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Radiative Flux from an Argon Plasma

E. A. BROWN JR.* AND P. A. Rossf
The Boeing Company, Seattle, Wash.

The radiative flux from argon to the stagnation point of a blunt body was considered. Radia-
tive flux and total heat flux measurements were made in a shock heated argon plasma using a
shock tube. The radiation intensity was calculated from the Kramers-Unsold theory for the
continuum, neglecting the line radiation. By taking the lowering of the ionization potential
into account in a consistent fashion, the intensity measurements of Petschek et al. and Olsen
were shown to be in agreement. The empirical constants, the critical frequency, and effective
nuclear charge squared, were estimated to be 1 X 1015 sec"1 and 2.7, respectively, from the
structure of the argon atom and the intensity measurements. The radiative heat flux meas-
urements agreed with the predictions within the experimental data scatter. The combined
radiative and convective heat flux predictions were in agreement with the total heat flux
measurements.

Nomenclature
A = (647r3/2/361/2)(e4/w3/2c3/b1/2) = 6.84 X 10~45 w-sec-

cm^K1/2

Z = nuclear charge
Ne = electron density
T = temperature
h = Planck's const
R = Rydberg const
v = frequency of radiation
n = principle quantum number
e = electron charge
m = electron mass
c = speed of light
k = Boltzmann const
0n, <7m = quantum correction factors ~ 1
Ivff = intensity per unit volume per unit frequency at v due

to free-free transitions
Iv

fb = intensity due to free-bound transitions
Tv = transmission of the window
oiv = absorption of the gage
V = volume of radiating gas
r = distance from gage to radiating element
6 = angle measured from axis of symmetry to the radiat-

ing element
qr = radiant energy per unit area received by gage

In order to study the free-free and free-bound continuum
radiation without the complication of the molecular radiation,
a noble gas was used. Argon was chosen because of its con-
venience for shock-tube experiments, the availability of
radiation intensity data,1- 2 and the availability of total heat
flux data from this laboratory,3 as well as from elsewhere.4

The continuum radiation from argon requires the presence
of free electrons. Consideration of the Saha equation sug-
gests that a reasonable number of free electrons is expected in
argon for temperatures above 10,000° K. Since the ionization
potential for a number of other gases is not far different from
argon, the same should be true. Table 1 indicates the pres-
sure at which 1% and 10% ionization occurs at 10,000° K for
several gases and gas mixtures. For a noble gas such as argon,
there are two types of radiation: 1) the continuum arising
from the free-free and free-bound transitions, and 2) the line
radiation arising from the bound-bound transitions. Since
the radiant flux and not the details of the spectra were of
interest herein, it was assumed that the contribution of the
line radiation to the radiative flux was small compared to the
continuum radiation. The measurements of Petschek et al.1
suggest that this assumption was valid.

I. Introduction

IN a gas of sufficiently high temperature, free electrons are
present which give rise to energy transport by radiation.

If the local radiation intensity is known, the radiative heat
flux to the walls may be determined. Herein consideration
was given to the relatively simple problem of the radiative
flux to the stagnation region of a blunt body in an argon
plasma, t

At relatively low temperatures, the radiation arises from
the vibration-rotation band structure associated with the
molecules of the gas. At higher temperatures, however, the
molecules dissociate and the atoms ionize, giving rise to
radiation from the free-free and free-bound electron-ion in-
teractions in addition to the line radiation. Since the dis-
sociation energy is usually lower than the ionization energy,
the dissociation process is largely complete at temperatures
for which a reasonable amount of ionization is encountered.
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Fig. 1 Continuum radiation for a hydrogen-like gas
Z = 1.
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A blunt-body model with a radiative flux gage was built,
and data were obtained in a shock generated argon plasma.
These data were compared with the total heat flux measure-
ments made with a model instrumented with a thick film
calorimeter gage. The radiation data were compared with
the predictions based upon the Kramers-Unsold theory for
the continuum radiation. In the next section, a discussion
of the Kramers-Unsold radiation theory and the extent to
which it applies to argon is given. The third section gives a
description of the radiation flux gage and the shock-tube ex-
periments. The fourth section compares the radiative flux
data with the predictions, and compares the radiative and
total flux measurements.

II. Theoretical Radiation Intensity

In order to determine the radiative flux, it is necessary to
know the radiation intensity of the gas and its spectral char-
acteristics. A radiation intensity theory for argon has not
been calculated; however, a reasonable estimate may be
made from the calculations for the hydrogen-like atom.

A number of authors have - contributed to the calculation
of the continuum radiation from hydrogen-like atoms.
Kramers5 gave a classical treatment of the problem in 1923,
which was extended by Unsold6 to hydrogen-like atoms. A
quantum mechanical treatment of the free-free and free-
bound transitions of hydrogen-like atoms was given by Men-
zel and Pekeris.7 A good review of the hydrogen-like atom
calculations was given by Pomerantz.8

The calculation of the intensity per unit volume for unit
frequency based upon hydrogen wave functions results in

Table 1 Pressure for 1% and 10% ionizatioii at 10,000°K

Ivff =

kT e ^ n*e
n — no

/#z2
> ( ——

\ v

(1)

(2)

In the region where the bound energy states are sufficiently
dense, the sum in Eq. (2) may be approximated by an in-
tegral. Let nc be the minimum principle quantum number
for which the states are dense; then,

where

gu exp(hv*/kT)

v ^ or v — Vc

-)] (3)

—
l j /cfor v > vc

vc = R*n*

gu = mean value of gu ~1

Equations (1) and (3) may be combined to give the total
continuum radiation as follows wherein giu ̂  gu ̂  1.0:

kT

I = AZ2N 2/771/2

j exp - [h(v - vJ/kT]

p - {h[v -

(4)

v > vc (5)

A plot of /„ is given in Fig. 1 from Eqs. (4) and (5) for
Z2 = 1, nc = 10, and T = 10,000° and 16,000°K. From
this it is clear that no significant error is involved for nc = 6,
and the error only becomes appreciable for nc < 4.
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Argon, however, is not a hydrogen-like atom. The ground
state of the argon atom has the 3s and 3p states filled; and the
ground state of the ion has one of the 3p electrons removed.
Thus, argon may be considered a nucleus composed of the
ground state ion (3s23p5) with a nuclear charge (Z = 1), and a
single electron. To this extent argon may be considered hy-
drogen-like. This approximation may be checked by deter-
mining the effective nuclear charge for the various excited
states of the atom. Table 2 shows the Z2 values for the
principle quantum numbers up to 10 and the angular mo-
mentum quantum numbers up to 3 from the data of Moore.9
The s and p states are not properly represented by the hy-
drogen model; however, for n > 6 the s and p states repre-
sent 10% or less of the states associated with a principle
quantum number. Therefore, the argon intensity should
be represented by Eq. (4) with Z = 1 up to a frequency of
1 X IO14 sec"1.

For the higher frequencies, the major contribution to the
intensity is due to free-bound transitions into states with
small principle quantum numbers. Also indicated in Fig. 1
are the frequencies corresponding to s, p, d, and / states for
the smaller principle quantum numbers. This indicates that
the states were sufficiently dense out to the 4s state so that it
is reasonable to replace the sum by an integral out to a fre-
quency of 1 X IO15 sec""1. This region of the spectrum is
dominated by the states for which Z2 > 1. Therefore, the
intensity averaged over a reasonable frequency may be repre-
sented by Eq. (4) for 1 X IO14 sec'1 < v < 10 X IO15 sec"1

with Zeff
2 > 1, i.e., vc = 1 X IO15 sec"1. The foregoing rep-

resentation is, of course, not correct in detail. For radiative
heat transfer considerations wherein the spectral average is
sufficient, this representation is satisfactory.

Table 2 indicates that the maximum value for Z2 is 5 for
the 4s state; therefore, the Z^ value to be used in Eq. (4)
should be between 1 and 5. Petschek et al.1 have made in-
tensity measurements at three frequencies (0.42, 0.60, and
0.71 X IO15 sec"1) in the temperature-density range of in-
terest. This data showed reasonable agreement with Eq.

Table 2 Z2 for argon
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Fig. 2 Sketch of radiation heat flux gage.

(4) with Zeff
2 = 2.7. Olsen2 has made intensity measure-

ments from an argon arc at 16,000°K and 1 atm. An ap-
proximate integration of the intensity over the frequency
range of 0.2 X 1015 sec"1 to 1 X 1011 sec"1 results in an aver-
age value of Zeff2 = 2.2. At the frequencies of Petschek's
measurements, Olsen's data results in Zeu2 ̂  2.

It should be noted that the data of Petschek et al. and
Olsen are not directly comparable because of the manner in
which the data were compared with theory. In the case of
Olsen's data, the plasma temperature was measured by ob-
serving the argon line intensity, and the electron density
was calculated from the measured temperature and pressure.
The data of Petschek et al. were obtained in a shock tube
where the electron density and temperature were calculated
from the measured shock Mach number and the initial shock
tube pressure. That is, the measurement of the shock Mach
number measures the energy of the plasma rather than the
temperature. Since the basic measurements were different
for the two sets of data, the accuracy of the thermodynamic
calculations will influence the predicted electron density (and
the temperature for the shock-tube case), and thus the pre-
dicted intensity.

The most important influence on the thermodynamic cal-
culations was the consideration of the interaction energy due
to the presence of charged particles. The effects of the long
range interaction of the charged particles may be taken into
account in an approximate manner by reducing the ionization
potential in the Saha equation. In determining the Zeif

2

from the shock-tube data of Petschek et al., no such correc-
tion was made, whereas, the Zeff2 from Olsen's arc data does
include a correction for the lowering of the ionization po-
tential. In order to determine the Zef f

2 from the shock-tube
data including the effect of the interaction energy requires
that the normal shock and thermodynamic calculations be
carried out with the corrected ionization potential.

Pomerantz8 has carried out these calculations with and
without the corrected ionization potential using Ecker and
Weizei's10 formula for the lowering of the ionization potential.

When the lowering of the ionization potential was taken into
account, there was a reduction in the temperature and an
increase in the electron density at a given shock Mach num-
ber. The comparison of the predicted intensity for the shock-
tube conditions of PI = 10 mm Hg and shock Mach number of
10-15 indicates that the inclusion of the corrected ionization
potential reduces the value of Ze{£

2 about 20%. If the cor-
rected ionization potential were taken into account without
correcting the temperature as suggested by Petschek et al.,
Zeff2 would be reduced by a factor of 2 or more. Based
upon the foregoing considerations, the Zen2 from the measure-
ments of Petschek et al. may be put on a comparable basis
with the measurements of Olsen. This results in Zef{

2 =
2.1 for the shock-tube data as compared with Ze^ = 2 for
the arc data in the same frequency range.

From the foregoing theoretical considerations and com-
parison with experimental intensity data, a reasonable repre-
sentation of the mean intensity is

o
v < 1 X 1015 sec"1

v > 1 X (6)

Fig. 3 Radiation heat flux gage assembly.

Olsen's data suggests that the decrease in intensity with
frequency was much sharper than predicted by Eq. (5);
therefore, the intensity contribution for frequencies above
1 X 1015 sec"1 was neglected. The reduction in the critical
frequency due to the lowering of the ionization potential
caused by the long range forces and the bound-bound con-
tinuum radiation from the smeared, densely packed bound
states has been neglected. The contribution of free-bound
transitions to the ground state has also been neglected. The
discussion in Sec. IV indicates that for the conditions of in-
terest, this region of the spectrum was strongly self-absorbing
and may be neglected.

The appropriate value of Ze t f 2 to be used depends upon the
manner in which the thermodynamic state is determined.
The foregoing considerations would indicate that Ze f f 2 ^ 2
is reasonable if the thermodynamic state, i.e., Ne and T, are
determined with due consideration of the reduced ionization
potential. As discussed by Olsen,2 the magnitude of the
correction to the ionization potential is still in question;
therefore, the determination of Z e f f 2 from the measured in-
tensity data is also subject to question. For the shock-tube
measurements considered herein, the normal shock and ther-
modynamic properties were calculated without correcting the
ionization potential; therefore, Z e f f 2 will be taken to be 2.7.

III. Experimental Data

Two types of heat flux measurements were reported herein:
radiative flux and total heat flux. A 1-in. cold gas driven
shock tube with argon as the test gas was used for the experi-
ments. The shock tube consisted of a 3|-in.-i.d. driver, a
3j-in.-i.d. buffer and a l-in.-i.d. driven section. Cold helium
was used as the driver and buffer gas. A more detailed de-
scription of the shock tube and its performance has been re-
ported elsewhere.11 All of the data reported herein were ob-
tained with the driven section initial pressure (Pi) at 10 mm
Hg. The total heat flux data were obtained over the shock
Mach number range of 4.5 to 12, whereas the radiative flux
data covered a Mach number range of 10 to 12.5.

The total heat flux measurements were made on a hemi-
sphere-cylinder model. The heat flux gage was a thick film
calorimeter type using resistance thermometry to measure
the temperature. The gage consisted of 0.002-in.-thick
platinum foil flush mounted on pyrex. A more detailed de-
scription of the gage and its calibration were reported else-
where.12

The radiative flux measurements utilized a gage of the
thick film calorimeter type similar to that used for the total
flux measurements. The gage element was located inside
the body and isolated from the flow by a pyrex window (see
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Figs. 2 and 3). In order to obtain a reasonable viewing
angle, the nose was flat rather than hemispherical as in the
case of the total flux measurements. In order to avoid de-
terioration of the transmission characteristics of the pyrex
window, it was changed after each run. The minimum sig-
nal measurable by the gage was approximately 0.03 kw/cm2,
which limited the minimum shock Mach number to 10 at 10
mm Hg initial pressure for which radiative flux data could be
obtained.

In addition to the heat flux measurements, direct emission
photographs of the flow were obtained. An Abtronic image
converter camera with an effective exposure time of 10~7

sec was used. A series of photographs of the flow about the
blunt body used for the radiative flux measurements is shown
in Fig. 4. These show the flow development as a function of
time after the incident shock arrived at the model. These
measurements, in conjunction with the heat flux traces (see
Fig. 5), indicated that the flow was well developed and the
radiative flux constant from 15 /*sec to about 50 jusec after the
arrival of the incident shock. In addition to the information
on the flow development and breakdown obtained from the
photographs, the shock standoff distance was measured.

The accuracy of the total heat flux data was ±15% and
the radiative data was ±30%. These accuracy figures in-
clude the heat flux gage calibration, the initial pressure gage
calibration, the accuracy of the shock Mach number timing
corrected for shock attenuation, and the reading errors as-
sociated with the heat flux traces. The lower accuracy of the
radiation flux data was largely attributed to the lower signal
to noise ratio for the heat flux data at the same shock Mach
numbers.

IV. Discussion

In order to relate the radiation intensity to the heat flux
measurements, due consideration must be given to the gage
geometry, the effective volume of the radiating gas, and the
amount of incident radiation absorbed by the gage. A de-
tailed account of these considerations is given below for the
flat-nosed body used for the radiative flux measurements.

Assuming that the shock layer may be represented as an
infinite slab, and neglecting absorption and stimulated emis-
sion in the shock layer, the heat flux to the gage was given by

IVTV cos0 dV (7)

The geometry for the shock layer and gage is .shown in Fig. 6.

0.1
m v /cm

20 (Jisec /cm

Fig. 5 Sample oscillogram of radiation heat flux gage
output.

Since the shock layer is thin compared to the body radius of
curvature, the assumption that the shock layer may be rep-
resented by an infinite slab was valid. In order to determine
the validity of neglecting absorption and stimulated emission,
the optical depth was introduced:

47T5, dx (8)

where rv = optical depth, and Bv = 2hv*/c*(ehv/kT - 1).
As long as the optical depth is small compared to one, ab-

sorption may be neglected. On the other hand, however, if
the optical depth is large compared to one, the radiation is
strongly absorbed and the surface of such a radiating gas acts
like a black body.

In order to proceed further, it is necessary to consider the
specific characteristics of the radiating source and the gage.
Using Eq. (6) for Iv, the optical depth based upon the shock
standoff distance may be calculated.

The measured shock standoff distance was 5 ± 1 mm. The
maximum intensity was encountered at the maximum shock
Mach number 12. The optical depth for these conditions
was calculated for three frequencies: vc, 0.1 vc, and the band
edge for transition to the ground state vgs. They are shown in
Table 3.

The calculation shown in Table 3 for the optical depth in-
dicates that no serious absorption was encountered in the fre-
quency range 0.1 X 1015 to 1 X 1015 sec"1, and that any radia-
tion arising from transitions to the ground state at the same
intensity as that at the lower frequency would be strongly self-
absorbed and thus may be neglected.

The transmission characteristics of the pyrex window were
obtained from the manufacturer, and the absorption of the
gage element was obtained from the reflection coefficient of
polished platinum. A plot of TV) av, and their product is
shown in Fig. 7. This indicates that the band pass of the
gage is within the frequency range for which self-absorption
may be neglected.

Fig. 4 Flow development over a blunt body in argon. Fig. 6 Sketch of shock layer geometry.
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Fig. 7 Transmission for pyrex and absorption for plat-
inum as a function of wave number.

Making use of the foregoing information, Eq. (7) may be
integrated to give the energy received by the gage:

q = -̂ —* (1 - cos0i)5 A, - f °° Tvavdv (10)
2i J 0

The measured radiative flux was compared with the flux as
calculated by Eq. (10). The calculated flux was based upon
the measured shock standoff distance, the gage characteristics
determined as described previously, and the intensity as given
by Eq. (6). The electron density and temperature in the shock-
layer region were obtained from the calculations of Arave
et al.13 Since this calculation neglects the lowering of the
ionization potential, Ze f i 2 was taken to be 2.7. The meas-
ured and calculated radiative flux is plotted vs shock Mach
number on Fig. 8. The agreement between the calculated
and measured values was well within the scatter of the ex-
perimental data.

It should be noted that only about 5% of the total radiative
flux incident on the body was measured by the radiation gage
because of the limited viewing angle and limited spectral re-
sponse. Approximately 10% of the total energy was ex-
cluded because of the cutoff of the pyrex window on the low
frequency end of the spectrum and 5% on the high frequency

o.i

.01

KRAMERS-UNSOLD

P^lOmm/Hg
1/2 'DIAMETER
FLAT NOSE BODY

10 11 12 13
SHOCK MACH NO.

1/2" DIAMETER HEMISPHERE
CYLINDER MODEL
Pi =10mm/Hg

RADIATIVE

8 10 12

SHOCK MACH NO.

Fig. 8 Radiative heat flux to the stagnation point of
blunt body in argon.

Fig. 9 Heat transfer to the stagnation point of a blunt
body in argon.

end. The major reduction of the incident flux was due to
the limited viewing angle and to a lesser extent the absorp-
tion coefficient of the platinum.

Heat flux measurements with an exposed heat flux gage
have also been measured. This data is shown in Fig. 9.3
Similar measurements have been made by Rutowski and
Bershader4 which were essentially in agreement with those
shown in Fig. 9. The transport properties of argon, including
charge exchange, used in the numerical integration of the
boundary-layer equations were obtained from Pindroh.14

The convective heat flux based upon these calculations is
shown in Fig. 9. Also shown in Fig. 9 is the radiative flux
contribution calculated in a manner similar to that previously
outlined with due consideration for the increased view angle,
the reduced standoff distance of the spherical nose, and the
increased spectral response in the absence of the window.
Although the radiative contribution was less than the con-
vective contribution at the maximum shock Mach number,
it was nevertheless substantial, and in agreement with the
predicted total heat flux. To the extent that no substantial
increase in the radiative flux in excess of that accounted for
by Eq. (6) is evident by the data shown in Fig. 9, there
is no large contribution to the radiative flux at frequencies
above 1 X 1015 sec"1.

It should be noted that care must be exercised in extending
the radiative flux predictions beyond a shock Mach number
of 12 without consideration of self-absorption. For example,
the optical depth increases approximately a factor of 4 at the
shock Mach number of 13 due to the large increase in electron
density.

V. Conclusions

It may be concluded that a reasonable understanding of
radiative heat flux from ionized argon was obtained. The
quantitative prediction of the heat flux, however, is based
upon a semi-empirical theory. A qualitative argument was
used to determine the spectral region that contributes to the
continuum radiative flux, and the value of the effective nu-
clear charge squared was only determined within a factor of 5.
The final values of vc and Zeff2 used for the heat flux calcula-
tions were based upon measured intensity data. The as-
sumption of neglecting the line radiation was justified on the
basis of the measured heat flux. The present calculations
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Table 3 Shock-layer optical depth

0.1
0.0225
0.289

13.1«
a The low frequency value of Iv was used.

make no attempt to explain the detailed spectral characteris-
tics of the radiation.

The question of the interrelationship of the effective nu-
clear charge and the lowering of the ionization potential was
circumvented by utilizing empirical data. Consistent con-
sideration of the lowering of the ionization potential brought
the measured value of the nuclear charge obtained by Pet-
schek et al. and Olsen into agreement.

Much remains to be investigated both experimentally and
theoretically in order to understand the detailed spectral
characteristics. Such information would be required if self-
absorption has to be taken into account and/or if the ab-
sorption characteristics of the body receiving the radiation
has large variations with frequency. A more careful con-
sideration of the transitions to the ground state may well be
important for conditions other than the ones considered in
these tests. The question of the importance of the line radia-
tion has only been considered hi a gross sense. The extension
to other gases, even noble gases, require at least enough in-
tensity data to establish the critical frequency and the effec-
tive nuclear charge.
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