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1.0 INTRODUCTION 

1.1 APPROACH AND OBJECTIVE 

It is a general characteristic of high enthalpy gas flows that 

some of the gas species can be in highly excited internal energy 

states. The extent of this excitation is, of course, dependent upon 

the identity of the specie and the particular method by which energy 

is introduced into the gas. When the gas conditions are such that a 

high collision frequency is maintained, the available energy is parti- 

tloned among the various modes according to well-known classical 

thermodynamic concepts. In this case, observation of certain micro- 

scopic quantities (for example, the radiance of emitted spectral 

radiation) will indicate the physical state (temperature and density) 

of the gas, and the energy contained in the other modes can be determined 

via the equipartition theorem. Xn other cases, however, the gas flow 

process may be such that the collision frequency is decreased quickly, 

for instance by a rapid expansion into vacuum, and the gas species in 

some highly excited states will not uhdergo a sufficient number of 

collisions to distribute the internal energy into other energy modes 

in a manner described by equilibrium concepts. Freezing of rotational 

and vibrational energy states during a gas expansion are well-known 

examples of such nonequilibrium behavior (Ref. I). 

When the method of excitation involves collisional energies 

sufficiently large to produce ionization, the internal electronic states 

of the specie can become occupied. Such excitations of electronic 

states can be observed in arc-heated and radio frequency-heated gases, 

and the excited state distribution may contain a significant portion 

of the total energy in the gas. Measurements made in such a nonequl- 

librium environment must be interpreted carefully, since the usual 

classically derived analysis techniques for excited state distribution 

functions may be invalid. 
l 

7 
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The carefully choreographed sequence of excitation followed by a 

rapid, severe reduction in collision frequency resulting in nonequl- 

librium behavior occurs often in aerospace applications, particularly 

when low densities are involved, as in reentry phenomena and shock 

tubes. However, nonequillbrium phenomena generally represent a little- 

understood and largely unexplored aspect of the physics of high enthalpy 

gases. Because nonequilibrlum phenomena do occur frequently in certain 

aerospace applicationsp yet are largely not well understood, there has 

been a continuing study at AEDC of the fundamental mechanisms by which 

nonequillbrlum excited state distribution functions are established. 

Because the study does represent an extension of the state of the artt 

the approach has been one of careful progress, in which confidence in 

results was established before each new step was taken. The present 

document summarizes ithe progress of the studyto date and presents 

recent experimental results, detailing measurements to ascertain the 

actual dlstributionof excited electronic states in a particular non- 

equilibrium environment. 

The principal specific objective of the present work was to 

experimentally determine the spatially resolved population density 

to selected excited electronic states of monatomlc argon in the plume 

of a freely expanding argon arcJet. This direct determination of excited 

state densities provides a unique opportunity to compare measured densities 

with calculated predictions of the excited state densities based upon 

the approach developed previously (Refs. 2 and 3). This comparlsonwas 

a corollary objective of the work. 

1.2 BACKGROUND 

The principal theoretlcal efforts in nonequillbrium phenomena in 

plasmas at AEDC in recent years have been to examine the fundamental 

system of differential equations which describe the transient behavlour 

of each of the quantum states available to the plasma. This system of 

8 



" A E D C - T R - 7 7 - 2 3  

equations, called the eigenstate rate equations (ERE), is mathematically 

similar to the chemical rate equations, though considerably more complex 

when applied to individual internal energy states within a single chemical 

specie. The fundamental validity of the numerical solution to the 

system of equations has been examined, and the importance of the role of 
. o  

low-lylng metastable quantum states on the upper state distribution func- 

tion for hydrogen plasmas (Ref. 2) has been assessed. In later work the 

hydrogenic case was extended to helium plasmas (Refs. 3 and 4), and the 

coupled mechanisms by which the quantum state distributions decay in 

time were examined. The findings of these studies suggested that the 

mechanisms for energy transfer among electronic states are indeed complex 

and subtle and truly require a coupled mathematical system of elgenstate 

rate equations for an adequate (mathematical) description. One aspect of 

note in previous work was the approximate modeling of a physical situa- 

tion in which gas bulk properties were expanding toward a lower density 

environment. The results of that study showed that electronic state 

density relaxation times could become significant with respect to 

typical gas expansion times, necessitating inclusion of these microscopic 

(collisiona1) effects upon the macroscopic (gas dynamic) effects (Ref. 5). 

Much of the previous experimental work at AEDC with the arcJet has 

been directed toward utilization of the device and its nonequilibrlum 

environment for studies of high speed wind tunnel diagnostics (Eef. 6). 

It was recognized that with argon, as well as some other gases, large 

population densities of metastable states could occur and affect inter- 

pretatlon of spectral data obtained from such environments (Eefs. 7 and 8). 

The n o n e q u i l i b r i u m a r c J e t  p lume e n v i r o n m e n t  has  been  u sed  to  p r o v i d e  

f u n d a m e n t a l  knowlege  o f  e x c i t e d  s t a t e  c o l l i s i o n a l  p r o c e s s e s  (Ref .  9) .  

I n  a d d i t i o n  t o  t h e  work a t  AEDC, t h e r e  have  been  numerous  o t h e r  e x p e r i -  

m e n t a l  i n v e s t i g a t i o n s  a f f e c t e d  by one a s p e c t  o f  n o n e q u i l i b r i u m  o r  

a n o t h e r  b u t  g e n e r a l l y  w i t h  some m a j o r  o b j e c t i v e  o t h e r  t h a n  t h e  s t u d y  o f  

n o n e q u i l i b r i u m  phenomena ( f o r  example ,  d e t e r m i n a t i o n  o f  e l e c t r o - a t o m  

9 
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recombination rates, Ref. 10, and identification of the physical pro- 

cesses responsible for afterglow phenomena, Ref. 11. Robben, Kunkle, and 

Talbot (Ref. 12) made experimental determinations of the excited specie 

number densities in ~he free expansion of a helium arcJet plasma. Their 

work showed a definite nonequilibrlumcharacter of the excited state 

distribution function. However, their experimental work was confined to 

emission spectroscopy; hence they report no excited state densities below 

quantum level three. 

In 1973 Park (Refs. 13 and 14) reported on results of calculatlons 

and measurements made in an expanding nozzle flow with a nitrogen-hydrogen 

mixture. He concluded that a nonequilibrium distribution of the elec- 

tronic state population density is to be expected in a supersonic expan- 

sion of an ionized gas and that the observed excitation temperature of 

the distribution is markedly higher than the free electron temperature. 

Park's work included measurement and prediction of excited state densi- 

ties in an atomic nitrogen and hydrogen mixture in a recomblnlng nozzle 

flow. The results show adequate confirmation of the theoretical pre- 

dictions. However, the technique used to predict excited state densities 

(Ref. 15) is based upon a quasl-steady state approximation in which the 

time derivative of excited state densities is assumed to be zero and 

thus does not include transient coupling between the specle and the 

flow field conditlons. Furthermore, the experimental situation was such 

that quasl-steady state conditions would be expected to prevail. Other 

works publlshed recently (Eefs. 16 and 17) have also attacked the 

problem of the determination of excited state densities in plasmas. 

Hogarth and McElwaln (Ref. 16) examined the transient decay of a dense 

hydrogen plasma from an initial nonequilibrlum distribution function to 

the equilibrlum distribution. Hey (Ref. 17) showed that low-lylng 

metastable states play a very important role in the determination of 

excited state densities in atomic species. The results of both these 

works are in qualitative agreement with the earlier work described above 

(Refs. 2 and 5). Quantitative comparisons are not possible because of the 

different specific problems being solved. 

10 
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In summary, it should be pointed out that, although comparisons of 

predicted and measured excited state distributions in nonequillbrlum 

environments have been accomplished in the past, quasi-steady state 

conditions have been assumed theoretically and chosen experimentally. 

The present work is the first reported in which the distribution function 

is determined experimentally and theoretically in a nonequilibrium environ- 

ment in which the quasi-steady state approximation is not an ~ prior l 

assumption. 

2.0 A N A L Y T I C  D E V E L O P M E N T S  

2.1 I N T R O D U C T I O N  

The work reported here required analytic developments in two areas. 

The first area is the development of a technique to obtain excited state 

number densities from atomic spectral llne absorption data. The absorp- 

tion data obtained in the work are spatially resolved, integrated pro- 

files across the extent of the plume, and an inversion technique to solve 

the radiative transport problem for the radially dependent number densi- 

ties is required. The details of this inversion technique, based upon 

an "onion peel" model, are given in Appendix A. 

The second area is an extension of the mathematical system of 

nonlinear coupled differential equations called the eigenstate rate 

equations (ERE), developed previously (Refs. 2 through 5). The system 

of equations is adapted for the freely expanding argon plasma and, as 

developed here, serves as a first approximation to a mathematical model 

for the description of the quantum state densities in an expanding, 

relaxing, ionized gas such as the freely expanding arcJet plume. The 

considerations for t~is development are described in the following 

• sections. 

I! 
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2.2 EIGENSTATE RATE EQUATIONS COUPLED WITH GAS DYNAMICS 

As a partially ionized monatomic gas expands from an arcJet nozzle 

into a vacuum environment, the atoms in a particular excited state are 

subject totwo physical processes affecting the density at any point in 

space. One process is the change in density caused by radiation and 

inelastic collislons with the flow constituents (electrons, atoms, and 

ions), and the second process is the change in density caused by the 

gas dynamic expansion. The second of these effects can be thought of as 

being position dependent (expansion), whereas the first process depends 

ultimately upon the number and type of particles interacting and the 

probability of an atomic state transition during a collision. The 

mathematical description of these processes is best attacked through 

the one-dlmensional, total time derivative of the density of some excited 

state at some position, X, in the stream; thus, 

dn(p) _ an(p) + an(p) aX . (i) 

dt at aX at 

In Eq. (I) n is the population density in some pth excited state, t is 

time, and X is the position coordinate. There is no loss of generality 

in Eq. (1) when X is referenced to some constant dimension such as a 

nozzle diameter. Implicit in Eq. (1) is the assumption that the posi- 

tion can be wrltten as a function of time. 

The first term of Eq. (I) is taken to mean the change in the density 

of state p because of the instantaneous partlcle interactions. The 

physical processes comprising thls term have been described In depth 

elsewhere (Ref. 3) and will only be summarized here. Briefly, each of 

the mechanisms causing a change in the population density of a particular 

elgenstate can be characterized by a rate coefficient. The instantaneous 

rate by which the level is being populated or depopulated by a given 

mechanism is the product of the rate coefflc~ent and the number density 

of the reaction partners. The mechanisms included in this study can be 

listed as follows: 

12 
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I. Inelastic and superelastic electron-atom collisions characterized 

by the rate coefficient, K(p;q). 

. Electron-lon radiative recombination characterized by the 

rate coefficient, B(p). 

. Three-body electron-electron-ion recombination characterized 

by the rate coefficient, K(c;p). 

. Electron-atom collislonal ionization characterized by the 

rate coefficient, K(p;c). 

. Spontaneous radiative transitions characterized by the 

Einstein spontaneous transition probabilities, A(p;q). 

Both processes (I) and (5) can either populate or depopulate a specific 

level; processes (2) and (3) can only popula~e; and process (4) can 

only depopulate. 

In addition to the above processes, other phenomena can contribute 
l 

to the change in population density of an elgenstate. These processes 

are: I) atom-atom and atom-ion collisions, 2) induced emission, and 

3) molecular ion effects. At the low densities and temperatures of 

this study these effects are negligible with respect to the other physical 

processes. It should be pointed out that it was necessary to include some 

photon absorption considerations in this work." The absorption was handled 

in an approxlmate manner, and the technique is described in Section 2.3.2. 

The t ime  r a t e  o f  change o f  t h e  p o p u l a t i o n  d e n s i t y  o f  s t a t e  p because  

o f  t h e s e  c o l l l s i l o n a l  and r a d i a t i v e  p r o c e s s e s  i s  s imply  the  a l g e b r a i c  

13 
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sum of the five basic processes described above: 

an(p) _ 

non(p) Z K(p;q) - non(p )K (p;c) - n(p) Z 
at q q<~p 

+ n, ~; n(q) K(q;p)  + Z n(q) A ( q ; p )  
q q>p 

+ n~ n+K(c;p) + nen + 15(p) 

A(p; q) 

(2) 

In Eq. (2), p and q symbolically represent the quantum numbers 

necessary to identify a particular state, ne is the free electron 

density, n(p) is the density of the pth state, and the rate coefficients 

have been defined previously. In the formulation of Eq. (2) all K(p;p) 

values are zero, and any A(p;q) value is zero if the dipole selection 

rules are violated. 

In Eq. (2) the first three terms express the rate with which state 

p is depopulated because of collisional internal transitions, process 

(I); collisional ionization, process (4); and spontaneous radiative 

transitions, process (5), respectively. The remaining terms express 

populating rates because of collisional internal transitions, process 

(I); radiative transitions, process (5); three-body recombination, 

process (3); and radiative recombination, process (2)~ 

There will be a similar equation for each eigenstate available 

to the atom. In addition, the free electron density, n , enters into 
e 

each equation as a product with each of the other bound state densities. 

Hence, the resultant system of equations is a rectangular nonlinear 

system of infinite extent. Assuming single ionization and taking 

advantage of charge neutrallty so that the electron and ion densities 

are identical, the conservation of heavy particles is expressed by the 

equation 

E n(p) + ne = n, (3) 

where n s is the heavy particle number density. Equation (3) added 

to the system causes the system of equations represented by Eqs. (2) and 

14 
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(3) and compr i s ing  the  f i r s t  term of  Eq. (1) to  become squa re  and,  i n  

p r i n c i p l e ,  d e t e r m i n a t e .  

The second term in Eq. (1) expresses the effect on the density of 

the pth state due to the gas dynamic expansion. The description of such 

processes is best attacked through the application of the principles 

of conservation of mass, energy, and momentum. When applied to a 

physical situation of the type encountered here, this usually results in 

a hyperbolic partial differential equation, requiring a method of 

characteristics numerical approach for solution but not including the 

additional terms introduced by Eq. (2). Rather than introduce this 

complication into an already complex mathematical model, one can make 

some simplifying assumptions. These assumptions may be listed as 

follows: 

I. The major forces acting upon the ions are 

gas dynamic in nature. 

. The major forces acting upon the electrons are 

electrostatic in nature. 

3. The gas i s  invlscid and non-heat-conductlng. 

4. Perfect gas relationships are valid. 

. The Ashkenas-Sherman model (Ref. 18) holds true for 

descrlptlon of the Math number on the centerllne 

of the arcjec plume. 

The first two of these assumptions merely express the fact that 

the electron is approximately five orders of magnitude less massive 

than the singly ionized argon ion and that there is no charge separation. 

Thus the elastic colllslonal interactions between heavy bodies will 
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dominate the gas flow processes, and the gas dynamical processes will 

determine the spatial position of the ions, whereas the much llghter 

electrons will be constrained by electrostatic forces to follow the 

density variations of the ions. 

AssumpClons (3) and (4) make posslble simple evaluatlons of bulk 

gas properties. In particular, assumptions (3) and (4) will be used 

to apply the isentropic relations to determine the static gas properties 

and sonic velocity at a point in space. The use of these relations is 

perhaps inconsistent wlth the underlying motivation of this work since 

equilibrium relations are implied. A more correct description is beyond 

the current state of the art. At the current stage of development these 

simplifying relations are necessary for estimation of the bulk properties. 

F i n a l l y ,  a s sumpt ion  (5) i s  used  to  p r o v i d e  a s imple  e x p r e s s i o n  of  

t h e  Math number on t h e  c e n t e r l l n e  o f  t h e  a r c J e t  plume. The use  o f  t he  

Ashkenas-Sherman model (Ref .  18) has  been documented p r e v i o u s l y  f o r  

a p p l i c a t i o n  to  a r c J e t  plumes (Refs .  19 and 20) and i s  a t  l e a s t  p a r t i a l l y  

a r e s u l t  o f  a s sumpt ions  (3) and (4) .  With t h e s e  a s s u m p t i o n s ,  t h e  second 

te rm i n  Eq. ( I )  can be e x p r e s s e d  as f o l l o w s :  

an(p) _ n(p) ~n. (4) 
~X ns aX 

where  n i s  t h e  heavy  p a r C i c l e n u m b e r  d e n s i t y .  Equa t ion  (4) e x p r e s s e s  
s 

t h e  c o n c l u s i o n  t h a t  t h e  s p a t i a l  v a r i a t i o n  o f  a s p e c i f i c  s c a r e  d e n s i t y  

i s  p r o p o r t i o n a l  Co t h e  s p a t i a l  v a r i a t i o n  o f  t h e  s t a t i c  d e n s i t y .  "The 

s t a t i c  d e n s i t y  can  be d e t e r m i n e d  from t h e  i s e n t r o p i c  r e l a t i o n s h i p  

ns 7 -1  Ma ( 5 )  - - =  | + -  
no 2 

where  n i s  t h e  d e n s i t y  aC some r e f e r e n c e  c o n d i t i o n  where  M = 0. The 
o 

Mach number i s  d e t e r m i n e d  f rom t h e  Ashkenas-Sherman r e l a t i o n  (Ref .  18) 

as follows: 
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where 

M= _ / + C 

XO)D 3 ( 7 - 1 )  
C6) 

7 = 1.67 

A= 3.26 

C = 0.31 
Xo 

- -  = 0.075 
D 

In Eq. (6) X is the axlal distance from the nozzle exit plane and D 

is the nozzle diameter. Finallyp the space-dependent portion of Eq. (I) 

can be written 

an(p) aX n(p) an, aM 
= M ~ 7RT (7) 

ax at n= aM ax 

where R is the gas constant and T is the gas static temperature. 

The sys t em o f  e q u a t i o n s  formed by s u b s t i t u t i n g  Eqs. ( 7 ) ,  ( 3 ) ,  

and (2) i n t o  Eq. ( I )  f o r  each  quantum s t a t e  f o r  t h e  a rgon  plasma forms 

t h e  b a s i s  f o r  t h e  m a t h e m a t i c a l  model o f  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  

t h e  e x c i t e d  e l e c t r o n i c  s t a t e s .  Al though t h e  sys t em i s  i n f i n i t e  in  

e x t e n t  b e c a u s e  o f  t h e  i n f i n i t e  number o f  e x c i t e d  s t a t e s ,  thus  making 

t h e  s o l u t i o n  I m p o s s l b l e ,  i t  may be t r u n c a t e d  a t  some f i n i t e  e n e r g y  l e v e l  

as  a r e a s o n a b l e  a p p r o x i m a t i o n .  The c o n s i d e r a t i o n s  f o r  t h i s  have  been 

d e s c r i b e d  p r e v i o u s l y  (Ref .  3) and a r e  n o t  r e p e a t e d  h e r e .  An a d d i t i o n a l  

p r a c t i c a l  c o n s t r a i n t  was a v a i l a b l e  computer  c o r e  and computer  t ime  to  

e f f e c t  a s o l u t i o n  to  t h e  sys t em o f  e q u a t i o n s .  Thus I t  was d e t e r m l n e d  

to  t r u n c a t e  t he  sys t em a t  t h e  5d [7 /233 quantum s t a t e .  A l l  energy 

levels above the truncation level were averaged together as one 

additional state at higher energy than the 5d ET/2J~ quantum state. 
This and other averaging discussed below resulted in a system of 46 

differential equations for the unknown quantum state populatlon densities 

and the free electron density. The resultant system of equations is 
t 
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nonlinear and coupled and provides a complete transient description 

of the population density of each separate quantum state as the 8as 

expands and undergoes colllslonal-radlatlve transitions, within the 

limits of the physical model. 

Because of the size and the nonlinearly coupled nature of the 

system of equations, solution was effected on a large-scale dlgltal 

computer by the application of numerical techniques. The numerical 

technique used here, the Modified Euler's Method, applies straightfor- 

wardly by noting that the time rate of change of the population density 

of each quantum state is an explicit function of the population density 

of all the other quantum states and the electron density and an 

implicit function of electron temperature and time. The salient explicit 

equations were developed and programmed for an IBM $370/165 dlgltal 
I 

computer at AEDC. 

2.3 FUNDAMENTAL DATA 

A large amount of fundamental atomic data is required to effect 

the solution to the system of equations represented by Eq. (I). Some 

of these data are readily available in the literature; others must he 

calculated. 

2.3.1 Energy Levels 

The energy levels of the argon atom were taken from Moore (Ref. 21). 

Not all of the levels listed by Moore were used uniquely; practlcal 

limitations of available computer core and computer time precluded use 

of all the known levels. Rather, selected sets of quantum levels were 

averaged together and considered as one quantum state. The basis for 

selection of those levels to be averaged together is not clearly quantl- 

flable, being based upon a Judgement formed from inspection of the 

relative energies of the levels to be averaged, whether the transition 
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between the averaged levels  was dipole allowed or forbidden, and 
whether or not quant i ta t ive  knowledge of the number density of the 
spec i f ic  energy level  would be necessary for l a t e r  analysis .  In general ,  

-1 those energy l eve l s  separated by more than 400 cm were never averaged, 
and a greater energy level spacing within a set of averaged levels was 

permitted if transitions between the levels were dipole allowed. Those 

specific sets of energy levels which were averaged together are listed 

in Table I. 

Table 1. Sets of Averaged Argon Quantum States 

1. 4p~/2]o ,  4p'[3/211 

2. 3d[1/2]o, 3d0/231, 3d[3/212 

3. 3d [5/2]2, 5s [3/2]2 

4. 5s[3/211, 3d~5/213 

5. 3d'[5/212, 3d'[3/212, 3d ' [5 /2 ]y  5s ' [1/2]o 

6. 5s'[1/211, 3d'[3/211, 5p[1/2] 1, 5p[5/2] 3 

7. 5p[1/2]o, 5p'[3/211, 5p'[1/211, 5p'[3/212, 
4d0/21o, 4d0/211 

8. 4d [7/2] 3, 4d [5/2] 2 

9 6s [3/212, 6s [3/231 

10. 4f[9/215, 4f[9/214, 4 f [5 /2 ]y  4f[5/212 , 
4f [7/2]4, 4f [7/2] 3 

11. 4d'[3/212, 4d'[5/212 

12. 4d" [3/211, 69 [1/211, 6s" [1/2]o, 
69[5/2] 3, 6P [5/2] 2, 6P [3/2] 1 , 
6p [3/2] 2' 69 0/2]o,  69 0/211 

13. 4f" [7/2]4, 4f" [7/2] 3' 4f" [5/2]3, 

14. All s ta tes  above 5d[7/213 

6s" 0/211, 

[5/2ZI2 
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The spectroscopic notation used in this work is based upon the 

JK coupling scheme (Ref. 22), and is explained fully in Ref. 9. 

Following this procedure the excited argon atom was modeled by a system 

of equations encompassing 46 energy levels. The last equation, describing 

the sum of the densities for all excited states above the 5d ~/~ 3 leyel, 

acted as a reservoir to provide for radiation and collisional transitions 

to the other nearby upper states. 

2.3.2 Einstein Spontaneous Transition Probabilities 

The Einstein transition probabilities, A(p;q), were taken from 

Wiese (Ref. 23) for those transitions which have been amenable to 

experiment. This provided most of the transitions among the lower 

excited states. For transitions among the higher excited states, which 

are required for completeness and correctness, the hydrogenic approxi- 

mation was made and the transition probabilities were calculated using 

the hydrogen matrix elements listed by Green, Rush, and Chandler (Ref. 24). 

The transition probabilities used for these investigations included 

many radiative transitions to the ground state. These transitions are 

highly energetic, generally having wavelengths less than 100 nm, as well 

as very large oscillator strengths, implying large absorption cross 

sections. Calculations with the ERE were performed under two assumptions 

concerning the optical opacity of the plasma to these resonance transition 

wavelengths: optically thin and optically thick. The optically thin 

assumption (the radiative transitions to the ground state are allowed) was 

useful for making comparions to certain theoretical parameters in the 

literature. The optically thick assumption, used for more accurate 

modeling of the experiment, was accomplished by simply making all transi- 

tion probabilities to the ground state zero. It should be pointed out 

that this approach is somewhat artifical. However, correct accounting of 

absorption effects would introduce additional complications beyond the 

scope of the present work. 
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2.3.3 Two-Body Collisional Rate Coefficients 

The two-body collisional rate coefficients, K(p;q), are in fact 

the result of integrating the cross section for the transition over the 

energy distribution function of the free electrons; the procedure has 

been described in greater detail prevously (Ref. 3). The free electron 

energy distribution in this work is assumed to be Maxwell-Boltzmann, and 

the energy-dependent cross sections are assumed to be expressed by the 

Gryzinski formulation (Refs. 25, 26, and 27). 

The application of the Gryzlnski formulation for determining 

excitation cross sections for helium transitions was examined closely 

in Ref. 3. The computations were facilitated because the helium wave 

functions are quite well known and the description of colllsional 

processes in helium has been attacked on a broad front, both theoretically 

and experimentally. The situation for argon is not so simple. The 

argon atom, although a noble gas atom like helium, is considerably more 

complex and is difficult to treat theoretically. Detailed experimental 

measurements and quantum mechanical calculations of excitation cross 

sections from the ground state to excited states are relatively scarce, 

and experimental cross section data describing transitions between 

excited states are not found in the literature. Comparisons of the 

ground state to excited state crosssectlons for argon calculated by 

the Gryzinski formulation to measurements found in the literature (Ref. 

28) are listed in Table 2. The tabulatlon compares only the maximum 

values obtained by calculation and experiment. These transitions, 

for excitations from the ground state, are all dlpole-forbldden transi- 

tions, the least probable transitions, and as is seen from Table 2, the 

calculations underestimate the experiments by typically a factor of 

three. 
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Table 2. Comparison of Excillation Cross Sections for Argon 
by Calculation and Experiment* 

Dipole n Calc Initial Final ~max Allowed 
State State ~ax Exp or Forbidden 

3P 61S Forbidden 4pE1/211 0.21 
4p [5/213 0.38 
4p [5/2] 2 0.32 
4p [3/211 0.63 
4p [3/2~2 0.37 
49 [1/2]o 0.98 
49"['3/2"] 1 0.51 
4p" E3/2] 2 0.57 
4p" ~1/2] 1 0.82 
4P" [1/2]o 0.39 

*Ref. 28 

Figure I shows a comparison of the Gryzlnski calculations to 

quantum mechanical cross section calculatlons (Ref. 29) for the 

electron colllslonal excitation of the 4s ~ (I/211 state from the 

argon ground state. In Fig. I the ordinate is the cross section 

(cm2), and the abscissa is the ratio of the kinetic energy of the 

colliding electron to the threshold energy for the excitation. This 

transition is dlpole allowed. As is seen, in this case the 

Gryzinskl formulation overestimates the quantum mechanlcal calcu- 

lation by typically a factor of two. Thus, assuming that this 

agreement is typical for the other dlpole-allowed transitions, one 

would expect the calculations reported here to show a much higher 

co111slonal efficiency and approach an equillbrium configuration 

more rapidly than is the actual physical case. 
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Figure 1. Argon 4s states electron-atom excitation cross section. 

The preceding discussion has been concerned only with inelastic 

excitation between bound states of the atom. The inverse process, a 

collision resulting in de-excltation of the atom, with the excess 

energy in the reaction being carried away as kinetic energy of the 

electron, is also included in this study. The rate coefficients for 

these processes come quite easily from equilibrium considerations 

(Ref. 3). 

2.3.4 Collisional Ionization and Three-Body Recombination Coefficients 

The c o l l i s i o n a l  i o n i z a t i o n  c r o s s  s e c t i o n  i s  v e r y  r e a d i l y  o b t a i n e d  

f rom t h e  t w o - b o d y  i n t e r n a l  t r a n s i t i o n  c r o s s  s e c t i o n .  F i g u r e  2 shows 

t h e  r e s u l t s  o f  t h e  G r y z i n s k i  c a l c u l a t i o n s  f o r  t h e  i o n i z a t i o n  c r o s s  
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section of the ground state argon atom and the results of Born approxi- 

mation calculations reported by Wallace, Berg, and Green (Ref; 30). 

In Fig. 2 the ordinate is the cross section (cm 2) and the abscissa is 

the ratio of the kinetic energy of the electron to the ionization 

energy of the ground state of the argon atom. As is seen in Fig. 2, 

the Gryzinski cross sections underestimate the more satisfying quantum 

mechanical calculations by typically a factor of two. The quantum mechanical 

calculations showed more favorable comparison to experiment. 
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Figure 2. Argon ground state electron-atom collisional ionization cross sections. 

The i n v e r s e  of collisional i o n i z a t i o n ,  t h r e e - b o d y  r e c o m b i n a t i o n ,  

i s  d e s c r i b e d  by t h e  r a t e  c o e f f i c i e n t  K(c ;p )  and i s  o b t a i n e d  f rom 

equilibrium considerations in a manner similar to that for K(q;p) (Ref. 3). 

24 



AE DC-TR-77-23 

2.3.5 Radiative Recombination Rate Coefficients 

The radiative recombination rate coefficient describes the filling 

of state p because of two-body encounters between electrons and ions 

in which the ion captures the electron into energy state p with the 

attendant emission of radiation. It is obtained in much the same way 

as the other rate coefficients although there is some difference in the 

analytlcal procedure. The cross sections are based upon a hydrogenlc 

approximation (Ref. 31) and, because of this approximation, one 

would expect the calculations to glve their worst results for the 

lower quantum levels and to converge to correct values for the upper 

levels. Comparison of the photoionizatlon cross section with pub- 

lished results (Ref. 32) shows that, for the ground state, the hydro- 

genic approximation underestimates the cross section by typically a 

factor of five. The hydrogenic approximation is expected to provide 

much better cross sections for the higher excited states, since the 

physical model will be more correct for these states. 

2.3.6 CollisionaI-Radiative Recombination Coefficients 

The analytic work being reported here is unique; there are no 

standards with which it can be compared for detailed evaluation. As 

was shown in the preceding sections, where detailed experimental or 

theoretical data are available the agreement with the expressions used 

herein is not completely satisfying. Yet, in many instances the uncer- 

tainty in the published data is sufficiently large that a significant 

effort to improve the values used here is difficult to Justify. Further, 

for the mathematical model used here, the atoms in each excited state 

are subjected to up to nearly 100 competing transitional processes, each 

with its own rate coefficient, and each rate coefficient may be too 

large or too small, depending upon the accuracy of the individual cross- 

section determinations. Thus it is hoped that the statistical uncer- 

tainty will tend to offset the individual inaccuracies of the cross 

sections. 
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One means of evaluating the overall validity and consistency of 

the various rate coefficients is by comparing the collisional- 

radiative recombination (CRR) coefficients calculated by the ERE 

model to independent calculations and experiments reported in the 

literature. The CRR coefficients are based upon the plasma's being 

in a so-called quasi-steady state condition in which the time rates 

of change of the population densities of all excited states can be set 

to zero. In this situation, which is in fact a most reasonable descrip- 

tion when short time scales are not involved, the free electron density 

rate of decay can be described as 

an--i = - a n~ (S )  
at 

i n  w h i c h  a i s  t h e  CRR c o e f f i c i e n t .  The CRR c o e f f i c i e n t  has  b e e n  

d e t e r m i n e d  f o r  a r g o n  b o t h  e x p e r i m e n t a l l y  and by  a v a r i e t y  o f  t h e o r e t -  

i c a l  c a l c u l a t i o n s .  Wi th  t h e  ERE a p p r o a c h  u sed  h e r e  t h e  CRR c o e f f i -  

c i e n t  can  b e  d e t e r m i n e d  s i m p l y  by  a l l o w i n g  t h e  c a l c u l a t i o n s  o f  t h e  

d i s t r i b u t i o n  f u n c t i o n  t o  p r o c e e d ,  n o t  i n c l u d i n g  s p a t i a l  and e l e c t r o n  

t e m p e r a t u r e  g r a d i e n t s ,  a t  a f i x e d  e l e c t r o n  d e n s i t y  and t e m p e r a t u r e  

u n t i l  t h e  q u a s i - s t e a d y  s t a t e  c o n d i t i o n  i s  e s t a b l i s h e d  n u m e r i c a l l y .  The 

r e s u l t a n t  e l e c t r o n  d e n s i t y  and i t s  d e c a y  r a t e  i m m e d i a t e l y  y i e l d  t h e  

CRR c o e f f i c i e n t .  The CRR c o e f f i c i e n t s  d e t e r m i n e d  by  s o l u t i o n  o f  t h e  

ERE f o r  t h e  o p t i c a l l y  t h i n  c a s e  a t  c o n d i t i o n s  o f  t h e  work  r e p o r t e d  h e r e  

a r e  shown i n  T a b l e  3. A l s o  i n c l u d e d  i n  T a b l e  3 f o r  c o m p a r i s o n  p u r p o s e s  

a r e  v a l u e s  i n t e r p o l a t e d  f rom r e s u l t s  c a l c u l a t e d  by  Wan le s s  ( R e f .  33) and 

b a s e d  upon t h e  G r y z i n s k i  c r o s s  s e c t i o n .  W a n l e s s ' s  c a l c u l a t e d  r e s u l t s  

compared  f a v o r a b l y  w i t h  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  by  Chen ( R e f .  34) 

and w e r e  e s t i m a t e d  t o  b e  a c c u r a t e  w i t h i n  a f a c t o r  o f  two.  As i s  s e e n ,  

a g r e e m e n t  b e t w e e n  t h e  c a l c u l a t i o n s  i s  s a t i s f a c t o r y ,  s u g g e s t i n g  t h a t ,  

i n  s p i t e  o f  t h e  known i n a c c u r a c i e s  i n  i n d i v i d u a l  r a t e  c o e f f i c i e n t s ,  t h e s e  

e r r o r s  a p p e a r  t o  b a l a n c e  o u t  f o r  d e t e r m i n a t i o n  o f  g r o s s  p r o p e r t i e s .  

The e f f e c t  upon i n d i v i d u a l  s t a t e  p r o p e r t i e s  c a n n o t  b e  e v a l u a t e d  w i t h o u t  

d e t a i l e d  m e a s u r e m e n t s  f o r  c o m p a r i s o n s .  T h e s e  m e a s u r e m e n t s  h a v e  h e r e t o f o r e  

n o t  b e e n  made and a r e  t h e  s u b j e c t  o f  t h i s  work .  
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Table 3. Comparison of Argon Recombination Coefficients Determined from 
Quasi-Steady State Calculations and the Eigenstete Rate Equation 
Calculations 

TeO K Ne, cm-3 O~anless,Cm3 UERE 'cm3 

7,650 1.15 x 1014 2.8 x 10 -11 2.54 x 10 -11 

7,200 1.5 x 1014 4.6 x 10 -11 3.2 x 10 -11 

Note: Quasl-steady state calculations appear in Ref. 33. 

3.0 APPARATUS AND PROCEDURES 

3.1 APPARATUS 

3.1.1 Research Cell R-2E-1 

The experimental portion of this study was performed in Research 

Cell R-2E-I in the Gas Kinetics Laboratory of the AEDC Engine Test 

Facility (ETF). The research cell and related equipment for this 

work are shown schematically in Fig. 3. Research Cell R-2E-I is a 

cylindrical test cell, nominally 31 cm in diameter, with its axis 

vertical. The cell is connected through a system of valves to two 

vacuum pumps capable of obtaining cell pressures below 0.08 torr. 

The cell is split horizontally 97 cm and 150 cm above the floor to 

provide access to the apparatus and test sections of the cell. The 

lower section contains the arcJet, the axial positioning mechanism, 

and the control and instrumentation leads. The test section is 

nominally 53 cm in length and is removable to provide flexibility 

to meet requirements of specific experiments. For this work, which 

required optical viewing across the extent of the plume, the test 

section was constructed of four rectangular quartz plates, 23 cm wide 

and 25 cm high, mounted and sealed into top and bottom flanges of 
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mild carbon steel to provide mating to the other research cell section. 

The quartz plates were arranged in a square centered on the cell axis. 

The plates were Joined together at the corners by Silastic®RTV as well 

as at the mating flanges at top and bottom of the quartz plates to 

provide both adhesion and seallng of the Joints. Spacing and support 

of the top and bottom flanges are provided by four threaded rods. 

0.75-m 
Spectrometer/ 

To 
Vacuum 
Pumps 

! 
Optics 
C°mp°nents 1 

~_~ Arcjet and Plume 

Quartz Window 
Plane Mirror 

I | [  ~ Traversin9 
I 1 ~ "  Table and 
I 1 ~  Support 

I I I 
I 

/--Instrumentation ~ cm 
~ /  and Control Leads I 

--Arcjet Axial Positioner I 

]50 cm 

Figure 3. Schematic of research cell and experimental apparatus. 

3.1.2 Arcjet 

The arcJet used in thls work is of the Gerdlen type and is similar 

in concept to those arcJets constructed a t  AEDC and used in earlier 

work such as that described in Ref. 35. Modifications based upon pre- 

vious experience were incorporated, includlng a mechanism for adjusting 

the electrode gap. The arcJet is constructed in three sections, each 

section electrically isolated from the other, and each Water cooled. 

The arcJet assembly is about 15 cm in length and 7.6 cm in diameter. 
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The b a s e  s e c t i o n  p r o v i d e s  the  c a t h o d e  s u p p o r t  as  w e l l  as  the  mount ing 

ha rdware  to  the  a p p a r a t u s  f o r  a x i a l  p o s i t i o n i n g  o f  the  a r c J e t .  For 

t h i s  work a new a r c J e t  head was d e s i g n e d  and f a b r i c a t e d  to  p r o v i d e  

b e t t e r  c o o l i n g  o f  the  copper  n o z z l e .  A cutaway v iew o f  t h i s  a r c J e t  

and gap a d j u s t e r  p r e s e n t e d  in  F ig .  4 shows the  c o n s t r u c t i o n  d e t a i l s .  

The n o z z l e  p r o v i d e s  a w a t e r  s e a l  a t  bo th  top  and bo t tom o f  the  a r c J e t  

head and may be removed f o r  r e p a i r  or  r e p l a c e m e n t .  For  the  work 

r e p o r t e d  he re  the  n o z z l e  was c o n s t r u c t e d  of  copper  and had a d i a m e t e r  

o f  0 .635  cm. 

I--~ -I- 1o ~!: ,--~ 
0 - , , , .  Io . .  'Water CMr~sm~;e ' iA~at I , . .u,.  
andGasManleo.--~|ln In Conte-'-* Lap 7 I / -  

~ . -  ~: , L . i  I ~ ' ~ ;  / Y 
Nut " - -  Removable 

for Gap Adjustment 7 ~ ~ ~- ,..~,,.. ~ ; ~ \ ~  / I ~ " ' m  
Copper Tip I 6 

" ' ! I 

I1' I I ~ \ \ \ \ \ \ ~L~ \~ l  Sting and Cooling Water L--L~\\\~T--- I~! "1 
Wator Z . - - I "  I / " ~ ' ~ l ~ , ~ _  Passages J~L ,~\\\~,., , ~  i 

VacuunlGreasePK---'~J / ~ . r O u t /  Water Water 
~ / in um 

Gas Inlet I~nifokl ~ ~--Eledd¢~l Insulator 
and Gas Seller Tdlon s 
O-Ring 

Measurements in Centimeters 

Figure 4. Arcjet and gap adjuster assembly schematic. 

The ca thode  was a 0 .3175-cm-diam,  2 - p e r c e n t  t h o r i a t e d  t u n g s t e n  

we ld ing  rod ,  a p p r o x i m a t e l y  2 .54 cm long and s i l v e r  s o l d e r e d  i n t o  a 

copper heat sink which in turn was silver soldered to a hollow stain- 

less steel sting passing through the base plate of the arcJet 

assembly. The hollow sting provided passages for water cooling of 

the cathode heat sink. This assembly was mounted to a small hydrau- 

lic jack that provided for adjustment of the arcjet electrode gap 

from 0.15 to 1.36 cm. Readout of the gap position was accomplished 
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with a hydraulic cylinder attached mechanically t o  the gap positloner. 

The cylinder outlet was attached to an external scale by a 0.635-cm-OD 

tygon tube. A multiplication factor of approximately 12 between the 

hydraulic cylinder and the external scale made positioning of the 

cathode within a tolerance of 0.01 cm possible. 

Power to the arcJet was provided by a Mille~mode1 SR-IOOO-B1 

d-c power unit with a capabillty of providing 500 amp at 80 v DC. 

The amperage of the argon arcJet was continuously variable from a 

minimum of approximately 50 amp to a maximum in excess of 300 amp. 

Positioning of the arcjet along the cell axis was accomplished 

by a hydraullc Jack with a nomlnal length of travel of 30 cm. The 

position of the arcJet was determined by visually observing the 

location of the jet nozzle exit plane on scales mounted on the cell 

windows. Two identical scales on opposing windows of the cell were 

used to prevent parallax. 

The measurements taken to monitor the arcJet conditions were 

the voltage, amperage, mass flow, chamber pressure, and test section 

ambient pressure. The voltage and amperage were indicated by meters 

for continuous measurement of power supplied to the arcJet. The 

amperage was measured by the voltage drop across a calibrated resistor 

shunt in the arcJet power supply llne. 

The argon mass flow rate through the arcJet was measured by use 

of a calibrated Hastlngs®mass flowmeter. The Hastings flowmeter 

had both visual meter readout and a signal proportional to the flow 

which was recorded on a strip chart for continuous measurement. The 

arcJet chamber pressure was measured by use of a callbrated pressure 

transducer connected to a pressure tap through the centerbody as shown 

in Fig. 4. The pressure transducer output slgnal was displayed on a 

strip chart for contlnous measurement. 
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Two measuremen t  s y s t e m s  were  u t i l i z e d  f o r  o b t a i n i n g  t h e  p r e s s u r e  i n  

t h e  t e s t  c e l l .  One o f  t h e s e ,  an A l p h a t r o ~  g a g e ,  was u n s u i t a b l e  f o r  

q u a n t i t a t i v e  work s i n c e  t h e  i n s t r u m e n t  was c a l i b r a t e d  f o r  a i r  and used  

w i t h  an unknown m i x t u r e  o f  a r g o n  and a i r .  However ,  i t  was u s e f u l  as  a 

m o n i t o r i n g  d e v i c e  t o  e n s u r e  t h a t  t h e  c e l l  p r e s s u r e  had  no t i m e - d e p e n d e n t  

v a r i a t i o n s .  Q u a n t i t a t i v e  c e l l  p r e s s u r e  d a t a  were  o b t a i n e d  f rom a 

calibrated McLeo~'gauge. 

The measu remen t  i n s t r u m e n t s  d e s c r i b e d  above  were  used  m a i n l y  to  s e t  

r e p e a t a b l e  c o n d i t i o n s ;  t h e  v a r i a b l e s  p l a y  no a p p r e c i a b l e  r o l e  i n  t h e  

e x c i t e d  s t a t e  p o p u l a t i o n  d e t e r m i n a t i o n .  T h e r e f o r e ,  no g r e a t  a t t e n t i o n  to  

measu remen t  e r r o r  i n  t h e s e  p a r a m e t e r s  i s  i n c l u d e d  i n  t h e  p r e s e n t  r e p o r t .  

3.1.3 Spectrometer and Light Source 

The s p e c t r o m e t e r  u sed  f o r  t h e  s p e c t r a l  r a d i a n c e  and s p e c t r a l  a b s o r p -  

t i o n  m e a s u r e m e n t s  was a 0 .75-m S p e x @ g r a t i n g  s p e c t r o m e t e r  h a v i n g  a 1 , 180 -  

groove/mm g r a t i n g  b l a z e d  f o r  maximum r e f l e c t i o n  a t  750 .0  nm. The e n t r a n c e  

and e x i t  s l i t s  had s t r a i g h t  j aws  and were  s e t  a t  200 and 300 ~, r e s p e c t i v e l y .  

The e n t r a n c e  s l i t  h e i g h t  was s e t  a t  2 mm. The e x i t  s l i t  was s e t  w i d e r  

t h a n  t h e  e n t r a n c e  s l i t  t o  m i n i m i z e  e r r o r s  c aused  by m i s a l i g n m e n t  and d r i f t  

o f  t h e  g r a t i n g  d r i v e  mechanism w h i l e  t h e  w a v e l e n g t h  was s e t  on a 

p a r t i c u l a r  s p e c t r a l  l i n e .  An RCA 1P28 and an Amperex 150 CVP p h o t o m u l -  

t i p l i e r  t u b e  were  b o t h  used  a t  s e p a r a t e  t i m e s  as  d e t e c t o r s  f o r  t h e  

s p e c t r o m e t e r .  The RCA 1P28 p h o t o m u l t i p l i e r  t u b e ,  o p e r a t e d  a t  800 v ,  was 

u s e d  f o r  t h e  m e a s u r e m e n t s  o f  t h e  r a d i a n t  e n e r g y  e m i s s i o n  f rom t h e  a r c j e t  

a t  w a v e l e n g t h s  f rom 4 1 5 . 8  t o  604 .3  nm. The Amperex 150 CVP t u b e ,  o p e r a t e d  

a t  1 ,100  v ,  was u sed  f o r  t h e  measurement  o f  t h e  s p e c t r a l  a b s o r p t i o n  o f  

t h e  a r c J e t  a t  w a v e l e n g t h s  f rom 738.4  t o  922 .4  rim. To r e d u c e  t h e  d a r k  

c u r r e n t ,  t h e  Amperex 150 CVP p h o t o m u l t i p l i e r  t u b e  was c o o l e d  by t h e  

b o i l o f f  f rom a l i q u i d  n i t r o g e n  dewar .  A t h e r m i s t o r  i n  t h e  p h o t o m u l t i p l i e r  

t u b e  h o l d e r  and c o o l e r  p r o v i d e d  f o r  m o n i t o r i n g  t h e  t e m p e r a t u r e  o f  t h e  
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photomultiplier tube. The rate of boiloff of liquid nitrogen from t he  

dewar was controlled by an immersible heater and variac ~rrangement. 

The light source for the absorption measurements was provided by 

an argon discharge tube. The discharge tube was of standard design 

and has been described prevlously (Ref. 36). A schematic of the 

specific discharge tube used here, which was built specifically for 

this work, is shown in Fig. 5. Only argon gas was used in the discharge 

tube, and the supply was provided from a K-bottle through a gas regulator 

and needle valve to control the flow rate. The gas regulator was set 

to provide a pressure to the discharge supply llne of approximately 760 

tort. The needle valve was adjusted to maintain a constant pressure of 

29.8 torr at the entrance to the discharge tube. The excitation voltage 

was supplied by a regulated high voltage power supply set at 3,000 v. 

A radiometer designed to monitor the 430.O-nm argon spectral radiation 

was used as a monitor for the discharge tube to assure that there were 

no transient variations throughout the data acquisition time. 

Cooling 
Water 

r-Cooling Jacket I nle~ 

 n ow, ,, w, n ow 

Electrode ~ n i llary Tube trode 

- ' ~ ,  Gas Mixture I n l e t - - - - ~  I I 
Vacuum 

Pump Power Supply o - - ~ .  _o I 

Figure 5. Diagram of resonance lamp used to produce narrow4ine radiation. 
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3.1.4 Optical Apparatus and Traversing Table 

The optical, mechanical, and instrumentation equipment used for 

the experiment is shown in Fig. 6. The spectrometer field of view is 

defined by a fused silica converging lens with a 14-cm focal length 

and an adjustable iris set at a diameter of 0.16 cm. The lens and iris 

were set so that only parallel light in a 0.16-cm-diam beam was focused 

on the spectrometer entrance sllt. The lens and iris were mounted on a 

fixed optical bench attached to an aluminum support and alignment plate. 

The support and alignment plate provided a reference surface and support 

mount for the fixed optical benches, spectrometer, and traversing table 

support rods. The optical path for the spectrometer field of view was 

turned 90 degrees in the horizontal plane by a front surface plane mirror 

mounted on a movable traversing table. Similarly, another front surface 

mirror on the opposite side of the arcJet turned the optical path another 

90 degrees in the horizontal plane, and theparallel beam spectrometer 

field of view was focused into the discharge tube used as the light source 

for the absorption measurements. The focusing was accomplished by a 

14-cm focal length fused silica converging lens mounted on a fixed optical 

bench attached to the support and alignment plate. The discharge tube 

was similarly attached to the support and alignment plate. Optical 

scanning of the arcJet plume was thus accomplished by moving the tra- 

versing table and mirrors in the horizontal plane. 

The traversing table rode on Thompson linear bearings on two 

1.9-cm case-hardened steel rods attached to the mounting plate. The 

drive mechanism was a 9.4 turn/cm threaded screw and a universal Joint. 

The drive motor, also attached to the mounting plate, was a |0-rpm 

reversible synchronous motor geared to 50 rpm. The traversing table 

could be moved at a rate of 5.3 cm/mln in a plane perpendicular to the 

plume axis. 
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Figure 6. Optical, mechanical, and instrument'components schematic. 

The relative position of the table was indicated by the voltage 

drop across the terminals of a 10-turn, 20,000-~ potentlometer. The 

shaft of the potentlometer was turned by a nylon chain attached to the 

table. This positlon-dependenC voltage was used to drive the X-axls 

of an X-Y recorder. The absorption and radiance data were the input to 

the Y-axls of the X-Y recorder. 

A mechanical chopper, operating at 150 Hz, was used at the discharge 

tube to provide for distinguishing the discharge tube light from chat 

of the arcJeC. The reference signal from the chopper and the preampllfled 

photomultlpller cube output signal were input to a PAR ® synchronous 

amplifier for discrimination and amplification of the discharge tube light 

signal. Similarly, a 150-Hz tuning fork chopper was used at the spectro- 

meter entrance slit in order to use the same electronics system for 

amplification of the arcJet radiance data. The two choppers were not 

used concurrently. 
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3.2 PROCEDURE 

After all instrumentation and other equipment had been turned on 

and stabilized, absorption reference data were obtained before the arcjet 

was ignited. This was accomplished by spatially scanning across the 

expected extent of the arcjet plume With the discharge tube light source; 

the spectrometer peaked at each of the wavelengths corresponding to 

selected spectral lines for which absorption data were to be obtained. 

In this manner, the response of the entire optical system as a function 

of position was obtained using the Amperex 150 CVP photomultiplier. 

Then, with the arcJet operating, stabilized, and positioned with the field 

of view two nozzle diameters downstream of the nozzle exit (X/D ffi 2), an 

absorption traverse was made for each of the spectral lines being used. 

After the absorption measurements at this arcJet position were completed, 

the arcjet was moved so that the field of view was located four nozzle 

diameters downstream of the nozzle exit (X/D = 4), and absorption traverses 

were made for each spectral line at this axial position. 

Subsequent to completing the absorption traverses at X/D = 4, the 

photomultiplier tubes were interchanged and emission traverses were made 

with the spectrometer peaked in turn on each of the lines used in 

emission. After completing the emission traverses at X/D = 4, the Jet 

was moved back to X/D = 2, and the emission traverses were repeated at 

this position. 

The optical system was calibrated for determining the absolute 

radiance of the emission data in sltu by using a tertiary standard 

tungsten strip filament lamp. The lamp was placed inside the R-2E-I 

research cell with the filament in the field of view. The filament 

dimensions are larger than the beam defining the field of view, so 

that an implicit assumption with this approach is that the emissivity 

of the lamp filament is constant over the extent of the filament. A 
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slow spectral scan of the calibration lamp emission over the wave- 

length range used in the emission traverses, with all optical com- 

ponents in place, provided the means of relating the measurement of 

of arcjet emission to an absolute radiance measurement at each wavelength 

of interest. The equivalent sllt width, which was necessary to complete 

the determlnation of the absolute radiance, was obtained by making a 

very slow spectral scan of the 425.9- and 426.6-nm spectral lines of 

argon, uslng the discharge tube as the light source. 

3.3 UNCERTAINTIES 

The various monitoring instruments described in Section 3.1 were 

used to set repeatable experimental conditions, and the variables play 

no other role in establishing the population densities of excited states. 

Therefore, the values reported herein for chamber pressure, mass flow, 

cell pressure, voltage~ amperage~ and electrode gap are to be taken as 

typlcal values. No effort has been made to provide uncertainty estimates 

for these parameters. 

Estimates of uncertainty were made, however, on the dataused to 

obtain spectral radiance and absorptances. For the radiance uncertainty, 

calibration of the equlpment and optical systems was performed in sltu 

using a tertiary standard calibration lamp having a specified uncertainty 

of ±5 percent. The data are reported with uncertainties obtained from 

the calibration and the observed propagated experimental uncertainties 

through the data analysis procedures. The uncertalnty in the absorp- 

tance measurement can be obtained from observations in the slight drift 

of the intensities of the spectral lines from the discharge tube source 
° 

and for the observed electrical noise on the recorder. However, since a 

propagation of errors analysls has not been accompllshed for the analysis 

scheme used to reduce these data, the uncertainties are not reported on 

the data. The observed experimental uncertainty was observed to be 

typically ±5 percent of the maximum transmission signal. 
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4.0 RESULTS 

4.1 EXPERIMENTAL CONDITIONS 

4.1.1 Arcjet Operating Conditions 

The argon arcjet in Research Cell R-2E-I was operated continously 

at stable conditions for the measurements reported below. Typical 

experimental conditions are listed in Table 4, and a schematic of the 

arcjet plume with measurement positions is shown in Fig. 7. 

Table 4. Arcjet Operating Conditions 

Cell Pressure 

Electrode Gap 

Chamber Pressure 

Voltage 

Amperage 

Mass Flow 

Discharge Tube Pressure 

Discharge Tube Temperature 

Discharge Tube Voltage 

0 . 3  t o r r  

0 . 4 6  cm 

8 6 . 2  t o r t  

20 v 

150 amp 

0 . 1 6 7  g / s e t  

2 9 . 8  t o r t  

2970K 

3 , 0 0 0  v 

During operation the arcjet plume was approximately 8.5 cm in 

diameter at its widest point and symmetric in appearance. The size 

and shape of the plume were very stable visually, with no apparent 

variations during a run period. As is typical with the operation of 

d-c arcjets of this type, there was a white central core, interpreted 

as a diffuse arc, protruding from the nozzle exit. This central core 

was of short spatial extent, protruding less than one nozzle diameter 

downstream of the nozzle. 
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Figure 7. Arcjet plume schematic showing measurement positions. 

4.1.2 Spectral Measurements 

Spectral line absorption and emission measurements were made for 

several transitions originating from different electronic quantum states 

in argon. Each absorption line chosen had as its lower state one 

of the first four excited states. Each emission llne chosen had as 

its upper state a relatively high quantum state which was believed to 

exhibit equilibrium with the free electron density. A partial energy 

level diagram for argon is given in Fig. 8, showing schematically the 

energy states and the corresponding transitions used in this study. 

As can be seen, the absorption data become redundant in the determination 

of the density of the second, third, and fourth excited states. This 

redundancy is important to show self consistency of the results since 
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t h e s e  f o u r  e x c i t e d  s t a t e s  a r e  no t  e x p e c t e d  Co f iC  any s p e c i f i c  e q u i l i b r i u m  

d i s t r i b u t i o n  r e l a t i o n s h i p .  The e m i s s i o n  l i n e s  o r i s i n a c e  from s e v e r a l  

d i f £ e r e n C  e x c i t e d  s c a r e s .  Redundancy o f  e m i s s i o n  d a t a  i s  n o t  n e c e s s a r y  

s i n c e  t h e  d e n s i t i e s  o f  t h e s e  e x c i t e d  s t a t e s  a r e  e x p e c t e d  t o  s a t i s f y  

t h e  law o f  mass a c t i o n  and c o r r e s p o n d  t o  an e q u i l i b r i u m  d i s t r i b u t i o n .  

A Boltzmann ploC o f  t h e s e  d e n s i t i e s  s h o u l d  thus  be l i n e a r ,  and t he  d a t a  

w i l l  be  amenable  Co l e a s t  s q u a r i n g  t e c h n i q u e s .  The s p e c t r a l  l i n e s  u s e d ,  

t h e  t y p e  o f  measurement ,  and the  e n e r g y  l e v e l  which g i v e s  r i s e  to  the  

spectral lines are listed in Table 5. 
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Figure 8. Partial argon energy level diagram. 
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Table 5. 

Wavelength ~ nm 

763.5 

738.4 
751.4 

772.4 4s" [1/2] o 
794.8 

750.3 
840.8 4s" E1/2]o 
922.4 

430.0 5p [5/2] 2 

416.4 5p [3/2] 1 

415.8 5p ['3/2] 1 
426.6 

425.9 5p" [1/2]o 

603.2 5d [7/2] 4 

604.3 5d [7/213 

Argon Spectral Lines used in Experiment 

Energy Level  

4s E3/2] 2 

4s [3/2] 1 

Type Measurement 

Absorp t ion  

Emission 

4.1.3 Isentropic Plume Calculations 

The radial profiles of static temperature at X/D = 2 and 4, which 

are required for the analysis of the absorption data, were determined 

analytically by method of characteristics (MOC, Ref. 37) calculations 

of the plume gas dynamic properties. The MOC calculations require the 

stagnation condltlons at the nozzle exit as initial conditions. The 

stagnation conditions at the exit of the arcjet nozzle were determined 

by the Raylelgh Heating Analysis approach reported by Bryson (Ref. 20) 

and are listed in Table 6. 
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Table 6. Arc je t  Nozzle Exit  Stagnation Condi t ions for  Isentropic Plume 
Calculations 

Total Temperature ....... 4462=K 

Total Pressure . . . ..... 50 tort 

The MOC calculations used a straight sonic starting llne at the nozzle 

exit plane. No boundary-layer corrections were made, since estimates 

of the boundary-layer buildup suggest that the thickness at the nozzle 

exit is virtually negligible (personal communication, R. J. Bryson, 

AR0, Inc.). 

The calculated isentropic static temperature profiles are shown 

in Fig. 9 for axial stations X/D = 2 and 4. The barrel shock and free 

boundary location from the calculation are also shown in Fig. 9. 
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Figure 9. Radial static temperature profi les for  argon arcjet p lume 
f rom method of characta.ristics solut ion. 
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The indicated shock and boundary locations must be considered approxi- 

mate since the MOC calculation did not include an accounting of the 

mixing with ambient gases at the jet boundary, and the characteristic 

network used was quite coarse at the outer edge of the jet. However, 

the shock location is useful primarily for qualitative comparisons, so 

no effort was made to obtain accurate estimates. The static tempera- 

ture profile beyond the indicated jet boundary required in the 

absorption inversions was set to 300°K. 

4.2 EXPERIMENTAL RESULTS 

4,2.1 Radiance Data 

The results of the spectral emission profile measurements are 

presented in Appendix B, Figs B-I through B-14. Figures BI through 

B7 show the results of measurements at X/D = 2, and Figs. B-8 

through B-14 show the results of measurements at X/D = 4. These data 

are presented in absolute units of radiance (w/cm2-sr) for the ordinate 

and displacement from the centerline (cm) for the abcissa. The symbols 

shown represent actual (calibrated) data points as recorded on the X-Y 

recorder, and the smooth line represents the results of determining 

the series of polynomials best fitting the data in the least squares 

sense according to a numerical least squares spline fit technique. 

Typical error bars for the raw data are included in the plot and repre- 

sent a 2 u uncertainty bound in the experimental data. The Abel inver- 

sion used to reduce these radiance data to emission coefficients requires 

the assumption that the radiating source is cylindrically symmetric. 

Thus the data presented in Figs. B-I through B-14 is from both sides of 

the observed plume centerline. As can be seen, the experimental sym- 

metry is indeed good, with the major asymmetries observed occurring near 

the outer periphery of the plume. 
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4.2.2 Absorption Data 

The results of the spectral absorption profile measurements are 

presented in Figs. B-15 through B-30. Figures B-15 through B-22 show 

the results of measurements at X/D = 2, and Figs. B-23 through B-30 

show the results of measurements at X/D = 4. The results are presented 

as transmittance on the ordinate versus displacement from the observed 

plume centerline (cm)'on the abcissa. As with the emission measurements, 

data taken from both sides of the plume centerllne are shown by the 

symbols so that the degree of symmetry in the plume may be judged. As 

can be seen here, the plume does appear to be satisfactorily symmetric. 

The plume at each axial position was chosen to have a radius of 

3 and 3.64 cm at X/D = 2 and 4, respectively, as indicated on each of 

plots B-15 through B-30. It is to be noted that these radii are different 

from the apparent plume radii indicated from the emission data, Fig. 

B-I through B-14. Indeed, the plume radius one would observe from 

emission data is notably smaller than the plume radius observed from 

the absorption data. This is readily explained by studying the energy 

levels from which the data being observed arise. Referring to Fig. 8, 

one can see that each of the spectral lines used in the emission mea- 

surements has, as its initial state, one of the highly excited states, 

all of which have many collisional-radiative transitions which will 

contribute to a decrease in the density of that state. By contrast, 

the initial states of the absorption data are each one of the first 

four excited states, two of which are metastable and two of which have 

resonance transitions to the ground state. 

At the ambient conditions of the test cell, the absorption coeffi- 

cient for resonance transitions is of order 106 -I cm , so that the gas 

can be assumed to be optically thick to resonance radiation. Thus the 

only low-lying physical mechanisms contributing to a decrease in the 

densities of these excited states are collisions of the second kind 
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between the heavy body specie, electron-atom collisions resulting in a 

decay of the atom to the ground state, and collisions between the excited 

specie and the experiment enclosure. None of these de-excltation mechanisms 

is a dominant feature for the four lowest excited states in the arcJet 

plume. Hence, in a loose manner of speaking, one can say that atoms in 

highly excited states will decay quite rapidly, whereas once an atom decays 

to one of the first four excited states it stays there for a relatively long 

time. Thus the research cell environment, which fills with the effluent gases 

from the arcjet, would be expected to show a relatively high density of atoms 

in the first four excited states and a low density of atoms in the highly 

excited states. Because of entrainment aid mixing of the test cell gases 

into the outer periphery of the plume, one would expect the plume to have 

an apparently larger size in absorption than in emission. The existence 

of the metastable atoms in the arcJet plume has been noted and used pre- 

viously in other experimental investigations (Ref. 8). Further, the 

presence of metastable atoms outside the plume has been noticed previously 

(personal communication, J. D. Few, ARO, Inc.). However, the present 

work appears to be the first evidence published of the metastable, enriched 

environment of the research cell. 

Thus, finally, although the arbitrarily assigned value for the 

plume radius at each axial position is large for the emission data, and 

perhaps small for the absorption data, it has littlereal effect. This 

is true because, in emission, the result of the number density determination 

beyond the assigned plume radius includes the contribution of the test 

cell environment, which can be included in the outer zone definition and 

effectively removed from the considerations. 

4.3 ANALYSIS OF EXPERIMENTAL DATA 

4.3.1 Emission Coefficients 

The results of performing the Abel inversion on the emission data 

are shown in Appendix B, Figs. B-31 through B-44. Figures B-31 through 
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B-37 show the results at X/D = 2, and Figs. B-38 through B-44 show 

the results at X/D = 4. The ordinate in these plots is the emission 

coefficient, or the power radiated per unit volume of the plasma at 

the wavelength of the spectral line, and the abscissa is radial position 

in the plume. The uncertalntiesbars on the plot are the results of 

propagating the experimental data uncertainties through the numerical 

analytic technique required to effect the data smoothing and subsequent 

Abel inversion. In effect, the bars on the plots are the square roots 

of the principal diagonal elements of the varlance-covariance matrix 

of the emission coefficients as determined from" the diagonal variance- 

covarlance matrix for the raw data, plotted in Figs. B-I through B-14. 

The error bars in Figs. B-31 through B-44 thus represent a 2u uncertainty 

bound on the emission coefficients. The necessary description of the 

equations to perform the series of linear transformations on the data 

varlance-convariance matrix to transform it to the emission coefficient 

data matrix is presented in Ref. 40. It is encouraging to note that, 

for a 2u raw data uncertainty of typically 5 percent, one finds a 

typical 20 emission coefficient uncertainty of 10 percent. 

In order to assess the self conslstency of the spectral emission 

profiles and thus confirm that the plasma had the same geometrical 

shape regardless of the upper energy level for the spectral lines and 

that the data reduction procedures did not degrade the data quality, 

it is informative to examine the integrand of the .emission coefficient. 

• From the Abel inversion, the emission coefficlent is 

! (dl/dZ) dZ 

where dl/dZ is the local slope of the radiance and R is the outer 
o 

radius of the plume. Examining the Integrand, 

dl/dZ 
~Z2- r2) Y~ 
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which is dependent only upon geometry and the local data s l o p e ,  one 

would expect that, on a normalized basis and for a given value of r, 

this profile should assume the same quantitative shape for each spectral 

line. The integrands for each spectral line are shown in Figs. 10 and 

11 for r = 0 at axial positions of X/D = 2 and 4, respectively. In 

these figures, the ordinate is the integrand at each position of X 

normalized by the maximum value at that wavelength. As can be seen, the 

profiles are quite similar, the variations among the profiles being 

within typical expected experimental uncertainies. The region of largest 

deviation among the various profiles is near the outer edge of the 

plume, where the data quality suffers because of a low signal to noise 

ratio. The plots shown are for the emission coefficient on the centerline. 

As additional comment, note that the position of maximum integraud was 

the same at each wavelength, suggesting further the similarity of the 

radial profiles at each wavelength. 
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Figure 10. Normal ized emission coef f ic ient  intsgrands for centerline at X / D  = 2. 
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Figure 11. Normal ized emission coef f ic ient  integr.ands fo r  centar l ine at X /D  = 4. 

An additional geometrical interpretation may be provided by noting 

that the emission coefficient at each wavelength is directly proportional 

to the area under the normalized curves. In the ideal case, the profiles 

should be colinear, and thus the areas should be equal. Although this 

is not the case in the real sense, the variations in the areas under the 

curves are relatively small and provide additional favorable evidence of 

the quality of the experimental data and the data reduction procedure. 

4.3.2 Number  Densi ty Profi les f r o m  A b s o r p t i o n  Data 

The absorption data were radially inverted according to the scheme 

described in Appendix A to yield the radial profiles of number density 

of the excited specie. A required parameter in the inversion process 

is the static temperature of the absorbing specie which enters through 

the Doppler line shape. These temperatures were not available from the 
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experimental data; rather, they were obtained from the method of charac- 

teristics expansion for a free jet into vacuum (Ref. 37). The static 

temperature profiles used for the determinations were shown in Fig. 9. 

It is interesting to note, in light of the discussion of the difference 

in apparent plume size in Section 4.2, that the plume boundary computed 

from the MOC calculation is not inconsistent with the approximate 

apparent plume boundary observed from the emission data. 

The number density profiles of the excited states obtained from 

the absorption data and static temperature determinations are shown 

in Figs. 12 through 19. Figures 12 through 15 show the results at 

X/D = 2, and Figs. 16 through 19 show the results at X/D = 4. The 

data for each spectral line used is presented, and the plots are for 

the 4s~/212, 4s~/2~i, 4s'~/2]o, and 4s' /23, quantum levels, 
successively. Since the 763.5-nm spectral llne is quite intense, this 

was the only measurement obtained which was related to the first 

metastable state, the 4s ~/~2 quantum level. The consistency of the 

redundant measurements for each of the other quantum levels is in 

general quite good at each axial position, with the number density pro- 

files for the second excited state, Figs. 13 and 17, showing remarkable 

agreement. The number density of the fourth excited state, the 4s ~ ~/211 

quantum level, as determined from the 840.8-nm spectral line, is markedly 

below the densities determined from the 750.4- and 922.4-nm spectral 

lines. The consistency of the results for the 840.8-nm spectral llne at 

both axial positions suggests that some unanticipated physical mechanism 

or improper fundamental constant (transition probability, for example) 

affects the results for this llne. Consequently, the density profiles 

determined from the 840.8-nm spectral line are not included in subsequent 

considerations. 

The barrel shock for the free-jet expansion, although not readily 

apparent in the experimental transmittance data, is apparen~ in the 

number density radial profile determinations at X/D = 4. Interpretation 

of this must be approached cautiously, however~ for these determinations 
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are based upon the method of characteristics plume expansion, and the 

effect of the computed barrel shock upon the static temperature is respon- 

sible for the apparent position of the shock in the radial number density 

plots. Independent measurements for determinations of the actual static 

temperature are necessary for final resolution of the true shock location. 
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absorption data, XID = 4, 750.3-, 840.8-, and 922.4-nm spectral lines. 

4.3.3 Electron Temperature and Density 

The e m i s s i o n  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  number d e n s i t y  o f  t h e  

e x c i t e d  s t a t e  by t h e  e q u a t i o n  

ho 
e (r) - A n(r) 

41r 
(zo) 
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where h is Planck's constant, u is the frequency of the radiation, 

A is the Einstein spontaneous transition probability, and n is the 

number density of atoms in the excited state. It is thus seen that the 

number density profiles are directly proportional to the emission coeffi- 

cient profiles. If an excited state is in collislonal equillbrium with 

the free electrons, it will satisfy the law of mass action, expressed 

by the Modified Saha Equation: 

nCP._.~) _ [ h 2 
n+ne ~ 27n'n e kTe 

(ii) 

th + 
where n(p) is the number density of atoms in the p excited state, n 

and n are number densities of the singly ionized ions and free 
e 

electrons, respectively, h and k are Planck's and Boltzmann's constants, 

respectively, m and T are the free electron mass and temperature, g is 
e e 

the statistical weight of the appropriate specie, and I is the ioniza- 
P 

tion potential of the excited state. In the form of the Modified Saha 

Equation, it is seen that if the density of some other excited state, q, 

is also in equilibrium with the same free electron distribution, then one 

can write 

n(p) _ gp exp[( Ip- Iq) /kTe]  
n(q) gq 

This is the familiar form of the Boltzmann expression for the 

density of states in equilibrium. Thus on a Boltzmann plot of the 

natural logarithm of n(p)/gp versus energy, the n(p) values will all 

fall on the same stralght llne, provided the upper excited states are 

all in equilibrium with the free electron density. These results for 

the plasma centerline are shown in Figs. 20 and 21 for the measurements 

at X/D = 2 and 4, respectively. The ordinate of each plot is the 

natural logarithm of n(p)/gp, and the abscissa is the excitation energy 

of the upper state p. The symbols represent the results obtained for 

each of the spectral lines used in these determinations, and the stralght 

line represents the best least squares fit to the data in the semilog 

plane. As can be seen, these data at each axial position do fit a 
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least squares straight llne quite adequately, as is required if the 

excited state is in equilibrium wlch the free electron density. The 

centerllne electron temperature and number density determined from these 

data are listed in Table 7. Included is the 2o uncertainty bound 

determined from the propagated 2o experimental bound. 
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Table 7. Centerline Electron Temperature and Number Density at 
X/D -- 2 and 4 

- 3  
Te,°K ne,Cm 

X/D ffi 2 7 ,760 ± 763 

X/D = 4 7 ,200 ± 843 

(6 .34  ± 0 .45 )  x 1014 

(2 .19  _+ 0 .32 )  x 1014 

The electron temperature and density radial profiles were also 

determined from the radially dependent emission coefficients by per- 

forming analysis similar to that described above. The resultant profiles 

are shown in Figs. 22 and 23. Figure 22 shows the electron temperature 

versus radius, and FIE. 23 shows the electron density versus radius. 

The electron density profiles are about as expected, showing a general 

gradual falloff from the centerllne value wlth some structure apparent 

at a radial position of 0.9 cm for the data from X/D = 2 and a definite 
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i n c r e a s e  a t  a r a d i a l  p o s i t i o n  o f  a b o u t  1.1 cm f o r  t h e  d a t a  a t  X/D = 4 

The e l e c t r o n  t e m p e r a t u r e  p r o f i l e  was somewhat  o f  a s u r p r i s e ,  h o w e v e r .  

T h e r e  i s  a marked  t e n d e n c y  f o r  t h e  e l e c t r o n  c l o u d  t o  be  c o o l e r  on t h e  

c e n t e r l l n e  o f  t h e  j e t  t h a n  on t h e  o u t e r  p e r i p h e r y .  The i n c r e a s e  i n  

t e m p e r a t u r e  a t  t h e  f a r  p e r i p h e r y  o f  t h e  plume ( f o r  r > 1 .3  cm, f o r  

i n s t a n c e )  i s  n o t  t o  be t a k e n  s e r i o u s l y ,  a s  t h e  r a d i a n c e  d a t a  f r o m  t h l s  

p o r t i o n  o f  t h e  plume a r e  e x t r e m e l y  weak.  The n a t u r e  o f  t h e  e l e c t r o n  

t e m p e r a t u r e  and d e n s i t y  p r o f i l e s  a t  r = 0 . 9  cm f o r  X/D = 2 and r = 1 .2  

cm f o r  X/D = 4 makes i t  e s p e c i a l l y  t e m p t i n g  t o  a s c r i b e  t h e  s t r u c t u r e  t o  

t h e  p h y s i c a l  p r e s e n c e  o f  t h e  b a r r e l  s h o c k .  T h i s  c o u l d  p r o v i d e  a s o u r c e  

f o r  e l e c t r o n  h e a t i n g ,  and u p s t r e a m  d i f f u s i o n  o f  t h e s e  more  e n e r g e t i c  

e l e c t r o n s  c o u l d  be  r e s p o n s l b l l e  f o r  t h e  s h a p e  o f  t h e  e l e c t r o n  t e m p e r a t u r e  
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Figure 22. Radial electron number density prof i le. 
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Figure 23. Radial electron mmperature profile. 

profile. Further investigation will be required to establish the validity 

of the conjecture. 

Plotted on each of the figures are shock location predictions from 

the method of characteristics solution for this plume expansion. It is 

significant to note that the location of the barrel shock derived from 

MOC calculations is only slightly larger than the locatlon shown in the 

data, typically one half of a nozzle diameter. 

4 . 3 . 4  Compar ison  o f O b s e r v e d N u m b e r  Densit ies w i th  Equ i l ib r ium 
C o n f i g u m t i o n s  

As discussed earlier, those excited state densities which are in 

equilibrium with the free electron density will all fall on the same 

straight llne on a Boltzmann plot. As was shown in connection with the 

centerline data, the number densities of the upper excited states do 

fit, in the least squares sense, such a straight llne, and thus do 

establish an equilibrlum configuration. It is informative to compare, 

in the same manner, the number densities of the first four excited states, 

obtained from the absorption data, to the equilibrium condition 

determined by the upper excited state. This comparison is shown 
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In Flg. 24. The ordinate in this case is the common logarithm of the 

ratio n(p)/gp rather than the natural logarithm. T h e  two are related 

by a constant, however, so that the accuracy of comparisons is not 

impaired. The results at both X/D = 2 and X/D = 4 are shown. The 

_ f 4  S [3/2] 1 Argon Arcjot Centerllne 
1011 ~o-------4 s" [1/2] 0 eo "50 tort, T O • 4. 4~°K 

~ _ ~ 4  s" [1/2] 1 Boltzmann Plot 

~ '  4 s [3/21Z ,,° x/oX/O ~Z4 ~ Experimental 

1010 ~ m  + Isentropic Prediction 
.-~ • ~ for X/D = 4 Based on 

. _  

XID • 4 ~---Isentropic 
for XtD - 4 

, %), 
Equilibrium w i t h /  \ ~ I ~ .  +=*=¢ 
Ground gtat~ . /  ~' ~ _ ~" ~ S-.. .  

lo' x,o. z - / " , ,  5 v . . . . .  

" , , ~ - x ~ - 4  . , ,  . - ~  
,~ I I I ~ R  I ~ '  J 

90.000 10~ 000 tm. ooo P.o. ooo ]3o. ooo 

Energy, cm "1 

Figure 24. Boltzmann plot of experimentally determined centerline 
p o p u l a t i o n  dens i t i es .  

straight line at each axial position reflects the results of the least 

squares straight llne that defines the condition for equilibrium with 

the free electron density and thus shows Chat the four lowest excited 

states are demonstrably nonequllibrium and lie markedly above the equi- 

librium value. To further illustrate the nonequlllbrlum characteristics 

of the entire excited state distribution, the dashed lines In Flg. 24 

illustrate the distribution function Chat excited state densities would 

follow if they were in colllslonal equllibrlumwith the ground state 

density determined from the MOC at the observed electron temperature. It 
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is notable that at X/D = 2 this condition is below the observed excited 

state distribution function by a factor of approximately 75, and, for 

X/D = 4, by a factor of approximately 280. Equilibrium theory based upon 

the static temperature of the gas predicts that all atoms will be in the 

ground state and that none will be in any excited state. 

The departure of the densities of the lower excited states from 

the equilibrium distribution predicted by the upper excited states is 

illustrated further in Fig. 25. In this figure, the abscissa is the 

excitation energy of the excited state, and the ordinate is the ratio 

of the observed density to the density predicted from calculations based 

upon equilibrium with the free electron density. In a plot of this type, 

10.0 - 

8.o 

.-- 
t,=. 

= 6.0 "5 
g 

E 

~ 2 .0  

O0 

  4s[3 ]z 

o 4s £3rz] 1 

• 4 s" o 

4 s" h ]1 
O 
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Ratio of Experimental Densities to Those 

in Equilibrium with Free Electron Density 
o X/D-2 
• X / D - 4  

o 
9O, ~ l ~  000 llO. 000 lZO. 000 

Ene~,  ¢m "1 

Figure 25. Rat io  o f  measured to  e q u i l i b r i u m  n u m b e r  densi t ies.  

those states whose densities are in equilibrium with the free electron 

density have an ordinate of 1.0, as illustrated by those states plotted 
-I 

in Fig. 25 with excitation energy greater than I]6,000 cm . Furthermore, 

if two states are individually out of equilibrium with the free electron 

density but satisfy a collisional equilibrium condition with each other, 
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they will plot with the same ordinate. These results show that, on the 

average, the first and fourth excited states are nearest the equilibrium 

configuration at X/D = 2, being overpopulated by factors of two and four, 

respectively. The second and third excited states are very strongly out 

of equilibrium, being nearly an order of magnitude above the equillbrium 

value. It is interesting to note that these second and third excited 

state densities have nearly the same ordinate; this condition suggests 

that, at X/D = 2, some type of collisional equilibrium between these 

two states may be established. 

The data for X/D = 4, plotted in Fig. 25 with the closed symbols, show 

not only that the numerical values of density of the excited states have 

changed, but also that the relationship of those densities with respect to 

the equilibrium configuration has changed. This is particularly notable 

for the number density of the first excited state, which, at X/D = 4, has 

decayed to approximately I/3 its value at X/D = 2 (Fig. 24); however, 

this density is nearly three times the value demanded by equilibrium 

(Fig. 25). The other excited states have made progress toward the 

equilibrium configuration, but the distribution among the states is 

decidedly nonequilibrium. 

4.4 COMPARISON OF EXPERIMENTAL RESULTS WITH ERE CALCULATIONS 

One of the objectives of this work was to make comparisons of the 

nonequilibrium distributions measured for the arcJet plume with calcula- 

tions performed using the Eigenstate Rate Equation computer program. This 

system of equations, described in Section 2.2, has the potential of 

providing ~ priori predictions of thedetailed electronic distribution 

function in virtually any transient or steady state environment. It is 

an initial value problem, and some of the underlying assumptions for the 

ERE in their present form, as well as detailed description of some of 

the physical processes involved in the arc and nozzle region, preclude 

computations starting in the cold gas ahead of the arc region of the jets. 
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However, the distribution function at one point on the axis can provide 

the initial conditions for prediction of a distribution function at all 

other downstream axial positions. Thus, as was done here, the distribution 

function, electron temperature, and electron number density observed at 

X/D = 2 provide the initial conditions for modeling the plume expansion 

and predicting the distribution function at X/D = 4. 

Some additional compromises are necessary also. The present mathe- 

matical model does not include within its framework complete accounting 

of the mechanisms by which the electrons lose energy, nor does it allow 

for the possibility of the more energetic electrons diffusing from the 

plume more rapidly. Consequently, the observed electron temperature 

at X/D = 2 and 4 was used to provide a position-dependent gradient for 

the electron temperature. A linear variation between the two axial 

positions was assumed. 

Additionally, the complete excited state distribution function at 

X/D = 2 is required for the initial conditions, and this was not deter- 

mined in its entirety. Referring to Fig. 8, one can see that beginning 

with the 3p54p states, the higher excited states are all relatively close 

together, with the largest separation between adjacent states being less 
-I 

than 3,000 cm . ~t would thus be expected that collisional communication 

between these excited states and the free electrons would be excellent 

and that the densities would be maintained in an equilibrium configuration. 

Hence the initial population density for those states for which direct 

measurement was not made was chosen to be that density in equilibrium 

with the free electron density; that is, on a Boltzmann plot similar to 

Fig. 24, the densities of all excited states above the fourth excited state 

fall on the straight line at X/D = 2. 

The results of the computer calculations are presented in Figs. 26 

and 27. Figure 26 is a Boltzmann plot for the calculations similar to 

Fig. 24, and Fig. 27 provides direct comparison between measurement and 
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calculations. The initial conditions at X/D = 2 used for the calculations 

are included in Fig. 26 and are shown by the open symbols. Those quantum 

states not shown expllcity for X/D = 2 were assumed to have densities 

on the straight llne. The density of states selected from the calculated 

distribution function at X/D = 4 are shown by the filled symbols. Those 

states not shown fall on the straight llne plotted at X/D = 4. 

63 



A E  D C - T R - 7 7 - 2 3  

10. 0 

8.0 

i 
• ~ 6.0 
.z 
¢ :  

4.0 
t -  

2.0 

0 
0 

/ / ~ 4  S [312] 1 

eL | / ~ . - ~ 4 ,  o [112] 0 

0 / / / ~ / ~ ' - ~  4 S " [ ' t2] l 

Argon Arcjet 

o - Experiment, XlO • 2 

n _ Experiment ( X/D • 4 
• - Calculation I 

5d 

5p  

0 
9~000 I0~000 II~000 L~ 

Ene~y, cm " l  
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Saha equilibrium. 

Examining the distribution calculated at X/D = 4, one notes several 

prominent features. The 4s states appear to have equilibrated toward a 

Boltzmann type of distribution independent of the other quantum states. 

This suggests that the calculations include strong collislonal coupling 

between these 4s states which is not evident in the data (Fig. 25). The 

4p states at X/D = 4 are calculated with noticeable deviations from their 

equilibrium value. This could reflect nonequillbrlum effects that were 

not suspected in establishing the initial conditions. All states above 

the 4p states appear to satisfy the equilibrium relationship, however. 

Comparison of the calculated distribution function at X/D = 4 in 

Fig. 27 to the measured distribution function shown in Fig. 24 suggests 

some differences between the calculations and measurements. One 

difference is illustrated in Flg. 27 in a manner similar to that of 

Fig. 25. The ordinate is the ratio of calculated state density to 

the equilibrium density for that state. Included for comparison are 

the experimental data at X/D = 4 from Fig. 25. As is seen, the calculated 

distribution (closed symbols) Is much nearer the equilibrium configuration 

. 64 



AE DC-T R-77-23 

than is the physical distribution. This suggests very strongly that 

the collisional coupling between the states is, in reality, not nearly 

as strong as predicted from the calculations. In other words, the 

detailed cross sections computed by the Gryzinski method are too large. 

As a final comment upon comparisons of the experiment, Table 8 

lists the electron density determined from the measurements and calculated 

at X/D = 4. As is seen, the calculated electron density is approximately 

35 percent less than the density obtained from the experimental measure- 

ments. This implies that the rate of recombination is in reality less 

than calculated and thus supports the idea of the Gryzinski cross sec- 

tions' being too large. The lower electron density has the effect of 

reducing the level of the entire distribution, as one may see by comparing 

Figs. 26 and 24. 

Table 8. Calculated and Measu~d Electron DansityatX/D = 4 

Determined from Measurement Calculated 

2.19 x 1014 -3 1014 -3 , c m  1 . 5 4  x , c m  

4.5 ENERGY CONTENT CONSIDERATIONS 

It is of interest to examine the excited state energy content of 

the gas that would be expected from classical concepts compared to that 

based upon the actual observed excited state density distribution. 

Although there are several modes into which the total energy can be 

partitioned (for example, kinetic energy of random translational motion, 

ionization, internal energy, electron heatlng, etc.), the specific mode 

of interest here is the energy content of the excited quantum states. 

The energy content of all the modes is in fact coupled, and nonequillbrlum 

effects in one will influence the others to a greater or lesser degree. 

However, the data obtained and analyzed in the work here are relevant 

only to the internal energy mode and do not yleld meaningful information 

concerning the other modes. 
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The energy content of the excited states can be estimated classically 

by using the Boltzmann factors and the electron temperature to determine 

the number density of each excited state. Also of interest for these 

comparisons is the energy content of the gas due to the random motion 

of the atoms, characterized by the static temperature. The excited state 

energy content, along with the static number density, electron density, 

electron temperature, and static temperature on the centerline at X/D = 2 

and 4, is presented in Table 9. 

Table 9. Gas Properties and Energy Content of Observed States at 
X/D = 2 and 4 

Static Number Density 

Static Temperature 

Electron Density 

Electron Temperature 

Energy Content of Excited State, Observed 

Energy Content of Excited State, Classical 

Energy Content, Random Motion 

Rat io  of  Observed Exc i t ed  S t a t e  Energy 
Con ten t  to Energy of Random Motion 

Ra t i o  of Observed Exc i t ed  S t a t e  Energy 
Content to Classical Excited State 
Energy Content 

X/D = 2 X/D = 4 

1015 -3 1015 -3 4.31 x cm 1.07 x cm 

421°K 204°K 

1014 -3  6 .3  x cm 2 19 x 1014 -3  • c m  

7,760°K 7,200°K 

10.8 erg/cm 3 2 .2  erg /cm 3 

0.027 erg/cm 3 0.0017 erg/cm 3 

464 erg/cm 3 45.2 erg/cm 3 

2.33 -2  4.87 -2  ' 

400 1,300 

The comparisons of the excited state energy content predicted classi- 

cally with that which was actually observed are notable. It is signifi- 

cant that the relative energy content of the internal states is more than 

two orders of magnitude greater than classical predictions and becomes 

greater at the larger X/D values. This behavior with X/D occurs because 

the gas dynamic expansion reduces the collislonal and radiative process 

and produces a partially frozen flow in the characteristic internal 

electronic energy states. Estimates and predictions of the internal energy 
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content which rely upon the excited state distribution function or its 

energy content and do not include the transient coupllngp or are based upon 

classical conceptsp can be in error. 

5.0 SUMMARY 

The work and results reported herein have been accomplished as part 

of a research proEramat AEDC to examine the basic processes in nonequill- 

brium phenomena. The specific work summarized here had as its objective 

the determination of detailed excited quantum state number densities of 

arEon in the nonequilibrium environment of a freely expanding arcjet 

plume. As a corollary study~ a calculatlonal technique for predicting 

the transient development of all the detailed quantum state population 

densities in a monatomlc plasma was modified and extended to provide a 

first approximation to a true modeling of the actual physical experiment 

being conducted. This analytic study also is unique, and attempts to 

perform critical experimental and analytical evaluations of the approach 

have heretofore not been reported in the literature. 

In order to accomplish the experimental portion of the study, 

radiance and absorption profiles of selected spectral lines were taken 

by traversing a spectrometer field of view across the arcJet plume. 

The wavelengths of the spectral lines chosen for the radiance profile 

lay between 415.8 and 604.3 nm, and each had as its upper quantum state 

one of the upper excited states of the arEon atom. The absolute radiance 

measurements were reduced to the absolute number density radial profile 

of each of the appropriate excited quantum states by the use of the 

Abel inversion. The Abel inverslon~ together with an errors propaEatlon 

analysis (Eef. 38), ylelded number density determinations with typlcally 

±10-percent uncertainties. The number densities of these upper excited 

states appeared to satisfy quite well the requirements of Saha Equilibrium 

with the free electron density so that the electron temperature and 

number density profles were immediately determinable. 
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The wavelengths of the spectral lines chosen for the absorption 

profiles lay between 763.5 and 922.4 um, and each had for its initial 

state one of the first four excited states of the argon atom. Absorption 

data of this type had heretofore not been obtained from arcjet p~umes, and 

it was necessary to develop new analytic techniques to perform radial 

inversions of measured absorptances to obtain radial profiles of the 

number density of each of the first four excited states. The radial 

inversion technique consisted of solving the radiative transfer problem 

for Individual, Doppler-broadened spectral lines through multiple homogeneous 

zones formed by concentric circles and then conducting the "onion peel" 

type of radial inversion. Since these states were not expected to fit any 

specific distribution function, data for several spectral lines were 

taken as a check on the experimental procedure. The results showed higher 

population densities than required for equillbrlumwith the free electron 

density. 

The analytic prediction of the excited state distribution function 

was accomplished by modifying for argon the system of eigenstate rate 

equations (ERE) which had been developed previously for helium (Eel. 3) 

and adding terms to account for the effects of the gas dynamic expansion 

of the plume from the arcjet. The gas dynamic properties were predicted 

by use of the Ashkenas-Sherman model for the plume centerllne Mach Number 

and the Rayleigh heating analysis for determining stagnation pressure and 

temperature at the nozzle exit from measured arc chamber properties. This 

ERE system of equations requires a large number of fundamental collision 

parameters, and a simplified approach for their determination based upon 

the Gryzinski formulatlon of the collision cross sections was used here. 

Comparison of the bulk electron-ion recombination coefficient determined 

from the ERE system of equations with values reported in the literature for 

argon gave satisfactory agreement. 
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Results of the experimental and calculatlonal studies may be summarized 

as follows: 

I. The energy within the various available modes of the 

gas in the plume of an argon arcjet is very definitely 

distributed in a nonequilibrium manner characterized 

by a non-Maxwell-Boltzmann population of the 

distribution of excited state number densities and an 

electron temperature that is much greater than the 

static gas temperature. 

. The nonequilibrium nature of the excited state 

distribution function is most pronounced among the 

first four excited states; the densities of these 

resonance and metastable states are from two to ten 

times larger than the density required by equilibrium 

considerations at the free electron temperature. 

. 

. 

Any patterns in the nonequilibrium distribution of the 

first four excited states could not be detected, and no 

pronounced evidence of co111sional or radiative 

coupling between the states was found. The 4s" ~/211 

and 4s ~/2JI states both have a strong radiative 

transition to the ground state, and because of their 

pronounced elevation above equilibrium densities, the 

plasma appeared to be optically thick to this radlation~ 

in agreement with independent calculations of the 

optical depth. 

The calculation of the detailed distribution function 

with the ERE showed generally much stronger colllslonal 

coupling between the states and a much faster 

relaxation toward the equilibrium distribution 

function than was observed in the data. This is 
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attributed to the inability of the Gryzinski method to 

correctly predict the detailed excltatlon/de-excltation 

cross sections for the electron-argon atom collisions, 

although on an overall basis, the inaccuracies appear to 

average out, as was evidenced by a reasonable prediction of 

the gross electron-ion recombination rate. 

. The radial profile of the electron temperature obtained 

from the radiance data showed unexpected structure, 

being cooler on the centerline at X/D = 4 than on the 

outer periphery of the jet. The location and nature of 

the structure are consistent with. the possible location 

of the plume barrel shock, with attendent heating of 

the free electrons. The apparent location of the 

barrel shock structure from the experimental data was 

nearer the centerline than was predicted by a method of 

characteristics calculation for the plume expansion. 

. The nonequillbrlum distribution function observed in 

the arcJet expansion contained two to three orders of 

magnitude more energy than is predicted from classical 

concepts. The relative amount of energy in the internal 

energy states increases as the plume expands. At four 

nozzle diameters downstream of the nozzle exit 

plane, the internal energy amounted to 5 percent of the 

energy of random translational motion. 

In conclusion, these unique experiments and predictive calcula- 

tions have shown that there can be a pronounced nonequilibrium distribution 

of internal energy states in the rapid expansion to low densities of a 

high enthalpy source such as an artier. The extent of nonequillbrium is 

such that there is significantly more energy contained in the upper 

excited states than is predicted by any classical approach. Moreover, the 
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dlstrlbutlon function can be obtained only by measurement of the densities 

of the excited states or by calculations which include the transient and 

coupled processes contributing to the rate of change of the density of 

each excited state. The approach taken here will be useful for such 

predictions with a more correct accounting of the cross sections. 

Continued development of the calculational approach and experimental attack 

can provide, ultimately, predictive and analytical techniques whlchwill 

apply to any nonequilibrlum flow environment. 
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APPENDIX A 
TECHNIQUE FOR RADIAL INVERSION OF NARROW 

SPECTRAL LINE ABSORPTION DATA 

One of the objectives of the experimental work reported here was 

to determine the number densities of lower excited states on the center- 

line of the argon arcjet pume. The radiative transitions from these 

lower excited states are generally of very short wavelength in the vacuum 

ultraviolet and are experimentally inaccessible. Others of these lower 

excited states are metastable and have no allowed radiative transitions 

to a lower state. Hence, emission spectroscopy will not yield convenient 

data which can be interpreted in terms of number densities. However, each 

of the first four excited states is the lower excited state of a very 

strong spectral line emitted in the 700- to 930-nm wavelength range. 

This wavelength range is readily accessible experimentally, and resonance 

absorption measurements can, by use of a proper radiative transfer model, 

be related to the number density of atoms in each of the first four 

excited states. 

The development of an inversion procedure for determining local 

number densities from measured absorptions is based upon radiative trans- 

port theoryand requires knowledge of the spectral llne broadening 

(Ref. A-I). There are four types of physical processes which can con- 

tribute to the finite width of a spectral emission or absorption llne. 

These processes may be listed as follows: 

I. Natural b r o a d e n i n g  c a u s e d  by t h e  finite lifetime of 

the excited state. 

. Dopp l e r  b r o a d e n i n g  c a u s e d  by t h e  random m o t i o n  o f  t h e  

a toms 
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. Pressure or collision broadening caused bycollisions 

of the emitting or absorbing atom with other atoms. 

. Stark broadening caused by the collisions with ions and 

electrons. 

The experimental conditions to be encountered in this work are 

all at low static pressures (p < 0.3 torr), and pressure broadening 

(process 3) may be ignored (Ref. A-I). The natural llne width is 

inversely proportional to the oscillator strength for the transition, 

and the spectral lines used for this work are all very strong. There- 

fore, natural broadening (process I) is negligible here. An estimate 

of Stark broadening can be made using Table 4-5 in Griem (Ref. A-2). 

Griem gives, for the 772.4-nm spectral llne at 10,000°K, a half width 

of 7.05 x 10 -3 nm at an electron density of 1016 cm 3. At the conditions 

of the experiment conducted here, the electron density is of order I014, 

and the consequent half width due to Stark broadening is 7.05 x 10 -5 nm. 

This is to be compared to the Doppler-broadened half width of 1.2 x 10 -3 nm 

at a heavy body temperature of 200°K (characteristic of static temperature 

in the arcjet plume) and a wavelength of 772.4 nm. Thus, the only broad- 

ening mechanism to be considered important is the Doppler broadening 

(process 2). 

The transmittance, T, of an absorbing medium may be expressed 

I~, Silo exp(- I kvd~d~, 
- - CA-l) 

I~ o I Ivo dp 

where the frequency limits of integration are over the entire width 

of the line of interest and the symbols are defined as follows, luo 

is the frequency-dependent intensity of the source line, which is 

assumed to be Doppler broadened: 

I 1 I 2(v- vo) ~V~n= 2 
I~ o = I ° e : cp  - 

Po 
(Affi v)  D 

CA-2) 
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The Doppler half-wldths of the source lines are given by 

(As')D = 2VO M~2" ) 
(A-3)  

where (fisV)D is the width at half maximum intensity, v ° is the central 

frequency of the source spectral line, k is Boltzmann's constant, T 
s 

is the temperature of the source molecules, M s is the molecular mass of 

the emitting specie, c is the speed of light, and I ° is the intensity 
Uo 

of the llne peak. With the absorber assumed to be Doppler broadened, 

the absorption coefficient, k , is given by 

I - -  (A a IJ)D 
\ 

(A-4)  

where the absorber Doppler half-width is given by . 

2£n 2 k Ta 
(Aa ~')D = 2 /~o (A-5) 

Mac 2 

where (AaV) D is the absorber llne width at half the maximum absorption 

coefficient, T is the static temperature of the absorber molecule, and a 
M is the mas~ of the absorber molecule. It is shown (Ref. A-I) that a 

( )( ) k~ = e4 M-"-a 'h ~ Na_..ff (A-6) 
me 2mec2kTa Vo 

where e is the charge on the electron, m e is the electron mass, N a is 

the number density of the absorbing molecule, and f is the oscillator 

strength of the spectral transition. As is seen in Eqs. (A-5) and (A-6), 

k is a function of N and T and, in Eq. (A-I), is integrated over the a a 
length of the absorbing medium. If the nonhomogeneous absorbing medium 

is modeled by a series of small homogeneous zones of length ~i' with 
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constant properties across the spatial extent of each zone, the spatial 
integration can be approximated by the summation 

( - )  I (IVlaTr¢4)'A f i~ Nai2m"~c-2k. ~ [ Mac2(~'-i~°)2 II2VokTa i .) 

(A-7) 

where the i index runs over the spatial extent of the absorbing medium. 

Substituting Eqs. (A-2) thru (A-7) into Eq. (A-I) and collecting terms 

one can write 

T = 
I ¢xp ICo(v-Vo) ~ ¢x.p I-ICI ~i, ::i-i'~Y= ~i ¢xP I- i du 

Tai J I 

where 

Iexp[-Co(U-Uo)2]d u 

Ms c2 
Co - 

2u~kT s 

~_.~ ~Mae4 ~ '/' f 

Ma ¢2 
C2 = 

2u~k 

(A-S) 

In the specific experimental work reported here, cylindrical 

symmetry of the absorbing medium, the arcjet plume, is assumed. The 

measurements of transmission of the plume are made as a function of 

displacement across the plume. This situation is illustrated schematically 

in Fig. A-I. Each measurement corresponds to the transmission through 

the plume over a region defined by the spatial resolution of the 

instrumentation. Assuming that the plume properties are homogeneous 

throughout each cylindrical section defined by this spatial resolution, 

the local number density profile of the absorbing molecules in the 
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Figure A-1. Conceptual schematic of arcjst plums 
cross section and measurements for 
absorption inversions. 

plume is available from solution of Eq. (A-8). At the outer edge of 

the plume, there is only one homogeneous zone contributing to the 

absorption. If the static temperature profile is specified, the number 

density of this zone, N, is the only unknown in Eq. (A-8), and the 

summation is over only one zone. With the number density in this zone 

determined, the only unknown density contributing to the next inward 

measured transmission is that of the central zone, N2, which becomes the 

only unknown in Eq. (A-8). Solution of Eq. (A-8) for N 2 provides the data 

that leaves N 3 the only indetermlnant density for the next inward mea- 

surement, T 3. By proceeding inward in this manner, one can determine 

the complete number density profile for the absorbing specie in the 

plume. 

For simplicity, it is convenient to define the functions 

F(u) = Co(+,,-Uo)2 + CI ~.j 

AEDC-TR-77-23 

~i exp F- c2(U-Uo)2/T,i] Tai L . . J  
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C1 
GO0 - 

Tai½ 
II exp [ -  C2(v- vo)2/Tai ] 

H(v)  = Co(~ -  Vo) 2 

where the subscript I corresponds to the central zone for which the 

number density is being determined. With these definitions, Eq. (A-8) 

can be written 

E- [- c°'>N"]- d" <A-9> 

in which the only unknown parameter is the number density to be attributed 

to the central zone, N . 
a I 

In general, the integration in Eq. (A-9) will not be analytically 
tractable. It must, therefore, be attacked by numerical methods. There 

are many methods appropriate for this calculation, and the specific method 

used here was the trapezoidal rule. Applying the technique to Eq. (A-9) 

results in an analytical description which may be written 
J 

i 1 j = l  
T =  

j -- I  

(A-lO) 

where Av = integration stepsize 

vj = Vo + ( j - l ) A v  

vj=Vo j - 
&v 

By equating Eq. (A-10) to the appropriate experimental measurement, 

one can write a single equation in the single unknown, Nal. The 

Nal is determined iteratively by the Newton-Raphson method. 
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In 8eneral, the description of the transmission must include 

considerations of the spectral characteristics of the measurln E in- 

strument. If the spectral lines of interest are much narrower than 

the equivalent slit width of the instrument (which was always true for 

these experiments), then the intensity of a spectral llne is Just 

proportional to the indicated peak of the spectrometer detector signal, 

and no special attention need be given to the instrument bandpass 

function. More complete details of the treatment of spectral instru- 

ments are Riven in Eel. A-3. 
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APPENDIX B 
SPECTRAL RADIANCE PROFILES, TRANSMITTANCE PROFILES, 

AND EMISSION COEFFICIENT PROFILES 
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Figure B-27. Transmittance at 794.8 nm, X/D = 4. 
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Figure B-28. Transmittance at 750.3 nm, X/D = 4. 
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Figure B-29. Transmittance at 922.4 nm, X/D = 4. 
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Figure B-30. Transmittance at 846.8 nm, X/D = 4. 
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Figure B-31. 
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Emission coefficient profile at 430.0 nm, X / D  = 2. 
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Figure B-32. 
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Emission coefficient profile at 416.4 nm, X /D = 2. 
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Figure B-33. 
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Emission coefficient profile at 415 .8  nm, X / D  = 2. 
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Figure B-34. Emission coefficient profile at 426 .6  nm, X / D  = 2. 
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Emission coefficient profile at 425 .9  nm,  X / D  = 2. 
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Figure B-36. 
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Emission coefficient profile at 603.2 nm, X /D = 2. 
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Figure B-37. 
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Emission coefficient profile at 604.3  nm. X / D  = 2. 

3 .00 

m 
O 
N 

~4 

¢4 



o~ 

0 . 1 8  x 10 - 5  

~ej 
A rj 

0 . 1 2  

4J 

o 
~4 

q4 qq 

o 

8 
I= 
0 ,FI 

0 . 0 6  
14 

A 

0 

0 

Figure B-38. 
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Emission coefficient profile at 430.0 nm, X/D = 4. 
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Emission coefficient profile at 416.4 nm, X/D = 4. 
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Figure B43. Emission coefficient profile at 603.2 nm, X/D = 4. 
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AE DC-TR-77-23 

NOMENCLATURE 

A Empirical constant in Ashkenas-Sherman relation 

A(p;q) -I Einstein spontaneous radiation probability, sec 

C Empirical constant in Ashkenas-Sherman relation 

Co,C1,C 2 Symbollically represents collection of terms defined in 

Appendix A 

Speed of light 

D Nozzle diameter, cm 

Charge on electron 

Convenient collection of functions defined in 

Appendix A 

Oscillator strength 

g Statistical weight 

h Planck's constant 

I 

I 

I 
0 

T 
0 

i ° 
0 

Ip, lq 

Radiance, wlcm21sr 

-1 Ioniza t ion  po t en t i a l ,  cm 
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AE DC-TR-77-23 

K(c;p) Three-body recombinat ion r a t e  c o e f f i c i e n t ,  cm6/sec 

K(p;c) 

K(p;q) 

Electron-atom collisional ionization rate coefficient, 

cm3/sec 

Electron-atom colllslonal rate coefficient, cm3/sec 

k Boltzmann constant 

k 
V 

-I 
Absorption coefficient, cm 

& 

M 

Absorption path l eng th ,  cm 

Math number 

M 
a 

Mass of absorber  spec i e s ,  gm 

M 
S 

Mass of source species, gm 

m 
e 

Mass of electron, gm 

N 
a 

Number density of absorber species 

P 
O 

Stagnation pressure at nozzle exit, torr 

P,q Used to symbollically identify quantum states 

Q -2 Cross s e c t i o n ,  cm 

R Gas constant, erg/°K 

R 
0 

Outer plume rad ius ,  cm 

124 



AE DC-TR-77-23 

r Radius, an 

T Temperature, °K 

T 
o 

Stagnation temperature at nozzle exit, °K 

Time, sec 

X Axial position, cm 

X 
o 

Empirical constant in Ashkenas-Sherman Relation 

Z Displacement  p e r p e n d i c u l a r  to a x i s ,  cm 

G C o l l i s i o n a l - R a d i a t i v e  recombina t ion  r a t e  c o e f f i c i e n t ,  
6 

cm / s e c  

S(p) E l e c t r o n - i o n  recombina t ion  r a t e  c o e f f i c i e n t ,  cm3/sec 

Y Rat io  of s p e c i f i c  hea t s  

E Emission coefficient, w/cm3/sr 

-1 
Frequency,  sec 

O 

-1 
Cen t r a l  f requency  of s p e c t r a l  l i n e ,  sec 

Po 
S t agna t ion  d e n s i t y  a t  nozz le  exit, g/cm 3 

Transmi t tance  
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SUPERSCRIPT 

+ 

I 

Denotes  i o n  p r o p e r t i e s  

SUBSCRIPTS 

e Denotes electron properties 

S t a t i c  p r o p e r t i e s  or  s o u r c e  m o l e c u l e  p r o p e r t i e s  

i , j  Du~ay s u b s c r i p t s  
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