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PREFACE

High energy arc discharges have been used to pump lasers since the
first ruby laser of Maiman, and are still the most efficient means {or exciting
the high energy lasers. In order to obtain larger inputs to le-=ers and more
efficient high energy lasers, the need arose for a better understanding of the
processes within the arc discharge. The literature existing on these discharges
is contradictory, and the experimental evidences of such phenomena as the
saturation of the discharge and dependence of efficiency upon many parameters
were not readily explained.

1 1der these circumstances, it was felt that a more basic study of
the highly radiant, high energy arc discharge was needed, in which the physical
properties of these arc plasma were to be used in models for the discharges to
calculate the radiant characteristics. These models for the discharge wculd be
validated through experiment. Once the suitable models were available, the
application to the specific high energy laser pumping applications would be
straightforward, though not necessarily easy. The theoretical models for the
pulsed arc discharge discussed in the final report possess many of the features
of the actual arcs, but exhibit only semi-quantitative agreement. In part,
this lack of agreement is due to deficiencies in the model, such as in not
including thermal conduction power transport and such features as the Stark
broadened . - which are so important in the infrared between .65 and 1.0 u.
But a large portion of the disagreement is due to insufficient quantitative
knowledge of the properties of dense =77 7:7ujin particular, the spectral
absorptivities and transport properties (i.e.5 electrical and thermal

conductivity) of xenon. This lack of knowledge is not unique to xenon or the




other rare gases; there is a lack of quantitative dats on dens: plasmas Of

even nitrogen and oxygen. In the past five years, there has been a large
amount effort devoted tpwards the investigation of those gases, using the
cascade arc, and the shock tube. The availability of the digital computer
has helped considerably =-- if not made possible -- these studies.

The experimental measurements such as those discussed in this report
indicate that the wall-stabilized pulsed arc or flash tube cea provide valuable
quantitative information in dense plasmas such as those that may ne ewcountered

in gases other than xenon.
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ABSTRACT

This report summarizes the work co date on Contract Nonr L64LT(00)
towards creating modeis for the high energy pulsed arc discharge useu for
high energy laser pumping. Homogeneous temperature models sre discussed in
which the rediant emission is balanced by the electrical power input. These
models have been evalusted 8t various energy levels for the temperature which
has Leen measured within the arc (assuming local thermel equilibrium). The
models included the continuum spectral absorptivity calculated according to
Biberman and Normen (using the Zeta factor of Schliiter). There was found
to be a semi-quantitative agreement between the Zeta factor observed experi-
mentally, and those of Biberman and Norman, snd of Schliiter. The spectral
trensmissivity as 8 function of current density calculated from the mcdels
showed reasonable agreement with the experimentel values of Emmett, Schawlow,
and Weinberg in the visible and ultraviolet, but differ widely in the infrared
(due 15 the strong infrared lines of xenon).

Measurements of the time~resolved profiles of lines in the infrared,
of the redisl distribution of the spectrel radiance in the ultraviolet, and
of the electrical conductivity sre also discussed. These measurements provide
a means for determining the tempersture dependence of these quantities within
these arcs. The ultraviolet radisl profiles indicete thet the arc is relatively

homogeneous for the range of current densities snd pressures studied.
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ggprodnction

Arc discnarges are commonly used fo-' exciting high energy lasers.

The highly radiative arc discharges used for the high energy laser excitation
has been exsmined experimentally by numerous groups in order to understand
them more fully, but the results were in many respects ccutradictory. Further-
more, many of the characteristics observed were not readily explainatle on any
simple basis. Phenomena such as saturation of the arc, emission with increasing
powcr input and the variation of the efficiency with size, shape, and the energy
density, all required further explanation in order to apply these arc discharges
to high erergy laser pumping.

The radiative arc discharge consists of a core of high density
plesma, in which the opucity varies widely for different spectral regions,
surrounded by a cooler gas near the wall. Various disciplines, such as
astrophysics, heat transfer, and reentry physics have considered various related
aspects of such plasmas. The broader coasiderations must include, in addition
to the widely varying opacity and the high density, the transport properties
of the arc plasms and the energy transport due to radiation within those
plasmas, which can possess a strongly varying temperature distribution from
the wall to the center of the discharge.

Since the radiative arc discharge plays a major role in high energy
laser pumping, it was felt by meny that these arcs shouia be understood more
thoroughly. Such an understanding would be of use not only in present laser
design, but also for studies on the optimization and the meximum energy

capabilities of future laser systems.
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In the course of Contract Nonr 46LT(CO), some models for the highly
radiative arc discharge were developed in which the resistive power input
per unit volume is balanced by radiation and by thermal conduction from that
volume. The arcs were optically thick (i.e., high a»sorptivity or opacity)
over certain wavelength regions, particularly in the infrared and far ultra-
violet, but also for many of the lines; elsewhere Ii:'ywere optically thin.
Consequently the anclyses of the energy transport within the arc included a
wide range of spectral absorptivities (i.e., a non-gray radistive t.ansport
calculation). The temperature in the arc varied from being near the boiling
point of guartz or less (v2000°K) at the outer wall to a temperature in the
center necessary to give electrical conductivities corresponding to * ~se of
a fully ionized gas (V10,000°K). This inhomogeneity in temperature and the
resulting gradient needed to be considered in any complete evaluation of
the model for the radiative arc discharge. The First Semiannual Reportl
discussed many of these aspects of the considerations involved in the model
studies.

In the course of the contract, models described in the First Semi-
annual Report were evz. ated “nich utilized simple expressions {extended by

Pennerg’3

from work of Raizerh’s) for the bound-free and free-free continuum
absorptivities for a homogeneovs temperature since the homegeneous temperature
was found by experimental measurements tc be a reasonable approximation for the
measured temperature distribution in the arc. The calculated spectral itrans-

mission of this model was found to differ by a factor of four from experimental

6
measurements .
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Comparison of spectral transmissivities calculated using the spectral
absorptivities computed according to the methods of Biberman, Norman, and

7-12 13

Yankov and of Schliiter

with experimentally measured spectral trans-
missivities of  %—:ctt, Schawlow, and Weinberg6, and subsequent work of
Hhrdinglh, discussed in this report, show a good correspondence at wavelengths
less 0.65 W, but wide varistions for the longer wavelengths to st least 0.95 u.
Experimental measurements of the profiles of the strong of xenon lines in the
infrared indicated that the broadening and the saturation of these lines in the
infrared could account for a major portion of the difference in the 80004°
spectral region between the absorptivities calculated considering only free-
free and free-bound transitions and the absorptivities measured.

To aid in these model studies, it was felt necessary to measure
the spectral absorptivities of xenon as a function of temperature and pressure,
and compere the values with theoretical calculations. The saturation of the
spectral radiance at wavelengths at which {he arec becomes optically thick (st
the peaks of the strong lines or of the continuum, in the infrared) nas allowed
determination of the temperature of the core of the arc channel, {assuming the
arc to be homogeneous in temperature). The temperature thus measured has been
used to measure wavelength dependence of the Zeta factor (the Bibermesn zad
Normen Zeta factorT), wvhich related the spectral absorptivity of the continuum
to the particle density and tcrperatlure in the plagma. Cornuricon of the meosvred
values with recently published theoretically calculated values of Schlutcrl3
indicates a reasonable correspondence both in magnitude and variation with
wavelength. The spectral radiances that we have measured at various input
energy levels has been compared with thcoretical calculations using the simple
models for the arc plasma together with spectral absorptivities calculated using

Schlliter's theoretically calculated values of the Zetn frector.
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The dependence of the electrical conductivity upon tempersture (and
pressure) was also measured. The experimentally determined electrical
conductivity was appreciably lower than the calculations made according to
methods © Spitzer and hie oollaborat0y315’16.

To improve the model investigations, techniques for handling
radiative transport have been developed for calculating the radiant emittance
from an inhomogeneous temperature distribution, which would jueclude the
absorption in the vacuum ultraviolet by the cool gas near the walls of the tube.
This work is contained in Appendix A. The iterative solutions to the differential
equations, describing the energy or power balance within the are to find the
temperature distribution, were found not to have a satisfactory rzte of
convergence. The techniques being developed under the contract for handling
radiative transport within a non-gray inhomogeneous temperature gas are generally
applicable to other DPlasma problems. Currently the radiative transvort techniques
are being applied using the continuum absorptivities caleulated using the theory
of Biberman, llormen, and Ybnkov7'12, and an approximation to the transport
bropertieec which inecludes electron-electron, electron-ion, and nevtral-neutral
scattering {due to Fale). This transport properties caleulation neglects
electron-neutral interactions. The theoretical caleculations of the transport
properties incorporating the electron-neutral scattering, which for xenon,
krypton, and argon involves the Ramsauer minimumla, which were discussed in
the First Semiannual Reportl complex than we had originally envisioned and will
be dealt with in subsequent work.

The inclusion of the lines into the models has broved to be uncertain

due to the lack of data on the absolute transition Probabilities and the line
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broadening parameters for xenon. Since some of the lines of xenon are thought
to be I-S coupled (according to Moorelg), a Bates-Damgaardeo calculation of
the absolute transition probabilities of a number of the I-S coupled lines
has been made. These calculated absolute transition probabilities were used
to obtain a temperature to estimate the absolute transition probabilities for
the other lines of interest in the infrared from the intensities listed in
the American Institute of Physics thdbookel. This work is described in
Appendix B.

The ALGOL computer progrszms for the Burroughs B-5500 DISK Couputer
that were developed in this contract are in Appendix C.

The work in Contract Nonr h6h7(00) has been directed towards formu-
lating the wodel for the radiative arc, and then evaluating the model by incor-
porating gradually more details and features of the arc plasma. Many aspects
of this problem, particularly those of radiative transport in a non-gray gas
and the transport properties of a partizlly ionized plasms, involve basic
questions in rlasma physics. The technigues developed on this vontract, both
theoretical and experimental, will be useful in solving many other problems

involving radiation transport in partially ionized plasmas.
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CHAPTER 2

Theoretical Calculations of the Physical Properties of the Arc Plasma

In order to construct models for the plasma, and as the work has
progressed, to provide a tasis for comparison of our experimental values with
theoretical calculetions, we needed to calculate the spectral absorptivities
and the transport properties, electrical and thermel conductivity, as a
function of temperature and pressure. The besis for orr choice of the calcula-
tions for these properties is discussed fully in the Semiannual Reportl

Briefly, we felt that the Bibermsn & Norman'

method for calculating the spectral
absorptivity of the continuum was the most satisfactory approach. Particle
densities necessary to celculate the spectralkabsorptivities and the transport
properties were calculated as a function of temperature and pressuve using

22,23

sténdard methods, similar to that of Drellishak et al.

In the calculations to be discussed, we have used & simple method
to calculate the electrical conductivity, due to Spitzer and his collaboratorsls’ls.
Work that we have in progress with the aid of Dr. R. S. De Voto of Stanford
University seeks to determine experimentally and theoretically the values of
conductivity that actually exist in the plasma. These measurements are briefly
discucsed in Section 4.5.

The portions of the sections that follow will expend on these brief

descriptions.

2.1 Theoretical Calculation of the Spectral Absorptivity for Free-Free and
Free-Bound Processes

In order tou calculate the radiative emission flux from an arc plasma,

the spectral absorptivity of the plesme must be determined. If the temperature
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and pressure of a gas is known, and LTE can be assumed, one can in principle
determine the spectral ebsorptivity and emission coefficient due to free-free
and free-bound transitions. The emission coefficient and spectral absorptivity
of the rare gases were determined using the quantum defect calculations of

7-12

Biberman and Norman as originally adapted to this problem by Seaton and

Burgessah.
For a plasma in LTE, Kirchhofft's law holds. The emission coefficient
may be written as
€y = K"DB'D (2.1)

where eD - emission coefficient
K6 - spectral absorptivity
BD = Planck function.

The effective spectral absorptivity which includes stimulated emission is given

by
~hV/kT
Ky = K, (16 BET) (2.2)
where KD is the spectral absorptivity. KD is given by
i
Ky = T Ky (2.3)

i
where Koy is the spectral absorptivity cf the atomic or ionic species i. 1In

the Biberman and Norman technique for determining the spectral absorptivity

of an atom or ion the energy levels of the system are divided into two classes
(Fig. 3 - Reference 12). In the determination of the expression for the spectral
absorptivity, the upper levels in the frequency region denoted by Dg are integrated
over. The th¢ low lying widely separated levels, an absorption cross section is
calculated for each level. This has been done by Yankov8 for the xenon atom,

for the level series up to 8s. The spectral absorptivity Kil for each series

of levels of the species is then obtained by
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i
K" ® % Nop (2.4)

where on is the absorption cross section for the nl series of levels and

1

an is the number density of those levels. Assuming Boltzman statistics
and releting this to the ground state we have

g
A ne -hV _/kT ,
o1 = % Ng 5, e nl {2.5)

vwhere Ng is the density of the ground state and gnl and gg are the statisticel
weights of the nl series and the ground state respectively. The spectral
absorptivity for each of the nl series is then added to the spectral absorptivity
due to the integrated lines and the free-free absorption. The spectral absorptivit;

due to the integrated lines and the free-free spectral absorptivity for species

i is given by the followingT:
2
2Q Z
i i+1 -u.+u i / .
Ky = A % Te 1 -u§ gi\u) N forbﬁbg (2.6)
2
2Q Z
= A—2p et L o (0) N, foro> D (2.7)
where
.26
A =.l§EiESH = .89 x 102h cr® sec™3 %1 (2.8)
3¥3 ch
Iy
= kT
hD'I .
u, = _E% where Dl = threshold frequency for photo ionizetion from
ground state
o
ug = kT

Zi = core charge of the residual ion
Qi = internal pértition function of the ith species
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Q=2 gJi e'Ej/kT where the sum is over all energy levels of
! the species and EJ is the energy of the Jth
level above the ground state.
Ni = nunber density of the ith species

gi(b) = 8 correction factor for species i as calculated for the

xenon ctom by Biberman, Norman and Ulyanovll. (Zeta factor) .

(Recent work by Schlﬂter13 shows quite different values for € that agree more
closely with our experimentally determined values. See Section 4.4)., Then
one has for the total absorption cnefficient of the species i the expression

i i i
Ky = K + gl K (2.9)

where the sum is over ali series of levels considered independently, of course
the more levels considered independently the greater the accuracy should be.

In order to calculate K}, one needs to know, other than the correction
Tactor gi(u), each species partition function Qi, each species density Ni and
the temperature T. If one cen experimentally determine the temperature then,
under the assumptions stated earlier, ore can calculate reasonable values for
Qi and Ni' This will be discussed now.

2.2 Partition Functions and Electron Densities

As stated earlier we have for the partition function

1
-Ey/kT (2.10)

Q =281e
i s d
J
The sum is over all levels and therefore diverges for s free atom or ion.
However, in a rlesma, electrons tend to cluster about the ions. Thus when an

ion-electron pair is produced a certain amount of energy is released. Ionization

potentials are reduced by this amount of ordering energy which is dependant upon
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the charge of the particle, the plasma density and the temperature. Thus the

pertition function summetion must be truncated at an energy value of

i
E =1, - AL (2.11)
where Ii is the isolated ionization potential of species i and AIi is the
2
ionization potential lowering of that speclier, given by >
1/2 2 1/2
AL, = 2(zi + 1)e3 (7/xT) / (N( + f"i Ni) / (2.12)

for a Debye-Huckel plasma. For the tables which have been tabulated by

Chaerlotte Moorelg, 8y is given by
g =2 J + 1. (2.13)
For those nl levels which have been approximated for xencn by McChesney and
ane526
= 2
g, = 5, (2 Jn + l)k (2.14)

where the sum is over all J states for a given nl term.

These partition functions are then used to calculate the electron

density for an LTE plasme using the Saha equation522’27:

MoeaNe 2 mk 3/2 N8 ,1,3/2 -(I, - &I, )/xT
R = ( ) ) - € i i
i h “i

If n is the highest degree of ionization of the monatomic ges, there will be

(2.15)

n + 2 sgpecies of particles present. The set of Sahea equations then gives n
equations in n + 2 unknowns. The other two equations necessary to solve for

all the particle densities is given by

N, = ? 1N, end (2.16)

"
=4

N, = %:o (1+1) N, (2.17)




!

L g

Bl G e e el

Lo |

i et NN

J

¥
i

o

- 11 -

Nt is the total particle density as is given by the equation of state. The

equation of state used is the ideal gas law

P = NkT (2.18)
The corrections to this for a Debye-Huckel interaction have been discussed
by Griemzs. Therefore if one is given the temperature end pressure one
can solve for the electron density and the various atom and ion densities onuce
the partition furction series sum is known. However since the truﬂcation of
this sum depends on the particle densities an iterstion procedure must be

employed. This has been done by Drellishak, et 31.23’23’28

for argon¥*. A

computer program has been written and the partition functions, electron,

atom, and ion densities and the ionization potential lowering for xencn were
calculated. The program employs certain improvements over Drellishak's
calculation. The cutoff of the partition function series and the ionization
potential lowering are obtained as we described earlier rather than by a

principal quantum number cutoff method assuming Bohr type orbits as employed

by Drellishak. At very high electron densities and high temperatures the principel
quantum number cutoff will introduce errors in the partition functions.

*NOTE: An error exists in Equation (12) of reference 24. This equation should

read

N+1 £ N1 N-1 ,, )
ng + ng : ng (141) - n.n (1) %=1 Kr} = 0 (2.19)

Although this formula is incorrectly stated in references 22, 23, and 28 the
correct one is used in the computer calculations so the results of those

references are not affected.




- 12 -

2.3 The Absorption Coefficient of the Lines

The contribution of the bound-bound state transitions, the spectral
lines, to the absorption coeftf'icient is more difficult to calculate due to
the requirements for absolute values of the transition probabilities for all
of the lines that may be involved including those inn the infrared or ultra-
violet. The relative effect of the lines upon the radiant emittance varies
with temperature and pressure tending to be greater (but not always) for the
lower temperatures and high pressures--conditions similar to those in flash
tubes. OQur calculations of the transition probabilities are discussed in
Appendix B. Work is in progress towards extending the Stark brosdening theory

29

of Griem ” and other to the lines of xenon in the infrared.

2.4 The Electrical and Thermal Conductivities for a Fully Ionized Plasma

The electrical conductivity is taken to be that of o fully ionized
plasme using the theory of Spitzer and his coworkersls’l6. As the power !nput
to the arc which is given by ¢ E?, is probably on.y appreciable in che fully
ionized portion of the arc discharge. The Spitzer theory for a fully ionized
plasma considers only electron-electron and electron-ion scattering, which are
the dominant processes for material that is more than about .1% ionized3o.

(We are using "fully ionized" in the sense that only those processes need be
considered).

There is one majer difficulty in applying the Spitzer theory to the
plasmas in high energy flash tubes. This difficult, arises from the high
electron dencity but relatively low temperature which exists in the arc discharges,

for which the theory is not considered valid as the coulomb logarithm term

(deroted as 1n/.) goes to zero and the errors are of tke order of 1/1nf, due to the
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neglect of close encounters in the Fokker-Planck equation used in the derivation.

31, the electrical conductivity o is given by this equation:

/2 51

E
3.80 x 103 yARTER
i1

Following Spitzer

ag

in (ohm cm)'l (2.20)

and the thermal conductivity K by
1.95 x 10711 75/2 3T,
Zilnﬁt

K = (2.21)

BTE and BTK are correction factors dependent upon Zi’ vbich is the ionic charge

(note: Z =1 for a singly ionized gas). From Cohen et al.l6 is the ratio

"“-i
of the Depye shielding parameter h to the impact parameter bo (bo is the distance

for a 90° deflection of an electron by a positive ion).

1/2
3 7 (2.22)
3, TWN (1+2Z.) cresy

e 1

h
A=5 =
0 e

i
When./a1 < 12 T, Cohen et al.16 and others17’32’33 suggest using for z = 1

M= igz_i7§ rather than the above value. (2.23)
e

N
e

A
This is equivelent to substituting the interionic J4istance (Nu *~3 for the
Debye shieldiag parameter h.

In commen units, for Z = 1, 1r from equation 3.10 is given as

73

InA=9.43 + 1/2 1In ¥ (2.24)
e
for T in °K and Ne in particles/cm3. The correction factors STE and BTK are

given by Spitzer and Hdrm in terms of Z (the integral values of Z, a value

may be obtained by interpolation between the values in the following tablels:




Z=1 Z =2 Z =4 Z2=16 Z= ®

8T, .582 .683 . 785 .923 1
oTy .225 .356 .513 . 791 1

2.5 The Thermal Conductivity in the Boundery layer (Used in Appendix A)

The thermal conductivity in (either the simple or complete case)
is a source of great concern in this investigation. The maJjor influence
of the thermal conductivity heat transfer in the pulsed arc discharges lies
in the boundary region between the arc discharge channel (where the o E2
terms are dominant ) and the relatively cool wall containing the are. We
say relatively cool as the temperature of the wall is assumed to be on the Lt
order of the boiling point of quartz (2800°k ) or probably much less. In :
this boundary region, there can be extremely high thermal, electron density,
and neutral particle density gradients (the latter being of opposite sign

from the first two). Simple approaches to thermal conduction, such as that

shown graphically in Fale and in Reillth for argon and xenon use Spitzer
conductivity down to temperatures at which the neutral particle thermal -
35

conductivity becomes dominant~””. This may be correct, or it mey be off by an
order of magnitude at one temperature or another. The neglect of the electron-
neutral conductivity in gases with a Ramsauer minimum, such as argon, krypton
and xenon have, may lead to large errors. There have not, as yet, been any

def: ~1itive experiments, that we could find in the literature, on the measurement
of the thermal conductivities of partially ionized plasmas--much less those in
a high temperature and electron density gradients at the particle densities we

are concerned within the flash tubes.
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The thermal conductivity given in the previous section is that
derived from Spitzer's theory and is probably a reasonable representation
of the thermal conductivity in the arc channel proper. For the boundary
layer region, for the simple representation, Fay's approach17 was used

calculating the values corresponding to the pressure in the flash tube.
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CHAPTER 3

Tne Model Studies

3.1 Introduction to the Model Studies

An arc discharge may have many different temperature distributions.
If a major portion of the power put into the erc is carried away by thermal
conduction, then thermal conduction power transport within the arc and
external to the arc causes the variation of temperature with arc radius.
This occurs when the radiative flux from the arc is small compared to
the thermelly conducted power; it usually occurs in low pressure arcs.
If the plasma in the arc is optically very thick over a major portion
of the spectral region of emission, the radiative power transport within
the arc will lead to a temperature gradient sinilar to that of the
thermal conduction. As we had mentioned in the previous report, the
optically thick radiative flux is directly =nalogous in its effects to
thermal conduction.

If the radiation emitted balances & major fraction of the
input power (i.e.: thermal conduction losses are small), and the arc
is optically thin over a major portion of the spectral region of interest
(this case appears to be that for the pulsed flash lamp at normal
energy loadings) the temperature within the arc will not change appreci-
ably with radius except at the very edge. The temperature distribution
can be taken to be conctant in the arc channcl,

Appendix A shows our progress towards solving the radiative
transport problem for models having a non-homogeneous distribution
which is necessary for solving the radiant energy balance equation

discussed in the Semiannual Report1 to obtain the temperature distribution.
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The two new models that will be discussed in the following
sections assume constant temperature in the arc channel; that is, the
arc channel is homogeneous in temperature. Experimental measurements
of the radial distribution of the spectral transmissivity6 and of the
spectral radiance is the ultraviolet (to be discussed later) support
this assumption.

The arcs to be considered will be steady state arcs in which
the electrical power input is balanced by the power radiated from the
aiv and that carried away by thermal conduction. A more complete cal-
culation for pulsed or AC arcs would require the inclusion of the power
required to ionize the gas. The calculations to be presented will also
neglect thermal conduction tc¢ the arc boundaries such as the walls and
the electrodes.

3.2 Analysis

The power is generated in the arc by resistive heating; this
power is balanced by the sum of the radiated power and the power carried
away by thermal processes, such as conduction and convection. In equation

36

form, this balance is

2

div (F+ i"HC) = oE (5.1)

where E is the electric field in volts/cm, o 1s the electrical conducti-
3

vity in ohm_l, P ig the radiant emittance vector in watts/cm> , and Fyo

is the vector representing the power carried away by the thermal processes.

?HC and the convection heat transfer vector denoted by ?C:

Fyo =By + By (3.2)
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The convection term is usually small and will be considered negligible
in this calculation. The thermal conduction term iﬂ is usually expressed
in terms of the thermal conductivity, K, by

Fh = -K grad T (3.3)
where T is the temperature and grad T, the temperature gradient at the
point at which F is being measured. The units of K, the thermal conduc-
tivity, are watts cm-2 °x71 cm.

Equation 3.1 can be integrated over the volume surrounding the

jjf div (F + FHC)dv = jjfa E° av (3.4)
\ ‘ \

The integral over the arc volume can be transformed by the Gauss Theorem

arce.

to an integral of the normal component over the surface are A

j,! Fo)noma1 4 = JJF ndA f/ ndA =/ffvaE2 av(3.5)

component

Let us now confine our discusgion to arcs of infinite length. For a
volume of unit length, the power flow through the end surfaces balance
so we need to consider only the power flow through the boundary surfaces.
The coordinate system for the models being considered is so chosen that
the x-direction is normal to the surface, and the x-component of F and ?H
is then the normal component which is to be integrated over the surface
area.

Tﬁe power radiated by the arc is given by F, fhe radiant
emittance. F is the integral ovér all frequencies (i.e., energy units)

or all wavelengths of the spectral radiant emittance, ?V or 5\, in

frequency or wavelength units, respectively.
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(-]
1

F=j dev=/oF)» a, (3.6)

~n
-
-

F may be expressed per cm or mjcron of wavelengtn; ib can be in cm-l,
sec  ~ or energy units.
In converting between the units, remember that

%=£andz&x= -Lm= & (3.7)

v 2
n

- &

v
We will use cm-l units in the calculation, but refer to them as frequency
units.

Let us now consider the x component of the spectral radiant
emittance E, (P). ) (P) is the total power per unit frequency interval
flowing acrozs a unit :rea perpendicular to the x-direction. It is
given by the integral over all angles oI the cuuponent of the spectral

radiance I (P,8) in the x-direction.

Iy (p) = x./ 1L, (P,8) cos (S,x) dw (3.8)

Figure 1 shows this relationship. The spectral radiance, Iv, is the basic
unit in radiative power transport. For a given direction §, IV(P,Q) is
the power per unit frequency (or wavelengths), per solid angle per unit
area perpendicular to the direction S at a point P. I,vhas the units
watts cm-2 cm steradiannl for frequency in cm-l units. (Ix has the units
watts cm-2 cm-l steradian-l for wavelengths in cm). I\’or IX is also
called the specific intensity of radiation. It is the radia metric unit
corresponding to luminance (or brightness) in photometric units.

The spectral radiance is related to the properties of the
medium through the equation of transfer which, for a medium in local

39 ko
thermal equilibrium (LTE) can be written as
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Fig. 1—The geometry of radiative transfer
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g = KBy (D) - I,(P,8)] (3.9)
in which k', , is the spectral ubsorption coefficient ircluding stimulated

/

cuizz'on and Bv\

T) the Flanck function for a temperature, T. «!' is
related to the more usual spectral absorption coefficient by the equation
o0 /RT) .

k= v (1 -

8 \ (3.10)

K), the spectral absorption, is & function of the arc medium at that
temperature and pressure. It mcy arise from discrete transitions
(lines), or from transition between bound-free or free-free states
(continuum).

Following Lu‘cz,l"l using standard techniques for solving a
first order differential equation,h2 the solution can be found for
equation 3.9. We assume that no radiance is incident upon the system
and the temperature is homogeneous; thus, there is no variation of Ky
with' §.

I, =8,(1) (- ®) (3.11:
We will apply this to a plane parallel slab and a cyiinder of

homogeneous temperature.

3.3 Plane Parallel Slab of Homogeneous Temperature

The geometry of the plane parallel slab is shown in Figure 2.

As § = x sec ¢, equation 3.11 becomes

1, = B(D [1- % X sece

(3.12)
We want the radiant emittance at P = P (0,0,0) in the x-direction
(actually negative x). So using 3.12 in equation 3.8 yields
F =/'27T£/ 52 B,(T) [1 - e Ty 520 o5 ¢ sin ededp(3.13)
X g0 6=0

where 1. = k!
v - Ky X
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Fig. 2—A plane-parallel slab of homogeneous temperature
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Integrating over ¢ yields

AY

[ P Rne 9 |
F, =2m Bv(T) v e "/ e V7 s 0 sin 9d9;7 (3.14)

X L o

Let u = sec 6,
The integral reduces tou “he exponentia.r integral of the third orderb'l’ 43

/2
/

The exponential integral of third orderlB may be integrated twice by

T -1
o~ T sec B cos 6 sin Gdezl < 3 du:E3 (7) (3.15)
u

parts to the first exponential Integral denoted by E, (1)

Es (1) = ) E (1) (3.16)
E 5

Y -Tu
vhere E (T):/ eu du, the first exponential integral. (3.17)
1

The properties of the first exponential integral are discussed and the

values tabulated in a number of places (for example references (43) ang

(44)). For calculations ~n a computer, there are two useful expansions:hb'
For O <7 <1

E, (1) = 1n t+ a + 8,7+ a272+ a373+ ah'rk+ a5't5+ €(1) (3.18)

a, --Jlre 1566 a 3 05519968
a,  +99999193 2), 0097600k
a, 24991055 35 00107857

where [¢(T)[ <5 x 107

For 1 <17 € o

) \
. (T) -‘e—T T + al T +82 \|+ E(T) (‘3~]-‘))
1 = |
T +b, T4b, |
1 &
a, =2.33%I+73 b, = 3.330657
a, =0.250621 b, = 1.681534
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where |e (T)’( 5 x 1077

The spectr1 radiant emittance in the x-direction is given by

' -7, 2 L .
va = ‘ITBV(T) \ 1+ ('rv-l)e V-1, B (rv)) (3.20)

The radiant emittance Fx may he considered as the sum of the

integrals over the optically thick and optically thi» nspectral regious

20
Foa »ZFdeV (3.21)
aZ f F,  (TX) dv F, (TN dv +% j F, 'IN)av (3.22)
TK .vr{ vx vx ] %Y o vx

Each of the separate integrals over the various thick and thin spectral
regions muy be calculat:ci to allow an estimate of the energy t:ansfer
within the plasma, which of course, is neglecied in this model of homo-
geneous temperature.

The electrical Tield !l was calculated to be that necessary to
create twice the radiant emittance in the x direction to account for both
sides radiating. The radiant emittance in the y and z directions were
balanced by that from ad jacent sections in the infinite extent plane
parallel slab.

This balance of radiant emittance and elevtrical power is

expressed as
2

oEd= 2 Fx (3.23)
vwhere d is the plasma thickness
E =\/Gd (3.24)

The current density J in the plane parallel slab was calculated from

J =0E (3.25)
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The pressure in the model was

p =(N + N )T (3.26)
0 (0]
vhere Ne is the electron density and No is the heavy p-rticle density.

3.4t Cylinder of Homogenecus Temperature

The cylinder of homogeneous temperature represents another
simple model for des .bing an arc discharge. The cylinder problem is
more difficult to handle than the plane parallel slab due to the boun-
daries existing in two ccordinates rather than only one, th~veby moking
the integral over F more complex.

Figure 3 schr~s the geometry we are considering in a fashion
cinilar to the parallel slab model; we can write the spectral radiance
I (Q,ﬁ) at the point P (0,0,0) on the edge of the cylinder as:

I,(6,9)= B C1-enS(%0) (3.77)
vhere S(6, ¢ ) is the distance through which the radiation travels in
the cylinder of homogeneous temperature, and diameter d. Reférring to
Figure 4, S is expressed as

(0, #) = s (3.28)

cos & + tan 6 gin € sin2 @

and the spectral radiance fv (6,¢) is
’ =K, d
I, =B, (l-exp -- — 5 )
cos 6 tan € sin 6 sinyz  (3.29)

The spectral radient emittance in the radial direction, Ky, is
T

given by o ?72

vy = | / IV cos Asin 6d 6 dg (3.30)
0

P

Substituting the value of I, in this equation, the spectral

radiant emittance is as follows:
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P (0,0,0)

Fig. 3 =An infinite cylinder showing coordinate system
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Ellipse in x'y' plane
{ containing S ()

', y' Equation of ellipse is:

1 1
xz-x'd+y25in2¢=0

where 0< 0 <2m, <0< 2
andx' =Scos B, y' =Ssin6
.S =df cos 8 + tan 6sin 6sin20

Fig. 4—Radiation traveling through a cylinder of homogeneous
absorption
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\'ZTT i 2 -v“
\ ) ol ) cos@siniacdp (3.31)
F, =3, (T,./ j (1-exp i
s 0 0

cos8 + tan 6 sing sin2¢

The first te~m within the integral may be integrated to yield

2 \ ’
/e m K: a :
F, =3B,(1) Wlhu/ /C\/ /2 (exp - 5 ) ©>s8sin0a6cs
T o cos O + tan 6 sin 9 sin ¢ (3.32)

o]

Letting u = cos 6 allows this equation to be rewritten as:

'Tr2 N l .
Fy =3, (7) Tr—h/ / J exp ——Wb g (3.33)
r BT 4+ (1#7) sin" g

0 o}
This integral is well-behaved so it can be readily integrated

numerically. Fv

a
in the radial direction.

when integrated over all V yields the radian* emittance

re/ 5 o (3.24)
o] "

Neglecting thermal conduction heat transfer, the radiant emittance per
unit length integrated over the radiating surface can be equated to the

pover input to the arc plasma per unit length.

f FdA = f OECGY (3.35)
v

5
As F} is independent of direction and 0E2 is inve -iant over the volume
2d
FI‘ = oFE 'E (3'36)

Solving for E, the electric field intensity for the cylinder
of homogeneous temperature is

E= \/hFr

“od (3.37)

E
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3.5 Comparison of Models with Experiment - Spectral Radiance

To evaluate these models, we needed theoretical expression
for the spectral absorptivity and the electrical and thermal conduc-
tives as a function of temperature and pressure. The spectral
absorptivity calculation was discussed in Chapter 2 together with
the particle density calculation. Calculation of the electrical
conductivity using Spitzer was in Section 2.k.

The results calculated using thic c¢ylindrical model together
with the experimentally measured valves are shown in Tables I, II and
IITI for three temperatures and pressures.

The three temperatures and pressures 10,000 K, 7.6 ATM;
11,500 K, 11ATM correspond to the three iemperatures ( and the
pressures resulting from the homogeneous temperature assumption)
measured at the peak of the arc discharge cycle. These measurements
are discussed in Section 4.3 Figure 5, 6, and 7 (and Figures 19, 20,
and 21 on a linear scale) show the vavelength dependence of the spec-
tral radiances on Tables I, II, and IIT and tue neasured radiances.
These results are discussed further in Section 4.k,

3.6 Comparison of Models with Experiment: Transmissivity as a Function
of Current Density

In order to obtain an estimate of the vallidity of these homo-
geneous temperature models, a number of comparisons were made with
experimental measurements, both by other workers and in our own labora-
tory. These measurements included those of spectral transmissivity, and

of the radial distribution of the spectral radiance. These measurements




TTTATRER T TR TR TR TP AT o reveryeress r—rreesrreees

TRETTFFFTEFFTARRITEIFECY

LN LAMADA 58 5,49%4409

FLECTRICA! CwduCTivily S104d2  5,87594)

LIRTLE 1Y

1448 {NVF ST CN

THERMAL CONDICTIVITY K= 1,4)23=)2 JATTN/O0 )EARREES

FRAM Nil®2A,738 Ty Nu= 19,337 THE YALIE

FRNM NHEL1,ANT TO Ny 3,28AR THE vALOF NF THE INTESRAL 0F FNID 1§ 3,25232403 wATTS/CMD

FRAM N.e N, 124 T Mo D,012 THE vELIE

RANTANT EMITTAJCE Fe 3,2RS4403 4ATTS/704D

ELECTRIC FIELD €=
CURRENT NENSITY J=

HNY
Ev

24,792
22.5a0
20,662
19,072
17.7tn
16.529
15,494
13,778
12,397
11.807
8,265
6.199
4,959
4,132
31,542
3,099
24755
2,479
2,254
2,066
t.907
t.771
1,653

1.550
1,458
1.377
1,305
14240
1,181
1.127
1,078
1.033
0,992
0954
0,918
0,886
0,855
04826
0,800
0,775
04751
0729
0,708
0.689
0.670
0652
0.634
0,620
NDe248
0,122
0,062
0.02%
0,012

THETA2z0,34 EV
T+ 10000,0 OEGREES .

WAVFLENGTH KAPPA@RRINME
MICHONS t/cH4
5.0008e02 S5,213m401
5.5008=02 1.2%a80407
A NOOR=0? 1.2090402
4,5008=02 2.3088402
7.0008=02 2,7790402
7.5008=02 3,0068402
8,0008=02 3,41R8040?
940000202 3.955m402
1.0008=01 4,38384n2
1.0508=01 3,3930=03
1.5000=01 6,9540=03
2.0008=01 1.2890=02
245000201 1.9730=02
3,0008=01 2.,AA10202
31.5000=01 3,9580e02
4,0000=01 S.37240=02
4,5008°01 6.,7398=02
5.0008°01 8,858802
5:5008°01 6,3710=02
6.0000=01 7.5860e02
6+5000=01 3,1680e92
Te0008=01 2.4830=02
145000201 2,9020=02
8,0008=01 3,3570=02
8,5008=01 3,8458=02
9.0000=01 4,6160202
9.5008=01 Se2100°02
1.0000400 S,842002
1,0500400 6,51282n2
1.1008400 . 8,0348=02
1.15004+00 5.4100=02
142008400 6,2370e02
1+2508400 $,7760=02
1,300040) 9.6110202
1.,3500400 i.0548=0t
1.4000400 1.,1528=01%
1.,8500400 1.,75%30e01
1.5000400 1.,3600=01
1.55084+00 1,48158=01
1.6000400 1.5370=01
1.6508400 1.6630=01
1.7000400 1.7950e0t
1.7500400 t.93t8=01
1.8008400 2,0718=01
1.8508400 2,2180=01
1.9000400 2,3648=01
1.9500400 2,5140e01
2.,0008400 2,6710=01
5,0000400 1.7549400
1.0000+01 6.2010400
2.00004C1 2.3368401
S.700Me01 1.,8510402
1.,0008402 5.7018402

1,36296n1 YOLTSZ0H
T.595440) AmR/AuD

NTOTAL=5,615041A

NF THE ENTESRAL OF FNU TS 1, RAGA4IL AATTS/Cu?

OF THE INTERRSL OF FNil 15 1,904@401 wATTS/CH?

NNFENSTTY=S,2900412 PARTICLES/CMI

Px T.AS ATH
Tay (=TAW) BN TNU
{eF JATTS/6M STER

6,8212401 1.0000400 1. 0348=09 3,0880=09
1,5548402 140000400 1,1288=04 3.,17280e08
2.297840? 1.00%0400 2,131007 2,13t18e07
2,0248402 1,£000400 1, 040004 1,0608=06
1,0658407 1.0008400 A, 1258204 4,1250=04
1.9318402 1.17000+00 1.32n0e05 1.3208=0%
A 3810402 1.0008400 1,407820% 3.4070=05%
5.0230402 140008400 1.A4A8=02 1.A4808=08
5.5680402 1.0000400 8,T340=04 6,7368=02
8,3000=01% 23.2990e0) 1,1318=01 4,9630e04
A,A328=0)] A,7930ep3 2.415020? 2,1238=02
1.58a8=02 1,5720=02 1,1210e01 1.7628=0)
2.50488202 2.47648=02 2.47240201 6,0078209
14459820 31,5030202 1.A8%8e01 1,3230=02
5,0278=02 4,9020e02 a,6300=01 2,2788=02
6,7680=02 6.5300=02 5.2528=01 3.435002
A,5588=07 872028202 5.57488=01 4,5760=02
1.07a8=01 1.0190e0t 5.,A908=01 S.7960=02
B.0928=02 7773002 S5.4548=01 4,1950=02
9.,63a0202 9.,1850e02 5.52%8=01 S.0728<07
4,0210=02 3,9230-02 5.,3318=01 2,1028°02
J.1518°02 1,1048=02 5.104801 1.585802
31,6848202 3,A190=02 a,8480=01 t.7610=0?
8,286%0=02 4,1730=02 8,6270°01 1,9298=02
3,A838202 4,7640202 a,3An0=01 2,0880=0?
S5.8428202 5.6930=02 4,1248201 2,3608=02
Asb17802 A,21030e0)2 1,9278=01 2.5110=02
7T.8208=02 7.151002 3.7098=01 2,65380?
A.2700=07 T.9370e02 3.50968=01 2,7850=02
A.1740e02 T.R2808=02 1.3218=01 2,A068202
T.1280202 6.ATH68=02 Y.1220=01 2.1428202
7.9218=02 T.8150=02 2,3790=01 2,7698=0?
1.10A8=0¢ 1.0808=01 ?,8250=01 2,9640=07
1,2210=01 1.1290e01 2.68%2001 3,0818=02
1,330801 1.2530=01 2.,5478=01 3,1928=02
1.4630=01 1.16190=01 2.,8228=01 3,2958=02
1.59%0=01 1.,4720=01 2.,30%0=01 3,3930e02
1.7288=01 1.,5878e01 2.10A8=01 3.,8830=02
1.7960=01 1.62480e0% ?2,0938=01 3,842802
1.9510=01 1.7730=01% t.99R80=01t 3.541002
2.11100% 1,904001 1,9088=01 31,6330=07
2.78n0=01 2.0390=01 1.8%288=01 3.7188=1)
2.85%0=01 241750201 1.7a5001 3,7958=0?
2.6318=01% 2,31308=01 1.6710=01 3,8650=02
2.81120=01 2,4530=01 1.6010°01 31,9278=02
1,0028=01 ?2.5938=01 1.5348201 3,9820202
1.,1950=01 2.7350=01 1,87400=01 4,030020?
3,3928201 2.8770e01 1.4168=01 3,0720e02
?+2288400 B,0220e01 2.8682020)2 2.5538202
R,781%400 9,9970e01 To707020) 7.7058=03
3.0010401 1.N000400 1999209 1,9990=03
1.881040 1,n008400 1.,76808=08 3,7688=02
7.2808407 1,0000400 A,2308=05 8,2308=05

Table I

THEY
THIN
THICK

FNL)
WATTS/CM

T.7126=05
7.9240°08
5.40%0=03
20684002
1.,08508e01
3,3258=01
9.1800=01
4,7348400
1.,7078401
1.251 001
Se 3488400
8,8378401
1.5118402
9,3258402
5.7100402
R.ALAR402
1.1268403
1.45084013
1.1078403
1.2708403
5,26838407
1.9868402
n,8278402

a,8270402
5.2880407
5.9250402
A,3000402
A,8528402
6,9808402
6.5320402
S.87230402
- +ART 8402
T.8180407
T.7028402
T.,9720402
R,2258402
A, 8420402
R,6R28402
A,5758402
A,8110402
9,038040?
9.2340407
9.818m402
9.5820402
9,7278402
9.85a8402
Q,9458407
1,0740403
As1258407
149318402
5.,0618401
A,2878400
2.0850400

o

¥

4

el

P

¥




LN LaMang = Gawjursin
ELFCIRICAL CONDQEHTyIlY STsuss [ ,AY534UL TNVERSE (1HMS [NVFRSE (M
THEMMAL CONDUCTIVITY =& 2 sa?e=u) wATTS/C4 OLGRERS

FRAM NJ226, 794 110 a3 10,427 Tdb validk oF THE INTERNKAL iIF FNH TS 1,0149402 WaTT5/C0M2 THifw
FROM NOR11 A0 10 lUz  Ogk20 THk vALUE JF THL INTEGRAL oF FNU 1S5 1,7703478 waTTS/0M2 THIN
FRAM Nug 0,266 10 ~oe 0,012 THE VALIE UF Thk INTEGRAL ¥ FNIE TS 1,213@40, waTTS/CM2 THICK

RADIANT EMTITANCE Fx  1,80N640d WALTS/Z0M2
ELFCINIC FILLU kx  Zerllnesny yOLTIS/C

& CUNMENT DENSTIY JB  2e09Zwsits 8P/ CMe
= THETASU LIV BV NTHTALZAR, 1772341 R NNENSTTYZS,26AR41 3 PARTICLES/CMI
Ig 1150060 NEGREES K, Pe Deb1 ATH
HNY wavELENGIH KaMPAmRRIHE lau (=142l uNit ING FNI)
[ 2] MICKANY 1/C™ 1eg WATTS/CM STER WATTS/CM
28,791 SeQunsey? 4,57u08401 B.4098401 1.,0000+00 1,72988-07 1,2988=07 1.2R9001)
: 22,540 54500802 1,073w402 1.3638402 1,000040) 9.8R/%0=07 9.8858=07 ?.80308202
?0.,662 6,0008=02 1.5879402 2,0158402 1,0008400 4,856208=06 A,8620=04 1,23768=01
19,072 £,5000°02 2.0218407 P.9MTRI0? 1.0002+00 1.,902805 1,9020=05 4,R198%01
17.719 T 0008=02 2e30unen? 3,04084072 1.0008400 A,020820S 6,0208=05 15260400
164526 Tehuneen? 2.l1K3402 ,45na402 1.0009+00 1,6118=04 1,611@8=04 4,NAR3B4N0
15,494 A,0U08=07 2.9U0@407 I,8008402 1.000A+00 3.,74508=048 3, 766804 9.,5478+00
13,774 9.00N8=(2 deldnvasn2 4.40A0402 1,0008+00 1.5018=03 1,503001 3,8090+401
12,397 1,0008=01 I HuARL02 NeRR1IR4Y2 1.000084+00 4,3990°03 a,3990201 1.,1158+402
11.807 1.0500°01 1,3038=02 1.7318=02 1.7168=02 A,8050°013 1.1838=02 2.9780+00
8,265 1.5008=01 2.7088=07? 31,5518=02 J.avta=02 B,a3180°02 2.945p=03 7.80660+401
6,199 2. 000w=01 SeN346=02 b5.3930=02 6,19308=02 ?2,8698"01 1.,7778202 N 4588407
4,959 2+5009=01 f,397R=02 tv0t4R=01 9.85708=02 S.1548°01 3,9808°02 1.2060403
4,132 3,0008=01 1,1718=01 1,0870=01 1,3820=01 A.,9370201 9.,5788=2 2,3900+03
3,582 3,5008°01 1.6120=01 2.0478=01 1,851001 8,0238=01 1.42850=01 3.698040)
3,099 4+0008=01 2+19108=01 2.782Re01 2,8294=01 4,5410=01 2,0748=01 5,1390403
i 2,755 4,%008=01 2.7718=01 1.%198=01 2:9660=01 A, AS560=01 2,567 0201 £.338040)
£ 24479 S.0000=01 J,4vHa=01 4,4438=y1 3,%87001 A,5138=01 3.0540=01 7.50860+03
2,254 5.5000°01 2,75728=01 3,4950=01 2,9%08-01 A,2170=01 2,4240=01 5,9830403
2,068 §.00008=01 3, 2796=01 A,1868m+01 3,2068=01 7,8378°01 2,4690=01 5,5700403
1,907 A.5000°01 1.6330=01 ?.0738=01 1,8728=01 7T.4208=01 1,3898=01 1,48550+403
i 1.771 7.0008201 1.2a28e01 1.57708=01 1,8598=01 A,9928=01 1,0208=01 ?2:5450403
£ 14653 7.5008=01 1.8519=01 1,84108201 1,6838=01 65,5718=01 1,1060=01 P.7540403
i
1,550 8,0008=01 1,677&=01 2.1290201 1,9168=0; 6.1678°01 1,1838<01 2.9210+03
1,45A 8.5000=y1 1,9199=01 P.4388=(1 2.1630=01 S.7AS8=01 1,25108=01 1,1060+03
1,377 9,0008=01 2.3118°61 2.9350°01 2,5840201 5.8260=01 1,3808+01 1,8170403
1,305 9.5008=01 ?.607°=01 311801 2,8190=01 S.0920=01 1,83508=01 3,54870403
1.240 1.000®+00 2.9p20=01 1.7118=01 3,1008201 a,7a20=01 1.,4828=01 1, 4560403
1.181 1,0508400 3e25n8=01 4.13319=01 3,346a2=01 4,495w=01 1.52208=01 3.7068403
1,127 1,1008400 3.,72698=01 ne152R=01 3,3980=01 4,2308=01 1,6378-01 1,5380403
z= 1,079 11508400 2,9548=01 1.7549201 3,1318291 1.,9850=01 1,72488+01 1,0778+03
§§ 1,033 1.20008400 $.7916=01 4,187R=01 3,4080=01 3,758001 1.7818°01 3,1530403
E= 099? 17500400 4,5823=01 S.810k=01 a,4120=01 31.5498<01 1.5668-01 3.8298+403
049548 1,3008400 S.0378e=01 6,3948=01 4,725%=01 1,3550=01 1,5858=01 1,471040)
0+918 14350840 9.59148=01 7.00308=01 5,035r=01 31.,17608°01 1.5998=01 3., 89488403
- 0.885 1,8008400 6,0142=01 L X LL LD Ss381001 1.01008°01 1,50808=01 1.9110+403
= 0,855 1.4500400 6.5378=01 A,30%249=01 S.8408=01 2.8566=01 1,6118=01 1.9138403
= 0.826 1.500@+00 r,0838=01 8.99508=01 $,932m=01 2,7138=01 - 1,6098201 3.9080+03
L 0,800 1.5%00400 1.6298=01 9,4350=01 6,107820% 2,5800=01 1.5758=01 3.,8190403
0,775 1.6008400 B, 0408=01 1.0772400 6,420801 2,85608=01 1,5778=01 3.,8178+03
0,791 1,6508400 8,7718=01 1.1158400 6,7200=01 2.3400°01 1,5738+01 3,8038+403
EE 00729 1.7004400 9,4918=01 1,2056400 T.0060=01 ?,23728=01 1.5648=01 3. 77804013
§§ Ve708 1.7208400 1.0730400 17992400 T,273a=01 2.,1320=01 1,5500=01 3.7438403
& 00689 1,8008400 1.,0998400 1.31940400 7.5258=01 ?.0370=01 1,5338=01 3.7008403
0,670 1.,R508+00 1.17A€400 1.49460400 1.,7600=01 1,94908=01 1.5128=01 3,6508403
04652 1.9008400 1,2598+400 1.599@+00 7.9790=01 1.8668=01 1,4890201 31,59368+03
- 0,636 109508400 1.3428400 1.70%2400 8,1818=01 1.7R88=01 1,4637=01 31,5318403
%% 0,620 2.,0008400 1,4276400 1.%1208400 8,3670=01 1,7158~01 1,83508=01 1, 8658403
%ﬁ 0,28% S, 0008400 9./ 80000 1.22068+01 1.000R4+00 1, 356R=02 3,1560=02 Re0620402
) 0.124 1,0008+01 3,61808+01 N,9958401 1,00004+00 8,9498=03 ¥,9490=03 2.2678402
04062 2,0000401 1.3608+02 17330402 1,N0000+00 ?2,3098=03 2,3098=03 S.A5208+401
0.,02% 5.,0008401 Ha1918402 1eN3h8en3 1.0008400 3.7660=04 3, 7660=04 9.5428+00
8,012 1,0008502 3,2068403 0718403 10002400 9,4716=05 9,4738=05 2.8018400

%

T abre [

mmmmm

bt

1
u




oot s b e oo

LN LAMADA =

Fans Niig24,794 Ty ~Nus
FRUM Nym11.807
FRANM Num 0,657

RADIANT EMTITANCE Fx
ELECINIC FILLY b=
NENSTIY =

CUHNENT

HNU
LV

24.79s
22,5480
20.567
19.072
{7.710
164529
15.894
13.778
124397
11.807
Y.265
64199
8,959
44132
34542
3.099
24755
?2.479
24254
24066
1.907
1.771
1.653

14550
1.458
1,377
14305
1.2480
1.131
1,127
1.07%8
1,033
0992
0.958
04918
0.886
0.85%
0.826
0.800
0775
0.751
0729
0.708
0.689
04670
04652
0634
0.620
0.244
0.128
0.062
0.025
04012

THETAR], 06 LV
T2 12300.0 DEGREES K,

WAVELFNGTH
MICKONS

5000802
5.5008=02
A.0008=02
Ae5008=02
7Ts000NR=Y2
7.5008202
A,00n8=02
9,0UNReY2
1.0008=01
1.0508=01
1.50068=01
2,0008=01
2:5009=01
3.0000°01
3.5008=01
4.0008=01
3,5008=01
5.0008=01
S.5008=01
6.0L08=01
645000=01
T7.0008e01
7.5008201

8.0008=01
¢450068=01
$.0008=01
9.500801
1.0008+00
1.0508+00
1.1008+400
11508400
1.2000400
1:2500+00
1.3008400
13508400
1.8008+00
14845008+00
1.5008+00
1.5508400
1.6008+400
16502400
1.7008400
Le7508400
1.8000+00
18500400
149000400
195008400
2.0008+00
5.0008400
1.0008+01
2,0008401
5.0000+01
1.N008+02

4.7919+n1
ELECTRICAL CONNUCHIVETY MiGmAs
THER4AL COvOULTlylTy

we

T vu=
1y Nus=

124397 THE VAaLlE
Ueh70 THE VALUF
He112 Tk vALUF

B uONE40E

ITNVENSE HHMY INVERSE Cw
30382802 vt TTS/0 UL GREES

UF THE INTRGRAL uF FNG IS 3.4509402 wWATTS/CM?
UF THE INTLGRAL UF FNU 1S 3.1899404 wATTS/CM2
UF THE INTEGRAL oF FNU TS 1,931@403 waTTS/CM2

34169404 WAITS/CM?

3aG79N401 VALIS/CY
3.0VINS03 AMP/ONHD

KAPPA=FRIME
1/7CH

4,9828401
9.58160401
1.8168402
1,8048402
2.1350402
2.48748407
2,67704+02
3,0978402
3,8336402
2,3%48=02
4,A01Qe02
B.725002
1,3898e0}
2,0370=01
2.,8078en}
3. 435e=01
4,349801
6.1440800)
4.978m=0)
9.,A738e01
3.1510e0)
2.3058=01
2.7628=01

3.1908=01
3,6510201
4,4028=01
4,9658=01
9.5610201
6.1938=01
6,:.608=0]
9.7578=01
6,3818=01
8.9010=01
Y. 7760201
1.0698400
1.1658400
1,2668+00
1,3718400
1,4438400
1.5738400
1,7088+00
1.8898400
1,9958400
2,1858400
2.3008400
2,4608400
2.4208400
2.7928400
1,97218401
2100401
2.7298402
1.4308+03
6.,4118+03

NTUTAL®RA ,HAGASIH

Pr

Tay

9.18%8+01
1.2179402
1,7y98+(2
27910402
?.7134402
3.0798+02
33998402
3.9318402
443598+02
2:9998=02
ho1498=02
1.108801
1e7638=01
2.,58608e0)
3.5680=01
a,A718=01
6.159801
7.8038=01
A.25908e01
T.855801
4,0028~01
1.00308=01
3.5078=01

4,0%78=01
4,6370°01
S.5918=01
6,30%96=01
7.0638e01
T.R650801
7.9558=01
7T.3118=01
H,1018=01
1.13n8400
12828400
1.3588+00
1,4808400
1.6088+00
1.7418400
1.A338+00
1,9948400
?2.16984+00
2,34R8400
295330400
2.7248400
?.9218400
3,12178400
3,33%28400
15848400
?2.8390+01
9.15A0+01
1,8608+402
2.07na+013
Y.1428403

NOEMNSTTY2S, 26984 R PARTICLES/CM]I

11,01 Ay

(=TA)
1eF

1.0008+00
1.0008+400
1.0008+00
1.0008+00
1.0008+00
1.0008400
1.0008+00
1.000m+00
1.00084+00
2.9480=02
5.9630=02
1.0498=01
1.4178=01
2.2798=01
2.9988=01
3,856m=01
4.598u=01}
5.417801
4,6528=01
5.2578=01
3,2988=01
2.5948801
2.958801

3.331001
3.7108=0)
442830201
4,6778e01
5.,0658201
5.,84A0e(0]
S¢4870e01
S.186%e0]
5,553m=01
6e7718=01
7,1118=01
T.428m=01)
7.7248=01
7+996801
B.2468=(1
B,4000e01
8,6430=01
8,45%88=0)
9.0458=01
94.2068=01
9.304m=01
9.44618=01
Y.5600=01
9.A4308=01
9.71260=01
1.0008400
1.00084+00
1.0009+00
1.000#+00
1.00094+00

T uble T

HN

Ny

JATTS/CM STER

As6098=07
8,1A88=04
1.887820%
AsAUQ8=05
1,9258=na
4,7AR8=02
1.0418°013
3¢71%0°03
9.926803
1.4978=02
1.4528=01
A,3130°01
Te1598=01
9.13A8=01
1.0208+00
1.,0588400
1.0518+00
1.0188+400
9.7088=01
9,16a8=01
R, 60508=01
8,0588=01
7.5258°01

T.0270=01
64562001
A,13728%01
9,7350e01
5.3708=01
5.0308=01
4,72A8=01
4,4428°01
4,1828e01
3.9a28=01
37218201
3.H178=01
3,3288=01
3.154801
2.9928201
2,8428201
?2.7738201
?.5730=01
2.4528=01
7340801
?.2300=01
?.13A8=01
?.04:0=01
1.9578=01
1.8750=01
3, 6208=07
9.,6118=03
?2.,8758203
4,0318%08
1:7148=048

6,A09007
4,1648204
1.8878=05%
6,6498=0%
1.92568=04
4.7688=00
1.0418+03
3.7128=03
9.9268203
4,3118=04
8,6588203
4,5208<02
1.1578=01
2,0828=01
3,058e=01
4,0788=01
4,A328=01
5.5138=01
3,5180=01
4,8178=01
2.8380e01
2,0898=01
2,226820)

2434108201
244358201
2.A268%01]
2,6820°01
2,7208=01
2.7418201
2.5938=01
243048=01
2,3228=01
2.,A698=01
2.6468=0)
2.6120=01
2.5718=01
2.5220=01
24067001
2,3878ep1
2.3368=01
2,2798=01
2.2188e01
2.1548=01
2,0880e01
2,0218=01
1.9538=01
1.887001
1.8228=01
3.6208=02
9.6118=03
2,8750=03
4,n318-08
1.0188=02a

THTCw
THIN
THECw

FNY
WATTS/CM

1.A780=02
1,055me01
8,7828=0"
1.6858400
3,H7RR+00
1.2038+01
2.A388401
9.,30A84+01
?2:5158400
te1100401
241730407
1.1328403
2.,8R38403
5.1488403
75479403
1.0016+04
1.1810+08
1.3a218+08
11038408
1.1738+04
4,9908403
5.1718403
5.8958403

5.7648403
5.98160403
A.Q2R0403
As5508403
6,62884+03
AJAAAR40]
A.1088403
5,6100403
S.A830403
A,8538+403
A.3908403
AedN60403
A,2038493
4.,0860403
09560403
S5.74A8403
5.A0A8403
S.8458403
S,32808403
5.184@403
5.,03A8403
4,8RA8403
a,7356433
4,5850403
3,4319403
9.1428407
2.,8350402
6,2728+01
1.0218+01
?2,5498+00




.

wssrstpedt

i

886

1032 1240

33

Wavelength, A
1550 2066 3099 A199 12 460
5 Bl T

10

10—

Spectral Radiance, watts/cm - Steragian
N

04

|

Spectral Radiance of a
Black Body at 10, 000°K

|
Spect'ral Radiance Near,
Strong Xenon Lines

Theoretical
Spectral Radiance for
T = 10,000°K, 7.65 At

Radiant Emittanc
=3.3 x 10°W/em
(from Schiiiter

Expeimental
Points 4

/ ]

l | | |

14

|
|
|
|
|
1 l
12

10

8 6 4 2 0
Photon Energy, electron volts

Fig. 5— Experimental & theoretically determined peak spectral radiance of a 1.27 ¢m thick
xenon plasma; theoretical calculationused Schiliter' svalue. or £ (dotted portion was
extrapolated). Experimental conditions: Energy: 780J, Vg = 1.4 KV, C = 800pF, L = 100pH
Flash Tube: 1. 27 cm inside diameter, 30 ¢cm arc length, 150 torr initial pressure
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led to 2 means to measure the temperature within the discharge, and thus
in turn means to measure various properties of the arc plasma as a
function of temperature.

Ermeti, Schawlow, and Weinberg6 had metsured the transmissivity
at various wavelengths in the ultraviolet, in the visible and in the
near infrared as a function of current density. By plotting e " from
the model versus the current density predicted by the balance with the
radiated power, we could calculate similar plots for the siab and
cylindrical geometries. Figuires 8, 9, and 10 show the comparison of
the calculated and observed values for 3000A°, 5000A°, end 8000A°.

The former two plots are within the error of the measurements. The
latter results, in Figire 10, at 8000A°, differed strongly betveen
theory and experiment. This high, measured value for the opacity was
caused (as we shall show later in Section 4.3) by the broasdeneu and
saturated strong infrared lines of xenon.

- The results in this section utilized purely theoretical
calculations for the special absorptivity and electrical conductivities
vwhich are not truly representative of the values in the arc plasma.

As better theoretical calculations are developed for the continuum,
lines, and conductivities, through these studies and others, the

agreement at all wavelength measured by Emmett, Schawlow, and Weintcrgb

should improve.
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Curve 575493-A
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Curve 575492-A
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CHAPTER k4

Experiment. 1 Measurements

4.1 Experimental Messurements Measured on the Pulsed Arc

The spectral radiance in & high current pulsed arc was measured at
a number of wavelengths and positions within the arc. The voltage and the
curronts through the arc were aiso measured simultaneously with the time
varying spectral radiance. These measurements were first used to determine
the temperature and then the temperature dependence of the spectral absorptivity
and electrical conductivity of the xenon arc.

The experimental arrengement for these measurements is shown in
Figure 11. A 12.7 mm bore tube filled to & pressure of 150 torr of xenon
wes used. Two off-axis paraboloical mirrors of 1 meter focal length imaged
the arc discharge upon the eutrance slit. The various radial portions of the
discharge were studied by traversing the monochromator across the image between
firings of the bank, with the monochromator set for the wavelength at which
the spectral radiance was to be measured. The power input and electrical
conductivity of the discharge was monitored through recording the voltage and
current for each shot (with the capacitance .800 uF and the inductance .100 uH
held constant for the whole series). The energy input was varied by cherging
the capacitor bank voltage. The current was measured with a T&M coaxial current
shunt (.001 r), the voltage with a Tektronix voltage divider. The entire optical
system, including the mirrors, monochromator and photomultiplier detector was
calibrated for spectral radiance by the substitution method, using a synchronous
detector recorder with a tungsten strip filament lamp (GE 30A/T24/17) being used

as the standard. This lamp in iurn hac¢ been calibrated by Eppley laboratories.
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Dwg. 7L46A035

/ Mirrors were 8" dia. 1 M focal length off axis paraboloids \
-/&\@ /@
Light Source '

1. Standard of spectral radiance

2. Flash lamp with current
shunts & voltage divider

S-1for infrared

S-20 (Quartz window)

Machinists Table |for visibleand

Allow Traverse & |ultraviolet
Longitudinal

Recording

Electronics

1. Syn. det. for
calibration

2 Oscilloscope
for flash lamp

Fig. 11—=Monochromator arrangement for studies on flash lamps
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4.2 Radial Distribution of Spectral Radiance

The spectral radiance was measured on the central axis for & number
of wavelengths in the ultraviolet where the plasma should be optically thin6.
There were no emission lines aoted in this spectral region in the xenon short
arc spectra discussed in section 5.5 of the First Semiannual Report.

The radial distribution of the spectral radiance was measured at
2600, 2800 and 30008 at a number of different radial positions on each side
of the center line. The results of these measurements are shown in Figures
12 and 13 for two different energy levels and thus current densities.

The spectral radiance at 30008 near the tube wall was measured to
ascertain, if possible, the boundary layer thickness. The values shown are
the raw values of spectra radiance &t various diameters, not as yet corrected
to the radial dependence by means of the Abel inversion using techniques described
in Freeman and Katzhs and ua. y oiner papers. These values indicate rcughly that
4 he homogeneous temperature model is reasonable &s a rough approximation.
The homogeneous temperature distribution is shown in dasked lines. The walls
of the tube were at + .25 inches (i.e.: + .635 cm). The high radiance in the
wall region is not readily e:plicable, but is probably due to reflections from
the quartz wall interfaces. Frosth6 and MaeckeruT have shown that no lens effect
exists in the rogion inside the walle (i.e.: a distance from the centerline
outéide the tube corresponds to the spectral radiance that distance from the

centerline. Figure 14 shows a simple proof of this.

4.3 Time-Resolved Spectral Radiance in the Infrared - Temperature Measurements

The spectral radiance in the center of the arr was measured as a

function of time in the immediate vicincity of some strong lines of xenon in the
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Fig. 1z =Peak spectral radiance at different distances from flashtube center at three

wavelengtns for 780 J input. {not corrected Abelinversion). Homogeneous temperature
profile indicated
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Curve 573853-8
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wavelengths for 3140 J input. (not ccrrected Abel inversion). Homogeneous temperature
profile indicated

S e o e SRS _ S -




§§
%

-45-

Curve 575937-A

I
light ray

Let i1 = angle of incidence with respect to axis

sin i1 = %— where R0 is the outer radius of the tube
0

sSin i

sinr, =
nr

i2 = angle of incidence frem cylinder to plasma
X

2 R1

sin Fy=nsini

= index of refraction of cylinder

sin i sinr

1

2

Tracing whole route of the raythrough cylinder yields:
sin ry=n sin 12— nR /P sinr

smr -p/R xR/R -p/R
q/R =sinr -p/Rl q=p whereqlatheperpendlculardlstanreofthe

-R/R Sin i

1 1

ray in the cylinder to the center of the cviinder

Fig. 14—Derivation of Frost's and Maecher's center line distance relation
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infrared. The slit width of the monochromator was set for a spectral resolution
of Just under 1A% to avoid over lapping of the spectral radiance determinations.
Figure 15 shows two oscilloscope traces, the upper with twice the gain of the
lower. The lower trace was taken at the unshifted center of the 8231.6A° line
of xenon; the upper trace was taken at 8198A°, approximately 344° away towards
the shorter wavelength. The current trace is the upper curve on both pictures.
The energy input to the 12.7 mm diameter, 30 cm arc length tube was 780J. To
be noted on these traces is the saturation and long persiscance of the line
at 8231.6A° particularly in comparison with the current or the 81984° trace.
Figure 16 is a cross section in wavelength of the spectral radiance about the
line for different time intervals. Esch wavelength setting was & separate
sho* (note the reproducibility at the peak). To be ncted is the shift and
broadening of the line with increasing current. The wings of the line contri-
bute strongly to the spectral absorptivity of the continuum away from the line
center.

The saturation of the spectral radlance of the line provides e
means to determine the temperature within the arc. If the arc is homogeneous,
this temperature so determined is that of the arc core. If the arc is not
homogeneous, further measurements would be required of the radial distribution
of the saturated radiance. The units were converted to temperatures using
Walker's tablesh8 wvhich list spectral radiarnces for black bodies.

Temperature mcacurements by means of spectral radiance measurements
in the infrared require high precision in the measurement of the spectral
radiance and the other quentitiecs for which the temperature dependence being

measured. Source of error in the methods for measured temperature, particularly



-l7-

44444

a) 8198 A (Continuum) Gain 100 mv/ cm
(2x (b))

DR i 8
b) 8231.6A (Line) (Gain 200 mv/<m)

Fig. 15—0scilloscopetraces of the voltage
representing the spectral radiance at the
center of the 8231. 6A line and at 8198 A
(in the continuum). The 8198 A trace has
twice the gain of the other trace. The upper
curve in both cases is the current. The
time scale is 100 p sec/ scale division
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with the pulsed discharge, are the shot to shot variations (simultaneous
measurements are to be preferred) and the difficulties in reading oscillos-
cope deflections accurately, in addition to the more usual problems of
accurate measurements of spectral radiance (i.e.: those of the standard
lamp and of the same viewing geometry, etc. ). The technique has the supreme
virtue of yielding a temperature without assumptions on the detailed properties
of the plasma.

The temperatures obtained by this method were used to measure the
temperature dependence of the spectral radiance snd of the electrical conductivity
of the arc to be discussed in subsequent sections.

4.4 Measurements of the Speciral Absorptivity and the & Factor of Biberman &
Norman

Earlier measurements of the radial distribution of the spectral
radiance in the ultraviolet in the Firet Semiannual Reportl, and analyzed
more thoroughly in this report, and spectral transmissivity measurements
indicated thaot the arc plasma at current densities to at least 2000 amp (cm2)
was nearly homogeneous in spectral absorptivity, and therefore in temperature.
During the development of the models, the need for some confirmation of the
values of the spectral absorptivity used in the models was required.

Measurements of the spectral radiance at wavelengths for the arc
was thick (at the peak of a stréng line or the continuum in the infrared) had
led to the determination of the temperature of this homogeneous plasma. Using
the values of temperature thus determined, the pressure was calculated assuming
that the entire volume of the tube was of homogeneous temperature. Figure 17
is a chart derived from the particle density versus pressure calculations to

aid this computation. By comjaring the spectral radiance observed on the flash
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tube with that caiculated using the Biberman & Norman continuum theoryT using

Schliiter's values for the { factor ror the same pressure and temperature, an
experimental value of the variation of & with wavelength was obtained. The
experimentally determined values are shown in Figure 18 together with the
theoretically calculated values of Biberman & Norman7, and of Schluter13.
The measured values have a semi-quantitative agreement with the wavelength
variation and the magnitude of Schliiter's values but still differ widely in
the infrared between .7 and 1.0 u. The large values of { measured betveen
f:k\io arc 52000° 1is probably due to the effects of the wings of the strong
lines of xenon in the infrared (as shown in Section 4.3). Furthermore,
accurate measurements of & particularly in the ultraviolet below 26OOA°, and
in the infrared beyond lOOOOAo, would provide further insight into the actual
values of ¢ for further theoretical calculetions ¢ woulic o

“he extension of his theory to the shorter wavelengths where the slope of
Schliiter's values of ¢ differ widely from our experimental values shown in
Figure 18. Figure 19 is a plot of the spectral radiance at 3OOOAo with tempera-
ture for various pressures. The arc discharge in the flash tube which may be
considered to be a constant heavy particle processes follows the heavy lines
indicated.

Figures 20, 21, and 22 present on a linear scale for clarity tae

experimentally measured values of the spectral radiance together with the
black body radiance and the spectral rediance calculated using Schliter's values
for & corresponding to the temperatures measured in the arc in Section 4.3.

These figures are linear plots of Figures 5, 6, 7 which are scmi-log. The

linear plot shows the detailed correspondence and theoretical distribution more
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Curve 575927-A

Wavelength, A
2480 3099 4133 6199 12,398

10
R A A N T g
Very Strong Xenon :
61— Lines in this Region™ -
A— -
3 =
3
s B
o
c
£
E 1— Biberman & Norman
o .8 /|
= 6|— Values Measured in i
s these Experiments
= (780J Energy Input Data) ‘
W LA —~
2 —]
1.0 | | | | 1
6 5 4 3 2 1 0

Photon Energy, electron volts

Fig. 1.-Comparison of experimentally measured values of Biberman & Norman
€ Factor with theoretical calculated values of Schiluter (Z. Astrophys. 61,67
(1965) and of Biberman & Norman (J. Quant. Spectr. Rad. Transfer 3,221 {i%63)
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Curve 575495-B

10

10

Spectral Radiance, watts/cm - Steradian

300 Torr

|

Initial Pressure
— Pulsed Discharge

6 ATM

1

780

\
150 Torr
Initial Pressure
Pulsed Nischarge

| I

31401

Spectral Radiances at
Center of Pulsed Discharge ]

l

|

8,000

9,000

10,000 11,000
Temperature, °K

12,000

13,000 14,000

Fig. 19- Spectral radiance at 3000 A at a constant pressure of a 1 cm thick layer of xenon.
The pulsed discharge curves are for a homn;2neous temperature plasma with a
constant heavy particle concentration derived from the initial pressure
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Photon Energy in Electron, A Curve 575938-A
6 2066 3099 6199 12, 400
: | i I )
A= , —
Spectral Radiarice
for a 10, 000°K
Black Body
4 —
] —
Experimental Measurements
for the 780J series
2 —
1 Spectral Radiance as ]
) Calculated using
g for T = 10, 000°K
P=17.65ATM
01—

5 4 3 2 1 0
Photon Energy, electron volts

Fig. 20 -Linear plot of the experimental and theoretical values for the spectral
radiance of a 1. 27 cm thick xenon plasma of hoemogeneous temperature
corresponding to the 780 J - 1000 A/cm? peak current density series

Flashtube: 1.27 cm inside dia. 30 cm long filled to 150 torr xenon
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Fig. 21 ~Linear plot of the experimental and thuoretical values for the spetral
radiance of a 1.27 cm thick xenon plasma, of homogeneous temperature
corresponding to the 3140J - 2580 A/cm¢ peak current density series

Flashtube: 1.27 cm inside dia. 30 cm long filled to 150 torr xenon
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Fig. 22 -Linear plot of the exparimental and theoretical values for the spectral

radiance of a 1. 27 cm thick xenon plasma_of homogeneous temperature

corresponding to the 6400 - 4480 A/cn'.2 peak current density series
Flashtube: 1.27 ¢m inside dia 30 cm long filled to 15C torr xenon
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clearly while the semi-log plot shows well the wide variation with wavelength
of the spectral radiance and in optical thickness.

4.5 Temperatur: Depsndence of the Electrical Conductivity

The electrical conductivity in the xenon plasmea was measured as a
function of temperature using the temperature as determined in Section b.3.
The temperature dependence (for the same number of heavy particles) is shown
in Figure 23. The voltage drop at the electrodes was considered to be

negligidble (Gonzh9

estimated the voltage drop to be 10 to 20 volte in similar
flash tubes). The electrical conductivity measured is the average value -ver
the cross section of the tube. The average value will equal the actual value
if the flash tube is completely filled with a homogeneous plasma. The
correction factor necessery to allow for the boundary layer has not yet been
determined; though the radial spectral radiance profiles (Section h;2) indicated
the boundsry layer should be small,

The measured electrical conductivity is considerably smsller than

that calcu.eted using Spitzer's theory15’16

for the same temperature and pressure
also shown in Figure 22. This is not wholly unexpected as the electron-neutral
scattering could be impértant at 10000, (and 7.6 atm.) even though the gas

is about 10% ionized. As the electron density was calculated to be about

1x lO18 for these conditions, Spitzer's theory and in particular the Coulomb
term may be beyond Jts limits of vaelidity. Both areas (i.e.: electron neutrai

effects and high density corrections) need further investigation.
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Curve 575941-8
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Fig. 23 -Experimental and theoretical dependence of
electrical conductivity of xenon upon t. mperature
at a constant heavy particle density
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STATUS OF THE PROBLeM AND FUTURE WORK

In this report, we have presented some simple models for the arc
discharge. The models have many features that agree in a semi-quantitative
fashion with the actual arc. These areas of agreement include 1) the arc is
thick in the infrared and visible, and tt:1 in the ultraviolet, 2) large
changes in input power can leac to relatively small chenges in spectral
radiance in the infrared where the arc is thick, but wvery large changes of the
spectral radiance intre ultraviolet where the arc is thin. To utilize these
models and to develop more complete models that include energy transport within
the arc and to the walls the physical properties of the arc ﬁeed to be bettar
known. Future work on these arcs should include experimental and theoretical
studies to improve the quantitative agreement between the theory of the
spectral absorptiviiy of the continuum (Section 4.4) and the ectual experimental

values. Inclusion of the pressure broadened lines in the infrared would probably

At

improve the agreement, particularly for arcs ¢ moderzie current densities
¢’1000 A/cn?) which are becoming of more interest due to the advances in laser

efficiency.

1

We have neglected thermal conductivity and have used a simple repre-

sencation for clectriczal conductivity in these model calculations. Quantitative

i

models particularly in the current density range (1000 f/cme) should include

thermal conduction and better values of electrical conductivities to allow
calculation of the power halance as the energy transfer by thermal coudurtion
and the heating away from the central core becomes m~re important In the lower

power-lower pressure arcs.

¥
b
i
1
f
i
i
|
I
'I
|




- 60 -

The extension ¢t these models to more complex arc systems in which
the power balance between redietion and thermal conduction is a factor ‘hat
requires an extension of radiative transport theory beyond that of .ippendix A.
As the techniques improve, we must see what simplifications are warranted and
how and when to include the walls, be they transparent or reflective. It
should also be possible to apply these theories and the model calculations
to actual laser pumping situations such as is found in & coaxial laser pump
closely coupled to the laser rod.

The techniques devised in this work, both experimental and theoretical,
can be applied to other problems of radiative plasma such as thuse occurring

in lightning arcs, in light sources, and in simulating plasmas of astrophysical

interest.
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APPENDIX A

RADIATION FLUX IN A NON-ISOTHERMAL NON-GREY CYLINDRICAL ARC

by

B. W. Swanson
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RADTATION FLUX IN A NON-ISOTHERMAL NON-GREY CYLINDRICAL ARC*

B. W. Swanson

Abstract

In a study of highly radiative arc discharges, an analysis has
been made for determining the radiation flux (i.e., radiant emitta.. :)°
throughout the interior of a non-grey cylindrical arc., These flux cal-
culations ars necessary to determine the divergence of the flux which is
needed to obtain a solution of the integro-differential arc energy equa-
tion. The flux is expressed as a triple integral where the integrand is
the product of absorption coefficient, Planck function and an attenuation
factor which involves a line integral of the ebsorptivity. A computer
program performs the lutegration with respect to wavelength, & spherical
coordinate and the distance along a radiation vector. Separate programs
calculate the spectral absorptivities and transport properties for use in
the flux program. The cases to e discussed include only the free-free
and bound-free continuum. Radial 1lux distributions are presented for
xenon at pressures of 15 and 20 atmospheres for the following temperature
distributions: (&) isothermal arce at 20,000°K end 15,000°K; (b) linear
arcs from 15,000°K to 12,000°K and 2000°K; (c) & non-linear "parabolic"
arc from 15,000°K to 5000°K.

*
This research is part of Project DEFENDER under jolnt sponsorship of
the Advanced Research Projects Agency, the Office of Naval Research,
and the Department of Defease.




Introductiqg

Neglecting convection, the steady state energy equation for an
arc is given by

>
Ve (kFT) - V-F + C(P,T)YE =0 i

where-g is the radiation flux vector, K(T) the thermal conductivity, T the
arc temperature, 0  the electrical corductivity, P the arc pressure and E
the electric field. In addition the arc tempersturs must satisfy certain
boundery conditions which depend upon the application. In turn the diver-
gence of F is given by*

-

o
V'F = 47 ‘So)(,\('r) B, (1) dA

o (2)
—_ .S)('\\SI’\JLOGU‘ + _F_.

°  W=47 d
where N& is the non-grey absorption coefficient, BA the Planck function,
Ih the intensity of radiation and F the radiation flux. Equation 1l is an
integro-differential equation which can be solved using an iteration tech-
nique. In the iteration process, a temperature distribution is assumed,
and the flux F and the second integral in equation 2 are evaluated as
functions of r. Equation 1 is then solved for a new temperature distri-
bution and this process repeated until the temperature solutions converge.
If the axis temperature is held constant, a value of E is associated with
each temperature solution and the values of E also converge. To obtain an
arc temperature distribution, it is therefore necessary to calculate the
flux as a function of radial position. This paper 1s concerned with meking

*
Appendix
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Tlux celculations for a non-grey cylindrical xenon arc for several assumed
temperature distributions. Future work will employ the flux program to

solve the arc energy equation.

Radiation Flur Tntegral

The fiux vector? is defined by the equation
- >
/ — {5
F(be)l)_ .SF/\(P/S)Z)J/\ (3)
o

where A is the wavelength and r and @' are cylindrical coordinates. 1In
turn, FA 1s given by

> ‘ . K
- Wdw
F,\ (V‘, S') Z) = \gI‘)\ (V) e) Z) (.0) (%)
W=4 T
>
where W i1s a unit direction vector and I

—>
N (r,0',z,4)) is the monochromatic

intensity of radlation. In general the intensity I, depends on position

coordinates r,¢',z and the direction signified by tﬁe vec.tor?a.\> . To define
IA’ Jet A A denote a small element of area,?f the outward drawn normal vec-
tor to A A; u.\ a vector enclosed by a solid angle A® which mekes an angle
y with ‘5, A M\ the wavelength interval between A and A + A A; and A4 9, the
amount of radiant energy in the interval A M\ which is transferred across
A A, confined to the solid angleAWw during the time interval at. Then

I, is given by the following 1imit: (1)

I cj) = lim 2% (5)

(cn¥)aAsnata)

f\
\ﬁ

AR ot a4 ap >0




In Figure 1 is shown a point R in the arc with coordinates r,e',
0. Through R is drawn a ray defined by the spherical coordinates $ and ©
which intersects the arc boundary at point Q. The integration of all radia-
tion contributions from points on the ray from @ to R defines the intensity
I (r,0',0, w) in the direction o.\ along the ray. Because of the definitions
of @ and @, the vector @ is given by

. . L, = S
3:~M6m¢? ~ aun 9&4«.4)0} ~ cw B Ir (6)

Expressing the Cartesian vectors i and ,j in terms of the cylindri-
cal. vectors r and 0

- - { > . /

and
> ‘ >
T = Frawb + B & -
-~y
The vector W in terms of —r>, 3 and-f is given by
> _ > > —->

vhere

T = —emBue P - aiwbaipanc e’
f.° k8w dand - nbaidemd (W)

i 43 = = Cov e (12)
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Using equation 9, equation 4 becomes

> >
Ao =7 (T 6dw + 8 (1440 e 740 o

w47 Wrgn W=4 R

> >
Assuming & symmetrical temperature distribution, the 6 and k com-
ponents of Fk must vanish. Hence

= ‘ = > >
FA(F,G,Z) = Fl\(b“) =r I’\-g»‘clw = r F,\(") (1%)
w24
Then
F? =7 F(r)
(15)
vhere oo
Fem= § Ty 6,dwdy
o (16)

w4 R

For convenience %' may be set equal to zero. Since ddd = sin@d@d¢,
and meking use of symmetry, equation 16 becomes

o I T‘/L
F(r):—“‘gg g I)Mlem@dedcﬁd,\

© o 0

(17)

An expression is now needed for I, (r,6,$) 1In Figure 1, let s'
represent a point along the ray from Q to R. The intensity satisfies the
transfer equation




a1,
ds!

where the Planck function Bk is given by

Xa(s)YTy(s) + Kys') Byest)  (a8)

2 h

s Ch
>\ [ Expl — 3 - I]
AT
where c is the velocity of light, and -l; and h are the Boltzmenn and Planck
constants respectively. Implicit in equation 18 is the assumption that the

gas is non-scattering. An integrating factor of equation 18 is e So Xnds

B, (T)

(19)

Carrying out the integration yields

- Ssk)cls" S Xads*

T, (s)y=Ce " Sk«s‘)exs')e s

where Cl is a constant of integration which equals the intensity at s'= 0.
Referring to Figure 1, s' = O corresponds to point Q and s' = s corresponds
to point R. The initial intensity of radiation entering the arc at point Q
is assumed to be zero which mekes Cl zero. In the numerical integration, it
is more convenient to reverse the integration and to let s' = O correspond

to point R. Ietting R, denote the length of the ray from R to Q, the inten-

Q b
sity at R in the direction w can be written as
sl
o)
I(R w)“S X\(s)B\(s‘)c ° ds' (21)

Using equation 21, equation 17 becomes




-6 -

s'

T W RQ - S)‘,\(s"lds"
F(R):-*S j j Xo (59 By(sj e ds'oud 0 cnd doddd,

° o o e} (22)

Equation 22 can be further simplified. Referring to Figure 1,
consider point s' on the ray from Q to R, and its projection s on the ray
from M to R. Point M is the projection of point Q onto the X=-y plane,
Since ds' = ds/sin6, then

5‘

\
S X)( 51\)(1 s - S@ }\/,\ (5'\)(1 s! (23)
& Sv @

Furthermore, letting @(5) = T)(K(S")ds", equation 22 can be
written as )

B = B RM(”
" 2 “-é_;‘..(.’)
F(R)= - ‘]~5 g g j )(’\(S)B,\(spe h—— %66004)0(51166(4)4) (24)
®0 o %

23

where RM is the length of the ray from M to R and is a function of P. De-
fining the function Gn(x) by the equation

T _ X
T oswe
G,,‘(x): S € (eme)de (25)
o]

and interchanging the orders of integration with respect to @ and s in equa-
tion 24 yields

o me)
F(R)= ,_4_3 g S )\/’\(5) B,\(S) Gl[ﬁ>(5)]m¢dsd¢64} (26)

o 0 o
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Equecion 26 is the desired integral expression for the flux as &

function of radial position. In analyzing the radiation from an axisymmet-
ric rocket engine Plume, deSoto"a) eveluated an integral similar to the one
in equation 22. For the arc » the cylindricel geometry permits equation 22
to be reduced to equation 26. To evaluate this integral, it is necessary
to know how RM varies with ¢, and for a given @, how temperature varies

with s along the ray,

Arec Geometry

The coordinate srsicz in Figure 1 is redrawn in Figure 2 with ¢!
set equal to zero. Deti)o a.nd—l-?)OR denote vectors from the origin to points
M and R respectively, ard RRM the vector. from R to M. Furthermore lct RA
denote the radius of the arc, i.e, R, = I?OM" Then

—> - oD
Ram = Racmol ¥ + Ry s 6 (27)
and
—)
= >
—y
where Ro = IRORl
Solving :lE'or.-I?RM from the vector equation
=> —> prg
Roﬂ + RRM = Rom (29)
‘ gives
- >
= Ra Cad - R VP wo O
I R = (R ok - R)Z 4 Ruainy 0
‘g, and
g-.—
gg!
: 5l
R
:
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1
oL
R Rem| = [(RA““”RQL* (Q'*’“;‘“\)l] (1)

To determine RM as a function of @ it is necessary to determine
a as a function of . From Figure 2

tm 4) - : RAAW:«.,(
RA Lol ~ Ro (32)

vhich yields the equation

(%)t b+ (110~ (%))
[+ tou™ @

Two values of & are calculated from equation 33, the correct one
being that value which also satisfies equation 32,

To evaluate the integra.nd)(}\(s) B,\(s) Gl(/g‘}\(s)) in equation 38,
it is necessary to know the temperature distribution T(s) along the ray
defined by ¢ A unit vector along the ray from R to M is given by RRM/RM
let 0S a.nd?RS be vectors from the origin and point R to a point s on the

vector ?RM Then

TR (33)

R Ry
Res = 5 Kem (34)
M

-—>
where s denotes distance #long the vectorf aM and

—> — -
Res = Rog + Rgs (35)

or

T b AT |
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Res = Ro¥® + i[(RAC«M~Ro)?+ Rasw & e] (36)
R
-
Solving for\ ROS' ’

o 2
R—zs\z [<R°+ REM(RAMJ-RO)) + (%QAM&)I} (57)

Assuming that the radial temperature distribution T(r) is known
for 0% r s R,, the value of T(s) for a ~iven value of s is defined by

T(S)= T[‘R-:Sl] (38)

Knowing RM(¢) and T(s), the integral in equation 26 can be eval-

uated.
As an aid in checking the computer program, 1t i1s convenilent to

consider the case of a grey iscthermal src. ILet
Xy = K = constant
T( N = T, = constant

Then equation 26 reduces to

F(R)= 4 o' T 5 GLE Ru(] cnddd o

1} (o

Equation 40 was programmed and used to check the flux program for

the evaluation o° equation 26, under the conditions of equation 39.
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Flux Approximation

Before discussing flux computations for assumed temperature dis-
tributions, a word is in order on making approxizate flux calculations,
On a Burroughs B~-5000 computer, ii takes an avezcge of 10G seconds i. eval-
vate equation 26 for one value of r. based on present computing rates, the
corresponding cost is approximately $10 per point. If the flux is evaluatid
at 10 points to compute a radial distribution, the cos* of & flux distribu-
tion for an assumed temperature distribution is of the order of $100. Since
it is not known a'priori how many iterations of equation 1 are needed to ob-
tain a convergent solution, it is obvious that computing costs could become
prohibitive., It iz therefore necessary to consider the possibility of making
approximate flux calculatiors.

For the case of & plane-parallel geometry, Sampson(5)
eral grey g»s exprescion for the flux, but chose the mean aksorption coeffi-
cient to be functions of the Planck and Rosseland mear absorption co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>