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ABSTRACT 

The various methods of determining the temperature of a plasma were 

considered and the current literature in the field was examined. The 

method of relative line intensities, using the emission from the plasma 

itself, was selected as that best applicable to the Mechanical Engineering 

Department Plasma Facility. The theory of atomic emission and 

absorption are reviewed and the theory of atomic line emission from 

an “optically thin" plasma is given. The temperature profile in the inner 

core of an r-f induction heated plasma torch was determined using the 

method of relative line intensity. The maximum temperature was found 

to be 5300°K. 
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1« Introduction 

Analysis of the spectra emitted by a plasma is one of the few available 

methods for determining its temperature, since in arc-generated plasma the 

temperature may range as high as 50,000°K and its measurement in most 

instances is beyond the capability of most conventional temperature measuring 

devices. These high temperatures are generally expressed in terms of the 

notions of statistical mechanics that temperature is a parameter which char¬ 

acterizes the energy distribution within an assembly of partcles which are in 

thermodynamic equilibrium. 

The theories of atomic line radiation and continuum radiation relate the 

measured intensities of the radiation to this statistical temperature of the 

radiating gas (assembly of particles). From the measured intensity of such 

radiation, it is possible to calculate this temperature. 

The purpose of this thesis is to investigate the various methods for 

determining the temperature of a high energy gas flow, such as an arc-generated 

plasma, by analysis of the spectra of the radiation emitted by the plasma, and 

to determine the most applicable method to be employed with present plasma 

jet arrangement in the Mechanical Engineering Department taking into account 

the equipment at hand and the estimated properties of the plasma. Once a 

method is decided upon, the necessary experimental equipment is to be de¬ 

signed and constructed, and finally, the intended method is to be employed 
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to give temperature measurements. 

The organization of the thesis is as follows: the various theories which 

relate the temperature of a radiating gas to its observed spectra will be briefly 

discussed first. The theory of line radiation and numerical inversion of the 

obsetved intensity will then be presented, and the final section will be a 

discussion of the experimental techniques employed. 
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2. Temperature Measurements from Spectral Radiation 

The various techniques for determining the temperature of a radiating 

gas from observation of its spectra may be classified according to whether 

the atomic or modecular line spectra, the shift and shape of particular lines, 

or the continuum radiation is examined. 

The most straight forward of these methods utilize the relative or absolute 

intensity of atomic or molecular lines. Three approaches using line intensi¬ 

ties have been employed with success. 

The first technique depends upon the measurement of intensities of impurity 

lines within the plasma. The impurities may be purposefully introduced as 

was done by Dikhoff*^ or they may be vaporized particles of the plasma arc 

(2) (3) (4) 
electrodes as was investigated by Hill , Huldt , and Pearce . 

The second involving the same theory uses intensities of spectra lines 

of the plasma itself. Winters and Cremers^, Dickermann and Morris^, 

McLean and Faneuff^, Barnard et al^, and Stone and Agnew^, have 

employed this technique with success. 

The third method depends upon the fact that at some temperature the 

intensity of radiation passes through a maximum which may be computed (see 

section 3.3 on Experimentally Determined Transition Probabilities). If one 

varies the temperature until the maxima is found, then the temperature is 
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known at that point. Cambe! et al^^, Burhorn et al^*^, and Olsen*'*’^ 

have employed this method which is known as the "peaking function" 

method. 

In considering these three methods, the first has the objection that it 

must be assumed that no separation of the impurities and the plasma take 

place. Also, there may be mechanical difficulties in introducing impurities 

in the plasma stream. The first and second methods both require a knowledge 

of the transition probabilities, the statistical weights, and energy levels. 

The "peaking function" method does not require a knowledge of the transition 

probabilities, but number density of particles within each state must be cal¬ 

culated. Also , the plasma must be at a temperature high enough that a peak 

may be observed. 

Since the maximum temperature and degree of contamination of plasma 

being considered was unknown, the method of relative line intensities using 

the lines from the plasma itself was chosen. 

Various other theories involving the broadening of spectral lines by 

Doppler broadening, Stark broadening, collision broadening have been used 

by several investigators, Barnard et al^, McLean and Faneuff^, and 

Petschek et al*1^. Their results are not all together consistent and some 

work is still to be done on the theoretical aspects of the problem. 

The theory of continuum radiation from free-free, and free-bound transitions 



has been derived for hydrogen like atoms by UnstJld^^, Stone and Agnew^*, 

(15) 
and Donohue and Majkowski have employed this theory, though its ap¬ 

plication to complex atoms is questionable. 

The theories of broadening and continuum radiation are not as straight 

forward as those for line radiation and instruients of high resolution and dis¬ 

persion are necessary for their investigation. For these reasons, the method 

of line intensities was preferred. 



3. Theory 

3.1 Gaseous Radiation 

o 

What relations describe the intensity of radiation from a gas in thermo¬ 

dynamic equilibrium? Einstein recognized three separate processes whereby 

a gas in thermodynamic equilibrium could change its state as a result of the 

emission or absorption of quanta of energy. 

Energy Number Statistical 
state in weight 

state 

E 
m m 9 m 

m 

Figure (1). Diagrammatic Representation of Emission and Absorption Processes. 

The quantum theory developed by Bohr and Planck states that transitions 

between bound energy states of an atom may take place only with the emission 



or absorption of a quanta of radiant energy of a frequency Vmn such that 

the relation Is given by 
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(1) 

where h is Planck's constant, Em is the m-th energy state, and En is the 

n-th energy state. The atom emits the radiation if Em> Efl, and absorbs the 

radiation if Em<En. 

Spontaneous emission is the process in which an atom, initially in 

energy state Em, undergoes a transition to a lower energy state En in the 

absence of external influences. The energy released in the process being 

emitted as radiation whose frequency is given by equation (1). if there are 

initially Nm atoms in the energy state Em, then according to Einstein, the 

number per second undergoing spontaneous emission to the lower state En is 

Rse = A™~„ • Nm <2> 

where Is known as the Einstein transition probability of spontan¬ 

eous emission. The radiant energy emitted in this process is 

Absorption is the process in which an atom, initially in energy state En, 

receives and absorbs a quanta (hi^n) or radiation of frequency Vmn from an 

(3) 
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external source and in accommodating this energy increase undergoes a trans¬ 

ition to a higher energy state Em« If the absorbed radiation is in the frequency 

range dv about the frequency V the number of absorption processes per 
mn mn 

second is proportional to the number of atoms in the state and the energy 

density U->>mri of the absorbed radiation. This density is the energy per unit 

frequency range d->J about frequency V * if N is the number of atoms 

initially In the energy state E^, the number of absorption transitions to the 

upper state Em per second is given by 

^a = ®n-*m * ^n * 
nm 

where is the Einstein transition probability of absorption. 

induced emission is the process in which an atom in an energy state 

£m receives a quanta (hVmn) of radiation of frequency -\Jm, but rather than 

accommodating this energy, it releases (does not absorb) the incident radi¬ 

ation and also undergoes a transition to a lower energy state by emitting 

a quanta (hi) ) of radiation of the same frequency V as the incident 
mn mn 

radiation. If there are initially Nm atoms in the energy state Effl, the number 

per second undergoing induced emission transitions is 

Rle = Bm-*n ' V UV ® 
mn 

where Bm->n is the Einstein transition probability of induced emission, 
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and as before UVmn is the energy density of the incident radiation. The 

three processes are illustrated diagrammatically in Figure (1). 

If the gas is considered to be in thermodynamic equilibrium and isolated 

from external sources of radiation, then the radiant energy incident upon any 

atom of gas must be that emitted from other atoms of the gas. if the only 

transitions are those described above, the radiating gas wilt be thermodynamic 

equilibrium only if the number of atoms undergoing transitions from an energy 

state Em to an energy state £n is equal to the number of atoms undergoing 

transitions from the state En to the state Em. That is 

Rse + R|e = Ra (6) 

or using equations (2), (4) and (5) 

^m-*n * Em—*n ^mn^ ” En-*m ^n^^nm ^a) 

For thermodynamic equilibrium the population Mm/N0 of an energy state 

E_ is given by Boltzmann statistics as m 

!SL "E«/kT 

Z 6 
(7) 

where gm is the statistical weight of the state Em, gme 
-vkT 

m 
is the partition function of the gas, k is Boltzmann's constant, and T is 

the gas temperature. Therefore, the relative population of the two states 

£m and E
n is 
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^m 9n 6 

“hVmi/kT 

= hLe 

g« 

substitution of equation (3) into equation (6) yields the following expression 

for the energy density of the radiation emitted by the gas at a temperature T 

gn S„ .1 e~ Hvjn'n/kT«l-»B 
BB n-*-m m-> n 
9m 

(9) 

Since the gas is in thermodynamic equilibrium, the electromagnetic radi¬ 

ation from the gas at temperature T must have the spectral distribution 

characteristic of a black body at that temperature. This spectral distri¬ 

bution is given by the Planck equation for a black body as 

3 
U-8trnT> 1 (10) 
p ehv/;RT-i 

comparison of equations (9) and (10) requires that 

g 8 Mm m~*n 
= g B yn n-*m (11) 

and 
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Am . n _ 8lhV^n. B ^ 

c3 

_ Srh^mn * 9n fenr»n 
c3 9m 

(12) 

Thus, knowledge of one of the Einstein transition probabilities allows 

calculation of the other two probabilities. 

A physical interpretation is obtained by examining the relationship be¬ 

tween the mean lifetime of a particle In a particular energy state and its 

probability of undergoing a transition to a lower energy state. Consider a 

system of atoms initially excited to some energy level Em. Further imagine 

that at some time t ail sources of excitation vanish, and the atoms are al¬ 

lowed to return to lower energy states by spontaneous emission. Assume 

that UV is small so that induced emission may be neglected. Then the 
mn 

probability, , that one atom per second will undergo transition to a lower 

state is the sum of Am<+ n for all states for which En<Em. That is 

A (13) 
n 

In some time interval dt the total number of such spontaneous emission 

transitions will be 

N (t)Pv dt (14) 
m 

where N (t) is the number of atoms In energy state £ at time t. This must 
m m 
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be equal to the decrease — dN (t) In N(t) during the time Interval dt. Thus m m 

-d Nm(t) = N (t)Adt (15) 
ro m 

assuming % to be constant and Integrating from an Initial time, say t=Q, to 

a later time t yields for Nm(t) the expression 

-At 
H (t) = N(0)e (16) 

m m 

where W(0) = Nm = the number initially in state Em. 

The lifetime, T, of a state E is defined as the average time an atom 
m 

spends In the state before making a transition, thus 

f 00 rOO —Xt 
J t N(t) dt J t N(0)e dt 

r= ° ° fOO 
N(t) dt 

Jo 

rOO =AT 
\ N(0)e dt 

(17) 

The transition probability, then, is a measure of the mean lifetime of a 

state. The mean lifetime has been found to be on the order of 10 seconds 

for transitions occurring in the visible radiation or optical frequency range. 

3.2 Transition Probabilities Calculated from Wave Mechanics 

Though the Bohr theory correctly gives the frequency of the radiation 

emitted or absorbed by an atom undergoing a transition from one energy state 
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to another, it can not predict whether such a transition will indeed take 

place. That is, it can not calculate the magnitude of the transition prob¬ 

abilities. In some simple cases the transition probabilities can be calcu¬ 

lated by use of wave or matrix mechanics developed by Schrodinger, 

Heisenberg, Dirac and numerous others. This is done by consideration of 

the simplest classical model capable of radiating electromagnetic waves, 

the oscillating electric dipole (Hertz oscillator). 

The intensity of radiation from such an oscillator depends upon the 

magnitude of the fluctuations of its dipole movement. From wave mechanics 

(see for example, Heitler(16), or Condon and Shortly (17), it is possible 

to show that for a one electron atom which emits radiation by undergoing a 

transition from an energy state Em to a lower state En, the variable electric 

moment vector for the atom may be written as 

Pm~*n = ER^n exp (-2fl'f(Em~En)t/h') (18) 

where R01"*0 j m f^ldt is a vector given by the integral of the 

wave functions f and f * which are solutions of the time-independent 

Schrodinger equation for the atom. It is easy to see the amplitude of the 

oscillation of the electric moment vector. 

The intensity of the radiation emitted as a result of a transition is given 

by the number of transitions per second multiplied by hV. Using the clas¬ 

sical formula for the intensity of the electromagnetic waves radiated by a 
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vibrating electric dipole together with equation (IS), it is possible to show 

that the probability of a transition which emits a quanta of radiation of 

frequency in going from state E to a lower energy state En Is 

Complete knowledge of the wave functions for states m and n would 

allow calculation of R0’**’ m and n. n could then be determined 

from equation (19). Unfortunately the wave functions are known for only a 

very few atoms. For even the moderately complex atoms, this calculation 

can not be made. In order to accomplish calculations which require knowledge 

of the transition probabilities for these cases requires the use of experi¬ 

mentally determined values. 

3.3 Radiation Intensity Around a Spectral Line and Experimentally Determined 

Transition Probabilities 

The relations between the transition probabilities as given by equations 

(11) and (12) were derived by assuming thermodynamic equilibrium of a 

perfect gas. When the gas under consideration is an arc-generated plasma, 

to which energy is being added by means of a dd arc, and at the same 

time the plasma is losing energy by radiation to the atmosphere, the as¬ 

sumption of complete thermodynamic equilibrium becomes much more difficult 

m 

(19) 
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to justify. Though thermodynamic equilibrium probably does not exist under 

a plasma produced by a high current arc will be the same as that of a black 

body if the particles of the plasma are in thermal equilibrium as far as their 

velocity distribution, their excitation and their ionization are concerned. If 

these conditions are satisfied, then the difference in the radiation entering 

and leaving an element of plasma of unit area and thickness dl should be 

the difference between the radiation emitted, both spontaneously and by 

induced emission, and the radiation absorbed by the plasma. Letting I mn 

be the intensity of the (net) radiation emitted, this statement can be written 

as 

these conditions, has shown that the spontaneous emission from 

^mn * mn * mn 

— B °n-> m AIHD (20) 

i 

Figure (2) Intensity of Radiation upon one Element of Plasma. 
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A plasma for which the radiation density Is so small that ab¬ 

sorption and induced emission may be neglected is known as an "optically 

thin" plasma. Most arc-generated plasmas can be considered to be 

"optically thin." Under such an assumption, the intensity of the emitted . 

radiation, per steradian, becomes 

This is an expression for the absolute intensity of the radiation emitted by 

an optically thin plasma when some <Nm) of its atoms undergo transitories 

from energy state Em to energy state En. This radiation is emitted at 

a frequency Vnm, and spectroscopically would be observed as an emission 

line. I -y is commonly spoken of as the absolute intensity of this spectral 

line. 

Equation (22) provides one method for determining values of the trans¬ 

ition probabilities Am^ experimentally. If the absolute intensity of a 

spectral line Is measured and the geometry, composition and temperature of 

the gas is known, equation (22) can be solved for Am^ n. 

(21) 

Substituting for Nm from Boltzmann statistics yields 

(22) 

m 

This, of course. 
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requires knowledge of the partition function and the other terms in equation 

(22). The temperature needs to be known at only one point in the plasma 

in order to solve equation (22) for A . In some plasmas^^ the m-*- n 

outer edge may be at a sufficiently low temperature to be measured directly. 

In most plasmas the temperature is too high to allow direct measurement, 

in such cases an astrophyslcal technique developed by Fowler*^ Is often 

employed. This technique makes use of the so-called "peaking function." 

According to equation (22) the Intensity depends upon the number 

density of the radiators, the exponential temperature term and Inversely 

upon the partition function. With increasing temperature, the particle 

density decreases through neutral atom destruction by ionization and re¬ 

duction in the totai particle density. The partition function increases with 

increasing temperature. Thus the ratio of the particle density to the partition 

function is a decreasing function of the temperature, while the exponential 

term is an increasing function of the temperature. Thus as the temperature 

increases, the intensity passes through a maxima, and the temperature at 

which this occurs may be calculated. If the intensity of a spectral line 

measured at several temperatures reveals such a maximum then this temper¬ 

ature can be used together with equation (22) to obtain the transition 

(12) 
probability. This method has been employed by Olsen to determine the 

transition probabilities for certain argon lines. Olsen's values, which are 

given in Table i, have been used in this calculation reported in this thesis. 
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ff a gas whose transition probabilities are to be determined is mixed 

with: a gas whose transition probabilities are known from theory (such as 

Hydrogen), then/ assuming that/So separation takes place, the unknown 

probabilities may be determined by comparison of the line intensities of 

the unknown gas with the intensities of the lines In the Hydrogen series. 

(21) 
Darwin used such a method to measure the probabilities for ten 

Argon I lines in blue-violet range. Darwin's values are also listed in 

Table I. 

A third method involves the use of relative line intensities of the 

same element. From equation (22) it is seen that the ratio of the intensi¬ 

ties for two transitions, say n and x-> s, of the same species is given 

by 

I 
mn 9m ^m-> h^ntn e 

9r Ap-> s "V, 
rs 

(Em~Er) / kT 
(23) 

If the absolute intensity of one spectral line is known, that of the second 

/op) 
may be computed by equation (23). McLean used such a method for 

determining the transition probabilities for two Hel lines by their ratio 

to yet a third line, whose transition probabilities could be calculated from 

theory. 



3.4 Relative Lins Intensity Technique for Temperature Determination of an 

Axially Symmetric Plasma 

If the transition probability Am_ of a given line, the statistical 

weight gm, and the energy ^m' of the upper state are known, either by 

calculation from wave mechanics or from experimental measurement, the 

temperature at a point in a plasma may be determined by measuring the re¬ 

lative or absolute intensity of the spectral line, and determining its fre¬ 

quency. Since, for a particular species, the quantity 

1 i\L h dl 
4tr7°  ~£ /ki 

Zv ■ 
m 

const. (24) 

Then taking the natural logarithm of both sides of equation (22) yeitds 

IV. mn- 
Ln I Ara_ „ g 

■m + L 

m mn KT 

(25) 

With Am-^ n, gm, Em, and“v)jri known, equation (24) will yield the temper¬ 

ature as the Inverse slope of a straight line on semi-log paper for the plotting 

of several lines. 

If the transition probabilities of two lines are known together with the 

appropriate statistical weights, energies and frequencies, equation (22) may 

be used to determine the temperature from measurements of the ratio of 

intensities of the two lines taking logarithm of equation (23) yields 
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This Is the relative line Intensity method of temperature determination, 

3.5 Inversion of Observed Line Intensities 

If an axially symmetric plasma is viewed from the side, as would be the 

case when the image of a thin axial “slice of such a plasma Is focused 

on the slip of a stlgmatlc spectrograph, the spectrograph would see 

radiation of an apparent intensity different from the actual radial intensity. 

This results from the fact that the photon emitters are symmetrically dis¬ 

tributed about the axis of the plasma. 

!/#♦ C*vt**I u**if .dSr*I j*tiyv5>2<*fc+-fc 

Figure (3). Radial and Observed Intensities of an Axially Symmetric Plasma. 

I(x), observed photon distribution 
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f 

This fs shown diagrammatically In Figure (3) where an^ssumed radial 

intensity Is superimposed upon a cross sectional view of the plasma. 

Various methods for the inversion of these laterally observed line 

intensities into radial intensities have been discussed by several authors, 

(23) (2AJ (25) 
notably: Pearce , Nagler , McGregor and Dooley , Olsen and 

(26) 
Nestor . These methods are all quite similar and each employs a 

numerical solution of Abel's Integral to effect the Inversion-, 

Figure (4), (b) Division of cross section 
for numerical integration 
into area elements ax r 

From Figure (4a), the intensity of radiation from a thin slice of unit thickness 

of an axially symmetric plasma is given by 

where 

l(x) = j^KrJdy, 

-y 

y = (r^ - x^)^f dy = r(r^ 
«-l/2 

dr 

(27) 

(28) 

Substitution of equation (28) into equation (27) yields 
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l(x) = 2 r Kr) (r - x) dr 
R 22 “1/2 

(29) 

Equation (29) is Abel's integral which may be inverted to give 

(30) 
r 

If the observed intensity distribution Kx) can be expressed as an analytic 

function of x, then equation (30) can be integrated to give the proper radial 

intensity distribution Kr). Pearce has programmed the integration (29) for 

complete numerical solution. The cross section is divided into concentric 

annulii and I (r) is assumed to be a step function in each annulus. Then 

the viewed intensity is a function of the number of photon emitters in each 

annulus and the volume of each annulus. Figure (4b) shows the manner in 

which Pearce divided the cross section of an annulus in order to carry out 

the numerical integration. He then expresses the results of this integration 

in the form. 

etc. 

where a^ ^ etc., are the area coefficients obtained from numerical integration 

l<x> = »yk l(r)k 

(31) 
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by Pearce. A Fortran II program for the solution to the set of equations 

(30) for a 25 step distribution is given in Appendix A. 



24 

4. Experimental Apparatus 

4.1 Plasma Sources 

The experimental investigations were carried out using both an arc¬ 

generated plasma jet and an r-f induction heated plasma torch as sources 

of radiant energy. 

The plasma jet was produced by striking an electric arc through argon 

In a small cylindrical chamber. The arc was struck between two tungsten 

electrodes spaced 0.130 inches apart and which formed the ends of the 

chamber. The lower electrode was a tungsten cylinder mounted in a copper 

coil oriented so that a magnetically induced force would be impressed upon 

tiie arc causing it to spin. The gas entered the arc chamber tangentially and 

traveled in the same sense as the rotating arc* The plasma left the chamber 

through an opening in the upper electrode. This opening served as the con¬ 

verging portion of a converging - diverging nozzle. The effect of having the 

arc spin was to prolong electrode life as well as to cut down contamination of 

the plasma. 

The power to support the arc was supplied by a 540 kw. d.c. generator. 

After passing through the arc, and the converging diverging nozzle, the argon 

plasma exhausted into a large chamber in which the pressure was varied between 

atmospheric and 20 to 250 microns of Mercury. 

The plasma in the r-f induction heated torch was generated by passing argon 

through a vertical one-inch diameter quartz tube which was centered on the coil of the 

r-f heater. The energy to the plasma was supplied by a Westinghouse, 
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20 kw, 4 me industrial r-f generator. During operation the tip of the 

plasma torch flame was observed to stand several inches above the end 

of the six inch quails tube. 

4.2 Spectrograph 

A Bausch and Lomb model 11, 1.5 meter, stlgmatlc spectrograph was 

used in the experimental work. The instrument has a ruled grating of 
* 

15,000 lines per inch with a normal dispersion of 15 A/mm in the first 
t 

order and 7.5 A /mm in the second order. The wave length coverage is 

from 3700 A to 7400 A in the first order and from 1850 A to 3700 A 

in the second order. An actual resolving power of 70,000 is achieved. The 

spectrograph was mounted on a moveable, but imposingly sturdy table such 

that the spectrograph could be positioned to observe either of the two fixed 

plasma jet test stands or the R-F induction heated plasma jet test stand 

which Is in operation In the Mechanical Engineering Department plasma 

laboratory. 

4.3 Optical System 

Since the spectrograph was stigmatlc, no traversing mechanism was 

necessary to measure the intensity profile across the plasma jet at a 

set longitudinal station of the jet. Such a profile couid be obtained by 
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simply focusing an image of a thin longitudinal “slice of the plasma on the 

spectrograph’s entrance slit. The fixed vertical position of the plasma 

jets required that the optical system used rotate the image of the thin 

longitudinal slice of the plasma, which is horizontal at the plasma, 90° 

into the vertical plane of the spectrograph slit. An added requirement 

placed upon the system was that due to the physical construction of the 

plasma jet test stand, the spectrograph could not be brought closer than 

five feet to the plasma jet. 

The optical system, shown in Figure (5), consists of four components; 

a mirror rotation and transversing mechanism, a$herica! condensing tens, 

a filter and shutter, and a cylindrical condensing lens. 

The mirror rotation system consists of two front surfaced mirrors mounted 

0 0 
at 45 to the horizontal plane, but in planes 90 apart. By this arrange¬ 

ment, the horizontal slice of the plasma is rotated through 90° into the 

vertical plane. The mirrors are mounted in ball sockets which permit ro¬ 

tation of the mirrors in two planes which the ball socket mount gives ro¬ 

tation in the third plane. This permits the plasma image to be focused on 

the slit for almost any angular inclination of the plasma jet. The upper and 

lower mirror both are mounted to permit traversing in the vertical direction. 

This permits the upper mirror to examine various cross sections along the 

length of the plasma arc, while the lower mirror may be positioned to align 

the image optically with the slit of the spectrograph. 
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Due to the rather large distance between the source and the spectro¬ 

graph, a spherical quartz lens of 1.5 diopters focal length and 4-inch 

diameter focuses the image of plasma jet slices on the spectrograph slit. 

This combination of focal length and diameter subtended approximately 

the same solid angle as the condensing lens furnished with the spectro¬ 

graph. However, it was subsequently found that the light intensity from 

the plasma jet, when exhausting into a vacuum, was insufficient to allow 

exposure times under several minutes; so a bi-convex cylindrical lens of 

1.5-inch focal length was added to increase the illumination on the spec¬ 

trograph slit. This lens arrangement provided sufficient illumination for 

exposure times of less than 0.5 seconds with the plasma jet operating 

to atmosphere. The exposure time for vacuum operation was on the order 

of several minutes. 

Anticipating that the exposure times for high intensity arcs might be 

quite small, a Snyder-Compur press camera shutter was mounted on the 

optical bench. This shutter has timed settings of from 1/500th to one 

second. 

For ease of spectra Identification and to prevent second order over¬ 

lap in film calibration, a Wratten 2-3 gelatin filter was mounted In front 

of the spectrograph slit. The 2-B filter has an extremely sharp cut off 

at about 4000 A while giving above 70% transmission at wavelengths 
* 

greater than 4100 A. 



4.4 Standard Light Source 

Several authors have Investigated the use of a carbon arc as a radi- 

(27) (28) 
atlon standard. Based on the experiments of Null and Lozer , Euler ' 

(29) 
and MacPherson , it has been shown that when operated properly, the 

burning spot of the positive carbon electrode gives a very steady, highly 

reproducable source of high temperature radiation with a black body tempera** 

ture of 3800°K and an emissivity of 98%. National AGKSP graphite 

electrodes were burned in an arc lamp of the authors own design to give 

such a standard radiation source. The positive electrode of 1/4-inch 

diameter was mounted horizontally at the same height as the slit above 

the optical bed. The negative electrode of 1/8-inch diameter was mounted at 

an included angle of 120° from the positive electrode; though the lamp’s 

design permitted operation at any included angle between 90° and 120°, 

Easy monitering of the arc was permitted by means of simple lens system 

built into the lamp which projected a magnified image of the arc upon a 

ground glass screen. The current for the arc was provided by a three phase rectlfer, 

A condenser filter was added to reduce the ripple voltage from the power 

supply. Operation of the lamp was found to be In accordance with refer¬ 

ence (27). 

4.5 Densitometer 

A Jarrel-Ash micro densitometer model 23-050 was used for scanning 
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all film Intensity profiles. A long-range metric dial indicator was mounted 

on the carriage of the densitometer to permit accurate positioning for each 

scan across the image profile of the plasma on the film, 

4.6 Photographic Material, Processing and Calibration 

Kodak spectroscopic film type 1-N was used in all photometric work* 

The film was developed according to manufactor*s specification in D-19 

developer. Tray developing was used# and during development the film's 

surface was constantly brushed with a two-inch camel's hair brush to re¬ 

duce Eberhard effects and bring fresh developer into contact with the 

emulsion. Following development, the film was rinsed for thirty seconds 

in a stop bath solution and theifixed for four minutes in Kodak hardener 

fixer. Finally the film was washed for one hour in running water, bathed 

in a photo-flow solution, and allowed to dry. 

There are several factors which effect the blackening of a photographic 

film. Sawyer Harrison et al^1*, Jones**^, and references (33) 

and (34) discuss these variables such as intermittency of exposure, in¬ 

tensity of incident light, etc., together the characteristics of the photo¬ 

graphic emulsions which must be taken into account when accurate quanta- 

tlve work is to be done. 

Since photographic emulsions show both a selective and non-linear response 
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to radiation as a function of wave length, the comparison of intensities 

at wave lengths separated by more than 25 A requires calibration in 

terms of some standard source of known radiation distribution. The cali¬ 

bration standard used for calibrating all films was the burning spot of the 

standard arc anode described in the previous section. 

Considerable diversity of opinion exists over the validity of various 

(32) 
methods of film calibration. Jones contends that when properly ap¬ 

plied and operated above critical speeds the rotating step-selector disc gives 

film calibrations which are nearly the same as an intensity variation method. 

Sawyer has found though that for some emulsions, no such critical speed 

exists and the intermittency effect and reciprocity effect produce errors 

which renders the calibration more nearly a time variation calibration 

curve. 

For the sake of completeness, three separate methods of film calibration 

were employed Since the variation in dispersion of spectograph was less 

than 1%, rtio correction for dispersion was made in any calibration. First 

a time variation method in which the time of exposure was varied with a 

fixed slit 'width. Second a three step neutral density filter together with 

three slit widths were employed to give a nine point intensity variation 

curve. Thirdly, a rotating step-selector operated at 2500 rpm was used. 

All calibration curves were made with the Wratten 2-B filter in places 
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Thus the calibration curves account for the combined response of the 

film, the filter, and lens system. The calibration curves for wave lengths 

of 4158.59, 4259.36, 4272.16, 6965.43, and7272.94A 

are given in Figure (6 - 10), where the plots made in terms of arbitrary 

energy units from 10 to 1000 while the density equals Log^g (Incident/ 

transmitted light) is plotted for values of 1 to i.00, 

4.7 identification of Spectra 

By use of the Hartmann slit and the stigmatic character of the spectro¬ 

scope, a spectra of the argon plasma, an iron arc, and a mercury discharge 

tube were placed in juxtaposition. The iron spectra was readily identified 

by visual comparison with the iron spectra photograph contained in Gayden^”^, 

then the exact wave length was determined from spectrum tables . The 

argon spectra was then identified by iinear interpolation. 

4.8 Determination of Relative Intensities 

A special Hartmann slit was constructed which permitted the image of the 

plasma arc to be photographed on the bottom 1.25 cm of the film while the 

standard arc was placed on the upper .25 cm of the same film. A slit width 

of 32 , which is considerably wider than the critical slit width, was em¬ 

ployed. Since the line shapes were assumed to be similar, the wide slit 
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produced a flat-topped line, the maximum density of which was propor¬ 

tional to the line intensity. If the actual line shapes were to be inves¬ 

tigated, a slit width near the critical width would have been necessary 

and the density around the wave length in question would have to be 

Integrated to give the total density. 

The imaged lines from the argon plasma were then scanned on the 

micro densitometer; giving the density as a function of distance across 

the image. From the intensity vs density curves for the wave lengths in 

question, the relative intensity of the arc spectrum and the argon line 

could be determined, assuming the reciprocity effect is negligible. The 

arc spectrum intensities are related through Pianck's law, equation (10), 

and thus the argon line intensities may be related to each other. 

The intensity as a function of distance across the image and wave 

length wave then inverted by the numerical process previously described 

to give the intensity as a function of radial distance and wave length. 

The intensities were then plotted for various radial distances to give the 

temperature as a function of radial distance. 
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5, Discussion of Results 

Using the two line relative intensity method as discussed in section 

3.4# the temperature profile for the r-f induction heated argon plasma torch 

was determined at a height of 0.1 Indies above the top coil of the heater. 
* * 

The4259,4 A and 4272.2 A Ar I lines were compared. These tines 

have an upper energy state# Em# separation of .2 eV while their wave 

length separation is small. The film calibration showed the same sensi¬ 

tivity to both wave lengths and no film correction was necessary. 

Figure 11 shows the observed intensity profile, l(x)# of both lines 

with the radial profile# K?) and the computed temperature. The radial pro¬ 

file was obtained by numerical Inversion of Abel’s integral by the method 

discussed in section 3.5 using the program shown in Appendix A. The 

intensity profile l(X) was found tp be asymmetric. Subsequent examination of 

tiie plasma torch showed that the plasma was composed of a very intense 

inner core surrounded by an outer sheath of gas of lower luminescence 

which was not symmetric about the inner core. The vortex motion of the 

argon may have caused this asymmetry. 

The inner core was assumed to be symmetric and only those intensities 

obtained on the side of the inner core which was not covered by the outer 

sheath were inverted to give the radial distribution. The inverted distributi on 

unexpectedly turned out to be constant over a great portion of the inner core 



and thus the computed temperature showed a constant value except for 

the very center of the plasma. 

The maximum temperature at t!ie center of the Inner cone was found to be 

5300°K, A higher temperature was expected, but the fact that no Ar II 

lines were observed, even when the intense radiation from the plasma was 

observed between tire turns of the r-f heater, suggests that a low temperature 

is correct. No satisfactory spectra were obtained from the plasma generated 

in the d~c arc jet and no data concerning temperature profiles is given in this 

thesis. 

Since no Ar II lines were observed, the number of argon lines of known 

transition probabilities in the observable wave length range was only five, 
• # 

The 6965 A and 7272 A Sines have the same upper state and therefore 

can not he used independently in temperature determln&ion. Thus it appears 

advantageous to consider use of some of the other temperature determination 

techniques such as the “peaking function1* or the intensity ratio of impurity 

lines. 

A great amount of continuum radiation was observed and if a standard 

intensity source were available, the temperature from the background continuum 

could be used to determine the temperature independently of the line spectrum. 

This would provide a check of the consistency of observed results. 

The initial object of thU> investigation was to develop a method for 



measuring the temperature in an argon plasma. The results obtained indicate 

that the selected method will work and does provide reasonable temperature 

measurements. 



Table f Transition Probabilities and Pertinent Data on Some Lines of 
the Ar I and Ar i! Spectrum* 

(a) Ar I Spectrum 

n; 
Ann.*10 

(A) % 9m (cm**1) (cm"1) Olsen 

4158.59 5 5 93X43.800 117183.654 0.0655 

4259.36 3 1 95399.870 118870.981 0.246 

4272.16 3 3 93750.639 117151.387 0.0368 

6965.43 5 93143.800 107496.463 0.531 

7272.94 3 3 93750.639 107496.463 1.61 

(b> Ar if Spectrum 

E E A K 10 
n nm 

(A) 9n 9m CenT1) (cm"1) Olsen 

4348.11 6 8 134343.62 157234.93 IX.5 

4379.74 2 2 135602.62 158429.05 11.6 

4579.39 2 2 139259.22 161090.31 7.44 

4589.93 4 6 148620.98 170401.88 6.40 

4609.60 6 8 148843.29 170531.29 9.06 

4637.25 6 6 148843.29 170401.88 0.64 

4657.94 4 2 138244.51 159707.46 6.95 

4764.89 2 4 139259.22 160240,35 5.40 

4806.90 6 6 134242.62 155044.07 7.86 

4847.90 4 2 135086.81 155709.02 0.95 

■7(sec"3') 

Darwin'" 

0.102 

0.397 

0.0755 

-TCsec"1) 
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E n 
• **3, 

<A) gR gm (cm ) 

4879.90 4 6 138244.51 

4933.24 4 4 135086.88 

5009.34 4 6 135086.88 

135602.62 

E 
m 

(cm" 

158731.20 

155352.04 

155044.07 

155352.04 

A x 10"7(sec ) 
nm 

Olsen 

6.59 

1.60 

1.70 

2.20 5062.07 2 4 
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Figure 11. Intensity and Temperature Profile of an r-f Induction Heated Plasma Torch. 



45 

References 

1. Dikhoff, J. A. M., "Temperaturbestimmungen im Gleichstrom Kohlebogen," 
Colloquium Spectroscopicum Internationale XI, pp. 162-167. Amsterdam: 
Degamon Press (1956). 

2. Hill, W. E./Plasma Temperature: Relative Intensity of Spectral 
Lines/' Temperature Its Measurement and Control in Science and 
Industry, Herzfeld (ed J, vol. 3, part 1, pp. 561 - 565. New York: 
Reinhold. 

3. Huldt, L.,"Zur Deutung Spektroskoplscher Temperaturemessungen," 
Spectrochimica Acta/ vol. 7, pp. 264 - 273. (1955). 

4. Pearce, W. J., "Plasma-Jet Temperature Measurement," Optical 
Spectrometric Measurements of High Temperatures, Dickerman, P. J. 
(ed.), pp. 125 -167. Chicago: University of Chicago Press, (1961). 

5. Winter, E. R. F., Cremers, C. J., Temperature Distribution in a Low 
Mass Flux Argon Plasma Jet. Contract A? 33(616)-552s Report, 
AD 266849. University of Minnesota, (July 1962). 

6. Dickermann, P. J., and Morris, J. C.,"Experimental Studies of the 
Temperature in a field-free plasma." Optical Spectrometric Measurements 
of High Temperature, Dickermann, P. J., (ed.), pp. 170 - ISO. Chicago: 
University of Chicago Press, (1961). 

7. McLean, E. A., Faneuff, C. E., Kolb, A. C., and Friem, H. R., 
"Spectroscopic Study of Helium Plasmas Produced by Magnetically 
Driven Shock Waves." Phys. Fluids, vol. 3, no. 6.,pp. 843 - 856, 
(nov. - Dec. 1960). 

8. Barnard, A. J,, Cormack, G. D., and Simpkinson, W. V., "Spectroscopic 
Studies of Helium and Argon Plasmas Produced by Electromagnetically 
Driven ShockWaves." Can.J. of Phys., vol. 40, no. 5, pp. 531 - 
539, (May 1962). 

9. Stone, P. M., and Agnew, L./'Plasma-Broadened Ceslium Lines." 
Phys, Rev., vol. 127, no. 4, pp. 1157 - 1162, (Aug. 1962). 

10. Cambel, A1 B., Gottschlick, C. F., and Knopp, C. F., "A Spectroscopic 
Technique for the Measurement of Temperature in Transparent Plasmas. 
Contract Wo. A. F. OSR 49(638)-879 Report. Northwestern University 
Gas Dynamic Laboratory (July, 1961), 



46 

11. Burhom, F,, Maecker, H., and Peters, T., "Temperaturmessungen am 
Wasserstabiiisierten Hockleistungsbogen." Zeit. Physik, vol. 131, 
pp. 28 - 40, (1951). 

12. Olsen, H. N., "Measurement of Argon Transition Probabilities Using 
the Thermal Arc Plasma as a Radiation Source." J. Quant. Spectrosc. 
Radiat. Transfer, vol. 3, pp. 59 - 76, (1963). 

13. Petschek, H. E., Rose, P, H., Glick, H. S., Kane, A,, and Kantrowitz, 
A., "Spectroscopic Studies of Highly Ionized Argon Produced by Shock 
Waves." J.Appl. Phys., vol. 26, no. 1, pp. 83 - 95 (Jan. 1955). 

14. Undftld, A., Physik Der Stematmospharen, 2nd ed. Berlin: Springer- 
Verlag, (1955). 

15. Donohue, R. J. and Majkowskl, R. F., "Spectroscopic Measurements 
of Temperatures and Densities in a Cesium Plasma." J. Appl. Phys., 
vol. 33, no. 1, pp. 3 - 10, (Jan. 1962). 

16. Heitler, W., The Quantum Theory of Radiation. London: Clarendon 
Press, (195C ~~ 

17. Condon, E, V., Shortley, G. H., The Theory of Atomic Spectra. 
Cambridge: Cambridge Press, (1935), 

18. Wulff, H., "Plasma Diagnostics by Spectroscopical Means," Nuclear 
instruments and Methods, vol. 4, pp. 352 - 362, (1959). 

19. Dieke, G. H.,"Spectroscopy of Combustion'^ Physical Measurements 
in Gas Dynamics and Combustion, Ladenburg, R. W., Lewis B., 
Pease, R. hi., and Taylor, H. S., (editors), vol. 9, pp. 467 - 522. 
New Jersey: Princeton University Press (1954). 

20. Fowler, R. H., and Milne,;E. A., Mon. Not. Roy. Astr. SGC., 
vol. 83, pp. 403, (1923); vol. 84, pp. 499, (1$24). 

21. Darwin, H. W.,'V*/irkungsquerschnitte von Neutralen Wasserstoff; 

Helium-und Argonatonon Gegenuber Elektronenstoss, Z. Phys. vol. 
146, pp. 295, (1956). 

22. McLean, E. A., "The Measurement of Helium Oscillator Strengths 
Using an Electromagnetic Shock Tube." Temperature Its Measurement 
and Control In Science and Industry. Herzfeld, C. M., (ed.), vol. 3, 
part I, pp. 607 - 611 . New York: Reinhold, (1962). 



47 

23. Pearce, W, J., Conference on Extremely High Temperatures, Fisher, 
H,, and Mansur, L. C., (ed.), pp. 129-134. New York: John 
Wiley & Sons (1958). 

24. Nagler, R. G.,"Application of Spectroscopic Temperature Measuring 
Methods to Definition of a Plasma Arc Flame,11 J. P. L. Technical 
Report Mo, 32-66. Los Angeles: Cal, Tech. Press (1961), 

25. Dooley, M. T., and McGregor, W. K., "Calculation of the Radial 
Distribution of the Density Dependent Properties in an Axisymmetric 
Gas Stream'j AEDC-TM-60-216. ASTIA, Arlington, Virginia (1961). 

26. Nestor, 0. H., and Olsen, H. N.,"Numerical Methods for Reducing 
Line and Surface Probe Data," Soc, Indust. Appl. Math. Rev., vol.2, 
pp. 200 (1960). 

27. Null, M. R., and Lozier. W. W.,"Carbon Arc as a Radiation Standard." 
J. Opt, Soc. Am., vol. 52, no. 10, pp. 1156 - 1162 (Oct. 1962). 

28. Euler, J.,"Der Graphitbogen als Spektral Photometrisches Strahldichtenormal 
in Gebiet von 0.25 bis 1.8>J. Ann Physik, vol. 11, pp. 203 - 224 
(1953). r 

29. MacPherson, H. G., "The Carbon Arc as a Radiation Standard." J. 
Opt. Soc. Am., vol. 30, pp. 189 - 194 (May 1940). 

30. Sawyer, R. A., Experimental Spectroscopy, 2nd ed., New York) 
Prentice-Hall (1951), 

31. Harrison, G. R., Lord, R. C., Loofbourow, J. R., Practical Spectroscopy., 
New York: Prentice-Hall (1948). 

32. Jones, L. A., "Measurement of Radiant Energy with Photographic 
Material," Measurement of Radiant Energy, Forsythe, W. E. (ed.), 
pp. 247 - 282. New York: McGraw-Hill (1937). 

33.     , Kodak Materials for Spectrum Analysis. 
2nd edition. Eastman Kodak Co. (1954). 

34.  . Kodak Plates and Films for Science and 
Industry. Eastman Kodak Co. (1962). 



48 

35. Pearse, R. VV. 8., and Gaydon A. G., The Identification of Molecular 
Spectra. New York: John Wiley & Sons (194X). 

36. Saidel, A. N., Prokofiev, U. K«, Raiski, S. M. Tables of Spectrum 
Lines. Berlin: Veb Verlag Technik (1955). 



Bibliography 

Bitter, F,, and Waymouth, J. F., "Radiation Temperature of a Plasma." 
Qot. Soc. Am. f voi. 46f no. 10, pp; 882 - 884. (Oct. 1956), 

Breene, R. 6.# Jr., The Shift and Shape of Spectral Lines. New York: 
Pergamon Press# (1961). 

Cauchols# Y., Atomes Spectres Matiere. Paris: Albin Michel (1952). 

Oickerman# P. J.# Conference on Extremely High Temperatures/ Fisher, N., 
and Mansur, L. C.7(ed.), pp. 77 - 92. New York: John Wiley & Sons. 
(1958) 

Elsberg, R. M*, Fundamentals of Modem Physics. New York: John Wiley 
& Sons (1962). 

Gaydon, A. G., The Spectroscopy of Flames. London: Chapman and Hall 
(1957). 

Griem, H. R.,"Validity of Local Thermal Equilibrium In Plasma Spectroscopy. 
Phys. Rev, vol. 131, no. 3. pp. 1170 - 1176 (Aug. 1963). 

Joos, G., Theoretical Physics. New York: Hafner (1950). 

Lockte-Holtgreuen, W., Reports on Progress in Physics, vol. 21, Strickland 
A. C., (ed.), pp. 312 - 380. london: the Physical Society (1958). 

Mavrodineanu, R., and Boiteux, H., L*Analyse Spectrale Quantitative Par 
La Flame. Paris: Masson (1954). 

Porter, R. W., and Anderson, T. P., "On the Accuracy of Spectrometric 
Measurement of Plasma Temperature." J. Quant. Spectrosc. Radiat. Tranfer. 
vol* 3, pp. 279 - 283 (1963). 

St. Pierre, C., "Review of Fundamentals on Gas Emissivity." CARDE Tech. 
Memo. AB-33. P.C.C. D44-95-51-11. Canadian Armament Research 
andDevelopment Establishment (1959). 



50 

Appendix A 

Fortran il Program for Numerical Solution of Abel's Integral. 

DIMENSIQNA(325># R(25), X(25) 

1 F0RMATC10F8.5) 

2 F0RMAT(13# F8.3) 

3 FQRMATQ0F8.2) 

READ1#(A(M>, M=l# 325) 

5 READ2, 1FRST 

READS# (XCK), K=l, IFRST) 

00161=1# IFRST 

SUM=0 

K=IFRST—1+1 

IF(I-1)15,15,13 

13 L=K+l 

D014J=L , IFRST 

M=K+J*(J-*l)/2 

14 SUM=SUiVH-R(J>*A(M) 

15 M=K*(K+l>/2 

R(K)=(X(K)~SUy)/A(iyi) 

16 PUNCH2# K, R(K) 

GOT03 

END 



(23) 
Mote: (1) Area coefficients# j# from Pearce 

computer memory in linear sequence from a-j^-j = 

a325 teac^n9 ws from left to right# top to bottom 

(2) IFRST is the number of radial divisions 

are entered in the 

t0 a25#25 ~ 


