f-number at high densities ean be attributed to self-absorption.
There 1s no evidence of a fall-off at low densities, indicating a collisional deactivation cross-
section of at least 10715 ecm?.
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to lower densities due to the fact that the test time became too short to allow
the radiation to relax to a steady state value. The results as they stand imply a
lower limit on the deexitation cross section for the O, Schumann-Runge bands
of 107" em®. The study of the collision limiting of radiation is a very promising
tool for the determination of deactivation cross sections and further work on this
problem 1x contemplated.

DISCUSSION

There are a number of previously published reports with which we may com-
pare the present work.

In a letter to the Jowrnal of Chemical Physics, Keck et al. (34) quoted an
“effective f-number” of 0.015 for the Schumann—-Runge bands of O, which is sig-
nificantly smaller than the value f = 0.028 given in the present report. The dif-
ference, however, is in the definition of the “effective f-number” of the simplified
theory of KMB used in the earlier analysis. The quantity in the present theory
which is equivalent to the “effective f-number’” is f{¢)ax which is 0.015 in agree-
ment with the earlier work.

In absorption experiments at 1470A Watanabe and co-workers (7) have meas-
ured an f-unumber of 0.16 for the Schumann—Runge bands. Correcting this value
for the wavelength-dependent factor contained in the definition of the f~number
implies a value of 0.06 at & wavelength of 4000A to be compared with our value
of 0.028. The remainder of the difference could be due to a fall off in f~number
with increasing nuclear separation similar to that observed for the N, first posi-
tive bands (9) but might also be attributed to experimental error.

The radiative properties of shock-heated air have also been studied by Wur-
ster el al. (17). They give a detailed curve of the absorption coefficient of air at
a temperature of +380°K and density of 4.0 py over the wavelength range 2590
to 2880A which implies an average value of 0.8 em™ for the interval 2600 to
2800A. The present work indicates that under their conditions the contributions
to the absorption coefficient from the O, Schumann—Runge, NO g and NO ~
bands are respectively 0.38, 0.20, and .04 em ™' giving a total of 0.62 em ™. Con-
sidering the difficulties inherent in shock tube experiments of this type the agree-
ment is considered excellent.

The NO v band absorption coefficient has recently been measured by Weber
and Penner (6) using self-broadening to eliminate rotational structure. They ob-
tained a value for the electronic f-number of 0.0025. More recently Dieke and
co-workers (35) at Johns Hopkins University using high resolution spectroscopy
have indicated in a progress report that the value might be somewhat smaller
(0.0013). The latter value is favored by our results.

To conclude, we believe that the present work provides a fairly complete pic-
ture of the radiative properties of oxygen, nitrogen, and air in the temperature
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range 4000 to 9000°K. In general the comparison with other work is very satis-
factory and indicates that the techniques employed are sound. It is clear that
the shock tube has a tremendous potential for spectroscopic problems and, in
particular, for the determination of f-numbers. The exploitation of this potential
is sure to add much to our understanding of these problems.
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APPENDIX A. APPROXIMATION TO THE CONDON FACTORS FOR
O SCHUMANN-RUNGE SYSTEM

Condon factors for the O, Schumann—-Runge bands have not been calculated
for large values of #’. For this reason a simple approximation was used to esti-
mate these probability factors based on the empirical observation that in the
case of a similar band system, the NO 8 bands, the Condon factors for a given
upper state plotted as a function of the classical turning point for the lower state
looked very much like the wave function for the upper state. In this approxima-
tion the Condon factors ¢, are given simply as:

qv’fl)ll = ‘—’yv” I ‘pv,(r’””) | i

B Z'Yv”l‘pv’(rv”) |2 ’
U”

-G
T = or T=Tyn

is a factor proportional to the time a molecule in the »” state spends in the
vicinity of the classical turning point, 7., and ¢, (r,~) is the Morse wave
funetion for the »" state evaluated at r,» . The approximation is equivalent to
replacing the wave funetion in the lower state by a delta function at the classical
turning point and normalizing so that the sum rule

Z:QV'v” =1

is obeyed. The approximation was checked in the case of the NO 8 bands by com-
paring it with results of KMB. Except for a small shift in the positions of the
maxima and minima of the curve of g,.» versus v” the agreement was remarkably

where
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good and indicates that no significant errors should be involved in the use of the
approximation for calculating the average emission of similar bands, particularly

at

high temperatures where large values of v’ are involved.
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