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ABSTRACT 

Argon heated to 50OO0K at 10 atmospheres in a DC a r c  plasma generator 

was expanded through a sonic orifice into the atmosphere, forming a self- 

luminous jet with the characteristic underexpanded structure. 

The plasma generator and its performance a r e  discussed and luminosity 

Physical conditions determined by optical profiles across  the jet a r e  given. 

spectroscopy in the jet were investigated. 

The affects of adding smal l  amounts of H2 and N2 to the argon are dis- 

cussed  

Even though equilibration times between a rc  passage and nozzle exit 

-2 were greater than 10 

lines being many o rde r s  of magnitude too large. A conjecture that resonance 

trapping of the argon ground state radiation may be the problem is briefly 

discussed. 

sec, LTE did not exist, the radiation from spectral  

INTRODUCTION 

The analysis of the optical radiation f rom plasmas and its relation to the 

plasma properties has been a subject of wide spread attention for the last few 

years. 

geometrical shapes such as the uniform slabs of radiating gas which occur 

The success of spectroscopic methods in  plasmas having simple 

in  shock tubes and the axisymmetric configurations which occur in wall stabi- 

lized a r c s  suggest application to more complicated situations of practical 

interest. 

The radiation f r o m  a plasma which has a complex hydrodynamic struc- 

ture is an  area which has  not been thoroughly explored to date. Very little 

is known, either theoretically or experimentally, about the downstream flow 

structure in such a simple well defined case  as when a p la sma  obeying the 

perfect gas law issues from a sonic orifice at high p res su res  to form an 

axisymmetric j e t  T o  avoid unnecessary complications, the gas  forming 

the plasma should be chosen to avoid chemical reactions and also be one for 

which thermodynamic and spectroscopic properties a r e  known. It was felt 

that extreme purity of the gas was not necessary however so long as the 

gross  hydrodynamic properties were not affected. An arc heated argon 

plasma appeared to satisfy most of these criterion 

The initial idea for this work was f i r s t  to provide a high pressure, 

equilibrium argon plasma (the plasma is actually highly nonequilibrium) and 

then explore by spectroscopic and optical methods the downstream properties 

in the jet, inferring the temperatures and particle densities, and correlating 

these with the hydrodynamic features. 

Most previous spatially resolved spectroscopic studies in plasma jets 

(1-5) have used correctly expanded or  subsonic exit conditions at chamber 

pressures  up to 2 atmospheres. 

smoothly decrease along the jet axis and radially outward much in the man- 

ner of a candle flame. 

The resulting temperature distributions 
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Peters  ( 6 )  was the first to describe and show pictm’es of the so r t  of 

highly underexpanded plasma jet that we a re  interested in here. He used a 

Gerdien type, water filled plasma generator obtaining 8000°K at 50 atmos- 

pheres, expanding through a converging-diverging nozzle which formed the 

anode. He noted the correlation of the luminous structure of the plasma jet 

with the hydrodynamic structure as shown in schlieren pictures and meas- 

ured  the Mach angle in the flow. 

Watson et al. (7) made N2 rotational temperature measurements in a 

low pressure  underexpanded argon je t  expanding from 100 mm at 710O0K to 

6 mm ambient pressure ,  and found the local temperature maxima were 

slightly downstream of the visual Mach diamonds. 

In the following paper we shall review the structure of underexpanded 

jets, describe the equipment used to produce a self-luminous underexpanded 

argon ;et and discuss its performance, review the formulas and methods 

used to interpret the spectral measurements in the jet and then discuss the 

resu l t s  of these measurements with particular emphasis given to the non- 

equilibrium character of the radiation 

UNDEREXPANDED JET STRUCTURE 

The hydrodynamic structure of an  underexpanded (exit p ressure  higher 

than ambient pressure) jet is schematically shown in Fig. 1. 

tures  common to underexpanded jets a r e  the Prandtl-Meyer expansion of the 

fluid at the mzzle lip down io ambient pressure along the jet boundary, the 

formation of an intercepting oblique shock which Joins the outer edge of the 

normal shock called the Mach disk, which together enclose the shock free 

inner region known as the Mach bottle, the oblique reflected shock from the 

Several fea- 
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Mach disk which reflects from the jet boundary as an expansion fan and the 

subsequent Mach diamond structure of compressions and rarefactions which 

extends downstream. The Mach diamonds a r e  regions of compression with 

expansion regions lying between. These successive compressions and rare- 

factions a r e  due to the fact the gas has inertia and therefore over and under- 

expands while being carried along by the jet. 

Note the sl ip line extending downstream from the triple shock at the outer 

edge of the Mach disk, across  which the temperature and density are discon- 

tinuous, while pressure  is continuous. That gas  which passes  through the 

two outer oblique shocks does not have the same thermodynamic state as the 

gas passing through the normal shock. 

Figures 2a and 2b a r e  schlieren pictures of room t e m p e r a h e  air at I. 5 

FigureZa atmospheres expanding through a sonic orifice to room conditions. 

has the knife edge perpendicular to the jet axis, and Fig. 2b has the knife 

edge parallel to the ;et axis. 

expanded self-luminous argon jet expanding from 9.4 atmospheres and 5000 K 

to the atmosphere through a sonic orifice. 

and shock structure is clearly evident. 

Figure 2c is a direct  photograph of an under- 

0 

The similarity of the luminosity 

The structure of such jets has been extensively reviewed by Adamson (a), 

Adamson and Nicholls (9), and Love e t  al.(lO). 

Only limited theoretical studies of the jet structure and properties in the 

jet [see Ref. 9) have been possible because of grea i  mathematical difficultjes. 

The method of characteristics numerically predicts quite accurately the con- 

ditions an.: geometry upstream of the Mach disk and reflected shock but 
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fails completely to predict the existence of the Mach disk and subsequent 

downstream structure which consists of mixed supersonic and subsonic 

flow. 

The position of the Mach disk is empirically determined to good accuracy 

by requiring the static pressure  behind the Mach disk to be ambient (9). 

A relation valid at low pressure  ratios was given by Prandtl (11) for the 

spacing between the successive Mach diamonds. 

Experimentally, Adamson and Nicholls (9)$ Love e t  al. (IO), Wilcox 

et al. (12), and Crist  e t  al. (13), have made extensive measurements on the 

location of the various features seen in Fig. 2 as a function of pressure ratio, 

specific heat ratio and nozzle exit Mach number. 

Ladenburg e t  al. (14) measured the density in an underexpanded, atmos- 

pheric temperature jet of air expanding into room conditions, by means of 

the fringe sh i f t  in a Mach Zehnder interferometer. 

concentrated on the area between the nozzle and slightly downstream of the 

Mach disk. 

characteristics solution where it i s  applicable, is quite good, which lends 

confidence to temperature comparisons that will be made in the present work. 

EXPERIMENTAL ARRANGEMENT 

Figure 3 shows the plasma generator which was used for the present 

Argon is introduced at the r ea r ,  passes forward around the water 

These measurements 

The agreement between Ladenburg's measurements and the 

study. 

cooled central cathode containing a cooled tungsten tip and through the a r c  

which is struck between the central cathode and the outer cylindrical, Water 

cooled anode which fo rms  the plasma generator wall. After a r c  passage the 

heated argon expands through the converging sonic orifice nozzle to form the 

self-luminous jet shown in Fig. 2c. 

3 tangentially (10 rev/sec) to lessen electrode heat loads and promote uni- 

formity of the hot gas  by means of the magnetic field produced by a coil in 

s e r i e s  with the arc. 

appears as a shimmering sheet, well back of the nozzle en t ry  plane. 

The DC a r c  is rotated at high speed 

To the eye, the arc when viewed through the nozzle 

The plasma generator is started by means of the shielded spark plug 

arrangement shown screwed into the top of the plasma generator in Fig. 3. 

A 1 If capacitor is discharged at IO kv across  the spark plug, firing a blob 

of plasma between the anode and cathode to initiate the arc.  This particular 

arrangement was used because of its ease and reliability and the fact that no 

high voltage pulse is sent back into the main power supply. 

The gas flow diagram shown in Fig. 4 consists of para l le l  gas storage 

bottles, regulator, rotameter and rotameter pressure  gauges and sonic ori-  

fice needle valves to insure constant mass  flow even with chamber pressure  

fluctuations. The parallel  system allows the quantitative mixing of two gases 

under flow. 

and a large (8000 cc) bubble meter. 

The gas  flow system was calibrated using both a wet test  meter 

The water cooled nozzle is insulated from the plasma generator and 

allowed to electrically float with respect to the p l a sma  Th i s  insures that 

the a r c  strikes to the outer cylindrical anode and not into the nozzle. This 

was felt to be important in order to help promote equilibrium conditions at 

the nozzle exit. 
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Hydrodynamic calculations show that argon at the 10 atmospheres and 

5000°K chamber conditions typical of operation takes approximately 4 x 

seconds to pass  between the nozzle entrance plane and 1.59 mm diameter 

nozzle exit. 

the above conditions. A very conservative estimate of 10 x 10 seconds 

can therefore be made for the argon equilibration t ime at 10 atmospheres 

and 5000°K between arc passage and nozzle ex i t  

be  several  t imes  longer however. 

The mean flow velocity in the chamber is about 30 cm/sec at 
- 3  

The equilibration time may 

The plasma generator is routinely run for periods up to 3 hours at cham- 

0 b e r  p re s su res  of 10.5 atmospheres, stagnation temperatures of 5500 K with 

arc currents of 250 A, at 115 V using 1.4 gm/sec of argon. At 250 amp the 

field coil produces 100 gauss in the a r c  region. 

The electrical schematic showing the hookup of the 120 KW, 220 V sili- 

con rectifier power supply, ballast resistor,  field coil and plasma generator 

together with the starting capacitor and its high voltage source is shown in 

Fig. 5. 

The whole plasma generator is mounted on a cross-feed mechanism (an 

old shaper mount) allowing any portion of the jet to be  scanned using a fixed 

optical system, shown in Fig. 6.  The je t  is brought to a secondary focus at 

a presli t  which consists of a smal l  hole or slit scratched on the front of a 

diagonal f ront  surface mirror.  

on the spectrograph slit, while the remainder of the jet image is photographed 

by means of a camera. What one sees  in the camera is an image of the jet 

minus that light which went through to the spectrograph. 

allows correlation of the spectroscopic with the geometrical features in the jet. 

The light falling on this clear a r e a  is focused 

This arrangement 
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Figure 7 is a front view of the overall arrangement of the experimental 

apparatus, showing f rom right to left, the standard lamp, the plasma gener- 

ator, the two lenses focussed on the presli t ,  the camera  behind used to 

photograph the jet and the lens which focusses the presli t  onto the SpeCtrO- 

graph slit at the left. Figure 8 is a rea r  view of the plasma generator and 

camera, showing the variable speed motor coupled to the vertical scan by a 

worm gear. The vertical  (transverse across the jet) scan rate is monitored 

by means of a smal l  model electric motor used as a generator, powering a 

50 kA meter. 

In photoelectric operation, the jet image is scanned slowly across  the 

presli t  hole. The intensity of whatever spectral  feature the monochrometer 

is se t  to is recorded as a function of transverse distance across  the jet on a 

Brown recorder driven by means of a Keithley picoammeter. 

A 1P21 photomultiplier tube driven by a stable 1 KV power Supply to- 

gether with a 1/2 meter JACO Ebert-Fasti  monochrometer were used for 

the photoelectric measurements. 

PLASMA GENERATOR PERFORMANCE 

In order  to compare spectroscopic temperatures with the local hydrody- 

namic gas temperature in  the jet, it is necessary to determine the stagnation 

temperature for the gas in the chamber. 

This can he done easily for a perfect gas by the sonic orifice method, 

which requires measurement of the mass  flow of gas  15, the stagnation pres- 

s u r e  p and knowledge of the orifice exit area A*. 
C 
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We can write the mass  flow through a sonic orifice (local Mach number 

at throat equal to one) for a perfect gas, assuming an isentropic, adiabatic 

expansion from the chamber as (15) 

I Y l l  

where % is the molecular weight and R the universal gas  constant. 

For argon, y = 1. 67, M = 39.94 so 

m = 509.8 ~ gm/sec v-7 
0 where A* is in em2, p, in atmospheres and T in K. c 

Now actually the mass flow is given by 

r 
(3) 

exit area 

where p* and u* are the actual density and velocity evaluated over the exit 

area,  which includes effects of boundary layers and heat transfer. All such 

nonidealities a r e  frequently lumped into a discharge coefficient c defined as n 

m actual 

ideal 
c =- 
n m. 

where the stagnation conditions a r e  assumed the same for the ideal and 

actual cases. 
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By extending an analysis due to Simmons (16), the discharge coefficient 

for  a converging cone-short cylindrical section orifice, including the effects 

of heat transfer to the wall, and assuming thin boundary layers,  can be  

written 

where 0 is the length of the straight section, D the nozzle diameter and Q' a 

ficticious length (dependent on such things as pressure  gradient in the nozzle), 

which accounts for boundary layer build up in the converging section 

Re,, = puD/u is the Reynolds number based on exit diameter, p the gas  den- 

sity, u its velocity and i.~ the viscosity. f(T*/Tw*) is a function which ac- 

counts for the density variation within the boundary layer due to heat transfer 

from the gas  at T *  to the wall at temperature Tw* and is given by 

1 - In (T*/Tw*) 
f (T*/T *) = w 2 - (T*/T,*) 

Upon evaluating the argon viscosity f rom Hirschfelder e ta l .  (17), one finds 

that there is practically no dependence on T* (T*. 02) for temperatures l e s s  

than 8000 K. 

of chamber pressure  we are left with the very simple formula 

0 Therefore for a given nozzle operating over not extreme ranges 

const c = I . -  - n 
\'P, 

The constant can be evaluated using room temperature a rgon  

in. diameter nozzle at 10 atmospheres, cn - 1 was found to be  .0190. 

For the 1/16 
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The sonic orifice stagnation temperature was checked against the value 

obtained using a continuous flow calorimeter. 

having specific heat c 

a mass  flow of bot gas d, having specific heat c and total temperature T P S 

results in the following energy balance for the calorimeter outlet, 

If the mass flow of coolant 

and initial temperature T is M, then mixing with P1' 1' 

(8) ( M +  m) c Tout = m c  T + M c  TI 
P1 pout P S  

The total temperatures obtained by the sonic orifice and calorimeter are 

compared in Fig. 9. An essential point to note on Fig. 9 is that the chamber 

temperature does not decrease (based on the calorimeter measurement), 

when a smal l  mole fraction of H2 is added to the a rgon  

points at the low temperature end where the result  of simply shutting off the 

H2 in each case. The A + H2 points fall above the 45' line because of recom- 

bination of H2 in the nozzle which is not taken account for by the simple sonic 

orifice equation. The A + N2 points fa l l  quite well along the 45' line since 

very little N is dissociated at these conditions. 

The cluster of argon 

2 

One basic question which always a r i s e s  with a plasma jet is how should 

one describe its performance and how close to the Obtainable l imits of its 

performance a r e  we at any given operating point. Usually one does this with 

an eye toward improving some particular feature of its operation. Here in- 

creasing the chamber temperature was felt desirable in order to get higher 

luminosity in the jet, and a greater degree of ionization. 

Because of the complex interrelations between the many significant 

parameters such as a r c  current, voltage, mass  flow and nozzle size, the 

use  of nondimensional parameters strongly suggests itself. 
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Fabri  (18) has presented a somewhat crude but interesting analysis that 

makes a start on the problem. 

verse  blown, magnetically rotated arcs striking between coaxial electrodes, 

as here. 

It applies to plasma generators having trans- 

He assumes the heating of the gas by the a r c  can be described by assum- 

ing the a r c  i s  a whirling hot rod, rotating at a frequency determined by equat- 

ing the Lorentz force  to the aerodynamic drag of the arc. 

the heat transfer f rom the a r c  can be described in t e r m s  of a Nussult number 

and derives expressions fo r  the efficiency of heat transfer between the a r c  

and the gas passing through the arc and also the overall efficiency, q, of the 

plasma generator. If q is the ratio of the enthalpy flux to the input power 

He considers that 

m c  T 

'arc a r c  
P C  

I)' I 

then he shows one should be able to correlate l /q  with Iarc/(A*$). 

In order to complete his analysis one must know the functional form of 

the a r c  voltage, V which he did not. a rc '  

Figure 10 shows the a r c  voltage plotted vs. for  argon. Two 

different nozzles were used in the following, having diameters of I 0625 in. 

a n d .  089 in. The reason for the square root dependence of V a r c  on p c i s  not 

known but it appears to be quite accurately followed over the range of opera- 

tion encountered with th i s  plasma generator. Attempts to find other a r c  

voltage correlations containing other parameters were not successful. 
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Figure 11 shows the results of the above analysis. Assuming the square 

root dependence of a r c  volta.ge, isotherms on a plot of 1/11 vs. I / A T  a re  

straight lines radiating from the or ig in  

Points having 1/11 greater than 6. 5 a r e  from the small  nozzle while those 

The two sets of points are seen with 1/7j < 6. 5 result  from the large nozzle. 

to fit smoothly together and the trend shows quite clearly that a niaximum 

chamber temperature occurs as one blows harder only up to a point (i. e. , 
moving inward toward the origin along the s e t  of points), This maximum 

chamber t e m p e r a b e  is something of the order  of 5800°K and occurs at a 

chamber pressure  of ahout 12 atmospheres using the small  nozzle. 

ABEL INVERSIONS OF DISCONTINUOUS FUNCTIONS 

Because of the very large variation of properties across  the jet diameter 

at any particular downstream station, a transformation of the observed trans- 

verse intensity I(x), watt/cm s t e r ,  to the actual volume emission coefficient 

&(r), watt/cm s te r ,  must be made. 3 

For optically thin, axisymmetric sources E (r) and I(x) a re  related by 

the Abel integral equation 

where the path of integration is taken along the line of sight (x = const) through 

-13- 

the source which h a s  outer radius R. 

above equation, which is valid for continuous functions & (I) and I(x) is given 

The analytic Abel inversion of the 

by (19) 

Because the radial functionE(r) has discontinuities of value and slope 

across  the oblique shocks in the jet, Eq. 11 dues not strictly hold in the 

present case  although as we shall s e e  it does a very good job despite this. 

I(x) is usually known only as a s e t  of experimental points so that numerical 

techniques must be used to find &(r). 

There a r e  two general philosophies for tbe solution of Eq. 10. One is to 

This is the 

I(x) is fitted by 

evaluate by numerical quadrature the analytic inversion Eq. 11. 

method followed by Nestor and Olsen (ZO), and Bochasten (21). 

a local polynomial and then an  analytic evaluation of Eq. 11 is performed in 

t e rms  of the polynomial coefficients. 

solution to Eq. 10 as one can do with any integral equation. 

ferences, Eq. 10 is then usually transformed to a set of simultaneous, 

algebraic equations which can he solved for the unknown &at  specified points. 

An example of this method is given by Pearce  (22). 

The other method is to obtain a d i rec t  

Using finite dif- 

Several of these methods have been numerically evaluated for functions 

having radial discontinuities. 

simulate the relevent features of the r ea l  case  consists of two piecewise 

continuous parabolas. These allow zero center slope, an arbitrary slope 

The simplest radial function which was felt to 
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and value on each side of a discontinuity between center and edge and a zero 

value a t  the outer edge. Insertion of this assumption into Eq. lob resul ts  in 

a transform pair Ifx), €(I-). I(x) andE(r )  constitute a transform pair, i n  the 

same sense as a Laplace transform. For a specified radial distribution, nu- 

merical values from the transverse distribution were inserted into one of the 

numerical schemes, which resulted in numerical values for the radial func- 

tion that could be compared to the originally specified function. 

The resul ts  of such calculations, comparing an unpublished direct  method 

similar to Pearce's with Bockastan's method, a r e  shown in Fig. 12. 

In general as seen in Fig. 12, for  the same number of zones, the best 

quadrature methods perform slightly better than the direct  methods used so 

f a r ,  in regions several  zones removed from the jump. However, as a resul t  

of using Eq. lob, all the quadrature methods exhibit spurious behavior near 

the jump, somewhat like the Gihbs phenomena for  a Fourier series. Direct 

methods do not have this problem. In Fig. 12, the transform pairs a r e  shown 

by the smooth curves, the points being the numerical resul ts  for the two cases  

considered. 

SPECTRAL CALIBRATION OF THE PHOTOMULTIPLIER 

To calibrate the system including the various electronic and optical com- 

ponents, grating, photomultiplier, etc., a standard tungsten f la t  s t r ip  lamp 

is placed a t  the jet position The filament brightness temperature a t  . 6 5 ~ ,  

read by a Leeds and Northrup dissappearing filament pyrometer, is corrected 

to t rue temperature using the tungsten emissivities t (T) of de Vos, tabulated 

by Rutgers (23), and the known lamp envelope transmission 7 

x 

x' 
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Referring to Fig. 13a, the steradiancy emanating from the standard lamp 

x x  x x is T E B (T), where B (T) is the black body function in Wavelength units, 

measured in wattfcm ster w .  If F is the overall system transmission includ- 

ing the grating efficiency, A the image of the source a rea  defined by the presl i t  

which passes  through the exit slit,  Cl the solid angle over which the radiation 

is being received from the grating, Ah the spectral bandpass of the mono- 

chrometer, which is given by the product of the reciprocal dispersion and 

exit slit width (exit slit width greater than or equal to entrance width), and sx 

the photomultiplier sensitivity ampfwatt, then the power passing through the 

exit s l i t  from the lamp is E ~ B ~ T ~ A X F ~ A  and the resulting photomultiplier cur- 

rent  is given by 

2 
x 

Since A, S I  and F are at  most functions of wavelength, they can be lumped x 
into s and we can write x 

2 where S has units of amp cm ster/watt. x 
The monochrometer grating is the limiting aperture for  the system. 

In operation the jet is placed a t  the same point as was the standard lamp, 

Fig. 13b. The spectral sterradiancy Ix(x) is given by 
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where the integration of the volume emission coefficient E 
of sight through the jet. 

is along the line x 

For continuum radiation, i. e. , radiation extending over a wavelength 

interval larger than the system bandpass A i ,  the spectral sterradiancy 

I watt/cm ster is related to the photomultiplier current i by x x 
2 

i x x x  = I  A i s  (15) 

Frequently spectral  lines are superimposed on a background continuum. 

In order to obtain the intensity due to the line alone we must subtract the 

continuum. Referring to Fig. 13c where the shaded a rea  Iline demtes  this 

value, and for the usual case where the entrance and exit slits a r e  of unequal 

width resulting in the flat top shown on ix, then 

AX 
(16) 

= I i n e  

where i 

line as shown. 

is the current difference between the continuum and the flat topped line 

SPECTRAL LINE FORMULAS 

The formulas used for interpretation of the spectral data when local ther- 

modynamic equilibrium (LTE) conditions apply are as follows (24,25,26): 

For optically thin spectral lines, the emission coefficient is given by 

-17- 

1 E . = - n A  hu X.line 42 u uE 

where n is the upper s ta te  population, hu = E - E is the energy difference 

between upper and lower energy levels EU and EL, A uL 

tion probability for the particular transition, g = 2 J ,  t 1 is the statistical 

weight of the upper state, n the total number density of a toms and Z is the 

electronic partition function for the atom. 

meaning. 

U u e  

is the Einstein transi- 

U 

The other symbols have their usual 

The Saha equation relating the number densities of ions, atoms and elec- 

trons is 

n n 2Z+ ( Z ~ r n , k T ) ~ / ~  - VO/kT 
e (1 8) -- _ -  + e  

n h3 

where Vo is the ionization energy of the atom (corrected for ionization energy 

lowering if necessary) and n+ is the ion density. 

The continuum radiation due to free-free and free-bound interaction be- 

tween the ions and electrons for frequencies less than the limiting frequency 

Y is given by (27) 
C' 

(19) 
3 2 n ne 

, watt/cm ster sec- l  -46 + E, = 5 . 4 3  x 10 Zeff T, 

where Zeff is the effective nuclear charge seen by the electron and Te the 
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kinetic temperature of the electrons. 

ionization limit by an  amount less than huc a r e  assumed to be close enough 

together to form a continuum. 

The energy levels which lie below the 

The theory of the linear Stark broadening in H has been worked out in de- 

tail by Griem (28). 

density and is only a weak function of T. The full width a t  half intensity for 

HP a t  10, OOO°K, fitted to the values given by Hill  (29) is 

The line broadening depends strongly on the electron 

(8) 
0 -11 .69 h (A) = 9.2 x 10 1/2 e 

Equation 20 is not dependent on LTE. 

These equations can be manipulated in many ways for a particular appli- 

cation 

in Fig. 14. 

tion of T for  particular values of ne. 

The intensity per  H atom for the HP line as a function of T is shown 

Figure 15 is a plot of the intensity ratio of CaI/CaII as a func- 

In order  to verify the existence of local thermodynamic equilibrium (LTE), 

one must measure the energy distribution parameter T for as many different 

energy distributions as possible and compare the values obtained. 

following we shall compare the kinetic o r  hydrodynamic heavy particle tem- 

perature, the Saha temperature, the Boltzmann temperature, characterizing 

the distribution of excited bound s ta tes  among themselves, the absolute tem- 

perature which characterizes the population of excited states relative to the 

ground state, and the kinetic temperature of the electrons. We shall see that 

in our case these are not all compatible. 

In the 

RESULTS AND DISCUSSION 

Figures 16a, 16b, and 16c a r e  photographic spectra  taken with a dual 

pr i sm Huet spectrograph using a slit presl i t  placed transversly across the 

jet. The lowest spectra in Fig. 16a, 16h, and 16c were taken just outside 

the nozzle exit, the center ones about 2/3 of the way to the Mach disk and 

the top spectra  just behind the Mach disk. Figure 16a was pure argon a t  

0 7. 83 atm, T = 4910 K, 290 A, 95 V, 1~ = 1.10 gm/sec and required 5 sec- 
C A 

ond exposures. When H2'was added to the argon upstream of the a r c  in 

Fig. 16b, the conditions were p = 8.05 atm, ~ 

.0225, 225 A, 125 V, Tc = 4950°K, but 50 second exposures were necessary 

leaving the s l i t  unchanged. 

= 1.13 gm/sec, X (cold) = 
C A H2 

For Fig. 16c, ,0594 cold mole fraction of N2 was added to 1.09 gm/sec 

The exposures again 0 argon with p = 8.04 atm, 235 A, 121 V, T = 5030 K. 
C C 

were 50 seconds. 

The majority of the lines in all spectra  a r e  argon I. Note in FLg. 16b 

the Stark broadened Balmer series lines of CaI and Cal l  a r e  present as are 

Ball. 

manufacture. Very weak lines of Al, Cu, Cd, and Zn have been found. 

The tungsten electrode was impregnated with Ca and Ba  at  the time of 

The continuum radiation, which appears strongly in each case near the 

exit and less  so behind the Mach disk, is probably due to free-free, free- 

bound processes of the ions and electrons. 

Note the presence of the N2 second positive system in Fig. 16a taken 

just behind the Mach disk and its absence in the exposures taken at the same 

position in Fig. 16b and 16c, even though these exposures were 10 times 
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longer. This radiation arising f rom N being entrained into the jet from the 

atmosphere, is apparently due to a selective, nonthermal excitation given by 

excited argon atoms. In color pictures of the jet, as well as by eye, one can 

see  very clearly the intense bluish radiation from the N2 which emanates 

most strongly from the mixing zone along the jet boundary. 

2 

The band systems occurring in Fig. 16c are all Ni. When N2 is added to 

the argon one notices a very faint greenish feathery plume extending out be- 

yond the rather bright structure one sees  in Fig. 2c. It is continuum radia- 

tion apparently from the reaction NO + 0 - NO2 + hv. Note the enhanced 

luminosity of the BalI lines when N2 is added in Fig. 16c. 

Neither the spectral lines nor the continuum is polarized. The H which 

appears in Fig. 16a is due to water vapor. 

Noting the exposure times for each spectrum, we can clearly s e e  the pro- 

found drop in luminosity which occurs when a few percent of either H2 or N2 

is added to the argon prior to a r c  passage. We will return to this point later. 

When several  percent He or Ne is added there is no change in either the 

luminosity o r  in the character of the s p e c t r a  

Figures 17, 18, 19, and 20 present a fairly detailed picture of the HP 

radiation across  the jet at three downstream points. 

the camera shown in Fig. 6, shows the position of the presli t  on axis right 

at the exit, 2/3 of the way between the exit and the Mach disk, and just be- 

hind the Mach disk. 

Figure 17, taken through 

The operating conditions a re  given on Fig. ll. 

The Brown recorder t races  in Fig. 18 show the transverse intensity dis- 

tribution of Hp across  the jet at these three stations. Observe the rather 

good symmetry. 

purity in the a rgon  

ing the 5 minute scan across  the jet. 

shown scale s ize  on Fig. 18, rounds off somewhat the otherwise ra ther  abrupt 

intensity changes. The center of each curve was determined by folding, and 

if any asymmetry was present an  average value for the two halves was chosen 

The H was present in the jet probably as a water vapor im- 

The noise is due to intensity fluctuations in the jet dur- 

The finite pres l i t  hole size (. 14 mm), 

Figure 19 shows the Abel inverted curves from Fig. 18. Even though 

some deliberate smoothing was performed, any smal l  scatter remaining in 

the transverse points is enhanced by the inversion 

Note that on the jet centerline the HB intensity drops only one order  of 

magnitude between the jet exit and Z = 1. 9 mm, although the characterist ics 

solution indicates a Mach 3. 2 flow, at this point. 

here by a factor of 3. 3 and the density down by a factor of 6, compared to 

values at the exit, Referring to Fig. 14  we see that a much l a rge r  intensity 

drop should have occurred with this temperature change. Observe the fairly 

large intensity variation across  the exit plane. At Z = 1.90 m m  we note the 

smooth decrease in luminosity radially until the oblique intercepting shock is 

crossed. 

The temperature is down 

At Z = 3.18 m m  note the relatively uniform conditions which occur across  

the whole region behind the Mach disk. The large peak at r = . 6 m m  is the 

resu l t  of crossing the slip line which can be seen bes t  in the Z = 0 picture of 

Fig. 17. 

oblique reflected shock. 

The sharp  drop off outside of this is the resu l t  of crossing the 
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The theoretical radial  distribution of density and temperature obtained 

f rom a characteristics jet solution for argon expanding from 7 atmospheres 

at a point 2.23 nozzle rad i i  downstream from the exit plane is given in Fig. 

20. The qualitative similarity to the luminosity plot for Z = 1.90 mm is evi- 

dent, until mixing, which is neglected in the characteristics solution, becomes 

dominant 

Figure 21a shows the HP line profile measured a t  the exit with a spectral 

resolution of . 4 A The continuum has been subtracted. A fit to the theoreti- 

cal curve (Fig. 21b) is shown. The values of n obtained using other mem- 

be r s  of the Balmer se r i e s  all fell within 10% of this value, ne = 7 x 10 

0 

e 
1 4  . 

The continuum intensity as a function of wavelength is shown in Fig. 22. 

Assuming the electron kinetic temperature to be the local hydrodynamic 

temperahre  of 3000°K and inserting ne = 7 x 

ening, one finds Z2 - 3 for agreement with Eq. 19. 

found from the Stark broad- 

eff 

Figure 23 is a plot of population vs. energy level which, for a Boltzmam 

distribution, should yield a straight line having a slope of l/kT. 

a r e  fairly constant, except for perhaps the one a t  r = 0, but the value of 

5200°K characteristic of these curves i s  far above the calculated hydrody- 

namic or  kinetic temperature of about 3000°K a t  the exit plane. 

The slopes 

The watts/ster per  H atom for HB at the exit as a function of the number 

density of H atoms a t  the exit is given in Fig. 24. The tables listed in  

Penner (30) were  used to calculate the density of atoms at the calculated 

hydrodynamic exit conditions, 3000°K and 3. 5 atm, as a function of the known 

cold mole fraction of H The intensity per  H atom falls as s-4' over the 2' 
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somewhat limited range covered. Referring to Fig. 14, at  % = 1 x 

find T 

power shown in Fig. 14 corresponds to a 10% change in the absolute tempera- 

b e .  

we 

= 76OO0K, a t  the exit. The order  of magnitude change in radiant 
a b S  

The measured line ratio CaI A 4227/CaII A 3934 was .77 at the exit, 

found from the Stark broadening, which, when coupled with ne = 7 x 

yields Tsaha = 5080 K from Fig. 15. 0 

We summarize these conditions in Table I. The relevent collision cross-  

sections were taken from Refs. 31 and 32. 

calculated using v = nQ <v> where n is the number density of colliding species, 

Q is the crossection and <v> is the mean speed of the colliding species. 

The collision frequency u, was 

The equilibration time of the gas between a rc  passage and nozzle exit is 

greater  than seconds. 

Substantially the same absolute temperature is obtained using one of the 

argon lines ra ther  than HP. 

r e fe r s  to the collisional deexcitation of metastable argon 'Q, meta 

atoms by H2. 

We note the following points which seem important. 

1. The H excitation falls very rapidly with increasing hydro, =en concen- 

tration as shown on Fig. 24. 

The N second positive system disappears if a few percent H2 or N2 

a r e  added to the argon upstream of the a rc ,  but no change in  either 

the argon line radiation, nor in the N second positive system, 

occurs  when Ne and He a r e  added. 

2. 2 

2 
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TABLE I 

PLASMA JET CONDITIONS 

Chamber 

p =1 .03  atm 

T = 3945'K 

nA = 1. 24 x 10 

= .0068 

% = .0453 

c 

c 
19 -1 cc 

2 

v 

v 

= 7 x lo lo  sec - l  

- 1.4 x lo lo  sec- l  

= 4 x  10 sec 

eH 

eA 
9 -1 

"HA 
5 -1 

v = 10 sec 
H2Ameta 

B =  IO0 gauss 

Exit 

pex = 3. 42 atm 

Tex = 2955'K 

nA = 8.14 x 10l8 cc-' 

"H = I. 01 cc-l 

%2 = . OZ50 
= .0120 

= 5200°K 

THO = 7600°K 

TSha = 5080°K 

TBalmer 

n = I x cc- l  e 

I = 250 A 

v =  120 volts 

B = 100 gauss 
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3. Referring to Fig. 16b and Fig. 24 we note that even though the hydro- 

gen radiation falls with increasing hydrogen concentration, the argon 

line radiation has fallen even faster. Both however are many orders  

too high. Referring to Fig. 14 we see  that the Hp radiation changes 

by 12 orders  between 7600°K and 3000°K. 

At the collision frequencies noted in Table I ,  thermal  equilibrium 

from collisions should certainly have occurred in lo-' seconds. 

Only the second positive system has been seen in the jet. If this 

were due to thermal  excitation, one would also expect to see  some 

members of the Herman-Kaplan system which f a l l  in the green, but 

none have been seen. 

4. 

5. 

Figure 25 is an energy level diagram for A, H, N , He and Ne (33,34), 
2 

and shows only some of the  lower levels for the atoms. 

is denoted hy IP. 

tween the levels grouped around 13.2 ev down to those around 11. l ev. The 

apparent explanation of many of the points noted is a large over  population of 

some, if not all, of the quartet of first excited levels in argon around 11. I ev 

shown on Fig. 25. 

remain in an excited state until they get outside the nozzle, unless  some other 

kind of atom is present  with which collisions of the second kind can occur. 

Collisions of the second kind can be made with H and the N2 second positive 

upper state which lie below the excited argon levels. Such collisions would 

deexcite the argon and excite the other partner. Collisions of the second 

kind are not possible for  argon with either Ne or He. Note that  the argon 

The ionization energy 

Most of the visible lines in A a r i se  f rom transitions be- 

Such atoms a re  apparently formed in the arc and many 
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level around 11. I ev can excite the N2 second positive system but not the 

Herman-Kaplan system. 

Although two of the four first excited states are metastable for  radiation 

to the ground state (35), the large numbers of collisions here would seem to 

preclude any excess build up of these levels. The radiative transition prob- 

ability for the other two states  down to the argon should be quite large since 

they are resonance transitions. 

Thermal excitation of levels 11. I ev above the ground state is not likely 

with a population having a kinetic temperature on the order of 50OO0K or  

1/2 ev. Once however, a population has been built up in these first  excited 

levels, thermal excitation could populate the higher levels. 

The explanation that aqpears most reasonable (36)* in explaining the 

large number of excited argon atoms, is the trapping of the argon resonance 

radiation 

Even at temperatures on the order of 15,000-20, OOOOK which may o c c w  

in the high current, highly blown arc ,  most argon atoms a re  still in their 

ground state. Radiation at the resonance wavelengths has a high probability 

of being absorbed by an argon atom and a short  time later being reemitted in 

a random direction with respect to the initial direction Such a random walk 

leads to a diffusion of photons through the gas rather than their direct  escape. 

*Suggested to the author by H. Griem, University of Maryland. 

The coutrolling factor in determining the escape of photons, however, is 

their diffusion in frequency out to the line wings where they can more readily 

escape from the plasma so  that the e folding time depends on the spectral  line 

shape. 

Calculations show that for typical chamber conditions with n = lo1' and 

T = 5000°K that the argon resonance line profile is substantially doppler over 

most of its core. The Voigt'profile (26) bas a ratio of collision broadening to 

doppler width 

a = (S/4n)/AV0 = .05 

The e-folding time for  resonance radiation is given by (36,31) as 

where g is the escape factor which is a function of the optical depth T~ at the 

center of the line, and A 

depth is given by 

is the Einstein transition probability. The optical up 

where K~ is the absorption coefficient a t  the line center and L a distance that 

is about 1 /2  the smallest plasma dimension 

For a doppler line 

and one can show 
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K = 1 . 1 6 x 1 0  ne f e u  (24) 0 

M is the molecular weight and, X is the wavelength of the radiation, n,is 

the number density in the ground state and fa, is the f value for the particular 

transit ion 

0 7 
0 

l9 - I, M = 40, T = 5000 K, then K Assumingn = 10 , fiu e 1 x IO em-'. 

The f value and A value for a transition a r e  related by (26) 

. 666 gQ Aup =-- 
12 % i l l  

so that Ad - 213 x lo9. We find the escape time from a 1 mm volume to he 

on the order of lo-' seconds. This is of the same o rde r  as the transit times. 

It is interesting to note that in contradiction to most nonequilibrium 

mechanisms, resonance trapping becomes more of a problem as the density 

increases. 

In view of the various approximations made, all one can say with certainty 

is that resonance trapping must be considered. 

SUMMARY 

In summary, the argument to explain the plume luminosity that seems in 

most convincing here is that the resonance radiation is trapped in the argon 

up near the arc,  then is convected along with the argon, diffusing slowly out- 

ward to a boundary, where it escapes. This radiation provides optical exci- 

tation of the argon first excited levels. The addition of a gas with which the 

argon can make collisions of the second kind, serves to collisionally deexcite 

the argon and quench the resonance radiation (38) leading to the large de- 

c reases  noted in the luminosity of both the argon and the impurity atoms. 

The hydrogen's own resonance radiation is not trapped because of the large 

Stark broadening. The Hp radiation is reflecting a non-LTE population in- 

duced in the first excited state of hydrogen through the collisions of the sec- 

ond kind with the argon, and the subsequent further excitation by ordinary 

thermal collision process. 

The reason this phenomena is of importance here, is that we have r e -  

moved the gas  f rom its point of excitation expecting it to undergo a hydro- 

dynamic cooling down to the point of observation In shock tubes and arcs ,  

where one looks at the  gas at the point of excitation, it is precisely this 

resonance trapping which provides LTE in situations where on the basis of 

collisions alone it would not be expected (39). 

In the present situation however the resonance radiation seems to he 

responsible f o r  a whole chain of nonequilihrium phenomena. 

a r e  underway to tes t  this conjecture. 

Further studies 

The work reported herein was conducted by the Institute of Science and 

Technology for the Advanced Research Projects Agency, U. S. Department 

of Defense, Contract SD-91 (ARPA Order 236) as a Part  of Project 

DEFENDER (research on and defense against ballistic missiles). 
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