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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)
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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.
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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




- 128 -

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
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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

I l

L Theoretical calculation f~r cylinder & slab considering only
spectral absorpiivity of continuum of xenon at an initial

100~ pressure of 300 Torr (using Schliiter's €) =
90— ™~ |
80— \ Infinite Cylinder .
70 U N
60l \( Parallel Stab g
o

50__
401 =
30 Experimental Data of J. L. Emmett, !
20l A.L. Schawlow & E.H. Weinberg

J. Appl. Phys. 35, 2601 (1964)
U o —

| | |
1,000 2,000 3,000 4,000

Current Density, amps/cm2

. 9—=Transmission of a 1 cm thick layer of xenon of homogeneous temperature
at 5000 A




-

]
e

% Transmission of Plasma

Fig

-39-

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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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
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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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Fig. 16— Time history of 8231.6 A line of xenon
780J input, 12.7mm dia. tube, 150 torr initial pressure
Peak current 1140 amps
Peak electric field, 29 v/cm

#

B

Fermed

e o

=
£
=&

it




!

- ha -

-

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 )
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Spectral Radiarice
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Black Body
4 —
] —
Experimental Measurements
for the 780J series
2 —
1 Spectral Radiance as ]
) Calculated using
g for T = 10, 000°K
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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.
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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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RADIATION FLUX IN A NON-ISOTHERMAL NON-GREY CYLINDRICAL ARC

by
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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
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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 coefficients

vsed the gen=

and the optical depth. By using Planck and Rosseland means, the integration
with respect to wavelength is eliminated which significantly reduces wmechine
time, Sampson's flux approximation is exact in the limits of very ortically
thin and very optically thick gases. For & non-grey gas of intermediate op-
tical thickness, he found that exact and approximate flux calculations dif-
fered by no more than a factor of two. For a cylindrical geometry, the
radiative intensity (, must be approximated instead of the flux, and the

A
flux then ootained from the equation

F(r) = Sjgthgd“““ &

wI4q

Following Seutpson, approximtions(h) have been obtained for the
radiative intensity and the flux. The quality of the approximation has not
yet been checked, but if it is comparable to Sampson's, it will be useful
in making vemperature calculations with a significant reduction in cost.
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Only the resulis of this approximation analysis are presented here. The
approximate flux is given by the equation

T fud) ) Ru( 4
F/(\.\):-orgg K«(S)B(SIG\[S K“(?W} ¢ dsdd (42)
~ s

where B(s) ic given by
Bes) = 5 BALTesddy = o' Tl ”
/l

and the mean absorption coefficient {{ a(s) is defined by the equation

‘(q(s): b b + qu(s)] lp(S’ (k)
[‘g;f,,(;,] e LOOR: B ]!/ (s)

The term b is & constant of the order ' unity which can be varied
to improve the approximation.,

The terms 7* (s) and 7 P(s') are the Rosseland and Plancl: optical
lengths along the ray from point M to point R in Figure 2, and are given by

,Tr\) (5) = \go KR(CJ)JP (45)
J
Tp(s) = Sal'f"(g)dg (46)

where the Planck and Rosseland absorption coefficients are given by




HAEM

.12 -
od
Ko(T) = Sokx(T)B,\(T)JA "
t T &
g
and w ’
(ﬂ-‘_ °ﬂ3_" A\
(M) = J, Xy AT Y (18)
4013

In equation 42, U5 and 46, s = 0 corresponds to point M in Fig-
ure 1, and therefore the integration proceeds alcong a ray from the arc
exterior to an internal point K. When s = RM’ —T'P and q*R represent
optical thicknesses of the arc in the direction of the angle @. Depending
on the temperature distribution, pressure and location of the point R, the
arc could be optically thin when $ = 0 and optically thick when 9=7 .

The Gependence of the optical thickness on the engle ¢ is & characteristic
of the c¢ylindrical geometry.,

Under optically thin conditions, when T and ~+ R &re much less
than unity, the mean absorption coefficient h’a approaches the Planck ab-
sorption coefficient |(’P and equation 42 is exact,

Under optically thick conditions when'7~ P and - R &re both much
greater than unity, k'a approaches the Rosseland mean 'y R and equation 42
is a good approximation. The quality of the approximation afforded by equa-
tion 42 when the reys are neither optically thin nor thick will be determined
by comparison with exact fiux calculations.

Results

The purpose of this investigation is to determine radiant flux dis-
tributions throughout an arc corresponding to hypothetical temperature distri-

butions. Caleculations have been made for xenon at pressures of 15 and 50
atmospheres,
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In Figures 3, 4, 5, and 6 the absorption coefficient of xenon is
plotted versus wavelength for pressures of 15 and 50 atmospheres and for
temperatures of 5,000, 10,000°, 15,000° and 20,000°K respectively. These
continuum absorptivities were calculated by Messrs. Church and Schlect(S)
following the theory of Biberman and Norman(6’7) and Yankov(a), using par-
tition functions and particle densities derived from a modification of
Drellishaks(9’lo’ll) procedure. A separate computer program was written
for the absorptivity calcuiations and the computed absorptivities stored
on dis: for the flux program.

The optical thickness -~ A is defined by the equation

Rn(‘b) —
Ty = So Xy(sids T Xy Rm(9) (49)

From Figure 3, for a pressure of 50 atmospheres, $€A.is of the
order of 1 x 10> cn™ . If the arc radius is one centimeter, and RM(¢)
is of the order of one centimeter, T A<L< 1l and a 5000°K arc is optically
thin in all radisl directions. From Figure £, for a pressure of 50 atmos-
pheres, 3? A is of the order of 10 and 7T h->:’ 1 so that a 15,000°K arc
is optically thick in all radial directions. Between 10,000°K and 15,000°K
the arc is neither optically thin nor thick. Furthermore between 5,000°K
and 15,000°X, the absorptivity varies by eight orders of magnitude.

For the flux calculations, isothermal, linear and "parabolic" tem-
perature distributions were assumed. Although the arc temperature is always
conduction controlled near the flashtube wall, under certain conditions the
arc may be fairly isothermal. 1In general, the arc teunperature would be
expected to be "parabolic", but a combination of isothermel and linear pro-
files might be used to bound the flux distribution.

In Figure: 7 the flux distribution is shown for an isothermal arc
of 20,000°K at a pressure of 50 atmospheres. From equation 26, when r = O,

RM(¢) is equal to the arc radius for all values of @ and the flux must
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vanish. From Figure 6, 52‘% is of the order of 5 cm™ . Letting ;EA.=IT ,
then from equation 40, the shape of the flux curve is ¢ssentially determined

by the integral Sj G LF Ruc4)] Crddg

In Figure 8 are shown two temperature profiles T, and T, and the
corresponding flux distributions Fl and F2. Temperature Ii is constant et
20,000°K up to r = 0.9 cm where it drops linearly to 2000°K at r = 1.0 em.
This temperature profile to some extent simulates the effect of a thermal
conduction layer near the arc boundary. The corresponding flux distribu-
tion Fl follows the flux distribution of Figure 7 until the "conduction
layer" reduces its boundary value. Temperature Té decreases linearly from

2C,000°X at r = 0 to 2000°K at r = 1.0 cm. Both flux distributions F, and

L

ol

e

F2 assume maximum values at interior points.
In Figurs 9 the flux distribution is shown for an isothermal arc
at 15,000°K. The fluxes in Figures 7 and 9 are almost in the ratio of
( 'ao,,ooo/ls,,ooo)l‘L
absorptivities are approximately equal, i.e., of the order of 5 to 6 cm"l.
In Figure 10, the temperature varies linearly from 15,000°K at
r =0 to 12,000°K at r = 1.0 cm, and fluxes are shown for pressures of 15

as would be expected from equation 40 since the "average"

e I T s TR o

and 50 atmospheres., An inspection of Figures 3 to 6 shows that the absorp-
tivity for 15 atmospheres is always less than that for 50 aimospheres. From
equation 26, the integrand.)(zﬂs) Bh(s) Gl[ Bh(sf] gives the amount of radia-
tion leaving a point s which arrives at a fixed point R. The Planck function
BA(S) is independent of pressure. Therefore, two arcs with the same tempersa-
ture distribution, but at different pressures, will have different flux
distributions because of differences in the product }(}‘ Gy [ B.(s)7. The
term K}‘(s) Gl[Bh(s)] behaves like the function ¥y, e~R\s  which approaches
zero for imall and large values of Kk A a:d which has & maximum for some
value X ¢ For a given s, if X< X & reduction in )( A due to a
reduction in pressure causes g reduction in the amount of radiation leaving

8 and arriving at point R. Therefore, the overall effect of & reduction in
pressure is a reduction in flux distribution.
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In Figure 11, the temperature varies linearly from 15,000°K to
2000°K. As in Figure 10, the flux at 15 atmospheres is less than the flux
at 50 atmospheres for the reasons just given,

The last temperature distribution is shown in Figure 12. This
"parabolic" temperature profile was observed in & nitrogen arc by Schmitz
and is most likely to occur in xenon. The flux distribution for 15 atmos=~
pheres is again less than that for 50 atmospheres and both flux profiles
have maxima, which is characteristic of wall cooling effects.

These hypothetical temperature profiles have been used to illus-

(12)

trate radisl flux computations for & one ceitimeter xenon arc. For operating
conditions that could produce an isothermal arc with a thin conduction layer,
or & "parabolic" arc, the value of the flux at r = 1.0 cm gives the radiation
of the arc to its surroundings.

For the arc temperature in Figure 8, the arc radiation is 50 x 10u
watts/cm2 vhich is equivalent to 1.59 x 10° Btu/hr £t Therefore, radiation

from high pressure-high temperature self-absorbing arcs can be significant.
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Appendix A

- =
Evaluation of ¥V * F

w4 r

Taking the divergence of both sides of equation A-1

TR = )V (PT) 4w

w=24<%

or

3’0?} - S*‘I’\ 6"?&“ '&' S‘S" Po 31.,\ &LJ

w47 W:“T\'

In cylindrical coordinates
A} S

Since the arc is symmetrilcal,

E; t[x = FT €£3i>
dr

and

(A-1)

(A-2)

(A-3)

(A-)

(A-5)



Now from equation 9,

= -
a=§\?+{7_6+43\f

and

> -
& - viy= 4Ty = '&gdl)

nd ————

S r

Using equations A-l4, A-6 and A-8, equatior. A~3 becomes

> =2 - { - drl\
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w47 w=47

From equation 18,

b4

AI:\ — _— T
—d—s- — )1,\ B/\ -)(.\ ‘L

and from equation 1k

By (w < SI,\ £ des
Q}‘-‘Q‘;“

IJsing equations A-1C and A-1ll, A-9 becomes

(A-6)

(A-T)

(A-8)

(A~9)

(A-10)

(a-11)



A-3

‘7’?\ = 4‘7)6‘3‘\ = ){A\SI’\JU} t E'\

w47
Since

ol
Fee) = S Fa(ride

(A-12)

(A-13)

integrating equation A-12 with respect to A from O to o yields

s oA
G F= 4WS°X,\B.\A> = SX,\ Stf\d“”}'\ ¢ (A-1)

h

° wyg

also, since

= =2 _ dF F
Ve F = (—TV.‘ r
it follows from equation A-l4 that
" oA
dF - 4 Wj Ya Bady — S}r,\SI,\JwA;
dr o S

w47
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Fig. 2—Arc geometry with 8' -0
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TRANSITION PROBABILITIES OF XENON I

by
E. G. F. Arnott

An Investigation was made of the possibility of using the Bates-
Damgaard(l) method for calculating transition probabilities and oscillator
strengths for some of the spectral lines of the rare gases, particularly
Xenon. The Bates-Damgaard aprroximation consists of assuming & Coulomd
field for the atom and hee given good egreement with experimental results
for the simpler systems and for some more complicated systems.

The present work assumes that the approximetion mey be valia for
the rare gases where it is thought that 1-S coupling still occurs {or some
levels. The levels for which this might 2e expected are given in Moore's(e)
tables where such designations are said to be significent for Ne, A and Kr
but less so for Xe.

The oscillator strength is given by

~ _30ks
12 7 &N

where gl is the statistical weight of the lower level, A is the wavelenyts in

Angstrom units and the line strength
2
S = 8(M) s(L) o

where S(M) is a factor depending on the particular multiplet of the transition
array, S(L) is a factor depending on the perticular line. These values can be
cbtained from tables published by Goldberg(B) and White and Eliason(h)

respectively. o is the product of two quentities vaken from Bates' and
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(1)

Damgaardi tables divided by C the excess charge in the nucleus when the

active electron is removed. 1i.e., C=l for a neutral atom.
1 * N *
o= ZF (nz, 2) ;(nz_l, n, £)
*
where n = C/El/2, where E is an energy parameter and £ is the azimuthal

quantum number. A sample calculeticn is given in the Appendix.

Calculations of f., for the lines of A and Kr given by Moore as

12
having IS coupling were made and tne results are saown in Tables I and II
compsred with the <.perimental values ol Pery-Thcrne and Chamberlain(s) f'er

the seme spectral lines.

Table I
Absolute f12 Values for Argon
Transition f(exp) f(calc)
Line (§)  (Paschen) P-T B-D
6965 85 - Pp 0. 0k 0.09
7384 5), = Py 0.12 2.1k
7515 8, = Pg 0.1¢ 0.12
8015 s5 - Pg 0.09 0.08
8104 8), = Pq 0.18 C.14
8115 8g = p9 0.27 0.L45
8425 8. - Pg 0.19 0.40
— o e ) . -

e
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Table II

Absolute fl2 Values for Krypton

Transition f(exp) f(calc)

Line (§) (Paschen) P-T B-D
7601 85 - Pg 0.14 0.28
7695 S5 - Py ~0.03 0.006
810k 55 - Pg 0.07 0.085
8113 55 - By 0.23 0.48
8780 5), - Pg 0.4k 0.42
8929 S5 - Py 0.20 0.104

The correspondence between calculated and observed values is
remarkably good for argon and also for krypton except for the T695A line
These results were sufficiently encouraging to suggest that similar cal-
culations be made for Xe for the strong lines which might be expected to
have I-S ccupling.,  This was done for 15 of the strongest lines given in
the table by Crosswhite and Dieke(6).

As a check on the results three sets of three lines each were
chosen:

lsh - 2p5 ls5 - 2p8 lsh - 2p9
1ls), - 3p5 ls5 - 3pg 1ls) - 3p9
1s), - hps ls5 - hp8 lsh - hp9

A3

8 T1o

where I is the intensity of the line was Plotted agziinst E2’ the energy of

Following the method of Wilkerson(T) the quantity log

the upper level. A straight line should result whose slope will give the

excitation temperature as given by




3 3
IN IN
°K = 5041 (E° - E.g)/log =) - log,, (5—m—)

The results are shown in the Fig. 1 for a 16 mm pressure microwave discharge.
The lsu - np9 series rdoes not seem to fall on the same line as the others snd
gives a slightly lower temperature. However, a temperature of 2850°K was
chosen aud the values of le were calculated from Wilkerson's expression

(o]
e -0 (I_K3)/(I N, T EFeh
12 © "12 & 8, « kT

A value of 0.117 for f12° was chosen from the Bates-Damgaard calculations as

a rcacsonable value for the strong line at 8280CA.

Table III shows the -alues obtaired in this way for 24 strong Xe

lines and also gives the values calculated from the Bates-Iamgesard approximation.

A more detailed study is necessary to determine the reliability of

the values particularly where there are large differences between the two

methods.

e ———— T

= e il
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Absolute f12 Values for Xenon
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Table III

0o f{cale)
LineA ‘Trensition  f£15(2850°K) 3-D
10838 1s), - 2plo .106

9923 1sh - 2p9 .152 N
9800 1s5 - 2p. 083 .110
9163 1s) - 2p7 .145 140
90k3 1s5 - 2p9 . 0034 . 086
8952 1s), - 2pg . 092

8819 1s5 - 2p8 Mo . 054
8Lko9 1s5 - 2p7 .008 . 006
8347 152 - 3p3 .151

8280 1s, - 2p5 L117 <117
8267 1s, - 3p, .222

8232 ls5 - 2p6 . 062

7641 153 - 3p, .380

€318  2p; - N 035 .140
4g32 1s) - 3p9 . 005 .0LO
4917 1s), - 3p, . 008

L8071 1s), - 3p5 . 0076 . 006
)

L671 1s5 - 3pg <016 . O1L

L - B

Lee ls5 3pg .0125
452¢ 1s5 - 3p3 . 002
L501 155 - 3p, . 006
LoT79 1s), - 4P .003L .0032
3968 1s5 - hp8 0038 L0036
3693 1s; - 5pg . 0002
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Consider the transition lsh - 2p5 in Xe I. From Bacher and
Goudsmit(s) the term velues are lsh 29789.34

2p.  17715.59

>
Dividing by 109,678 to express tuese in Rydbergs gives values of E of .2715

*
and .1615 respectively and therefore values of C,_1/2 or n for the two levels.
/E

* 1.92
g-1 =19
n, = 2.kg
since C=1 for neutral Xenon. Therefore

* * . 0
gy = By = -0.57

From the tables of Bates and Damgaard with f=1

F(2.49, 1) = 4.9
I(-.57, 2.49, 1) = 0.65
From these values

2 = (F I/C)2 = 10.2

Goldberg's and White and Eliason's tables are reproduced in convenient form
in Aller's book'?),
From Aller's Table A-2 for a ps to pp transition

s(M) = 9

and from Table A-1 for a spin of 1

So that 8 = S(M)S(L) = 9 x 0.112 x 10.2 = 10.3

The oscillator strength

_ 30k s _ _ _
f12 = glx = ,117 for A = 82804 and g, = 3-
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COMPUTER PROGRAMU USED IN THIS WORK

by

Esther Geil

The five computer programs written in ALGOL for the Burroughs
B-5500 DISK ccmputer used in this work are given in this appendix. The
first four programs are preceded by & symbol teble and followed by a sample
calculatiSn printout. The fifth program whose output is Just the radiative
flux does not have & sample calculetion printout. The five programs are as
follows: (The named references are at the end of this appendix)

@) SIMPLIFIED - a calculation for the electron density and spectral

absorptivity given the heavy particle density and temperature,

(1-4)

based upon the Raizer-Penner model for the plasma.

b) DﬁUBLE - the calculation of the particle densities and then the
spectral absorptivity and emissivity using methods similar to
Drelliskak(S) et al. and Bibermen and Norman(6)« The program is
in two parts, particle density calculation,®spectral absorptivity
calculation with seperate symbol tables.

c) DICSIAB - calculetion of the spectral radiance, indisnt c.u’ttance,
and then the balancing current density using the particle densities
and spectral absorptivities from DPUBLE and the electrical

(7,8) et al. DICSIAB

conductivity calculst~d according to Spitzer
is the calculation for a Plune parallel slab of homogeneous tempera-

ture and pressure.

i
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d) DICKCYL is a calculation of the same quantities in (c) for
an infinite cylinder of homogeneous temperature and pressvre.

e) Radistive Flux throughout & non-isothermal non-grey cylindrical
arc. This program is for the calculation of the radiative flux
(radiant emittance) throughout & cylindrical are of arbitrary
spectral absorptivity and radial temperature distribution (the
latter must be symmetrical sbout the center axis of the cylinder
in this program). It uses the prerticle densities and spectral

absorptivities calculated by program "DPUBLE".

-

Bommand

By



Progrem a
Symbol Table for Raizer-Penner Model
Simplified Model for Electron Density and Spectresl Absorptivity of Plesma

D = thickness of plasma

I[m] = ionization potential for mth degree of ionization from Peuner's model

HNU(1) = hV = the energy corresponding to the ith frequency being used.

N = the heavy particle (atom end ion) density of the plasme

THETA = temperature in eV

M = m = average number of electrons per stom

B2 =1G - 3)

ID2P = I(ﬁ . %)

KAPPAPRIMFE = k' = absorptivity including stimulated emission

Note: Total number of particles, temperature in degrees K, snd pressure
in atmospheres are celculated in the write statement folloying the
computation of KAPPAPRIME.

K'd

Wevelength, teu = KAPPAPRIME x D, 1 - e =, B, and I, for each

frequency are calculated within the next write statement.
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GG TO SOLVER 6010 0107
ALGOL WRITE 0011 no14
ALGOL READ 0012 00183
ALGOL SELECY 0013 0016

NUMBER OF ERRORS OETECTED = 000

PRT S1ZEe0084) TATAL SEGMENT S1ZE=003%3 woROS)
ESTIMATED CORE STORAGE REQUIREMENT s 3322 WOROS,

17126088 THURSOAY, NCTOBER 21, 1963

PROCESSOR TIME ® 10,28 SECONOS

sC 2t
sC 21
sC 1
sC 21
sC 21

2751%

2R

27R1z

2791C

2ant

nAns 1S 0283 {ONGs NEXT SEG ANOY

LAST CARD WITH ERRQOR WaS SFQ ¢

OIS STORAGE REQ,°0N89) wnane} N0, SEGS,=0014,

LABEL 0000000GOLINE 000652047 COMPILE 1030118 BY GEIL

a-3

USING ALGOL

170 TIuE ® 17,20 SECONOS

FO43TEG
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12,127
21,7200
32,100
46,000
57,900
82.700
100,000

PR EwY—~DL

Ne
AFTER
1tN-1/2)s

Se8418
[}

THETAS 1,0000
ITERATIONS, MBARS 0.111 WHERE M=NE®0.0000
8,5968% ItMe1/2)m 17,0698
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30,0
31%.0
40,0
4%.0
50.0
58,0
60,0
65,0
70.0
75.0
80,0
88,0
80,0
98,0
100,0

THETA= 1,7000 EV

Tz 11605.,0 DEGREES X,

AAVELENGTH
VTILRANS

1,24084+03
2,0708401
1,2408404
A,2458,00
6,1098400
4,9590400
4,1320400
3,5420400
3,78984+n0
2,79%0.00
?2,8790,00
2.,06680+00
1,77184+00
1,9%08+00
1.,3778:00
1,240%4+00
8,7698=04
A,1998=01
4,9598%04
4,1320=01
3,%48260=01
3,0008=01
2,7958=01
?,8798=01
?,NH68=0
1,7710=04
1.59%508=01
1,31770=01
1,2808=01
1,03368=01
8,89%60=02
7.7488=02
AJRQE70=02
A,1908=n2
8,0998~02

4,1328=02
1,5028=02
3,0998=n2
2.7%%80=02
2,4798=02
?.,2%48=02
2.,0848=02
1.,9076=02
1.,7710=02
1,4%30=02
1.,95008=02
1.,4%88=02
1,3770=02
1,3098=02
1.,2a08=02

KAPPASPRIWE
1/Cv

1,7718408
1,48R8:0)
1,9550402
6,0800401
2.701%4+01
1.4%938401
8,5450400
5.8558 400
4,1248400
3,04%8,400
2,3338,00
1,8920400
1,0398400
7.6808°01

,9¢98=g
4,8090°01
2,3490.01
1.63am=01
1,37968=01
1,3168=91
1.3860e0
1,5000=01
1,7888=01
2,1010=01
3,3048=01
3,6%60=01
1.0308400
1.7368401
1.84888401
1.8638401
S.08260401
2.7%90402
3.0700401
2,2380401
1.1856M8401

6.6320400
4,1760400
2.798m400
1.96%0400
1.4338400
1,074%4+00
8,2008~01
6,5208=n1
5.2218=01
4,2080°01
3,4978=01
2.9180=01
2.4%868.01
2,0890=01
1,7918=01

NTOTAL=2%,5%494+18

(=TAL -
1=E

1,00004+00
1,00n8e00
1,0008400
1,00004n0
1.0004400
100099200
§,3%0m=ny
9.8718eny
9,A3808=01
9,%248=01
$.0308en
7.7528=01
A 806108=01
$,3680°n4
8,8950=n1
3.,8180%01
2,09a8-0
1,%0868=n1
1,2880=-01
1,2338=01
1,2778=01
1,401 0=0y
1,6038=01
1.,89%0=n1
2,81a8=01
d,3208=n
6,4300=01
1,0008400
1,0008400
1,00080400
1,0000400
1,0000400
1.0008%00
1,0008400
1,00n8400

9.,9878=01
9.8ap0=01
9,3918=n1
8,59%8e01
7.6138°n1
6.5918°n1
S.6350=01
a,7908=01
4,0670°01
3,8508=n1
2,95108=0y
2,%298=01
2,17868=0y
1,88%0e01
1,6398=91

NDENSITY=2S5,n008e1R PARTICLES/CYY
PR, ,7PR78400 AT

RNU INU
WATTS/CM STER

6,2968=07 A, 2568=07
1,5260=03 1,5268°01
5,9%28=03 S,9%520=01
1,31050=02 1,1088=02
2,2628=02 2,7828=n2
3,8438-02 1,6838=0>
4,8310°02 8,A308°N>
6,80080=02 6,3860=07
B8,1458=07 8,01308=02
1,0040=01 9,5%98=0>
1,2068e01 1,0898=01
1,6458°01 1,2758=01
2,1180=01 1.,3680=01
2,6150=01 1,8038704
3,1260-01 140088=01
3,6438°01 1,31916=01
4,068001 1,2708=0
7,.8380=01 1,1820=01
8,74060=01 1,12708=01
8,8%%0=01 1,7628~01
8,3%68=01 1,08Y%=01
7.474804 1,0470=04
6,3088=01 1,0270=01
S,3088=01 1,0088=01
3,3500-01 9,8528°07
1,9608=01 8,34508-02
1,079801 6.91%0=02
S,.6328°02 $,4320°02
2,882802 2,8820°02
6,6868=03 6,5068=03
1.4280+03 1,0280=03
2,88%0°048 2,48%8=0,
5:%56080% 8.8608eN8
1,0328°0% 1,0120°0%
1,3580=07 1,1588=07
1,%818=09 1,9790=09
1,6920=11 1,A860=11
1.70208=13 1,%508013
1.6338°1% 1,8008=18
1,%5098=17 1,1890=17
1,3%38=19 8,0218=20
1,1880=21 6,A720=27
1,01a88%23 2,8%80=74
8,53%0=26 3,8718°75
7.,0730=28 2,0840°28
S,784m=30 1,7078=30
a,67%8=32 $.1820=3)
3, 7398=328 A,1430=735%
2,9638=38 5,58%0=17
2,3208-38 1,A188°39
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Prcgram b
Symbol Table for DPUBLE
Program to Calculaste Spectral Absorptivities and
Emissivities Given Temperature and Pressure

JT1 = initia] temperature desired

JTINC = temperature step size desired

JIMAX = maximum temperature desired

JBPLTZ = Boltzmenn's constant

MW = input as upper limit, becomes actual value, of number of €lergy states input

for the atom

M1 = input as upper limit, becomes actual value, of number of energy states input
for the first ion

NW2 = irput as upper limit, becomes actual value, of number of energy states input
for the second ion

W3 = input @s upper limit, becomes actual value, of number of energy states input
for the third ion

NWh = input as upper limit, becomes actual value, of number of energy states input

for the fourth ion

JC = a constant used in calculating electron density

IP[1] = ionization rotential of the ith species

NP = numter of Pressures desired

P[(i] = the ith pressure, input in atmospheres but corverted internally to mm
mercury

SVENGA[1] = ith energy level of the atom

i

SVENG1[i] = ith energy level of the first ion

SVENG2([1] = 1th energy level of the second ion

il

SVENG3[i] = ith energy level of the third ion

SVENGU([1] = ith energy level of the fourth ion



IHERBHRANE, e SN i

SVEMEGA ' i ]
SVAMEG1 (1]
SVAMEG2 [1 ]
SV¢MEGB[1] = total angular momenta for the ith energy level of the third ion
SVAMEGL [1]

NIAMBDA = number of wavelengths desired

total angular momenta for the ith energy level of the atom

total angular momenta for the ith energy level of the first ion

total angular momenta for the ith energy level of the second ion

total angular moaenta for the ith euergy level of the fourth ion

ALAMBDA[i] = ith wavelength

JELEC = electron density (called NELEC t«n output shzet)
JT = current value of temperature

JP = current value of pressure £
JIPTL = total particle density (called NTHTL on output sheet)
JNQ = cutoff energy for the atom

JNl

]

cutoff energy for the first lon
JN2 = cutoff energy for che second ion
JN3 = cutoff energy for the third ion
JN4 = cutoff energy for the fourth ion

JATEM

atomic particle density (called NO on output sheet)

JCHR1 = particle dencity for the first ion (called N1 on output sheet)

JCHR2 = particle density for the second ion (called N2 on output shee:)

JCHR3 = particle density for the third ion (called N3 on output sheet)

JCHR4 = perticle density for the fourth ion (called N4 on output sheet)

JSUMA = internal partition function for the atom (called Q0 on output sheet)

JSUM1 = internal pertition function for the first ion (called Q1 on output sheet)
JSUM2 = internal pertition function for the second ion (called'Q2 on output sheet)
JSUM3 = internal partition function for the third ion (called Q3 on output sheet)
JSUMk = internal partition function for the fourth ion (called QY on output sheet )
JV1 = ionizetion potential lowering for the atom o

]
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Program bo
Symbol Table for the Spectral Absorptivity Part of DAUBLE

T = temperature

NC = atomic density

QO = internal pertition function for the atom

Ql = internal pasrtition function for the first ion

NU

V = frequency

i1

KO = total spectral absorptivity for the atom

KOPRIME = effective spectral absorptivity for the atom, including stimulated
emission

XI[INU]) = the Biberman-Normen factor for the frequency INU x 10"11+ cycles/sec

H = Planck's constant

K

Boltzmann's constant

V6P = V5P ionizetion frequency from the 6P state

ViP =V

Tp ionizatior. frequency from the TP state

V5D = V5d ionization frequency from the 5D state

VED = Vgq = lonization frequency from the 6D state

d

VIMVG = Vl - Vg where Vl = lonization frequency of lowest level not considered
individually, and
Vg = ionization frequency of the ground state where hVg = ionization
potential

GP = degeneracy of each of the p levels

GD = degeneracy of each of the 4@ levels

A6P = cross section of the 6P state

A6D = cross section of the 6D state

ATP = cross section of the TP state

ATD = crnss section of the 7D state

Note: The emission coefficient, €, is culculated within the final write stetement.




i

JV2 = ionization poteniial lowering for the first ion

JV3 = ionization potential lowering for the second ion

JV4 = lonization potential lowering for the third ion
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18159149 MONDAY, GCTOBER 2%, 1985 WRL ALGAL VERSION OF 9/1/65
BEGIN sC 11 610
START NF SEGMENT evesveevas 0002
SAVE FTLE PASSKAPPA DISX SERTAL [20:1200)(2,60,5300,SAVE 100)3 sC 21 n10
FILE IN REAOER 72,10)) s¢ 2t 32
FILF OUT PRINT A GEIL "7 CHURCw™(z215)) s¢ 2y 710
REAL RISLoAISUSNBSTEPSSRISLNGINI sC 21 1012
COMMENT CABTINE s SL 21 t042
T0 NATAIN LISTING MERGE IN ALANK CARO WITH SEQUENCE NUMBER 0000003n% $ SL 2% 1012
0999999y S¢ 2t 1240
REAL NLAMROA,ILANROA) sC 2t 1210
ARRAY Xptot201) sC 2t t2t0
ARRAY WARRAYLI$901) sC 2t 1313
ARRAY ALAMBOALOI90)S st 21 1842
REAL JT»JATONSJUSUNAS JSUMY) sC 2% 178
OEFINE GEILWPRINTS) sC 2t 178l
BEGIN sC 2t 1741
OEFINE STILwel STEP [ UNTIL #) st AN R 4 B
START NF SEMENT seeseseces 0004
REAL TEMP,TENPI»TEMP2) SC a1 010
INTEGER INOEXI) SC At 010
INTEGER NWoNNISNW2sNW3I2NNA) sC 4t 010
INTEGER OXI}) st [¥] 0t0
REAL XO,YO0sXMaYN) sC a1 010
REAL KT} st At 0to0
INTEGER UKXo» JUKI, JKZs JRJs JKC» UK, JNs JU) st At 0t0
REAL JTis JIEFF, JTINC, JFxXs JEX1» JEXB, JEXC) sC ar 010
INTEGER UNQ» U%1, JUN2s JN3s UN&, JL» JIs JNYs UNTCHK, JLLL) sC At 0t0
REAL JTNAXs JROLTZ» JC» JaTAT» JCULES JELEC, JP, JT01L, sC a1 0t0
JON, JONIs JON2, JON3» JONA, JOELI» JOEL2, JOELY, JUDELAS st [ 0t0
JSUN2, JUSUN3, JSUNA, JPOW1, JPOW2, JPOWIs JPOWAs UC1» JC2, JC3» JCH, SC at  0to0
JRe URR, JATs JA2s JAXs JAAs JAS, JUAGs JOPOLA, JAAN, JBPB, sC at [Xi¢
JCHR1s JCHR2, JCHR3, .<HRAs JSNCHs JVs JVis J%2» JV3s JVE, $C a1 a0
JPP3 sC at 010
ARRAY IP{OLA), POWLOL4])} $C a nto
ARRAY OELLOtA)) sC at 312
PROCEOURE BISECT(X» As 8, Ns Y) J REAL Xo 45 By Ns» YV ) RISECTY SC &t <1y
g RISECT & <« X < g TQ ERROR IN X S 2¢~N x (Be=a) FOR Y = 0, AISECT? sC [} 511
BEGIN REAL 0,158) X ¢ B) S ¢ Y X o &) § ¢ SIGN(Y=S)) 0 ¢ (B=A)/2) ajseEcry  sC a1 581
STARY OF SFGMENT weeveeerte 0005
FOR 1 ¢ O STEP I UNTIL N DO RISECTa SC L] 712
BEGIN X ¢ X 2 0 3 0 ¢ SIGN(Y x §) x ABS(D)/2 ) RISECTS SC 51 989
END 3 AISECTA SC 51 tat]
ENO B1SECT ) AISECTA SC St 1740
NH0S 1S NN20 LONAs NEXT SFG 0004
NEFINE ) SC a4t St

b~
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JPOLASJELEC QAL JELECXJELEC) J#JELECRTIJAZNJELECI ¢ JAINJELECHIA S+ (L 3¢

JAS/JELECI/JRRIS(1/JELECIRTCJAG/IELEC)I/JRRIS
PRiCEDURE OHDERZLENG,OMEGIN# )}

VALUE Nw}

INTEGER ww}

ARRAY ENG,OMEGLOY)

BEGIN

INTEGER 1,J0)

FOR tei STEP 1 UNTIL NW 00 BEGIN

TENPEENGLT )

TENPIeD)

FOR Jetey STEP 1 UNTIL NW 6G

1F TEMP24ENGLJ) « TEMP THEN BEGIN TENPTENP2) TENPLeJ INOJ
OOUBLECENGITENPL ), ENGL1),¢sENGL1)»ENGITENP1])S
OOUSLECOMEGLTENP L 1, OMEGLT 10 e, ONEGLT 1L ONEGLTENPL]))

ENO OF I LOCP)

ENO OF PROCEDURE QROER2}

PROCEQURE FINOCSVENG,ENER)NWING))
VALUE ENERS

ARRAY SYENGIO)®

INTEGER NMoNQ)

REAL ENERS
BEQIN
LASBEL RETURN}

FOR K@eNw STEP =1 UNTIL 1 00
IF ENER » SVENGING ) THEN &3 RETURN)

RETURNS ENOD

REAL Q) X%RJ

INTEGER COUNT,COUNTT, NP, 11}
INTEGER K}

LABEL EXITH

FORMAY FLF(5E20.12))

FORMAT

TITLELC®OUTPYT OF PROGRAM t%))

FL216(6EL6.0))

BEGIN
ARRAY PoNELECLO120))

SC
SC

4

at

41

4t

4t

L1

4

4t

LR

5t

LYEE

51y
50
511
5t
541

STARY DF SEGMENY #eeeseseses 0006

5C
SC
5C
sC
SC
5C
SC
SC
sC
0006 1S 0024 LONG» NEXT
SC
s¢
5C
SC

3¢
sC

SC

61 (1]}
6t 110
61 240
(1} 213
(1} L1
61 1341
61 14010
61 1813
6 2110
SEG noCa
ul 13
(2} 10
4l 1B
Q1 Sty
st
1] St
at sit

START OF SEGNENT sesteenans 0007

sC
SC
SC
0007 1S 0007 LONG» NEXT
19
s
sC
SC
SC

7V 0t0
AN Y 1]
141 LN}
SEG 0004
RV 1T
ar St
4t Suy
[ St
Y 1T

START (OF SEGMENT eseeseeeee 0008

0008 15 0n0a LONGs NEXT SEG

SC
SC

START CGF SEGMENT eeeatsereee

SC

0009 15 0011 LONG» NEXT SEG

sC
sC

START OF SEGMENT eescnvnnre

[1]

4

9t

a1

41

0004
Si
St

000%
Si

0004
St
561

noto




LIST LISTOCJITLsJTINC,JTHAY, JROLTZoNWoNWT s NW2SNWILNWA, $C 101 280

JOrIP(1)rIPIRYSIPLIY1PIAISNPY SC 103 1413

FOR INDEX1*1 STEP 1 UNTIL NP DU PLINDEX1))) SC 10y 231%

FORMAT CONSTANTS("JT1,JTINCoITMAX," PJROLTZoNWINWLSNW2 o NWISNNG " €T 10t 3012

START NF SFGMENT eesovoness 0011

"JCHIPT11IPI2),IPL3Y, 1P (481, NPLFNR. . HINPY® SC 11t 30e2

/(%%20,5))) $C 11t 3012

0011 1S 0028 LONA: NEXT SEG 0010

COMMENT  VEMLFY INPUT TO PARTITION SERIES PROGRAM ) sC 10t 3012

FORMAT OnT  EFORMCTE1S57)s IFORM(IOIA) ) SC 101 3012

START OF SEGMENT seecsseess 0012

0012 IS D008 LONG, NEXT SEG 0010

TIMEIT(PRINI M) §C 10t 3012

READ(REANFRs/»LISTO HIEXIT)) SC 101 3132

WRITEC(GEIL»CONSTANTS,LISTO)} SC 101 3480

WRITE(PRINT(DBL)Y) SC 10+ 3911

FOR OX1 ¢ 1 STEP 1 UNTIL SC 10t 4210

NP NO PIOX:JePIOX1)x780) £C 101 a1

BEGIN SC 10t a7y

LABEL LS08,LS16,L517»1808,L815,L708,L715,L808,L81%,Lv08,L915) SC 10T arty

START OF SEGYENT #eesseeess 0013

REAL ARRAY  SVENGACDSNW )» SVENGILOINWI), SVING2(OINW2), §C 131 010

SVENGI(OIN®3I)» SVENGA[OINWA), SVOMEGAIOINW J» SVOMEGICOCNWI)» sC 13 at2

sVOIEG?(OlNHZJ; SVOMEGICOINW3), SVOMEGACOENWA), SVSUMACLDINW])» SC 138 1912

SVS1C0shW1), SVS2(DSNW2), SVSI[(OSNW3I]» SVSA[OINWR), SC 131 3082

SVSI0shw)) SC 131 ays2

LIST LISTIC(FOR Ox1¢1 STE® {1 UNTIL NW 00 SVENGA (DOX1))} SC 131 aat0

LIST LIST2(FNR Ox1e1 STEP § UNTIL NWw D0 SVOMEGA[OX11)) sC 13s 5382

LIST LISTICFOR Ox1e¢1 STEP 1 UNTIL N41 00 SVENGI (DX11)} $C 131 8282

LIST LISTA(FOR Ox1el STEP 1 UNTIL NW1 00 SVOMEG:IDX1))) SC 131 7112

LIST LISTSCFuUR Xyel STEP | UNTIL MW2 D0 SVENG2 (O0X11)) sC 131 8082

LIST LISTS(FOR Ox1el STEP | UNTIL NWw2 00 SVOMEG2(DX1))) SC 131 a912

LIST LIST7(FOR Oxyel STEP 1 UNTIL NW3 DO SVENG3 10X%1))} SC 131 9882

LIST LISTB(FOR DXx1e¢1 STER 1 UNTIL NW3 DD SVUMEG3CLX1))) SC 13t 10712

LIST LISTO(FNR Oxget STEP 1 UNTIL NW& DO SVENGS (DpX1))) SC 131 11612

LIST LISTI10CFOR OX1¢1 STEP 1 UNTIL Nwa DO SVOMEGArOX1)1) SC 131 12582

LISY LISTI1(FOR INDEX1¢1 STEP 1 UNTIL NW DO SVYSCINNEX1)sFNR INDEX1lel SC 131 13412

STEP 1 UNTIL NW1 00 SVSI(INOEX1]}, FOR INDEX1e1 STEP 1 UNTIL NW2 00 SVS2( SC 131 14083

INOEX1),FOR INDEX1¢1 STEP g UNTIL NW3 NO SVSITINDEX11,FOR INDEX1¢1 SC 131 14783

STEP 1 HNTIL NWwa 00 SVSAIINDEX1),JT)) SC 131 15583

REAOCREADERs / »LISTI)) SC 131 16512

NW eNYi=t) SC 13: 14910

REAO(READERs ' »LIST2)) SC 133 17011

READCREANER» / »LISTIY) SC 131 17313

: NWieNXi=1} SC 133 17744

i READCREANER»/»LISTA )3 SC 131 17812
i B =L

i
B e - .. —_—— - P S —
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HErHT
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READCREANER» / »LISTS)3
NW2eDX1=13
REAOCREANER» 7,LISTS )}
READCREANER, /7 »LISTT)S
NW3eOX1~1}
READCREANER»/5LISTR )3
REAG(REANER» 7/ »LISTO)}
NWAeDX =1}

REAOCREADERS /»LIST10)3

READCREANERS /»NLAMBOA,FOR OX1¢I STEP 1 UNTIL NLAMBNA DD ALAMBDALOX1))}

READLREANERS /»NBSTEPS))
CLOSECREADER,RELEASE )}
WRITECPASSKAPPA»#,UT15. /" INCsSTMAX])
WRITECPASSKAPPA»w,NLAMBOA)}
WRITECPASSKAPPASNLAMBOA+1)ALAMBOAL#*]) )}
ORDER2[SVENGA» SVOMEGAsN®)}
NROER2CSVENG]1 »SVOMEGI»NW1 )}
OROER2LSVENG2,SVDKEG2/)N¥2) )
ORDER2[SVENGI, SVOMEGI,N®2I))
ODRDER2LSVENGa»SYOMEGASNWA)S
FOR OXI « 1 STEP | UNTIL

NW DO SVOMEGALOX1)e2xSVOMEGALOX1)4I}

FOR OXI « 1 STEP 3 UNTIL

NW1 DD SVOMEGILOX1)e2¥SVOMEGELOXI)e1s
FOR OX1 « 1 STEP 1 UNTIL
NW2 DD SVOMEG2(DX1)e2xSVOMEG2(OX1101)
FOR OXI « 1 STEP [ UMTIL
NW3) DD SVOMESILOX1)e2xSVOMEG3(OX1)e1)
FOR OXI & 1 STEP | UNTIL
NWa DD SVOMEGALOX1)e2xSVOMEGALOX® .
FINDCSVENGASIPLII,NW,NN))
IF FALSE THEN BEGIN
WRITELPRINTs gFORMs LISTI)
WRITECPRINTIGBL)) B
WRITEC(PRINT» EFORM» LIST2) 3
WRIYE(PRINTLDBL))
WRITELPRINT» EFURMs LIST3) }
WRITECPRINTIOBL))
WRITECPRINTSEFORM,LISTS )3
WRITECPRINTIOBL));
WRITECPRINTs EFORMs LISTS) 3
WRITELPRINTLOBLI) 3
WRITELPRINTSEFORM,LISTS )3
WRITECPRINTIDBL))}
WRITE(PRINT,» EFURM» LISTT) }
WRITECPRINTIDRL)) J

SC
sC
sC
sC
SC
SC
sC
sC
sC
SC
sC
sC
sC
$C
sC
sC
SC
sC
sC
s¢C
sC
SC

sC

sC
SC
sC
sC
SC
sC
sC
sC
sC
sC
SC
sC
SC
sC
SC
sC
sC
sC
sC
SC
sC
sC

sC

133

134
131

133
138
131
1
13
13
133
133

13
13
133

133
1
131
134
I3
131
i
I
131
I
1
I3
1
1
13:
13

131

14210
18512
iAAL3
1vo1
19313
19510
19412
20210
20311
2041
21913
27733
22912
2anty
24711
2501)
25310
25511
25712
259143
267210
26210

2671)

26713
2Tty
2TN)
27913
27913
2851)
28513
291%)
29410
294t)
29810
30013
30410
3061)
31080
3121)
31630
318 )
32210
3241)
37810
33013

33410

4 B

e




—_—

UL

PN

AR

WRITECPRINTSEFORM,LISTS 33
WRITE(PRINTINRL) )
WRITF(PRINT» EFORMs L[ST9) }
WRITECPRINTIDAL)Y 3
WRITE(PRINTSEFORM,L18Y10)3
WRITE(PRINTINBL))}

ENO OF IF FALSE}

KTeBOLT2xJTY3
TEMP o JEXSARTCUT1I#3xSYOMEGLI(1)/
[SVOMEGACLY) IXEXPL=(PC1)/KT)}

FOR OX1 ¢ 1 STEP 1 UNTIL

NP DO
REGIN
NELEZCOX1)eSARTCTENPXITEMPOPLDX1]1%6,712018/KT)1=TE4P}S
NELECEDX1 JeNELECE DX Ix,13
ENOS
TINELT(PRINT)}
FOR JTeJT1 STEP JTENC UNTIL JFMAX 00 BEGIN
KTeJBOLTZXJT}
SVST11eSYOMEGALY IxEXPC=SVENGAL1)/KT)}
JJe23
00 BECIN
L5168SVS{JJIeSYSLYJI=1+SVOMEGATLJISIXEXPC=SVENGALJJI /KT S

LS17¢ END UNTCL JueJddsl > NW3

SVS1C1)eSVOMEGIC1 IXEXPLSVENGIC1)/XT )3

JJe23

D0 BEGIN

SVS1CJJ)eSVS1LJJ=t J4SVONEGLCUJINEXPL=SVENGL (JJ1/XT]}
L615t END UNTIL JyedJdel > Nwi3

SVS201)eSVOMEG2C1 IXEXPL=SVENG2C1)/XT )}

JJe2s

00 BEGIN
SVS2(JJ1eSVS2LJIJ=1)+SVONEG2LJJIXNEXPL=SVENG2CJJ) /KT )}
L7151 END UNTLL JyeJdJel » Nw23

SVS3C1)eSVOMEG3LL IxEXPL=SVENGIT1]/KT )}

JJe23

00 BEGIN

SVSICJJIeSVSILJIJI= 1+SVOMEGICIJIXEXPL=SVENGICJIJI /KT )}
L8151 END UNTIL JyedJdel > NwW33

SVSAC1)eSVOMEGALL IXNEXPI=SVENGAL1)/XT)S

JJe2t

00 Bcétn
SVSALJJIeSVSALJI=1)¢SVOMEGALJIJIXEXP(=SVENGALJII/KTI}

L9158 END UNTIL JgeJddel > NWas

BEGIN

o~
L}
I

SC 13t
SC 13:
s¢ 13t
SC 132
sC 13t
SC 1%
sC 13!
sC 131
sc 138
sC 13
sC 131
SC 13t
sC 131
SC 13t
s¢ 131
sC 1N
s¢ 13
sC 13t
sC 13
sC 131
SC 13t
sC 13
sC 13t
¢ 13
sC 131
SC 13
sC 13t
sC 138
sC 131
s¢C 13!
SC 138
sC 1N
sC 133
S 131
SC 13t
sC 13t
sC 138
sC 13t
sC 133
SC 13t
SC 133
sC 13
sC 13t
sC 13
SC 133
SC 13:
i

31413
3an10
34213
34410
LLLE]
35210
35413
35413
35410
38910
38211
36011
36310
35310
34712
36012
37113
37713
37410
vy
38013
38112
m112

38813
389011
392133
39312
39312
39811
4011
40413
ans12
40512
41004
41319
41413
airs2
a17t2
as211
42511
42813
42712
45917
434811
airsy

41711




COMMENT  SECOND maJ DR PORTION nF PROGRAM} SC 131 4371}

FORMAT F3("PARTITION FUNGTIANS®/ SC 13t Qa3Ir:y

START OF SEGMENT wneasonenne (014

START OF SEGMENT weansnrere 0015

MAORM S ELACAI XSS MAIBT ;16,85 X54U2E",F16,8,X5/ SC 151 nse

Q32T E1A AN XS, R4E",E 16487 SC 1518 nto
FORBISECT("NYUMAER NF RISECTING STEPS TAKEN=™,16))» sC 191 010
FAf"OENSITIES IN INVERSE CM3w/ SC 158 010
"NOR™HIE1848a XS, "N R E12,85X5»"N2B",E16,A,X5/ §C 158 010
"NIZ"SE16.8,X3,"NaE",E16485X55/ SC 153 010
NELECE",E1848,X5,"NTUTLE",E16.8/), SC 1% 010
F6C"IONIZATION POTENTIAL LOWERINGS IN INVFRRE &M Fnawns sC 151 010

"ATUMB" ,E16.8,X3,"ION1a",E16.,8,X3,"I0ON22",E16.8,X3, sC 153 010
"ION32",EL1648/)) SC 1%t o010
FTPCNTEMPE",16," DFGREES K "»XS»"PRESSURER",E16.8," ATMOSPMERES™)} SC 1%t ol0

LIST LISTICJISUMA,JSUML»JSUM2»JSUMI»ISUME )} s¢ 15t 0t0

0013 15 0102 LONG» NEXT SEG 0014

LIST LISTACJATOM, JCHRY»JCHR2,JCHRI» JCHREHJELEC, JTOTL ) SC 141 1032
L1ST LISTSC JV1,JV2,d¥3rJdva 2 SC 143 2312
BEGIN SC 131 3212
LABEL L10, LS1,L52,L5%,L56,L59,L60,L68,L71,L72,L74,L81,L84, §C 141 3712

START OF SEGMENT #eanssneee 0016

L87,L90,L101,L118) SC 161 010

TIMEITC(GEIL)} 0 SC 1618 0t0

WRITECGEILY) SC 168 110

FOR Iley STEP 1 UNTIL NP 00 BEGIN SC 181 313

WRITECGEILIPAGE))} SC 161 510

JPeP[ 1113 SC 161 713

JELECeNELECITI)) SC 161 813
WRITECGETL,FORBISECT,NBSTEPS)) SC 161 913
JYOTLeUPx8,712018/(¢JBOLTZXJT ) SC 168 1711

JP WI1CSVENGAINWN]/KT) SC 161 1912
JPOW2+SVENGIINW11/KT4JPOWL} _ S§C 181 2110

JPOWISVENG2INW2) /KT+JPOW2) SC 161 2310
JPOWReSVENGIINWI)/KTeJPOWI) SC 161 2510

| JNGeNW} SC 1631 2710
| JNLENWLS SC 161 27313
JN2eNW2} SC 163 7812

JNIENNI ) SC 181 2911

: NITRTTY §C 181 3010
E L1038 SC 161 3013
JSUMALSYS [UNGDS SC 181 3110
2 JSUMLeLVSITUNL ) SC 161 3710
% JSUM2¢5VS20JUN2)) SC 168 3310
E JSUMIeSVSITUNIYS SC 168 3410
JSUMaeSVSALJING YD ' $C 161 3510

L-E

i

"
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S

LRI TR——

s

JClthl(Jl-|.>llEx9(-JPuu1)x(J%uul/JSUMA)l SC 16t 3810
JC?*JC'(JT'!.5)IEX°(-JPUu20JPUHI)I(JSU“ZIJsuﬂl)l SC 161 4117
COHMENRT SC 181 ary2
IF (5995>JT) THEN 6C T LS13 SC 181 472
JC?OJC!(JT'I.5)IEXP(-JPUHJ‘JPUH?)l(JSUMSIJsUMz)l SC 181 a7
GO TN Ls»} SC 1481 8312
LS11 JC3e0? SC 161 SA10
LS%1 SC 141 SA1y
COMMENT SC 161 w710
IF (8995>JT) THEN Gn TO LSS) SC 16t 8710
JC45JCI(JT*|.5)IEXP(-JPDM!‘JPUHJ)I(JSUHQIJSUHJ)l 30§61 srio
GD TO LS#s SC 161 8310
LSS5t JCaels SC 161 4810
1581 IF (129955JT) THEN 60O TO LS9} SC 181 &S51)
JRe1Re15y SC 161 a7y
JRRe 1} SC 161 4AnmygQ
GO TO Leos SC 181 AA13
L591 JReyse=3n; SC 161 7210
JRRe1Me20} SC 161 7713
L60I JA1eJR} SC 141 7342
JA262u L1 xJR} SC 186t 7413
JA3eIN( JC2RCUCIXJR) I = YCIX(JTIATLRYR) ) SC 161 7A12
JAltll(JcJl(JCQI(JCIIJﬂ)))'2I(JTDTLK(JC?I(JCIIJR)))l SC 141 301y
Jl5‘5K(Jcl'JQR)I(JCJI(JC?I(JCIIJR)))-Jl(JTDTLlJRR)l(Jcai(chltJCI1JR)))l SC 161 8512
JA&O-AI(JTDTLIJRR)l(JC‘l(JCJI(JCQI(JCIIJF))))l SC 141 04913
Lass SC 141 o7y
RrsECT(JELEC.IOO.S!?O,NBSTEPSDJPDLI)I ST 141 Q010
JllIOJCl0(2'JCI'(JC2IJEL!C))0(3IJCIIJC2K(JC3I(JELFC02)))I SC 1s: 11410
JHHROAI(JCIIJELEC)l(JCQIJELEC)l(JCSIJELEC)!JCA) SC 1At 1013
JATOMe( JELEC*2) /¢ jANaeJBAB)} 3C 181 12410
JCHR16JCIXJATOM/ JELECS SC 181 (761}
IF CJCHR121) THEN 60 TO L8134 SC 188 12814C
JCHR1eN} SC1a1 19914
L8t JCHR2&JCIXJCHRL /JELEC) 30 181 %m0
IF {UCHR221) THEN GN TO L84} E Y SRR LR
JCHR2403 §C 161 133:n
LBAT JCHR3eJCIXJCHR2/JELECS SC 181 13313
IF (JCHR3I21) THEN 60 TO Lars SC 1At 113513
JCHRI&0 SC 161 13720
LB71 JCHRACJCANJCHRI/JELECS SC 14t 13713
IF C(JCHRA21) THEN GO TO L9004 SC 141 13913
JCHRAN} $C 18t tasace
L9t SC1s1 14113
Jv1o7x3.95799359!-5!50&7{(3.1415926536/KT)x(JELEC¢JCHR|¢ancnR?0 STtet qapie
IXJCHRI+1ARJCHRE)) S SC 1at tasgp
JV2e2ugvy ) SC 1AL thN13
Fo- T
] e = - g~ _ el




by

S BB e

JViedIxdvy)

Juheaxgvys

1F 1PE11eJPOWIXKT< JVY THEN
REGIN

TEMPeIPL1=dvi}
FINDCSVENGA»TENP »NW,UNQ)Y)
JPONLIESVENGAL UNQY/KT}
TEMPeIPL2)=dv2)}
FINOCSVENGI»TEMP PNWYsUNL) )
JPON2¢SVENGILUNT ) /KT+PONYS
TEMPeIPL3I=JV3)
JFOWIESVENG2[UN2 3 /KTePUW2)

TEMPeIPLAY~JVa)
FINDCSVENG2sTENP sNWD,UN2Y)
FINCUSVENGIs TENP sNWILUN3) )

JPOR&eSVENGITUNI ) /KT PUNSS

GO0 TO L1073

ENC}
WRITECGEILLOBLISFTP,UT,»UP/7601)
WRITECGEILAFI,LISTI))
WRITECGEILsFasLISTA))
WRITECGEILsFssLISTS))

WELECCIT JeuELECH

BEGIN

COMMENT GEIL,ASSORPTION COEFFICIENT FOR THE XENON ATOM)SCHLECHT,576)

REAL LITTLECOEF,»BIGCOEF)

REAL V6P, VTP,y50,ye60,
TEMP,
GPsGOsVINVE T,
COEF,C1» Ho Ky
ONU2,
EVIMVGIEVEPIEVOD,EVTIP,EVSD,
HOK»C12,
E6PsEGD,ETPIESDS
N »INU»
KOs XOPRIME,
AGSl,AGS?:AbP,AOD,A?P‘ASOﬁACOEfl
DEFINE T-Jfl,NOIJATOH!;OOIJSUHAt,ql-JSUMltl
FORMAT INPUT(™Taw,16," DEGREES K"»X65"NO=",E10,3,X6,

"Q0mR,E10,3,X6,"018",£10,3),

OuTPUT 4E1543])s

TITLEOUTC/
L NU LAMBNA »
" KAPPAPRIME  EMISSION COEF™

S2 161 15010
5C 161 151181
5C 161 185512
SC 161 1542
SC 148 15519
SC 163 15482
SC 141 15812
S5C  1a1 1A080
5C 161 1A112
SC 161 14312
SC 181 14512
SC 163 16710
SC 161 16930
SC 161 17012
SC 168 17212
SC 16t 17412
SC 161 17s12
SC 163 {791
SC 16t 17910
SC 161 1891}
SC 161 19232
SC 161 19533

SC 161 19910

SC 161 2001 =}
SC 16t 20031
SC 16% 20011
START OF SEGMENT ewutwavene no1r
SC 17 010
SC 178 010
SC 17r o130
SC 171 nso
SC 173 ot0
SC 17 0t0
SC 17y oto
SC 17 010
SC 17y o019
SC 17t o010
SC 17y o0
SC 17 nio
SC 17 niy
START OF SEGMENT w#uhwunwws 0o1s
SC 18t o010
SC 18t 010
SC 181 010
S¢ 101 nto

SC 181 0t0



s

‘umi

=
s

E h

e

" CYCLES/SEC
" INVERSE CM
/
)

REAL PRNCEOURE LAG ¢ X » X0 » DX » Y » N ) 3
COMMENT NROZR 3 LAGRANGE INTERPDLATIONe EQUAL INDEPENDENT STEP,.
SINGLF OEPENDENT, INDEPENDENT VARTIABLE.EXTRAPOLATE IF NNT XOSXSXDeNxDX,

MICRONS *

WATTS/CM3 STER SEC=1"

X = DESTRED INDEPENDENT VALUE

X0 = FIRST INDEPENDENT VaLUE OF Y TABLE (FDR Y(0))

OX = TAALE STEP FOR INDEPENDENT

Y = NAME,DEPENDENT VARIABLE VALUE TABLE (MUST BE SINGLE SUBSCRIPT)

N = MAX INDEX OF Y TABLE ( 2 4 )

VALUE X , XD , DX » N )

REAL X » XD , OX } INTEGER N J ARRAY Y{D) J

BEGIN

INTEGER I J REAL § J

0018 1S 0049 LONG»

LAG 1
LAG ?
LAG 3
LAG 4
LAG 5
ILAG [
LAG v
LAG A
LAG 9
LAG 10
LAG I
LaG 1?2

SC 181 nto

SC 181 00
SC 14t nio
SC 14t 010
sC 1At nto
NEXT SEG 0017
SC 17¢ 0t
sC 17t 0to
sC 171 0to
sC 171 ntd
sC 17t 0t0
sC 171t 010
SC 17¢ 0t0
sC 171 010
sC tn 0to
sC 17 010
sC 1n 00

SC 17t 0to

START OF SEGMENT wwwddudwdw 0010

1F (1 & ENTIER((x = x0)/0X = 1)) « D THEN 1 ¢ 0 ELSE LAG I3

IF 1 ¢ 3> NTHENT ¢« N =3 LA7 1a

S & (X = X0)/0X » 1} LAG IS

LAG ¢ CCYPY ¢ 3) x S = Y1) x (S = 3)) % ((S = 3) x § ¢ 2)/73 LAG 16

¢ (YIT ¢ 1) x (S = 2) = YL1 & 2) x (S = 1)) x ¢§ = 3) x §)/2 LAG 17

END LAG 3 LAG I8

LABEL START»EXIT)

FILL XICw] WITH 1,46,,551,2,25,2,8:3,3.1»

20952:852,002,852,1514851601,821.25%5»

1e22101213

He6,6251 78227}
Kel,3R0a48=16}
HOKeH /K3
V6Pe2,35536015)
VTPe2.65419815)
vSDe2,43618015)
V60e2,67309815%3
VIMVGe2,7252015)
EVIMYGSHDKXVIMVGS
EVEPeHOKxXVEP)
EV6DeHNKxV6D}
EVTIPeMOKXVTP)

EV5DeHDKxVS5D)

GPe22a)

0019 1S D028 LONG»

sC 19 0t0
sC 19 510
SC 19%¢ 1010
SC 191 1211

SC 191 172
SC 191 2410
NEXT SEG6 0017
sC In 0t0

sC 17t 010

START OF SEGMENT weawwadawd 0020

6020 IS 0021 LONG»

sC 17t 113
sC 17! 113
NEXT SEG 0017
sC 171 113
§C 17t 212
sC 17 LR S
sC 171¢ 412
sC 17t 511
§C 171 10
s§C 17¢ 613
sC 17t 712
sC 17t Aty
SC 178 912
SC 174 1013
§C 17y 1210
SC 17+ 131}

sC 17% 1422




GDeaD?s

ACOEF ¢1,20823x%8133
AGS2¢2,508=32)
AGS1+90=17¢A552%2,93815)
AGP*ACNEFX,072xGp}
A6D*ACNEFX,025%G0 )
A7PeACNEF®,021%GP)
ASDeACOEFx%.076x%60)

C1e.89824)

C12¢C1x2)

STARTH

WRITECGEILLOBL 1)}
WRITECGEILLDALI» INPUT,THN0»QDSQ1) )
WRITECGEIL STITLEOUTY)
LITTLECDEFeC12%Q1xT)
BIGCOEFeLITTLECOEFXEXPL=EVIMNYG/T))
ESP+AGPXEXPC=EVEP/TIS
E6D+AGOXEXPCEVS0/T) )
E7PeATPREXP(=EVIP/T))
ES506AS0xEXPC=EV50/T))

FOR 1LAMROA®1 STEP { UNTIL NLAMBDA 00 BEGIN
NU®3818/ALAMBOALILAMNBOA))

INUeNyxB=1d)

1F NU«2814 THEN COEFeLITTLECOEFXEXPCHOKXINU=2,935815)/T) ELSE
COEF+B1GCOEF)
ONU2e¢1,0/NV 2}
KO ¢NO/QO x (COEF/NU  #3 x
CIF INU220 THEN 1 ELSE 1F INU22 THEN XICINUJ ELSE LAGCINUS0,15X1540))e
C IF NU  22.93#15 THEN AGS1=AGS2xNU ELSE 0)¢
C IF NU  25,7966814 THEN E6PXONU2 ELSE 0)+
C 1F NU  22,6193018 THEN E6DXONU2 ELSE 0)¢
C IF NV 22,8083814 THEN E?PxONU2 ELSE D)+
¢ IF NU 24,90884014 THEN ESOXONU2 ELSE 0)))
KOPRIMEeKOx{y =EXPC=HXNU/(KXT))))
KARRAYL ILAMBOA)*KOPRIMES
WRITECJGEILsOUTPUT,NU, IP14/NUSKOPRIMESIF TEMPOHOKXNU/T>15 THEN
EXPCLN (KOPRIMEX2XHXNU#3)=64,36715«TEMP) ELSE
KOPRIMEX2xHXNU»3/(9#27x
CEXPCHOKXNU/T)=1)) )}
ENO OF INUS
WRITECPASSKAPPASNLAMBOASKARRAYI®]})}

EXITIENDS

DD17 15 0169 LONG,

WRITE(PASSKAPPAS®,JP))
END OF JP LUDP)

ENO  END)

SC 17
sC 17
sC 71
SC 178
SC 17
SC 1N
SC 171
SC 17
sC 17
S¢C 17
SsC 17t
sC 178
sC 171
sC 174
sC 17
sC 171t
SC 17
sC 17
sC 17
sC 178
sC 173
sC 178
sC 171
sC 171
sC 17
sC 171
SC 17¢
SC 178
sC 171
3¢ 171
SC 171
sC 173
sC 171
SC 171
SC 171
sC 171
§C 17
SC 17t
sC 171
SC 1714
sC 17
SC 173

1581
1A80
ARA D]
1A10
1932
2112
231
?510
2613
2712
2413
2910
3113
5011
LE1B}
6510
6712
7040
7212
7510
7712
7910

8012

8113

8411

91113

9312

9610
10212
10611
1091}
11211
11511
11910
12389
172412
14481
15010
15310
16211
14412

14732

NEXT SEG 0016

SC 141
SC 161
5C 141

20110
z0811

21032

"

-

b

P
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LA R RSV oL e

WRITE(PASSKAPPAS w, JELECSJTOTL)S

END 0OF Ut LUAPS

GO TN EX]IVY

ENO OF OYNAMIC ARRAYSS

ENDS
EXITs ‘
WRITE(GELIL)S

TIMEIT (PRINT)}
ENO OF ORELLISHAK}

0016 IS 0211 LONG» NEXT Sig

0018 1S 0038 LONG» NEXT Stf

0013 18 0456 LONG» NEXT StR

D010 IS 00St LONR, NEXT SEG

sC i

nnia

no1l

43480

SC 131 4arsy

SC 13t &S50

sC 13t

SC 10t

sC
sC
sC

s

0008 IS 0Nt3d LONG» NEXT

0002 IS 0021 LONG» NEXY SEG

END.
EXp IS SEGMENT NIMBER 0021, PRT ADDRESS 1S o277
N 0022 03or
SORY 0023 0276
cuTPUT () 0024 [[L}]
BLOCK CONTROL 0025 0008
INPUT(N) 0026 023s
X 70 THE 1 o027y 0310
GD YD SOLVER 0028 0232
ALGOL WRITE 002¢9 0014
ALGOL READ 0030 0015
ALGOL SELECT 0031 0016

NUMBER OF ERRDRS OETECTED = 000
PRT S12E=02543

ESTIMATED CORE STORAGE REQUIREMENT = 04689 WORDS,
15800129 MONOAY, OCTOBER 2%, ;568

TOTAL SEGMENT SI2Em01431 WDROSS

PROCESSOR TIME = 22,75 SECONOS

D1SK

b-1/

LAST CARD WITH ERROR MAS SEG ¢
STORAGE REQ,=01733 WORDSS

1/0 TINE = 52,48

s

N« SEGS.an032,

SECONDS

45213

nnlc
aRto
nnoa
AL0
At0
813
913
nno?
1RO

0001



AR

e

A

15300333 wONOAY, OCTRBEK 2%, 19¢%
JTLauTINE  JIMAX G UBOLTZoNK ) NKESNN2 sNA 3N 9dsJC1PE1) e IPL2),1P L34 1PLAIeNPIFOR, ( PINP)

9000,00000 1000,00000 10000,00000 0,69%02 4900,00000

200,0n000 150,00000 100,00000 2,00000 4,R30009415

97833,40000 171048,40000 259089,00000 371037,00000 1,00000
1.0000C

15101104 moNDAY, OCTNBER 25, 1968 PRUCESSOR TIME = 18,80 SECONOS 1/0 TIME = 28,47 SECNHNDS

15101105 mONDAY, GCTOBER 95, 1965 PRUCESSTOR TIME = 19,47 ZLCONOS 170 TIME = 28,58 SECONDS

NUMBER OF BISECVING STEPS TAKENS ™

TEMPs 9000 OEGREES K. PRESSURE2 1,000000000+00 AYMOSPHERES
PARTITION FUNCTIONS

A0s  1,00002966m4+00 Q1= 4,37106237¢400 Q22 6,2264767080+00
Q3= 4,872161478400 Qas  1,0000000%+4+00

OENSITIES IN INVERSE CN3

NO=  7,199304808417 Nim  4,778630848418 N2s  7,130426568+]10
N3s  4,211193178401 Nas  0,000000008400

NELECs 4,770645118+16 NTOTLs  0,155033118+417

IONIZATION POTENTIAL LONERINGS IN INVERSE CM FUR
ATOMa  5,404206618+402  10N1a 1,096857328403 10ON2® 1,645265988503  [ON3a 2,193714648+03

Ts 9000 OEGREES K NO® T,1998+17 Q0s {,0010+00 Q1= 4,3718400
NY LAMBDA KAPPAPRIME EM1SS10N COEF
CYCLES/SEC MICRONS INVERSE CM  WATTS/CM3 STER SECe)
6.0000415 5.0008=02 745468400 3,0524=20
5:4558415 5,5008=02 1,7718401 9.8650=19
5,0000+15 6.0008=02 2:6178401 1,26808e17
8.6150415 6,5008=02 3,33u48401 9.,8790a17
4.20068+15 7.00008=02 3.9488+01 5.4330«16
4,0000415 7.5000=02 4,4010401 2,3008=15
3.7508415 8,0008=02 849468401 7¢9370e158
3.3338415 9.0008"02 5,7238+01 5.,9498=14
3,0008+19% 1.5008=01 603442401 2,08448=13
2.857%415 1,0508=0] 1+348808 1,1188+18
2,00084+15 1.3008=01 2,7590=04 7,5078=17
1,50084+15 2,0008=01 4,9668=048 8,2900e1¢
1.2000415 2.5008=01 7.900088=04 3,3528=15
1.0008415 3,0008=01 141558=03 ¥,2%548015
3.5718+14 3.5000%01 1.,5828"03 1,5340=18
7.5008+18 4,0008%01 2,0828°03 2,6168=18
6.6670+14 4,5008=01 2.6368=03 3,3838.14
6.0008+18 5.,00080=01] 3,236€-03 4,3750=13
5:4558+14 5.5008=01 2.368°~03 3,2648=12
5.0000+18 6.000%=01 2,0168=03 3,8718=14
4,615F+18 6,5008°01 9.7088=04 1,3198«14
4,2860414 7,0008=01 1e0148=03 1,3318=12
&/

T



4.,0000418
3.7500414
3,520%412
3.3330442
3,15884492
3.000m+18
248570412
2.7270412
2:6090412
2.500%+124
2.4000412
2.3080412
2.2220412
= 2,1430412
2.0690412
2.0000418a
1.9350492
1.8750412a
1.8180412
1e765% 12
1.7140P492
1.6678412
106220410
1.5700419a
145380412
1.500044a
6.,000P+13
3,0008413
1.%5000+13
B,00080412
3,0000492

=3
=
=

il

15101108 MONOAY, OCTOBER 2%, ;96s

NUMBER OF BISECTING TEPS TAKEN=
TEMP= 10000 OEGREES LY

PARTITION FUNCTINNS
0= 1,002876800400
Q3= 5,120920000400

OENSITIES IN INVERSE
NO= 5,35869130m417
N3=  1,285052958402

NELECa §,0142a5208416

IONIZATION POTENTIAL

7.5000=01
8,00080y
8.5008=0y
9.00n8=0y
9.5%000=01y
1.0008400
1,0508400
11000400
1.1%308400
142008400
1+2500400
1:3000400
1.3%00400
1.40004+00
1.4508400
1+5008400
1.53004+00
1,6000400
1.6508400
1:7002+¢0
1.7500400
1.8008400
18500400
1.9000400
1.950:0400
2.0009+00
5.0000400
1,0000401
2.,00004+014
5.00004+04
1.00004+02

PRESSIRE=

1.1030=0)
1,s3808=03
1,6000=0)
1¢1370=03
1.2756=0)
1ea218=03
145750203
1eda78=03
1.0810=0)3
1+1500=0)
8,4228=n,
Te08a8=04
T.78008=04
8,5120=0a
942790e04
1,008003
S.Raa0=0y
1.0179=03
1,0556=03
1,00880)
1:1488=0)
141970203
1.2528=03
143510203
143748203
1448400203
14030002
a,4738202
1.Rd98=0y
1,1778400
4,7340400

1.51208a14
i,6880a1y
1,8600a1y
1,2620a18
19308Rey,
104300e13
1.5070=1,
143170212
9,0100=13
9,5a278e18
5,0353=15
5.,2898e18
5.83608a15
3,775615
6,0070e18
6,2320a18
5,81560a1y
S.7a70e1s8
$,7068=35
5.,6860e18
5,6800e1s
3,69608e18
S¢7200e18
54753018
S.7940e15
5.2410=35
8,7630.18
1,02%8e1,
1,1038e1s
141510y,

1678y,

1
PROCESSOR TINE @ 21,88 SECONDS

Q1e  &,430197890400
Q4 1,000000009400

CM3

Ni®  9,914034130416
Na=  0,000000000400
7.339529808417

LOWERINGS IN INVERSE CM Fur

ATOMn 7,493123178402 ION1=

T= 10000 QEGREES K

NU
CYCLES/SEC

6,0000415
5.4550445
5.0008415
4.6150415
4,2860415
4.000F+18%
3,7508415
3,3330415
3,0008415
2.8570415
2.0000415
1.5008415
1.2008415
1.,0000418
8.5718¢12
7.5000+94
8,66704928
6.0000412
§ 5.4550418
5.0000+14
4,6152+12a
4,28688:18

b

NO= 5,3578447

LAMADA
MICRONS

3.0000=02
5.5008=02
6.0008=02
6.5000=02
7.0000=02
7+5008=02
8,0008=02
9.0000=02
1,0008=01
1.0508=01
1.5000=01
2,0008=01
2+5000=04
3.0000=0y
3,5000=0y
4,0000e01
4,3000=0}
5.0000e0y
3.5008=01
6.0000=01
6.5000=01
T.0008=0y

NTOTLe

1,49882463840)3

KAPPAPRIME
INVERSE oM

5.6016400
13156401
1.0448401
2:4768401
2493260401
3,3270401
3.6730401
4,2400401
4,7100401
d.6450=0a
Tea728=04
1+3500=03
2.16108=0)
3,1650=0)
4434268=03
5¢7220=03
T+2408e03
A.A768=0)
6eT450=0)3
8,0226=03
3.2480=0)3
3.341620)

Q0e ;,0038400

1.000000008+1C ATMOSPHERES

022 6,474966870400

N2m  1,055820680412

ION2=  2,.2432369%0403

EMISSION COEF
WATTS/CM3 STER SEC=y

5,5568=10
1.3436e17
1,3550=14
8,596021¢
3,9660-18
1:8420=1,
4,3530e14
2,6130e1)
1.0468a12
1,3888=17
5.9690e16
5,0158=18
1,7300a1,
31,8700e14
6,6008e12s
9,9000e1y
103 38e1)
1,679021)
1,2680e1)
1,4740ey)
5.,7530e14
S.6770a13

L-/o

1/0 TIME & 29,82 sEcoNnOS

ION3e  2,907640270403

Ale 4,4300400



4.00004+18
37507014
3.,5298+14
3.3330412
I, 1580410
3,00004+14
2,85794128
2.7270012
2,6088410
20500@01.
2,8000418
2.3080:14
2.2220414
2.1430414
?.0698414
2.0000014
1.935¢012
1.8750¢14
181800414
178560414
1e7140014
1:687001,
106220014
15790010
1.3380¢14
1.5000414
6,0000e1)
3.0008013
1.,500P¢13
6.0000012
3.,0000e12

15001010 MONOAY, OCTOBER 25, 196s

75008241
Re0008=0{
2¢5008=01
9.0008=n1
9,50090=01
1.000R400
1,0500400
11008400
1.150¥¢00
1.2000400
1.2%08400
103008400
13500400
140008400
144508400
145008400
1.95068400
1:6008400
146500400
1:7008400
1.7500400
1:8008400
1.8500400
1.9000¢00
1,9500400
240000400
5,0000400
1.0000401
240000401
5.0000401
10008402 -

3.9298-0)
4¢5690=0)3
S¢2000-03
3.4308=0)
4,0090=03
445338°0)
5,0220-03
4.6950=0)3
3,54%6-0)
34042003
24180003
24401003
2.6340=0)
248770=03
3.1330=0)
3e¢3Y968=0)
kXS LY 1 LIvk]
Jeahal=0)
34600003
3e7530+03
3,9219%0)3
441048203
44300003
44510803
4,7328=03
44957003
3.60840002
1.600€=0}
64643801
4423860400
14706F401

PROCESSOR TIME ®» 22,93 SECONOS

6,3620=14
T.02/0=q4a
To8680e1
5,00088-124
S,3118e14
S.3970~1a
9,865%a14
35.,1898=12
3, 711010
3,9090=12
2.0510=1y
2.1480=1)
2.233.'1.
2032001y

24331001,
2430301,
2.287001,
2427901,
2,2780¢1,
2028301,
2,2920-1,
2.306.'1.
24322012
2434101,
3512010
4,1070e1a
4,4220=10
4,6130=1,
4677014

LABEL 0 GEIL 0 CHURCH0006%2989 EXECUTE OOUBLE/GEIL

b- 14

170 TIME = 30,27 SECONDS

RO636EG
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Symbol Table for DICSIAB (c) and DICKCYL (d)

ZBAR = 7 = mean ionic charge

DELTE[i] = ST for the ith given value of Z. A correction factor to the
elthrical conductivity o.

DELTK[i: = 8, for the ith given value of Z. A correction factor to the

T,

thermal conductivity.
Z[i] = the ith integral value of Z, at which ST and 8Tk are tabulated
KAPPA[t,A] = k, for temperature t and wavelengti A
D = tnickness of plasma
NT = number of temperatures to be solved for (they must be in equal increments)
NLAMBDA = number of wavelengths to be solved for

P = pressure

IU[j] = input as jth wavelength, changed within program to jth energy hV

BT = lowest temperature desired
DT = temperature step size
ET = meximum temperature desired

T = current temperasture

THETA = tempersture in eV

KAPPAPRIME[j] = k' at jth frequency and current temperature
NE = electron density

ITUTL = total particle density

N = heavy particle density

M = average number of e:ectrons per heavy particle

SIGMA = electrical conductivity

KK = thermal conductivity

TAU = «'D
00
-TU

El'= approximation to exponential integral /[ £
1
FNU[J] == FV(J) = spectral radiant emittance corresponding to jth given energy

du

hv{J)

T e N e s oA i v SR e s BT g o ——

e L L g e
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BNU[j] = the Planek function for the jith given energy
FNUDNU - radiant emittance between energies bounding vptically thick or thin

regions (v > 3 or t < 3 respectively)
]

SM « total rediant emittence =‘/P dev
0

EXPON = 1 - ¢~<'D
Note: The electric field, E, and current dsnsity, J, are calculated within

the write statement following the printout of SUM. The quantities

T

hv, N\, k'y 7, 1 - ¢, Bv, the spectral radiance Iv, and FV are

printed out in the final write statement, and A\, 7, and IV are
calculated there.

A .
Procedure CHOP prints out /P S F,dV where Kl and KE are the bounds or
TN
optically thiek or thin regio%

Procedure INTERP does & linear interpolation to find the value of ST or
‘ €

By corresponding to a given value of Z.

k

Procedure SIMPSON performs & numerical integration (used in DICKCYL only)
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LPHY = minimum ¢~value at which integral will be calculated during integration.
MPHI = maximum ¢ value at which integral will be calculated during integration.
LENGTH = length of rsy from point Ri to cylinder wall in PHI direction

N = meximum number of intervals into which ray may be divided (input).

ND3 = actual number of intervals into which a particular ray is divided.

DS = step size along a psrticular ray.

APPRIXDS = approximate step size (input)

LENGTH LENGTH
3 ] c
DS = =Tn(NDS, N where NDS is an integer such that NDS > APPRINDS > NDS-1

S = point along ray at which integrand is numerically evaluated.

IS = minimum value of S along a particular ray.

MS = maximum value of S along a particular ray.

RSMXY = radial distance from axig of eylinder to point S.

™ = temperature at the radial diétance RSMXY.

KIM = interpolated value of KAPPA at ILAMBDAth wavelength and temperature TM.

IBB = Planck function = amount of radiation emitted by a black body as a
function of frequency and temperature.

WMT = value of the integrand (without multiplier DIAMBDA [ILAMBDA] x
DS x CYs(P) x DPHI x (-4)).

SUMF = total flux at point R; (output ).
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17111122 MONDAYe QCTNBER 23, $94%

“RL ALGUL VERSION OF 9/4/s%
COMMENT INPUT @ AND T USES DICKS K4PPAS aND NE AND NT IN HOwD T,
BUANE PARALLEL SLABS

138

11

1

11

START OF SEGHEANT eceenceewe

COMMENT  GEIL,FOR CMURCHs67B,FOLY7,SIMPLIFIED PROBLEMS
FPILE IV PASSKAPPA OISK SERIAL (2,60.1200)}
FILE IN READER(Z.!O)I FILE OUT GEIL 8(2,1%)}

COMMENT OABTIME
TO OBTAIN LISTING WMERGE IN HUANK CARO WITH SCQUENCE NUWRER 000000391

REAL AsNoNsTHETA)COUNT, Mo IM2a TENP £ WMo KE, TENRY, JoEPS)
REAL O)
REAL TM2P,LITTLEASATI, X HNUL s HNUS, HNULS NHNUS €15 C20C2A0 G285 C )
REAL LoMgpHEsTe, PR
REAL EXPONS FACTS
AEAL E3sTEST,ONUS DI, 8YM)
REAL FRINT,STOMA;SETHETA,OTE) DTK, KN, OENON, TAU,FNUBNU)
REAL ILAMBDA,TI
REAL, NLANBOA,BT,ET,DT,NTS
REAL IT,NE,NTDTL,P)
INTEGER LOWS

REAL IBAR,TKTNY

o

i k; o S H .
- - — —.—a.i...,;u}u——.- W e W E L swe e i B wmi me e e [P

INTEGER NOTHET A, Nis JTHET A IND
ARRAY ATHETA,ANLO1391)

ARRAY OELTE,OELTK,2001%)3
ARRAY WNyCOTABO)}

ARRAY 106197,01800681)

ARRAY KAPPA:0123,1190))
FORNAT DEBUSCSERC.8))

8¢
s¢
s¢
LIR
SL
s¢
s¢
sc
L1
s¢
s¢
s¢
$¢
se
sC
sC
-

sC

sc
L1
s
sc
L1
sC

3¢

21
21
21
k1
21
(1]
2
2
21
k1
21
et
1)
21
21
k1
21

H1}
21
21
1)
21
2!

STYART OF SEGMENT eeceevecine

06004 1S 0004 LONG, NEXT SFG

PORMAY Sﬂ( PFROM NUR®,PE 30 " TD NUS®,FP.9," TRE VALUE 8 THE INTEGRAL

L1d

21

START NF SEGVENT eeveceieee

OF FNU I8",E1043,™ WATTS/CU2"5XS,48)0
STAMAKC LN LaNSDA »*,811,3/

"ELECTRICAL CONDUCTIVITY SIOWas®,E11,3 s INVERSE DHUS INVERSE ctumy
#THERWAL CONDUCTIVITY Ka®sE11,3 ,™ ~ATTS/CY OEGREES®),
EJEPELECTAIC PIELD Lo, E31,3 ,® VOLTB/CM %/

PCURRENT DENSITY Ja®p€11,3 ,» AMP/CM2™Y,
rxNAL</-quxANT EMITTANCE Fa",E11,3 ," WATTS/CM2")}

0098 18 0073 LONG.

PORMAT TITLECPNAME OF THE GAS I® READ FROM TITLE CARO™),»

L1

L1

NEXY

51
S

%8
51
L]
%1
S
SES
2!

START AF SEGFEMT wweevwrwne

DPCmDam, P8 ,2,X3,"Pun, F7,2,% ATum),
“RITET("Te®, 155" DEGREES™),

st

st

LY}

L1]

1210
(218
tagl

411
cnyp
2112
812
nnoa
AlNe
2312
“nns
3312
2312
2312
2312
2312
2112
2312
nae2
7312
nné
2312

2312
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DESCRITTIONCYPLANE PARALLEL SLAM £33 WOwOGE JEQUS TEMPERATURE™ LY
" NEGLECTING THERWAL CONDJCTIVITY®), 8¢ &
NTHETACTNO"5R9,0,X3,"THETA®",RS,2," EV"), s¢ &
IMEmM, (8" ILMIm /L T1,F10,3)), L1
INSE IC4m1/2)8™  LFBeusXS3s " C4e1/2)0" oFB,4), st &
NIS(*Ne®,E40,1), s¢ 4
TITLEPLITIX10o"THETa8",Fg,2," EV':X7:'NTOTAL-'nE9.S:xr;"NOEvslTv-'pEQ.a. LI ¥
" PARTICLES/CMI" / s¢ &
K36smTnnaF0e1s® DLOAEES Ku"sXPo™Po™,£9,3,% ATH® 7, ¢ &
" HNU  WAVELENGTH  KAPPAPRIWEw s¢ &
" TAU (1al) BNy, LI 1}
; LESTAS LULERS SRPLL LTI LB Y
" £y MICRONS 1/5Mmp%23sm1eE ® )14 ,"WATTS/CM STER™, sC &
X116 wATTR/OH" ' e &
¥ ¢ &
LISTRPLOTCF?,3,E1243,6E144)), 36 &
MBARCUAFTER",15," ITERATIONS, “BAR®",E10,3," WHERE MeKE®",E10,3) ¢ &

0006 28 016t LONG, NEXT 3rs
OEFINE JODSFOR Jeo 3TgP UNTIL 6 00 2, ¢ 2
o= = J&G;!}ﬂl=4ﬁ6;{!ll»l UNTIL 6 00 &) ¢
O eROTEIVAEL CHOPY BRSIN - € n
un!r:ca:!L.SN.nnutLoul.unuta-x:.al:tr~uo~u>.rn7~>s ¢ 2
e IF. TATNsR Iﬂltl':lﬂ&ﬂ TKINe® THIN " ELSE TKTNe" THIZK") o I
...f} B ,,;mgﬂgwﬁﬁ:«;;‘ ST e e e i S B At L Ll e e ad e emae s .

— ,

SUNSSUNSTNUDNYS ' ¢ n
PNUONUeO) ¢
LOweds 8¢ 21
END OF-BRICEDUPE CMpP) 8
PROCEDURE INTERP(OT,DELTI) REAL DY) ARRAY OELTC0Y) ¢ 21
BEGIN s¢ 2
LASEL Juwps e 2

' . START OF SEGMENT sevessveae
Joo1 . ¢ 7
TP Z0ARMTENPSTCIY THEN BEOIN €
: 01'0!LT!J]"D!LY[J!'D!LT!J-!S’ICTENP'leR)/ . 8 N
CTEMP=ZE S 1) § GO JUMP  ENOS L.
JUn2y LI 4
END OF PROCZOURE INTERP) 8¢ N

2007 18 0013 LONG, NEXT SEG
LABE, START,EXIT) st 2
TIMEITCAZILY) ¢ 2
FILL DELTECe] WITH 05,58165,06833,,78495,922%,17 s¢ 21

START OF BEQGMENT evennevnnn

N0OB 18 0006 LONG, NEXT SEG

FILL OELTKCw] WITH 04,2250 435654513,,791,1} s¢

21

START OF SEAMENT [EET TN
0009 18 0008 LONG, NEXT srg

2912
Nz,
2312
2112
°n2
2n2
232
N2
2
N2
2h2
M2
N2
212
2312
*na2
2na
0002
2312
aMn2
MW
2n2
Mg

2
810
4413
4812
8710
8710
areo
noor

010

110

"o

812
1113
1210
0002
4710
8710
5810
0008
0002
8913
0009
nno02
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FILL 2 te) WITH 0s102085160100) sc

START NF SEGMENT wesenenane

0010 18 0006 LONG, NEXT SEQ

FACTe],10090=12x01160%/1,830)e¢3) sc
READ(PASSWAPPA, #»BT,0T,ET)) 14
WRETELAEIL,DEBUG,BT,0T,ET)) L 14
NTe¢ET=2T)/0T) 8¢
READ(PASSKAPPAS #5 NLANBDAY S s
WATTECSEIL» CEOUG, NLANBDAY) 114
READ(PASSKAPPASNLANBOA+1sHNUL )} ¢

S ARITEAGE T4 o0C0UGAPOR 1Te0 STEP 1 UNTIL NLAMBDA DO MNULITIDS 114
g;;2$; "lll!‘lfiiil.?!YLtiltltvii WRITECOEILLPAGEY) S wRITE(ORIL,TETLEY) ]
WRITECOELILsDESCRIPTION)) sC

L 13

8¢

sC

14

st

sC

sC

L 14

8§

=

st
sc

st

: ¢

s¢

WRITECAEIL,DEBUG,FOR J o1 STEP 1 UNTIL NLAMBOA DO KAPPALIT,J3)) s¢

—_’x s e R zaf’ % -

S GRTTRCeT T, DERUS, P s
pep/740} . s
;j:M?iwf fﬁw . ¢
Loweersir °

POR Jot STEP i UNTIL NLANBOA DO KAPPAPRINELJIeKAPPALITsJ3) sC

= %iiiii!utaiiiﬁ#&éiIlaﬂiﬁ%i!0- : ; _ : 8
WNEFELRETL, DERUG NE, NTOTL Y sc
NONTOTL=NE} 5¢

é%%} gy . s¢
O prus.s tRen-mmater LS ' se
ZBARSMS 28 /u) s¢
INTENPIDTEI DELTEY) se
INTERPIOTR,DELTK) ) ¢
DENOVeZBARN 8342948481903 t PRINTe LNC2,801820XTHETA®Y/ sc

= (ZUARSIRNNLT4ZEARINN))) ) sc
S10VAS284XSATHETASSXDTE /DENTYS L

e e - — - —

R b e, ot - s o v i, i g e 5 e . s gl .

21

21
21
21
21
21
21
21
H1]
]
21
21
2
21

2

.

21
"

111

i1

%442
0010,
anoz
w311
2810
4903
2011
2210
se13
o711
1n181
1
1202
12612
13413
13812
1%t
jamt
1..00.

10000

START OF SEGMENT ectcccteas 0011,

Iy

ﬂp‘nh&‘}

11¢
11

114

Rils

11t
111
1885
11

1
111

1
111
114
114
114

.
310 |
ol
1312
1099
10'05
19'3;
!Citg
G
aonn!

- 90tk

'LITH
o:oo;
4930
7813’
LLER
(111 ¥
onty’
0213
L1}
onty
0013
10212
19710



KKe,2465%8QTHETARSXDTK/OENOMS
WRITECGETL M

HRITECGilgasIﬁNAK;PRINT;!IGMA;KK)l

FOR Jel STEP | UNTIL ~HNU 00 BEGIN

TAUSKAPPAPRIMELJIxD)

IP TAUSY THEN
Elo-.577215660TAUl¢.090991930TAUI('.249910550TAUI(.0551996507‘Ux

_(=e000760046TAUN( ,00107857311))  EysE
u&tm-mummmmnuu-m‘.uom 3
HAU'ZOJ.”OO!?’ITAUH 681534)3
RNU&JJofACTlthNPXtNNUtJJ’ 'l/!ﬁ!'t?tn?tl?ﬂ!?l =11}

mam.mmmummum REEOC TAUny )-:x!(-vw).-mm-u »
ENO OF J LOOPS

SUMe0} ‘
5&0““‘ = a2
mnmwmuwa

AL S T

FNUONUSPNUL S IXCHNUD S JoMNUL2)) 3

DI CR T iy oo AL Tl et g T ke e a4

Fon Jo2 3Tee 3 uum. NHNU 00 SEOIN
._w.\z!g rm wuuummuuu-nu

THEN CHDP)
s e

e Al

r'“;‘x“ o

RPN

mmmmummnmm : ’ :

5C
[ 1

[ 1
sc

36

8

111 1101y
111 11410
11 1181
111 1213
111 13210
111 13352
111 123y
118 1371
111 fa19
111 15210

i IQSIO
111 16002
111 1479y
111 te012
11 21y
111 try2
411 1ray
111 1810
111 1781y
43840043
11e:tam1)
111 19113
11 100

=
ek

111 19813,

e 111 20q10°
gNo OF J Loorl - $C 111 2Am2,
. e e : 1, : e 5 111 2080y
S uRTTCTSEY rmc:};iwir ' e 8t 111 20813
unmuzluu.mnuncz-sumsmmua.suna-r:nm $C 111 25013
e 8C 111 22814
23100,
$C 113 28012
8111 2s30q i
. .tmﬁ!m. TENPRAPRAPRINEL U3, vEWPRD, ¢ 111 26103 e
.; :xvouot-:ch'r:MP-o:.aNutJ: »:xFDN'BNutJIaFNutJJI)I $C 11y 27444 -
= WRTTELSRSLCRAOEIL. ' ¢ 111 2m80
END-OP”TMETY LDOPT $C 111 28010 .
TIMEITCGETLYS St 111 20213
= END DYMANZC. MNVS. 8¢ 111 20410 E
— . L 0011 ¥3 0299 LONS, NEXT s£@ gnoa!
EXITI ENO, S¢ 21 1ae10. I
= : ' 0002 Y 0130 LONEs NEXT ‘8gg 0001 :
xe 18 SEOWENT NUMBER 0712, PRT ADORESS IS 0207 )
LN 0013 020% I
Sont " oogs 0176
BUTPUTCHY 0013 0038
. ]

= T I o— 1 Il
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LaCk CavTenL
INPYTL2)
50 T2 sOLveRm
LIS, ey
ALG0L FEAC
s 60, SELEZT
NUYRER 2F £23338 ~ETECTED =2 2pn

PRT SIZE=d14l;

ESTINATED CORE STORAGE REQUIMEMENT = 08298 wDROS,

17811849 “ONJAY, GCCDRER 23, 1965

‘GMBEL  00D000CODLINE - 0DO6S248% COMPILE DICSLAB 8Y GFIL TN ALGOL TO LISRamy

2018
0cyr

001

OV’.O
0c21

TITAL SEGWENT SI1ZE=30298 wORDS)

OISK STORAGE REQ.=041075 WORLS!

0008
0184
nie?
Rl ¥
Qois
0n1s

LAST CaRrD

PROCESSOR TIVE = 13,00 SECONDS

'ITH ERARDID wi® Sen o

\Oo REGS,=0322.

I/D TIME = 33,73 SECONDS

RO6IGER
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17111150 MONDAY, BC

AYEL CO2000095ETL

@ el .
W ST G i Turilya T

9.,000000000003
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COMMENT  GETILsFNR CHURCHS8TReFO4I7, SIMPLIFIED PRNBLEM}

FILE IN PASSKAPPA DS« SERIAL (2,69»1200)3
FILE IN READER(2,10)} FILE OUT GRTL 4(2,15%)3

COMUENT TIMELIT

WRL ALGUL VERSION OF 9/1/8%
COMMENT  INPUT P AND Tt  gEs JI1CKS <APPAS BNM NE AND NT IN Wnun T,
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START NF SFGMPNT ewewtatang nno>

TO CATAIN LISTING MENGE IN HLANK CARD WITH SEQUENCE NUMAER 0n000030t
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REAL ILAMBDA,T)
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REAL DJ

REAL 1M2P;LITTLEAJATJAX;HNU1;HNUS;HNUL:NHNU;C!ACZ;CZA:C?B:C!)
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REA!, EXPON» FACT)

REAL E1»TEST,ONU,03,8uM)

REAL FRXNTnSXG”A,SGTHETApDTEpDTK.KK.DENDN.TAU.FNUDNU}
REAL ZBAR,VKTN}

REAL UDIV,vVOIVS

REAL Ov}

REAL UsV,u2}

REAL MTHETA, JTHETASMN, UN}
ARRAY KAPPALD!23,119D)}
ARRAY ATHETA,ANLOYAO);
SAVE ARRAY SINVINta);
ARRAY DE_TE,DELTKs2(01%)}
ARRAY WNULO1aDD))

ARRAY 1(D16),D10016);

FORMAT DEBUGC/"THE DDUBLE INTEGRAL I1S"sE1043)5

&, RT OF SEGMENT tdnvenwans

2007 1S Q009 LONGs NEXT Sfg

FORMAT SN¢ "FROM NUB™,F8.3s ™ TD NUS™,FT7.3,n THE VALUE OF THE INTEGRAL

DF FNU I1S®,£10,3," WATTS/CM2"sXS,44),

SIGMAK("LN LAMBDA =™,E11.3/

START 0OF SEGMENT #wwetennes

"ELECTRICAL CONDUCTIVITY SI1GMam",E1143 »» INVERSE DHMS INVERSE CMwy

"THERMAL CONDUCTIVITY Ke"sE11,3 »" WATTS/CM DEGREES"),

EJ("ELECTRIC FIELO Ew™sE11,3 ," vOLTS/CM n/

"CURRFNT DENSITY Ju",E11,3 ,m AuP/cu2n)y,

FINAL(/"RADIANT EMITTANCE FE",E11,3 ," KATTS/7¢Mam) 3

d-/

nnna

s¢
sC
S¢
7/ SL
S 5L

99999999 sy
sC
sC
SC
S¢
sC
sC
sC
s¢
sC
5C
sC

S¢

SC
L1+
sC
sC
sC
sC
L4
sC
S¢
SC

L1+

Sc

E14
sC
sc
Sc
sc
s¢C
sc

2t
2t
21
21
21
2t
21
21
21
21
21

2!

2t
21
21
21
21
2t
2t
2t
21
21

21

21

Bl

81

R

1012
1012
1510
1510
1510
1510
‘Rt0
1510
15t0
1510
1510
1510
1510
1510
1510

1510
1510
1510
151D
1510.
17!0.
1910
2013
2310
2413
2811
noo?
nno2
2A1)
o8
2R
2811
2nt1
2811
2811
?R11

2811

IS 0N73 LONG» NEXT SEG nnn2




AR

Hidk

FORMAT FNQGNTL®SIMPSON REVITRED FVEN JUMAER IF POINTS™)}

FOXMAT TYTLEC™NAME OF THE GAS IS READ FofM TYTLE CARD")Y,

NPE"DAm, F 8, 2eX5"Pun, FP,2,n ATM~),

WRITET("Tw",16-" DEGREES™)e

DESCRIPTIONC CYL INDER FOR HOWDGENEDUS YEMPERATUSE®
"s NEGLECTING THERMAL CONDUCTiVITY®),

00UT(~D=",R9,4))

NTHFTAL N®",R90,X5,"THETAR",R5,2," EV™),

IME N, X8, *I(MYI*/L11,F10.3)),

TMSC 1IMe1/72)8"  ,FB,a,X5 1 (Me1/2)%"  ,FR.4),

NIS(wNmn,E1041),

TITLEPLOT(X10,"THETAR®,F4,2," EVRaX7o NTOTALRRHEQ 3, X7, " A ENSITYR",Eq,

" PARTICLES/CM3® -/
X16s"Tm*,FB41o" DEGREES Ke"sXTo"P8" , EQ.3," ATM" //y
© LL{T} WAVELENGT H KAPPAPRIME®
W Tad (=TaU) BNUw,
X11o™INU™ ,X11,"FNU® /
" Ev MICRONS
X11o"WATTS/Cu" 4

I

LISTPLOTIF?.3,E1243,6818.3))
MBAR["AFTER™, 15, 1TERATIONS, MBAR#",E10,3," WHERE MeKEe",E£10,3)}

DEFINE JOO®FOR JeO STEP § UNTHL & DO #»
JOD1»FOR Jet STEP 1 UNTIL & 00 #3
PROCEOYRE CHOPJ BEGIN
HRITECGEIL > SNoHNULLOND»HNUCJ=1 3o ABSEFNVONU)» TKTN) S
IF THTNw® TMICK® TMEN TKTNe® THIN " ELSE TKTNew TMick";
SUMeSUMSFNUDNUS
FNUONUs03
LOney)
END OF PROCENURE CwpP;
PROCEOURE INTERP(NT,0ELT)} REAL OT) ARRAY DELT[O})
BEGIN
LABEL JuMp}

J0g1t
1F ZBARCTEMPe2[J] TMEN BEGIN
NTe0ELTIJI=COELTIJI®DELT LI =1])X( TENP=2BAR) /
(TEMPeZ(J=11) J GO JUMP ENDJ
JUMPg

END OF PROCENURE INTERP}

d-2

1/7CHPIX235"1mE ™ ,X18 ,"HATTS /UM STER®,

SC 24
START NF SFGUFNT eeneoataue
NNNY 15 NO1D LUNG, NFXT §FR
s¢ 2t
START NF SEGUFNT weneervenn
SC 10t
SC 1nd
Sc 1ng
sC  fo:
¢ 101
3C 10
SC 10t
¢ 10t
SC 1n:
3, SC 10
3¢ 10t
¢ 1oy
SC 101
SC 101
S¢  10d
$C 101
S¢ 104
S¢ 10@
S¢ 1t
SC 10:
0010 15 0166 LONGe NEXT SggG
S¢ 2t
Sc 2
sC 2t
Sc 21
Sc 21
sC 2t
S¢ 21
S¢ 21
S¢C 21
“ ¢ 2t
Sc 21
SC 21

START NF SEGMENT wnvesevnes

01

Sc
sC
Sc
Sc
SC

Sc

11:
112
11

11:

211y
nnng
nono
2”8
noo
2R11
gaty
FLYS
2811
2A11
2A11
2a11
2811
2A11
FLYN
2811
FLER!
?a11
2811
FLIR]
FLEDY
2811
211

2411
FLERY
nno2
281
LEDY
a1
781
4211
are3
4910
4913
5012
8210
5210
5210
ant

010

110

310

LYY
1113

12:0

TS 0013 LONGe NEXT SEG nNO2

1w

4
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3
H

z
H
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Rf AL

PROCEDURE SIMPSUNU B XsYeN))
COMMENT N MUST RE EVENS

VALUE A»BsN}

REAL AsBaNaXaY$

REGIN

REAL OXonX2,5UM2,5UMy,BR,SUMS

1F N Y0C » « D THEN BEAIN
SUM2eSUMaeSUMED?

nxe(B=A)/(N )i

Dx2+DXx+Dx s BBeB=DX+DX/33

FDR XeAsDX2 STEP DX2 UNTIL BB DO
SUM2eSUM24Y}

FOR xeAsDx STEP DX2 uUNTIL BR DD
SUMaeSUMGHYS

FDR X*A»B DO

SUMeSUMeYS

SIMPSONe (SUMe2XSUM24axSUMAIXDX /33
END ELSE WRITE(GEIL,FORGDT)S

END DF PROCEDURE SIMPSONS

LABEL START,EXITS

TIMEIT(GEIL)S
FILL OELYEL«] WITH 0,,%816,,6833,,7849,,9225,13

FILL DELTKL«3 WITH D,,225543565,513,.7%91.13

FILL Z te] WITH D,1,2,4,16,1003

FACT®1,10098=12x(11605/1,438)+3;
vDlveas

DVe1.,57070632687(VDIV )3
VemDVRe9990903

FOR TEMPen STEP 1 UNTIL vDIv DO
SINVITEMPIeSIN(VeVeDV)e2}
READ{PASSKAPPA»#,AT,DT,ET)}
NTe(ET=BT)/NT}

READ(PASSKAPPA, +,NLAMADA)}
READ(pASSKAPPA, N AMBDACY,HN(#])3
STARTS

READ(READER, TITLEILEXITIS WRITECGEILLPAGE])S WRITE(GRIL,TITLE)S
READ(READER,/,D)}

sc 21
sC 21
sC 21
5¢C 2t
sc 2
s¢ 23
3¢C I
START OF SEGMENT evevenvwese
sC 1?1
s¢ 12!
st 1?3
sC 123
s¢ 2!
SC 123
£C 12:
Sc 123
sc 121
sC 122
SC 121
s¢C 12@
sC 12
nnt2 1S DD4s LDNG» NEXT SEG
s¢ 2%
SC 21
sC 21
START NF SEGMENT tewwtevesy
not3 1S NDNS LONGs NEXT SEG
sC 21
START OF SEGMENT eaweteteee
nnte 1S DDNS LONG» NEXT SEG
Sc 23
STARY DF SEGMFNT eevwweveee
nnts 1S 0006 LDONGs» NEXT SgG
sC 21
J sC 21
) s¢ 2@
S¢C 21
s¢ 2@
S¢ 2!
sC 23
sC 23
sC 21
s¢ 22
sC 2t
sc 21
sC 21

LR 1]
521D
59!0i
5210
8210
€210
LY ]
nnt2
niD
113
312
511
At
{A3D -
1713
2510
2413
3113
3312
7s!
4013
noo2

5210

821D
530
nni3
neo2
84135
noxai
nop2
%812
no1s
0nn2
LLY R
a110’
A183
431D
4412
7110
7612
arsl
2912
o713
11113
1n210

11211



i

#

e

E
E
H
£

I

st

o .

At

i

WRITE(GEIL»NESCRIPTIONYS

NRNUeNL AMRDA )
FOR Jel STEP 1 UNTIL NLAMBDA DD HWNUIJYe1.2307/4NULJYI

HNUINLAMBDA«1)*0}

ARRAY BNUSXAPPAPRIMESFNULDOSNHNY]S

Sc
sC
sc
SC
sC

sC

21
21

2t

23

11913
12213
!
12312
1701y
13180

11130

START OF SEGUFNT seeerenses ONy8

ITe=1!

FOR TeBT STEP OT UNYVIL EY 0D BEGIN

WRITECGEIL»wRITET,T)}

ITelTels

READ(PASSKAPPASNLAMBOAsKAPPALITI#))}

READ(PASSKAPPA»*,P)}

WRITELGEIL,0P»0,P)}

WRITE(GEILIPAGED)}

FOR Jei STEP 1 UNTIL NLAMBDA 0D KAPPAPRIMELJ)eKAPPALIT,»J)}
READ(PASSKAPPAR#,NE,NTOTL)S
NeNTOTL=NE}

MeNE/N)

THETA®T/11605}
SQTHETA+SQRT(THETA)}

IF MS,5 THEN ZBARel ELSE
Z0AReNS,25/4}

INTERPIOTESDELTE)}
INTERPCOTK DELTK) S
DENDMeZBARX 334829448160 3x ( PRINTe LN(2,801820X%THET A/
[ZBAR*2XMX(14ZBARIXN) )}
SIGMA+286xSQTHETA®3IxDTE/DENOMS
KKe ,2865XSQTHETA#SXOTK/DENDMS
WRITELGEIL )}
WRITELGEIL» SIGMAK,PRINT,SIGMALKK)}
FOR Jel STEP 1 UNTIL NWNU DD BEGIN
TAUSKAPPAPRIMEL JIxD}
BNULJI*FACTX{TEMPLeHNULS)) #3/7LEXPITEURPLI/THETA )=1)}
UDIVEENTIERITAUX1,5)3
IF UDIV MDD 2#0 THEN UDIVsUDIVels
IF yDJy<2 THEN UDIVe2;
FNULJI)e 8066XBNUTJIX(3,1615026526=ax
TEMPe
4
1f UDIVX{D0 THEN 0 ELSE
SIMPSON(O,1  »UsSIMPSONLDsVOIV,V,EXP(=TAUXU/L(U26Ue2)4¢1=U2)XSINVIV])),
volvixu,uplv: . (5707963268/VD1V
)
)3

END OF J {DOP}

sc
sC
Sc
SC
sC
sc
sC
St
SC
sc
sC
sC
s¢
SC
s¢
sC

sC
sC
sc
sC
scC
sC
SC
sC
SC
sC
sc
sC
sc
sc
sC
sc
Sc
sC
sc
Sc
sC
Sc

sc

1612
162
161
161
161
161
162
183
16¢
162
161
161
161
162
161
161

163
161¢
161
16¢
168
161
161¢
161
161¢
168
163
143
168
161
143
168
163
16t
161
1613

1618

183

11
atl
510

1231’

1312

1781

2413

LT YR

3780

a3’

8213

5430

4581

5612

5783

5913

v

T

!

6413
8611,
8783
7012
7510.
7811,
8210}
nn::j
100:02
11112
10710
10011
11211,
11411
11881
115817
11681
11801
13082
134613
13613

13910

[

ol

51
P

-3

Frelend




WRITECGEILINRL) )} SC 141 1411t
N3e3/0s SC 161 tass0
SUMe0} ' SC 1m1 tassy
LOwels SC 1At 14m10
TEMPOSYGN(KADPAPEIMEIIJ-D!)I SC 161 1umsd
FNUONUSFNUE T IXCHNUL S Y=uNUE2) 33 SC 141 1%010
IF TEMPCO THEN TUTNe® yufy ELSE 5C 181 15732
' TKTNe™ THICK™} SC 141 1sa32
E FOR Je2 STEP { UNTIL NHNU 0O BEGIN SC 1M1 yx713
1F TEMPy rEqﬂoslGN(xlpPAPalnEtJJ-Da) THEN CMnpj) SC 141 1moi0
DNUSMNULJI=HNULJe 1) SC 161 1413
FNUDNUCFNUDNUSTEMP{oFNU STXONUS SC 161 14710
END OF J LonPs SC 161 14912
¢HOP) SC 161 17113
WRITECGEILsFINAL, SUM) SC 18t 1721y
HRITE(GEIL.EJ.TEMPOSQRT(Axsuw/(SlGMAxDl)nslGnAxTEuP)x SC 161 1a01y
WRITE(GEILLDBLI)} I SC 161 1041t
ualTE(GEIL-TlTLEPLor.THETAnrznnlo(1ou)xv.~- SC 161 10710
TEMPolleo!lTHETl.TEMPleEMP/(2.657'19x273))} SC 161 2na12
WRITECGEIL,LISTPLOT,FOR Jey sTEe 1 UNTIL NHNU DO [TEYPLeHNyULJ], SC 161 21014
1,2397/TEMPy, TEMP&KAPPAPRIMEL JI, TEMPXD, SC 161 22713
EXPONeL1eEXP(=TEMPXRDT,BNUL J] sEXPONXANULYI, FNULITTITS SC le1 23734
WRITECGEILLPAGE )]} SC 141 28231

¢
{
END OF THETA LDODP} SC 161 255:0!
TIMEITCGEIL)YS SC 181 2sm3g
END DYNAMIC WNUJ SC ter 2501y

OM16 IS 0263 LONG, NEXT Sgg o002
EXITS END, S¢ 2! 13310

0002 1S 0136 LONG» NEXT Sgg nont

Exp IS SEGMENT NUMBER 0017, PRT a0ORESS Is 0213
LN 0018 o211
H SIN 0019 0171 g
SORT 0020 0210
i ureyT(w) 0071 0034
é BLOCK CONTROL 0022 0005
. INPUT (W) o023 0173
! GD TO SOLvER 0024 0176
ALGOL WRITE 0025 0014
{ ALGOL READ 0026 0015
{ ALGOL SELECT 0027 0016
NUMBER DF ERRORS DETECTED = ggp LAST CaRD WITH ERRDR waS Srp ¢

PRT S12E=0147} TITAL SEGMENT SI12Ex00937 “#DRDS} DISK STORAGE REQ+®=01178 woRnSs ND» SEGSx0028.
— ESTIMATED CORE STNRAGE REQUIREVENT = 04331 wOROS,

17141138 MONDAYs nCTORER 25, 1948 PROCESSOR TIME = 1%.18 SECNNOS T/0 TIME = 5A,82 SECANDS




R T IR

o

RUN £

XENON
CYLINDER

0aT
0CT1+2521965% $3141Pv

RUN TIwg PROCESSUR TIvE 173 TaivE
1 SEC. 11 SEC.

FOR MOMOGENEQUS TEMPERATURE, NEGLECTING THERMAL CONODUCTIVITY

Ts 9000 DEGREES

O» 1,00

Ps 760,00 AT
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E

— Ao iy P

o oo

LN LAVBDA -
€. ECTRICAL CONDUCTIVITY Si1GuAs
THERMAL CONOUCTIVITY K=
FROM NUEs4, 708 10
FROM NU=z 0,012 TN Nis

7.084%+00

Niis 12,397 THE VALUE IF TWE
FROM Nt=11,807 TN Nilm  0.02% THF VALUE 1F THE
0,012 THE VALUE UF TwE

RADIANT EMITTANCE Fa  4,0010e0) WATTS,/CMp
ELECTRIC FIELO E=
CURRENT NENSITY U=

HNU
EV

24,794
22,580
20,682

19,072°

17.710
16,329
13,4896
13,77
12,397
11.807
8,265
8,199
8,959
8,132
3,542
3,099
2.758
2,479
2,258
2:066
1.907
1.771
1.,6%3

1.550
1,458
1,377
1.308
14240
1.181
1,127
1.078
1.,0%3
0.%v2
0,954
0,918
0,806
0,455
0.826
0,800
04775
04751
0,729
0,708
0,689
0,670
0,6%2
0,636
0,820
0,248
0,324
0,062
0,025
0,012

THETA=D,?

Ts

WAVELENGTH
MICRONS

%5.,0008e02
5,5008e02
4,0008=02
6,5008en2
7,0008=02
7,5008=02
8,0000e02
9,0008a02
1,0000=n1
1,0508e01
1,5008=01
?2.,0008e01
24500801
3,0008=01
3,5000e01
4,0000=01
4,5000=01
$,0000e01
5.,3000e01
6,0000e01
6,5008=01
7,0000e01
7.5008en1

A,0008e01
8,5008=01
9,0008=01
9.500801
1,0000400
1.,0508¢00
1,100%+00
1,1508¢00
1,200%+00
1.,2508+00
1,3000400
1,3%08+00
1,8009400
1,8500400
1,5008400
1:3%500400
1,6008+00
1,8508400
1:7008+00
1.,7508400
1,8009400
1,8508400
1.,900%:00
1,9508400
2,000%400
5.0008¢00
1,0008401
2,0008401
$,0008401
10000.¢°2

2.5448400 VILTS/CM
Q. 4278¢01 AVP/CM2

A EV

KAPPAePR IME
1/7¢C™

T.34548e00
1,7718401
2:6178:01
3.3348491¢
3,.9a88401
4,8818e01
4,9860401
5.7238.09
643448401
1,3488=04
2.7598e04
4,9660°04
74908004
1,1558°03
1,582003
2,0828=n3
2,6368=03
3,2368=03
2.3680°03
2:81640en)
0.7688°04
1,0148=03
1,1948=03

14389803
i:8008°03
141370-03
1.2758203
1,8218=0)3
1,5758=03
1,4478=0)
1s0418en3
1.1598=03
60422008
7.,0848°04
7.7800e04
8,5120=08
9,2798eny
1,0088=n3
9.8448=04
1.0178=03
1,0558=03
1.0088=02
1.145870)
1,1978=n3
1.,2528=N3
1.3118°0)3
143748=0)
1,4408=03
1.0308=02
4,4738°02
1,Ra08e01
11778400
4,7348400

NTOTA 28.1550e17
9000.0 O0EGREES K

TaU

7.54a8400
147718401
246178401
3.3340401
3.9488e01
4,4818401
449460401
5,723,401
643448401
1,3408004
2.7590«04
4,9660°04
7.9088=04
1.1550=03
1,5872003
2.0828=03
2.6348=03
3.,2360e03
2.3680203
2.8168e03
9.7680°04
1,0148=03
14194803

143890002
1,6008=023
1,1378=03
1¢275003
1,4210=0)
1e575%8e03
1.,4478=0)
1.0818=03
1.,1598=03
8.4220=04
7.0840204
7.7800=04
B.5120e04
9,2798a04
1.0080e0)
QeBl4N=04
1.0170e0)
1.,05%803
1.0080a03
1.1458°03
1,1979803
1.72520=013
1,3119=03
14374803
1,4400=03
14039802
4,4730=02
1 .8498e01
141770400
4,7340,400

3,7020401 [MVERSE UHMS {NVERSE ¢
Q¢8729=203 WATTS/CY NEGREES

INTESRAL OF FNU 18§ 3,4129+00 WATTS/0Ms
INTEGRAL NF FNy 1§ 5,8588401 WATT&/(Mo
INTEGRAL "F FNYJ {8 2,2389=05 wATTe/0u5

NDENSIT/=7,8770417 PAR Fg/C
P21,0010400 ATM LA

(eTaAU)
1=€

9,9958=n1
1,00084+00
1,0008+00
1,0008+00
1,0008+00
1,00084+00
1,00084+00
1,0008¢00
1,0008+00
1,3488°04
2.7598=04
4,9658=04
7.9058=04
1,1548°03
1,581803
2,0808+03
2,63208=03
3,231803
2,3650=03
2,8120=n)
9.7840°04
1,0148=03
141038e03

1,3888=03
1,5098°03
1,1378=03
1,2758=03
1,4208e03
1,5730=03
1,8a68=n3
1,0400%03
1,1588°03
6,4208=04
7,0818=04
7,7778=04
8,5088=04
9,2758e04
1,0088=03
9.,8398=04
1,0178=03
1,0558~=03
1,0988=02
1,1458=02
1,1968e0)3
1.251P=03
1,310%=03
1,373803
1,4390-03
1.0348=02
4,3748°02
1,6888=n1
6,9178e01
9,9128e0

17

ELV) Twy
WATTS/CM STER
1.2488e40 1,2088=10
1.710%=09 1,7108:00
1.4842=0A {,4R408=08
9.0830=0n 9,0a38=0A
4,2048=07 4,2na8=n7
1,5868e06 1,5/48=04
14,8900 4,Rq08=n4
3,163%<0% 2,1438=08
1.362%e04 1,3428=08
2,5198epy 3,3948=00
B,3180ep3 2,20%8en4
5.0408°02 2,5028=n%
1.2788e01 1,0108=04
2.1%30°9¢ ?2.,4r58°0y
2,9198a0, 4,646804
3,8900e01 7.2598=04
3,861%=01 1.014%0)
4,0878=01 t,3140e0)
4,188 =01 [%.LELLNY
4e134many 1.1620=0)
4,0600°01 1,9648°04
3,0468e01 4,0008=04
3.8048e01 4,5418=04
31.6538=01 5.0708=04
3,4948=01 5.5068°04
3,3348e01 3,7098=04
3,1768eny 4,0aR8=04
3,0220=01 4,2928=04
2,8758e01 4,%2a8e04
2.7340e01 3,9%a8°04
2.6010e0¢ 2,70%8=04a
2,4758=01 2.8478=04
2.35%%eq1 1,5128=04
2.243000) 1,5a88°02
2,1370=01 1,6420e04
2.0380e01 1,7348=04
1.9459=01 t,8048=0a
1.857%en] 1,8718=04
1,775%8e01 1,7360=04
1,6978e0y 1.7268=014
1,6248en1 1.7138=n4
1,5558=01 1.7078=04
1.4910=p1 1,7068=04
1.,4308=04 1,7108=0¢
1,372%=01 171700y
1.318%«p1 1,757H=nY
1266001 1.,7398=04
1,2188~1 1,7538=04
24533802 ?.6188=04
4,8808°03 3.,0n08°0y
1,7920=03 3,02%8=04
2,9378=04 2,0318e08
7,4018=0% 7.3348=0%

THICK
THIN
TWiCK

FNU
WATTS/CM

3,110%=0¢
4,323%=0%
3,7878=04
2.2958=03
1.0858=02
3, 0688=02
1,2390=01
8,013%0y
3,4510400
8,5568=04
5.78%8=02
6,3070=C1
2.5488400
8,264%¢00
1,1638409
1,5290401
2.5618+01
3,3117401
2.4710401
2.9298401
9,9918400
1,0088401
1.1448¢01

1,2788¢01
1,8088401
9,5500+00
1.0200401
1,ne2840y
1.1400401
9.,9678400
6,8108,400
7.225%+00
3,R110400
4,003%+00
4,1908400
4,3718+00
4,5489¢00
4,716%+00
4,4008400
4,3498400
4,31188+00
4,3028:00
4,3002+00
4,31099+00
4,3279:00
4,352R400
4,3R3%:00
4,41R8+00
4.5040400
7.562904+00
7,5329:00
4,910%+00
1,R05%400




Ts 10000 DEGREES

0= 1,00

LN LAMBDA =
ELECYRICAL CONDUCTIVITY SiGMAs
THERMAL CONOUCTIVITY K.t

FROM NUe24,798 TO Nus 12,397 THE VALUE OF
FROM NU=11,807 TO Nus
FROM NU= 0,025 TO NUs

RAOIANT EMITTANCE Fs

Ps ?h0,Nn0 ATw

ELECTRIC FIELC Es
CURRENT NENSITY JUs

HNU
EV

24,794
22,540
20,662
19,072
17,710
16,529
15,496
13,774
12,397
11,807
&,26%
0e199
4,959
4,132
3,582
3,009
2,755
2,479
2,254
2.066
1.907
1,771
1,653

THETA=0.86 EV
Ta 10000,0 DEGREES K.

NAVELENGTH
“1CRONS

5,0008.02
5,5000=02
6,0000e02
6,5000=02
7.000%e02
7.5008-02
n,0008=92
9,0000=02
1,0000=01
1,0500e01
1.5008-01
2,0000.01
2,5000=0)
3.0000.01
3,5008=01
4,0000e0
4,5000e01
5.,000%=01
5.5008=01
A,0008=01
4,500@=p1
7.0003=01
7,5000=01

6653040

446050+01 INVERSE OWMS {NVERSE C“
103230202 WATTS/CM OEGREES

THE INTEGRAL OF FNU 18 1,B688+01 WATTS5/CMD

0.062 THE VALUE OF THE INTEGRAL 0F FNU 18 2,3348402 WATTS/ 042

0,012 THE VALUE OF

25220402 WATTS/CM2

4,6818+00 vOLTS/CH
241560+02 AMP/CM2

KAPPA=PR{ME
/CM

5,60104n0
1.31504+01
1,9848401
2,8760401
2,9328+91
3,3278401
3,6730401
4,2490401
4,71084ny
3,6450e04
7,4720=04
143508=03
2.1618=03
3,165003
8,3420%0)3
S,7220=0)
7,2408%03
A,8750en3
6,7458=n3
B.0228=n3

3.204820)

1,3418°03
3,9298403

NTOTAL=7,3408+17

TAY

5.,6018400
13150401
1.9448+01
2.4760401
249320401
3,3270+01
3,4738,01
442890401
4,7100+01
3,6450-08
7.4720=04
1.3508=03
2.1610=03
34165003
4.34720%03
5,7228=03
7.2409=03
A,A76803
A 7450=03
4.,0278=03
3e244R=03
3,3418=03
3,9298=03

THE INTEGRAL NF FNU 1S5 {,2368=n1 waTTo/ /(M2

NDENSITY=4,34R0+17 PARTICLFS/CM)
P=1,0018+00 ATM

(=TAU)
1=E

9,943001
1,00084+00
1,0008+00
1,0008+00
1.0008+00
1,0000+00
1,0008+00
1,00084+00
1,000804+00
3,6448-08
7,4698%04
1,3498=03
2,1548=93
3,16008-01]
4,3338°03
5,7068+03
7.2148=03
R,8378-03
4,7228=03
7.9908=n1
3.239001
3,3360°03
1,9228-03

d-&

BNY INU
WATTS/CM STER
3,044%=09 3,0238=09
3,1289%=pA 3,1738=08
2.131%=p7 ?.1310=07
1.0600=p4 1,04008=06
44125004 4,1758=0¢
1.3209405 t,3208=05%
1,407005 1,6n70.05
1.86A004 1,AAABNY
4,736%=04 h,7160=04
1.154R=03 4,2n7R=07
2,4150=02 1,8n038°0%
1.1210=01 1.5128-04
2.,4268R=01 5.,2358°04
1.6820ep1 1,i830en3
4,6388"=01 ?,0n908%03
5,2%28=01 2,9978=013
5.,578R=01 4,0248=03
5.,6909=01 5,02R%=03
8 ,854%en 3,An10-02
3.522R=01 4,4100=03
54331901 1.72608=03
5.1089=01 1,7038°03
4,88h2en1 1,90AR00)

THICK
TWIN
THICK

FNY
WATTS/CM

7.514805
7.R92%=04
5.3898=03
2,6830=02
1.0840=01
3,3428%01
9,1350=01
4,7322+00
1.704%401
1,0608=02
4,5468=01
3,811R+00
1,3190401
2.9320,01
540630401
7.551040¢
1,0148+02
1.267R407
9,575R401
1,1119402
443519401
4,2928401
4,R099401
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1,3%0
1,a%8
1,377
1,309
1.2a0
1,181
1.127
1,078
1,033
0,002
N.9%8
N,91R
0,8R6
0,855
0,826
0,800
0,77%
04751
0,729
0,708
0,689
0,470
0,6%2
0,636
04620
04,248
0+128
0,062
0,02%
0,012

R,0008eny
A,5009=01
3.0008=01
Q,50)%en1
1.000%:00
1.0503+00
1.10094+01
1.1%%99400
1.20%94+00
12503400
1.3033+00
1,3509400
1,40098400
1450000
1,5008,00
1.55084n0
1.6008400
1.,6%008400
1.7008409
1.7%508400

1.,8008400 °

1,85008400
1.,9008400
1,9%50%400
2.0008400
5,0009400
1.0000401
2.00008401
%,0008401
1,000%402

4.%4908=Nn3
Se2a00an]
3.A3382n3
4,0A00=n1
4.%333=0)
S.N228eny
4,6Q59en3
3,.5450=n3
3,94%8-03
?.1R00=n3
2o401R =Ny
?.6348°0)
?2.,3778=n)
3133803
3,399%=0
3,3a48=0)
J.a440=0)
3.6008=0)3
3,7%538=0)
3,9210=n)
4,1080e0)
4,3008=0)
4,5108en)
4,7320=0)
8,9670en)
I, 6R608=N2
1600801
6.,6430°01
4,2388400
1.70684+01

4.54699=03
5.2400a0)
1.43100=0)
4,N806e01
445333203
5,1228e02
f44Q5%=03
3,54%59=03
1,042@e73)
?.180%=03
?.4019=313
2.4340=313
2,R772=03
3.133e=0)
3,399%0)
33080003
J. 46400
3.60000)
3.7%539=0)
3.9219=01
4104800}
4,3008-0]
4.5108=0)
4.,7328=0)
4.96708=01
1.6840202
1400801
Aehg39°01
4,2388,400
17068401

4,5%808en13
S, ri?7R=n3
1,4238=03
4,0h18=01
4,%230=03
5,7118=0)3
n,4R49=013
1,5398=013
31,9348
?.,17R@=n1
2.,31988eny
?,630@°n13
?,A738=01
3,1280=33
3,39a0=03
3,3398=n1
1,4588=03
3,5948=n3
3,7868°03
3,9138=03
t,0058e0)
8,2910=03
4,8998en13
4,7218=n13
4,9548%0)
3,418002
1.4790e01
4 ,8540=0
9,38568en1
1.,00084+00

84,6229 =01
4.,380%an
G,1869=11
3,9220an1
,7099=01
13,5097 =04
31,3213=p9
I.1482=n
2.979%=01
D,A250eny
2.4R20a0
2,547¢=n1
. u27eant
2,305%e01
2.194%=01
?2,093%=0
1.998%01
1.9033=n1
f.R283=0n1
1,7858=n1
1eA718=p1
1,6019=01
1.5360=01
{1.87u8e01
1.416%en1
28620800
7.7078=03
1.9999=013
3,26Rs=ny
A,230R=0%

2.,1n78any
?,200%=n7
1,5028=1
t,5030=n3
1,A7RR=NY
{,7828a017
t,58508e07
1.,1138=n3
t,1728=n
A, 154800
A hr20ang
A,7nN0=ny
4,9598=ny
7.,72n0%=04
7.4519%=0y
A Gatleny
A, 9n7a=ny
4, ,A%ABe0y
4,0320e0y
LCELLLY.Y
A RuPR=0
A R708=0g
CALLENY]
A,a5708e0y
7.,0138="y
1,0359=03
te1400=01
9, 701840y
3,721%=04
2,723n0=0%

5.30U8+01
5.79084+09
3, 7856401
1,01384014
3,228R401
6,029@401
1,910@401
2,8048401
?.9539+01
1.5517+01
1.2219401
1,ARRI40)4
1,7549401
1,8179401
1,2789404
1.741%+01
1,7408401
1.,72R% 401
1.7229%401
1,7218+01
1.,724R4+01
17319404
t,7410401
1,75308401
1.747840
2.403R401
2.R02%401
2.,3670401
? ROLRLO0
2,0808400
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Program e
Symbol Table for Radiation Flux

R = radius of the cylinder (input)

KAPPA [IIAMBDA, IT] = effective absorption coefficient (including ;;imulated
emission; at the ILAMIMAh wavelength and ITth temperature (input from
DOUBLE).

BT = minimum temperature at which the KAPPA's have been calculated (input
from DOUBLE).

DT = temperature step size (input from DOUBLE).

ET = maximum temperﬁture at which the KAPPA's have been calculeted (input

" from DOUBLE).

NLAMBDA = number of wavelengths et which KAPPA has been calculated (input
from DOUBLE).

ALAMBDA [ILAMBDA] = ILAMBDAth wavelength (input from DOUBLE).

N§ = number of equidistant radial distances (of the cylindef) at which the

temperature will be input. Tnese points will be &t equal intervals from

0 to R along the radial direction (input).

IR

iR R elong the radius (input ).

T[IR] = temperature at point

G [x] a\/pﬂ-ee- E%HF sin6dd (tebuleted at intervals of .1 from x = O to x = 30)

NFHI = nu;ber of ¢ values at which intergrand will be evaluasted during numerical
integration (input)

DPHI = {§ step size

DIAMBDA [ILAMBDA ' = ALAMBDA [IIAMBDA] - ALAMBDA [ILAMBDA - 1]

ARI [I] = Ith value of R, at which flux is to be found (input ).

NRI = number of Ri's at which fiux is to be found.
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09419159 TUESDAY» NOVEMBER 9, 1969

BERIN
COMMENT ¥LUX#
COMAENT  GEILSBRUCE SWANTONG220,F023TS
FILF IN PASSG OISK SERIAL(1, 330)3
FILE IN PASSKAPPA DISK SERIALC2, 40, 1200))
FILE IN READER{2, 1D))
FILE DUT GLIL 4(2» 1%))
COMMENT NOLLAR OR DOUBLE ODLLAD CARD QUES =ERE 2reesererrenriecaerrrnae)
ARRAY ARILOS20))
INTEGER JJ
REAL 1» NRIJ
REAL Ry RI» NPHI, NTHETA, 0S, NLAMBPA» Ns BLAMBDA, FLAMRDA, AT. NT,
ETs NY» INRs IT» NR» COSPHLIs» SUMF» PROPS. THETA» TANPHI, INLAMRDM,
INS, INTHETA, INPHI, CDUNTS, DPHI, Ti, ILAMBDAs LAMADAs LPHI. MPHT,
TAN2PHI» SINPHI» COSALPHy SINALPH, P41, 2, LENGTH, PROP: NDS»
APPROXOS, LS» MS» VM» S» RIMXYs TM, [BMe ZMp KLW» 188s TEMR, YMT,
EPS, SUMJ
REAL X3
ARRAY SAVEWR(D112» D1%, D118))
ARRAY 61033001}
ARRAY TIOtAOL, OLAMBOA, EXPARGIO$50), KAPPAIDI30, D133)y ALANBNALOY
%033
FORMAT
[HPUTCTRE® S EL1S 8o XS mRINT, 15,8, X5 *NPHIO"EL1S,8, X3, /"APPROXOSEN,
E19.8o X3 "NLAMBOAR™ ) ESS 8o XSs"Na®E15,8, XN "EPSa™»E13,8),
LAMBOAALONEC/®ALAMBOAT/(SE18,8)))
TIMESC"YOTAL TIME IN LAMBOAS™,FQ,3," SE.ON:S2/
"TOTAL TIME IN S ", F9,3," SECONDSY/
*TOTAL NUMBER OF § VALUESS™,19/"TOYAL TINE IN THEYA ®%,F9,3,
" SECONDS®/®TOTYAL TIME IN PNl ®"%,F9,3," SECONDS™/
®TOTAL PROCESSOR TYIME®™,¢r9,3," SECONDS®/®YOTAL 1/D TIuFen,
F9,3," SECONOS™),
RRICONRS®,E15, 8, X10,"7TIR) ARRAY FOLLOWS™/CO6E18,8)))
TTCROTR ™ EL5.80 X3, OTa"ELS,8,X5»"ETu",(13,08),
TITLEKAPPAI®KAPPA ARRrY FROM OISK FILE™)»
PRINTKAPPAT/®*ROM [LAMBLAR®,E11,3/(6816,8)))
DCLOCKI®YIME FOR 300 INTEGRATIONS USI{NG ROMBERG DF ORDER & [S™»FA

23
DUTRING("AF5,35%)a",E20,11)

INLUTECORO S ELS,8, X5 R In®Ei5,8, X5, "NPHIR")E15,8,X3))
lNU\T?('lPPRDlDS.')ElEiD)‘SD'NLlNDDh.'l[lScUDI5D'Nl'pElS.Rnl!)
"EPa"E18,8),
TIMELC®YOTAL TIME IN LAMBOA®®,F9,3,® SECONDS®),

TIMEPI®TOTAL PROCESSOR TIMEm™,F9,3," SECONDS™),
TIMEL.FPTOTAL [/0 TIMES™,F9,3," SECONO5™),
RESULTI®Fa®,£19,8," WATTS/CM2%)3
LASEL NEXTRAY)
LASEL EXIT» NEXTRI}
REAL PROCEOURE LAG(Xs X0» OX» Yr N)J
COMMENT OROER 3 LAGRANGE INTYERPDLATION, EQUAL INDE®ENDENT STEP.
SINGLE OEPENDENT, INOEPENDENT VARIASLE,EXYRAPOLAYE IF NOT XOSXSXNONwOX,
X = OESIRED INDEPENOENTY VALUE
X0 = FIRSY INGEPENODENT VALUE OF Y TYASLE (FOR Y(O))
OX = TASLE STEP FOR INOEPENDENY
Y = NAME,OCPENOENT VARIABLE VALUE YABLE (WUST BE SINGLE SuBSCRIPY)
N = MAX INOEX CF v TARLE ¢ 2 4 ) 3
VALUE X, X0» OXs N}
REAL X» XDs» OX3
INTEGER N}
ARRAY YI0)3
S8EGIN
INTEGER I}
REAL 8)
I¢ ENTIER{(S+(X=X0)/70%)}
IF Sel THEN
LAGe YII)

ELSE
LAGeCYITot )oY (L) Ix(Sm] ev(I )}
END LAG)
COMMENTY DOLLAR DR DOUBLE ODLLAR CARD GOES HERS ewtdecanaocsssgssvannnee)
TIMEIT(GEIL))
READC(REAQDER,/, R)}
READ(NEADER,/7» NPHI» APPRLXDS))
READCREADERS/» N3 .
REANCREADER,/, EPS))
READ(PASSKAPPA,*, BY, 0T, ET))
COMMENT TEMPS AT WHICH KAPPALY 1§ GIVFN)

REAQ(PASSKAPPAs*» NLAMBOAY)
READCPASSKAPPA, NLAMADASL, ALAMBOA(*))}
READCREADBR,/s NR» FOR IR¢ D STEP § UNTIL NR OD TLIR)))
WRITEC(GEIL» RRI, NR, FDR IRe U STEP § UNTIL NR 0D TLIRIY}
FOR ILAMBOA® § STEP { UNTIL NLAMRDA DO

ALAMBOACILAMBDA)e ALAMBDACILAMBDAIXA=A)
NTe({ET=BT)/0T}
FOR ITe O STEP I UNTIL NT DO

BEGIN .

READC(PASSKAPPA,*> FOR ILAMBDAe | STEP 1 UNTIL NLAWMRDA (0 kAPPA
CILAMBDA, ITI))

e -1

1

000000C0
nn6po0u0
LAG ?
LAG 3
LAG L}
LAG 5
LAG A
LAG 14
LAG L}
LAG LJ
LAG 9
LaG 10
Lag 10
LaGg 12
LaG 12
LAaG 12
Lag 12
LAG 1A
00000000
00000000



NI ATH LRI N R

READCPASSKAPPA, #: X5 X))
END OF 1T LDOPJ
REAN(PASSGs 301e GL*)y3
IF FALSE THIN
BEGIN
{NLAMBDA® TIHE(2)}
FOR ITe O STEP ( UNTIL 300 ND
BEGIN
Xe 117103
GLIT)e ROMBERG(,000000001, 1,5/37963268, 6, THETA, FXP(=
X/CTEMPe SINCTHETA)IIXTEMPY
END OF 1T LDOPS
INLAMBOA® TIHE(2)=INLAMSDA}
WRITE(GE(Lr DCLDCK:. It AMRDA/60)}
WRITE(PASSG» 30(s C(L¢1))
WRITECGEIL, OUTG» FOR ITe O STEP t UNTCL 3IN0 NUCITs ACITYIIII
ENO}
OPHI® 3,(8(5926536/NPMI}
IF FALSE THEN
BEGIN "
WRITECGEILs, TITLEKAPPA)S
FOR ILAHBDA® ( STEP § UNTIL NLAMBDA OU
WRITECGEIL» PRINTKAPPA» ALAMBDA[ILAMADA), FDR (Te D STFP {
UNTIL NT DD KAPPALILAMROA, IT))}
WRITECGEIL» LAMBOAALONE, FOR LAMBNAs § STEP I UNTTL NLAMANA NN
ALAHBOALTILAHBDA) )}
WRITECGEIL, TT» BT, 0OT» ET))
END)
WRITECGEILCOBL))S
FOR ILAMBDAe 2 STEP I UNTIL NLAMBDL QU
DLAMBOACLILAMBDAYe ALAMBDACILAMBCA)=ALAMFDALILAMBOAST Y}
OLAHBDAL()e DLAMBOAL2)}
READCREADER,/» FOR I¢ O STEP I i “:_ 21 00 ARCLII)I(NEXTRI)}

NEXTRI

CLOSECREADER, RELEASE)}

NRIe lef;

FOR 1¢ D STEP I UNTIL NR: DO

BEGIN

RIe ARI{1)}
COUNTSe D3
INLAHBDA® INSe INTMETAe INPHIe 0)
WRITECSAVENRII, 1,#), INOUTL» Rs RI» NPHIY}
WRITECSAVEWRLI, 2,%), INDUT2, APPRDXOS, NLAMBODA» N» Frad?
SUHFe 0}
IF Rlwg TMEN

LPMIe 1,5707963288eDPHI/2
ELSE
LPHIe OPM1/2)}
HPMIe 3,1415926536°0PMIX, 8}
INPHI® INPMI=TINE(2))
FOR PHIe LPHI STEP OPHI UM/IL MPH{ DO
8EGIN
TAN2PHIGLTANPHIC(SINPHI® SINCPMLI))/COSPMIe COS(PHI)I*2}
SUHe 03 0
COSALPHe(RI/RXTAN2PMI=SORT(14TAN2PMIX(I®(RI/R)#2))) /(10
TANZPMI) )
SINALPMe SQRT(1=COSALPM®2)]}
IF ABSCSINALPH/(COSALPH=RI,/R)=TANPMI)>,000000( TMEN
BEGIN
COSALPHO(RI/RXTAN2PH{4SORT({ s TAN2PMIX(I=(RI/R)#2))
= J/7C{eTAN2PHI) }
SINALPH® SQRT((=CNSALPH#2)}
ENDJ
INTMET Ae INTHETA=TIME(2))
LENGTMe SINALPMXR/SINP''I}
FOR ILAMBOA® C STEP I UNTIL NLAMBDA DO
EXPARGCILAMBDA)e 03
IF NOSe ENTIER(LENGTH/APPROXDSYel<N TIEN
DSe¢ LENGTM/NDS
ELSE
DSe¢ LENGTM/N}
LSe D5/2}
HS¢ LENGTH=LSx,8}
VMe D}
INSe INSeTIME(2)}
“OR Se LS STEP DS UNTIL M5 0D
BEGIN
COUNTSe COUNTS+(}
RSMXY® SQRTC(RIGSXCOSPHI)*24(SxSINPHI)*2)}
TMe LAGCRSHXYs 0s R/NRs T, NR)YJ
1BMe (,08022/TM}
IHe 0}
INLAMBOA® INLAMBDAST(ME(2)}
FOR ILAWBDA® { STEP ( UNTIL NLAMBNA NN
BEGIN
LAHBDA® ALAHBDA[ILA BDA))
KLHe LAGCTM, BT, OT, KAPPA[(LAMROA,¢), NT)3
1BBe (,19250=12/(LAMBDA*SXCEXP(TRM/LAMRNA )=
I K
EXPARGI ILAMBOA)e TEHP® KLMxNS+EYPARGLILAMBNA

e-z

-3

P



1}
IF TEMPSID THEN
REGIN
YMTe KLMX[ABXLAGCTEMPy 0» o1, Ge 30030
Z'te 7MeYMYXDLAMBOALILAMARDA))
END TEMP3O}
END OF LAMROA LOOPR
INLAMBOA+ INLAMBDASTIMEC(2)} £
VMe VM4ZMB
END OF S LDOP!

z
i

NEXTRAY1
INSe INSeTIMEC2)}
SuMe LUMeVMXDS)
INTMETA® INTHETASTIME(2)}
SUMFe SUMF+SUMXCOLPULS
END OF PRI LDOP}
INPHIe INPHI4TIME(2)}
SUMFe=SUMFRAXDPHIS
WRITECSAVEWR{I, Os*1» RESULT, Sumr)}
WRITE(SAVENRCI, 3»%)s TIMEL» INLAMBOA/80)}
WRITECSAVEWR(LI, As%)s TIMEP, TIME(2)760)3
WRITECSAVEWR(L, Ssvls TIMELID, TIME(3I)/60)3
ENO OF RI LOOP)
FOR Ie¢ D STEP { UNTIL NRI 00
BEGIN
WRITECGELLIPAGE) )}
FOR J¢ O STEP { UNTIL 5 D0
KRITECGEIL» 15, SAVEWR[I» Js))}
END OF 1 LOOP}
EXITY
ENO,

o

09820015 TUESDAY, NOVEMBER 95 194% PROCESSOR TIME » 5,83 SECONDS 1/0 TIME = 22,57 SECONDS
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