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PREFACE 

High energy arc discharges have heen used to pump lasers flnce the 

first ruby laser of Maiman, and are still the most efficient means for exciting 

the high energy lasers. In order to obtain larger inputs to lexers 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. 

I ider 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 would 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 sach features as the Stark 

broadened   '■;: which are so important In the infrared between .65 and 1.0 |i. 

But a large portion of the disagreement is due to insufficient quantitative 

knowledge of the properties of dense nl-.Tipa^jin particular, the spectral 

absorptivities and transport properties (i.e.3 electrical and therma] 

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



other rare gasesj there is a lack of quantitative data on dens'.j plaömas of 

even nitrogen and oxygen. In the past five years, there has been a large 

amount effort devoted towards 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 ca.i provide valuable 

quantitative information in dense plasmas such as those that may >,e eicountered 

in gases other than xenon. 

a 

- 



ABSTRACT 

This report summarizes the work co date on Contract Nonr kSkfiOO) 

towards creating models for the high energy pulsed arc discharge usea for 

high energy laser pumping. Homogeneous temperature models are discussed in 

which the radiant emission is halanced by the electrical power input. These 

models have been evalusbed at various energy levels for the temperature which 

has teen measured within the arc (assuming local thermal equilibrium). The 

models included the continuum spectral absorptivity calculated according to 

Biberman and Normen (using the Zeta factor of Schlüter). There was found 

to be a semi-quantitative agreement between the Zeta factor observed experi- 

mentally, and those of Bibennin anfl Norman, and of Schlüter. The spectral 

trsnsmissivity as a function of current density calculated from the models 

showed reasonable agreement with the experimental values of Emmett, Schawlow, 

and Weinberg in the visible and ultraviolet, but differ widely in the infrared 

(due co the strong infrared lines of xenon). 

Measurements of the time-resolved profiles of lines in the infrared, 

of the rfidial distribution of the spectrel radiance in the ultraviolet, and 

of the electrical conductivity are also discussed. These measurements provide 

a means for determining the temperature dependence of these quantities within 

t-hese arcs. The ultraviolet radial profiles indicate that the arc is relatively 

homogeneous for the range of current densities and pressures studied. 

lit 
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CHAPTER 1 

Introduction 

Arc discnarges are commonly used fcv exciting high energy lasers. 

The highly radiative arc discharges used for the high energy laser excitation 

has been examined experimentally by numerous groups in order to understand 

them more fully, but the results were in many respects contraöictory. Further- 

more, many of the characteristics observed were not readily explainable on any 

simple basis. Phenomena such as saturation of the arc, emission with increasing 

power 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 energy laser pumping. 

The radiative arc discharge consists of a core of high density 

plasma, in which the opacity 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 considerations must include, in addition 

to the widely varying opacity and the high density, the transport properties 

of the arc plasma 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 many that these arcs should 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 maximum energy 

capabilities of future laser systems. 



In the course of Contract Nonr H6^T(öO), some models for the highly 

radiati/e arc discharge were developed in which the resistive power input 

per unit volume is balanced hy radiation and by thermal conduction from that 

volume. The arcs were optically thick (i.e., high absorptivity or opacity) 

over certain wavelength regions, particularly in the infrared and far ultra- 

violet, but also for many of the lines; elsewhere cheywere optically thin. 

Consequently the analyses of the energy transport within the arc included a 

wide range of spectral absorptivities (i.e., a non-gray radiative transport 

calculation). The temperature in the arc varied from being near the boiling 

point of qi'.artz or less (^2000 K) at the outer wall to a temperature in the 

center necessary to give electrical conductivities corresponding to * ->se of 

a fully ionized gas (";10,000oK). 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 Report 

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 eva'.   ated '.■mich utilized simple expressions (extended by 
Si,3 1+5 

Penner   from work of Raizer  ) for the bound-free and free-free continuum 

absorptivities for a homogeneous temperature since the homegeneous temperature 

was found by experimental measurements to be a reasonable approximation for the 

measured temperature distribution in the aro. The calculated spectral trans- 

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

measurements . 

Ö 
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Comparison of spectral transmissivities calculated using the spectral 

absorptivities computed according to the methods of Biberraan, Norman, and 

7-12 1^ 
Yankov   and of Schlüter ■ with experimentally measured spectral trans- 

missivities of '1: "ctt,Schawlow, and Weinberg , and subsequent work of 

Ik 
Harding ,  discussed in this report, show a good correspondence at wavelengths 

less 0.65 n, but wide variations for the longer wavelengths to et least 0^95 H- 

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 8OOQA0 

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 compare the values with theoretical calculations. The saturation of the 

spectral radiance at wavelengths at ■J'hif■^ the arc becomes optically thick (at 

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 Bibertnan ond 

•7 
Norman Zeta factor ), which related the spectral absorptivity of the continuum 

to the particle density anätemperature in the plasma. Comparisün of the measured 

values with recently published theoretically calculated values of Schlüter J 

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 theoretical calculations using the simple 

models for the arc plasma together with spectral absorptivities calculated using 

Schlüter's theoretically calculated values of the Zeta factor. 
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The dependence of the electrical conductivity upon tempereture (and 

pressure) was also measured. The experimentally determined electrical 

conductivity was appreciably lower than the calculations made according to 

15 ^ 6 methods of Spitzer and hin collaborators *    . 

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 include 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 arc to find the 

temperature distribution, were found not to have a satisfactory rc.te  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 plasma problems. Currently the radiative transport techniques 

are being applied using the continuum absorptivities calculated using the theory 

7-12 
of Biberman, Ilorman, and Yankov " , and an approximation to the transport 

properties which includes electron-electron, electron-ion, and nertral-neutral 

17 
scattering (due to F8y ). This transport properties calculation neglects 

electron-neutral interactions. The theoretical calculations of the transport 

properties incorporating the electron-neutral scattering, which for xenon, 

krypton, and argon involves the Ramsauer minimum , which were discussed in 

the First Semiannual Report complex than we had originally envisioned and will 

be dealt with in subsequent work. 

The inclusion of the lines into the models has proved 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 

19 20 
to be L-S coupled (according to Moore ), a Bates-Damgaard  calculation of 

the absolute transition probabilities of a number of the L-S coupled lines 

has been mad». 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 

21 
the American Institute of Riysics Handbook . This work is described in 

Appendix B. 

The ALGOL computer programs for the Burroughs B-5?00 DISK Computer 

that were developed in this contract are in Appendix C. 

The work in Contract Nonr hSkfiOO)  has been directed towards formu- 

lating the model 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 partially ionized plasma, involve basic 

questions in plasma physico. The techniques developed on this contract, both 

theoretical and experimental, will be useful in solving many other problems 

involving radiation transport in partially ionized plasmas. 

: 



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 basis for comparison of our experimental values with 

theoretical calculations, we needed to calculate the spectral absorptivities 

and the transport properties, electrical and thermal conductivity, as a 

function of temperature and pressure. The basis for ovr choice of the calcula- 

tions for these properties is discussed fully in the Semiannual Report 

7 
Briefly, we felt that the Biberman & Norman method for calculating the spectral 

absorptivity of the continuum was the most satisfactory approach, article 

densities necessary to celculate the spectral absorptivities and the transport 

properties were calculated as a function of temperature and pressure using 

22 2^ 
standard methods, similar to that of Drellishak ' J et al. 

In the calculations to be discussed, we have used a simple method 

to calculate the electrical conductivity, due to Spitzer and his collaboratorR 

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 

discussed in Section U.5. 

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

descriptions. 

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

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

the spectral absorptivity of the plasma must be determined. If the temperature 
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ri 

and pressure of a gas is known, and LTE can be assumed, one can in principle 

determine the spectral absorptivity 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 

Burgess , 

For a plasma in LTE, Kirchhoff's law holds. The emission coefficient 

may be written as 

SE"C,A (2-1) 

where e - emission coefficient 

/c» - spectral absorptivity 

B - Planck function. 

The effective spectral absorptivity which includes stimulated emission is given 

hy 

/<• = K    n-e-hU/kT) (2.2) 
13 X> 

where K    is the spectral absorptivity,    K    is given by 

^-SfJ- (2.3) t)      i    U 

where K    is the spectral absorptivity of the atomic or ionic species i.  In 

the Biberman and Norman technique for determining the spectral absorptivity 

if 
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 

Li 
absorptivity, the upper levels in the frequency region denoted by x>   are integrated 

o 

over. The the low lying widely separated levels, an absorption cross section is 
i ': 

O 

calculated for each level. This has been done by Yankov for the xenon atom, 
[l ± 

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

of levels of the species is then obtained by 

n 
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K
1
 ., - a ., N , (2.10 nl   nl nl s  ' 

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

N  is the number density of those levels. Assuming Boltzman statistics 

and relating this to the ground state we have 

L , «= a , Ng ^ nl  nl 0 g 
i       .. gne -hV» ./kT ,0 ,. x 

'  , «= CL, Ng  e  nl' l2.5} 
g 

where N is the density of the ground state and g . and g are the statistical 
g nl    g 

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 

7 
i is given by the following : 

2Q Z^ 
Ki = A ^Üi T e-VU -± ^(V)) ^ for « < 0g        (2.6) 

2Q Z2 

= A -^iÜ T e_ul+ug -±   1^13) ^ for u > \)g        (2.7) 

where 

r^,    i  = .89 x 10  cm sec ^ K (2.8) 
SYS cii 

u = kT 

u, = —r= where O. m threshold frequency for photo ionization from 

ground state 
ho 

g   kT 

Z. «= core charge of the residual ion 

Q. a internal partition function of the i  species 



1 - E /kT 
Q. « £ g. e j'  where the sum is over all energy levels of 

the species and E. is the energy of the j 

level above the ground state. 

N. « number density of the i  species 

{.(ü) H a correction factor for species i as calculated for the 

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

(Recent work by Schlüter ^ shows quite different values for | that agree more 

closely with our experimentally determined values. See Section k.k).    Then 

one has for the total absorption coefficient of the species i the expression 

where the sum is over all 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 

factor l-Cv), each species partition function Q., each species density N. and 

the temperature T. If one can experimentally determine the temperature then, 

under the assumptions stated earlier, ore can calculate reasonable values for 

Q. and N.. This will be discussed now. 
I 

J       2.2 Itertition Functions and Electron Densities 

As stated earlier we have for the partition function 

Q «Zg^ e-Ej/kT (2.10) 

The sum is over all levels and therefore diverges for a free atom or ion. 

However, in a plasma, electrons tend to cluster about the ions. Thus when an 

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

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 

partition function summation must be truncated at an energy value of 

E1 = ^ - AIi (2.11) 

where I.  is the isolated ionization potential of species i and AI    is the 

25 
ionization potential lowering of that spec let-, given by 

A^ = 2(Z. + l)e3 (TT/kT)1/2 (Nt  + E 7* ü^2 (2.12) 

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

19 Charlotte Moore " , g.   is given by 

gk - 2 Jk + 1. (2.13) 

For those nl levels which have been approximated for xenon by McChesney and 

r   26 Jones 

gk=Z(2Jn + l)k (2.110 

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

These partition functions are then used to calculate the electron 

22 27 
density for an LTE plasma using the Saha equations    '     : 

Ni + lNe „ (2 mk^/2 g Qi + 1 ^3/2 ^(^ - Al^/kT (2>15) 

■Ni IF \ 
If n is the highest degree of ionization of the monatomic gas, there will be 

n + 2 species of particles present.    The set of Saha equations then gives n 

equations in n + 2 unknowns.    The other two equations necessary to solve for 

all the particle densities is given by 

Ne » n     i ^ and (2.l6) 

(1+1) N., (2.17) z   r=o 

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

equation of state used is the ideal gas law 

p m I^kT (2.18) 

'Ihe corrections to this for a Debye-Ruckel interaction have been discussed 

25 
by Griem . Therefore if one is given the temperature and pressure one 

can solve for the electron density and the various atom and ion densities once 

the partition furstion series sum is known. However since the truncation of 

this sum depends on the particle densities an iteration procedure- must be 

employed. This has been done by Drellishak, et al. * •^  for argon*. A 

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

atom, and ion densities and the ionization potential lowering for xenon were 

calculated. The program employs certain improvements over Drelllshak'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 principal 

quantum number cutoff will introduce errors in the partition functions. 

*NOTE: An error exists in Equation (12) of reference 2h.    This equation should 

read 

N+l , 
n   + 
e ^ ; neN+1"i (i+l) - Ve""1 (i)j ll ^ ' 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. 

I 
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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 coefficient 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; in the infrarer: 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. Our calculations of the transition probabilities are discussed in 

Appendix B. Work is in progress towards extending the Stark broadening theory 

29 
of Griem ' and other to the lines of xenon in the infrared. 

2.\   The Electrical and Thermal Conductivities for a Fully Ionized Plasma 

The electrical conductivity is taken to be that of ? fully iorJzed 

plasma using the theory of Spitzer and his coworkers ''    . As the power input 

to the arc which is given by a ET, is probably only appreciable in ehe fully 

ionized portion of the arc discharge. The Spitzer theory for a fully ionized 

plasma considers only election-electron and electron-ion scattering, which are 

the dominant processes for material that is more than about ,1^ ionized . 

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

considered). 

There is one major difficulty in applying the Spitzer theory to the 

plasmas in high energy flash tubes. This difficult., arises from the high 

electron density but relatively low temperature which exists in the arc discharges, 

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

(denoted as InA) ^oes to zero and the errors are of the order of l/lnA, due to the 

\ \ 
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neglect of close encounters in the Fokker-Planck equation used in the derivation. 

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

T3'2 5T 
a = =i                 in (ohm cm) (2.20) 

3.80 x lO^ Z.lnA 
^ 11 

and the thermal conductivity K by 

1.95 x ICT11 T5/
2
 6T 

K = OH^ " (2-21) 
1 JL 

6T_ and 51'   are correction factors dependent upon Z ,  vbich is the ionic charge 

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

of the Debye shielding parameter h to the impact parameter b    (b    is the distance 

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

,3^3 
1/2 

-^i     F     37    4 TT N    (1 + ZJ ^•^/ 

o      e Z. e 1 

When-'t^ < 12 TT, Cohen et al.  and others ''*  '" suggest using for 2 = 1 

2—TT? rather than the above value, (2.23) 
e N   ' e 

This is equivalent to substituting the interionic  distance (K '■J"'    ) for the 

Debye shielding parameter h. 

In common units, for Z ■ 1,  In    from equation 3.10 is given as 

T3 

UaAm 9.I+3 + 1/2 In ~~ {2.2k) 
e 

for T in 0K and N in particles/cm . The correction factors 6T_ and 6TT, are e   '      ' E     K 

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

may be obtained by interpolation between the values in the following table : 
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Z - 1 Z = 2 z = k z = 16 z = 

6T
E 

.582 .683 • 785 •923 1 

SIK 
.225 .356 .513 • 791 1 .1 I 

f i 

J 

* 

=. 

2.5 The Thermal Conductivity in the Boundary 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 major influence 

of the thermal conductivity heat transfer in the pulsed arc discharges lies 

in the boundary region between the arc discharge channel (where the a W 

terras are dominant) and the relatively cool wall containing the arc. We 

say relatively cool as the temperature of the wall is assumed to be on the 

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 

17 3^ 
shown graphically in Fay  and in Rellljr 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 may 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 

deff^ltlve experiments, that ve 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 

17 
layer region, for the simple representation, Fay's approach  was used 

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

;:: 

if ii 

i? 

n 

:=;: .= 

n 
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CHAPTM 3 

The Model Studies 

3.1 Introduction to the Model Studies 

An arc discharge may have many different temperature distributions. 

If a major portion of the pover put into the arc is carried away by thermal 

conduction, then thermal conduction pover 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 thermally 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 analogous in its effects to 

thermal conduction. 

If the radiation emitted balances a 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 tobe constant in the arc channel. 

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. 

i 5 I 
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The two nev 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 transmissivity 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 

aic 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 tbe 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 

form, this balance is 

div (F+FHC) =cE
2 (5.1) 

where H is the electric field in volts/cm, a  is the electrical conducti- 

-1 - 23    - 
vity in ohm , F is the radiant emittance vector in watts/cm , and 7„n HC 

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

F™ and the convection heat transfer vector denoted by F„: 

hc'h+ fc (3.2) 
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The convection term is usually small and vill be considered negligible 

in this calculation. The thermal conduction term F„ is usually expressed a 
in terms of the thermal conductivity, K, by 

FH = -K grad T (3-3) 

vhere T is the temperature and grad T, the temperature gradient at the 

point at vhich F is being measured. The units of K, the thermal conduc- 

On  1 
tivity, are watts cm'  K  cm. 

Equation 3.1 can be integrated over the volume surrounding the 

arc. 

7/ div (F + FHC)dV = /// a E2 dV (3^) 

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

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

JJ     <"F + Vnormal ** * JJj   ^   *£ **   ^ =JJ]j^ ^'^ 
component 

Let us now confine our discusoion to arcs of infinite length. For a 

volume of unit length, the pover 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 F„ 
n 

is then the normal component which is to be integrated over the surface 

area. 

The power radiated by the arc is given by F, the radiant 

emittunce. F is the integral over all frequencies (i.e., energy units) 

or all wavelengths of the spectral radiant emittance, Fv or \, in 

frequency or wavelength units, respectively. 
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00 

f=J   ~Fv^ -J    \  dx (3.6) 
c       0 . .1 

F may be expressed per cm or micron of wavelength; Fv can be in cm , 

sec  or energy units. 

In converting between the units, remember that 

\   = i = £ and AX = - ^ ;An = - ^ zy (3-7) 
n        V 

We will use cm" 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) is the total power per unit frequency interval 
x       x 

flowing across a unit area perpendicular to the x-direction. It is 

given by the integral over all angles of the component of the spectral 

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

^     (P) = / ^ (P,S) cos (S,x) du, (3.8) 

Figure 1 shows this relationship. The spectral radiance, I , is the basic 

unit in radiative power transport. For a given direction S, I (P,S) is 

the power per unit frequency (or wavelengths), per solid angle per unit 

area perpendicular to the direction S at a point P. I ..has the units 

-2 -1 -1 
watts cm  cm steradian  for frequency in cm  units. (I, has the units 

-2  -1        -1 
watts cm  cm  steradian  for wavelengths in cm). I or I 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 

thermal equilibrium     (LTE) can be written as 
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Dwg.  ykÜKOkk 

Fig. 1-The geometry of radiative transfer 

: i 
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d s "* " ^v^v^) - Iv(p^)] (3-9) 

in which K', is the spectral absorption coefficient including stimulated 

c.il: r'on and BV'T) the Planck function for a temperature, T.  KV is 

related to the more usual spectral absorption coefficient by the equation 

*' = ^ (1- e"11 /RT). (3.10) 

K.,  the spectral absorption, is a function of the arc medium at that 

temperature and pressure. It mry arise from discrete transitions 

(lines), or from transition between bound-free or free-free states 

(continuum). 

Following Lutz,  using standard techniques for solving a 

h2 
first order differential equation,  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 K^ 

with' S. 

ly =^(T)  [1- e'S S] (3.11} 

We will apply this to a plane parallel slab and a cylinder of 

homogeneous temperature. 

3-3    Plane Parallel Slab of Homogeneous Temperature 

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

As S = x sec e >  equation 3'11 becomes 

^   =    Bv(T)     [1-  e^   XseC*] (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     «/27r/7r/?       BV(T)   [1 - e-Tv sece]      cos    6 sin 0ded0(3.13) 

0 sD     9=0 

where T    = K<    x 
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Dwg.  7^6A045 

Fig. 2-A plane-parallel slab of homogeneous temperature 
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! 

Integrating over 0 yields 

Fv = 2% B (T) •( 1/2 
>^ 

I. 
-T sec 3 

e v 

Let u = sec 0, 

I 
cos 0 sin 0d0 > 

J 
(3.1^) 

The integral reduces to the  exponential integral of the third order ' 

./ 

F/' 
0-T sec 0 e      cos 0 sin ödö 

■TU 

du = E, (T) (3.15) 

The exponential integral of third orde/3 may be integrated tvice by 

parts to the first exponential integral denoted by E (T) 

2 

V l) = ^"
r (--0 + T2^ (T) 

(3.16) 

(3.17) 

r     --cu 
where E. (T)» /    du, the first exponential integral. 

The properties of the first exponential integral are discussed and the 

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

('+4)). For calculations on a computer, there are tvo useful expansions: 

For 0 <T < 1 

E1 (T) = In •r+ ao + a;)T+ a2T + a T
3
 + a^T + a T5 + ^(T)  (3.18) 

kk 

a0  - 07721566 

\       -99999193 

a
2       .2^991055 

where /C(T)/ <5 x JO'
5 

For I  < T < *» 
-T 

a3      .05519968 

a.       .00976004 

a        .00107857 

\ (T) «v lVL^2_\+6(T) 
T      +b1   T+b? 

(3.1?) 

a1  =2.33473 

a2   = 0.250621 
r.-     3-3 130657 

bg   a,    1.681534 

I 
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vliere U(T)| < 5 x io' 

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

2 
B wav\-x}      i + VTv-i;e    v-- 

x 
Fv_ e 7rBv(T)   ' 1 + (v^e'V^ E1 (TV) (3.20) 

The radiant emittance F may be considered as the sum of the 

integrals over the optically thick and optically thir spectral regions 

F a / F d (3.21) 

-S    / F^    (TK) dv F^    (ITO-) dV+S    / F    ^TN)dv  (3-22) 
^J   -V,   .    Vx Vx      f TKJ  6V Vx 

" ' TN 

Each of the separate integrals over the various thick and thin spectral 

regions may be calculate i to allow an estimate of the energy ti nnsfer 

within the plasma, which of course, is neglected in this model of homo- 

geneous temperature. 

The electrical field I' 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 adjacent sections in the infinite extent plane 

parallel slab. 

This balance of radiant emittance and electrical power is 

expressed as 

cE d = 2 F 

where d is the plasma thickness 

E VP ad 

(3.23) 

(3*210 

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

J =<iE (3-25) 
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The pressure in the model vas 

p »(No + N )kT (3.26) 

■where N is the electron density and N is the heavy particle density. 

3 'k   Cylinder of Homogeneous Temperature 

The cylinder of homogeneous temperature represents another 

simple model for dee    xbing an arc discharge. The cylinder problem is 

more difficult to handle than the plane parallel slab due to the boun- 

daries existing in two coordinates rather than only one^ thfroby making 

the integral over F more complex. 

Figure 3 cl:'"s the geometry ve are considering in a fashion 

similar to the parallel slab model; we can -write the spectral radiance 

iv(
9;^) at the point P (0,0,0) on the edge of the cylinder as: 

I (Ö.0)= BC1 - e-KvS(e^b      (3^7) 

■where S(0, 0) is the distance through vhich the radiation travels in 

•       the cylinder of homogeneous temperature, and diameter d. Referring to 

Figure k-,  S is expressed as 

I *(:, 0) « ä „__        (3.28) 
a. cos 3 + tan 0 sin 6  sin 0 

H       and the spectral radiance I (0, 0) is 

Iv =BV (1-exp —v r) 
m cos 0 tan 0 sin 0 sin 0  (3.29) 

The spectral radiant emittance in the radial direction, Fy , is 

given by ^ 

F. m /       I cos 0 sin 0 d 0 d0 (3.3O) 

*' Substituting the value of Iv in this equation, the spectral 

radiant emittance is as follows: 
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Dwg.  7z)-6AO'v3 

y^ P (o,o.o) 

x = d 

Fig. 3 -An Infinite cylinder showing coordinate system 
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Dwg.  7^^033 

Ellipse in x'y' plane 
containing S (6) 

Equation of ellipse is: 
'2 '2      2 

x   -x'd + y Sin^O 
whereO<0<27T, 0<e<7^2 
and x' = S cos 8; y' = S sin 6 

/. S = d/ cos 6 + tan 6 sin 0 sin20 

Fig. 4-Radiation traveling through a cylinder of homogeneous 
absorption 

I_J 

U 

i  = 
II 



- 28 - 

Fv   =BV (T) [^ T 2 (1-exp  —^ r-
)  c^Sir:^a    (S-SD 

r J       J cose +   tan 0 sin©   sin 0 oo 

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

J ^exp " ~ ~~ jH < osesinedßdp 
r n n cos   e + tan  e sin  6 sin    ^ (3'32) 

Letting \i a cos 0   allovs this equation to be rewritten as: 

F     =Br(T)     T-kjV2      rl     exp___iiL^iH     ^        (3.33) 
0 0 ^ + (1-H   )  sin   0 

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

numerically. Fv when integrated over all V yields the radian4- emittance 
a 

in the radial direction. 
noo 

Fr = J  Fv dV (3.1'iO 

o 

Neglecting thermal conduction heat transfer, the radiant emittance per 

unit length integrated over the radiating surface can be equated to the 

power input to the arc plasma per unit length. 

/     FrdA =  J   (Ä (3.35) 
S V 

2 
As F    is independent of direction and aE    is im/v; -iant over the volume 

F 
r 

Solving for E, the electric field intensity for the cylinder 

of homogeneous temperature is 

*\   = crE2| (3.36) 

.., 

crd (3.37) 
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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 cylindrical model together 

wiüi the experimentally measured valves are shown in Ifcbles I, II and 

III for three temperatures and pressures. 

The three temperatures and pressures 10,000 K, 7.6 ATM; 

11,500 K, 11ATM correspond to the three temperatures ( and the 

pressures resulting from the homogeneous temperature assumption) 

measured at the peak of the arc discharge cycle. These measurements 

are discussed in Section h.S    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 III and the    neasured radiances. 

These results are discussed further in Section k.h. 

3.6 Comparison of Models with Experiment; Transmissivlty as a Function 
of Current Density 

In order to obtain an estimate of the validity of these homo- 

geneous temperature models, a number of comparisons were made with 

U       experimental measurements, both by other workers and in our own labora- 

tory. These measurements included those of spectral transmissivlty, and 

of the radial distribution of the spectral radiance. These measurements 

I i! 

I ! = 
I 11 
| | i 
i 
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3,2689-04 
8,2309-05 

1,9299-02 
2.0889-07 
2.3609-02 
2.5119-02 
2.6539-02 
2.7859-02 
2.6069-02 
2.1629-02 
2.7699-0? 
2.96«9-02 
3.0819-02 
3.1929-02 
3.2959-02 
3.3939-02 
3.«849-02 
3.««29-02 
3.5«19-02 
3.6339-0? 
3.7189-0? 
3,7959-0? 
3.8659-0? 
3.9279-02 
3.9829-02 
«.0309-02 
«.0729-0? 
2.5539-0? 
7.7059-03 
1.9999-03 
3.7689-0« 
8.7309-05 

4.8979+02 
5.2«49+0? 
5.9259+02 
6,3009+02 
6,6529*02 
6,9809*02 
6,5329*02 
8,4239+02 
,6879+02 

7,4149+02 
7,70?9+02 
7,9779+02 
8,2259+02 
8.4629+02 
8.6829+02 
8.5759+02 
8.8139+02 
9.0349+02 
9.2369+0? 
9.4189+02 
9.5829+02 
0.7279+02 
0.8549+02 
0,965,9+07 
1,0'l69*öJ 
6,1259*07 
1,0319*02 
5,0619*01 
8.2829*00 
7,0859*00 

i 

TaS/el 



LN   L«"^1"   s      ».-»il.'*';" 
ELFC1«IC«L   CMMIUCMVMY   SUiM«»     f .^ViPtiM   \N\IL*SK   HHMS   INuKRSf:   C« 

run"! nil»?«,f»i  in 

FKHW   NU»   Ot?*»   Til 

. to? 1 .11. MUJt 
,>.X() THl «SI 'It 
.Dl?   tHt   ««L'lt 

I«    TMt   lNtEMt<»L   ilf   FNM   1^   1,«1»)»*0?   W4TTS/CM2 THtr" 
IF   Trtt   1NTEI1HAL   ilf   TMU   IS   1,779««^«   HATTS/CM? THJN 

IF   THk.   INIfiHAL   UK   FNII   IS   t,?M» + n^   w«TTS/CM? THICK 

s»öl*NT  tMlITJMCt  F«     l.Bnn''*u«  latrs/CM? 
ELfCMIC   FULL1   t»     ^.M"»*'!   VILI^'C. 

TutIä=lJ.',J LV        ini1TAt«*t lif?»*lH 
1» llbOO.Ü IltöHtES K.        P« 

MntNSTTY»'j.JA'S"M n PS><TIClES/r.M3 

^.61 »TM 

mu H4«lLf Nlil" KSHPA'ffltHI 
t,v MICHONS 1 /CI 

?«.?»« ' S,0UO»"U2 <(, 5 7 »f»♦ 01 
ja.s«o 5.5000-02 1 , 0 7 3 • ♦ 1? 2 

?0.6(>? «.nons-o^ t, s s r sJ + n z 

19,0?' «,500|i»O2 i?.n2l« + o? 

17.MT 7.nuo*"0^ t.inamni 

56.529 7 .SU(,*"0'^ a,716**a2 
ib.iv«. fl.oonii-o? ^, o g « a K) ^ 

13.m 9.oc'n*-u2 3,»S9»*0ü 

1?.J9' 1.0ün?-ul 3.»HA»*02 
11.80/ 1.HSOC-ül 1.353M-02 

R.Ü65 1 .500?-Ul <!.7««»-02 
6.195 2.iuin»-()t b.nill(*-02 
a.9»9 2.5un-<-ul /,agf»-0Z 
4.132 3.ÜO{I!*-01 1.171P-Ü1 
3.S«2 3.5U0I»-Ul l,612»»01 
3.099 «.OÜUH-UI ü,191?-01 
2.75"i «.5U0»-ül ü.771»-01 
2.«79 5.0ÜO?-ül J.iigf»-!)! 
?.Z5« 5.50l)?-ül Z./iPH-Ol 
2.06« S.OÜOt>-01 3,379*1-01 
1.907 *.5Ü0»-U1 i.e.3i(>-oi 
1.771 7.00PC-U1 l.?a?»-01 
1.653 7.500(1-01 l.«51*«01 

5.60t|«*Ul 
1 .361P + 0? 
2.015l<*02 
? ,'i^f»*0? 
3, '>iin(i*02 
1.'i?'i**o2 

3.6O"**0S 
a , 'i 0 * « ♦ 0 2 
'i.«(*1«*02 
1 . 731 f>-02 
3,55^C-02 

f).3«l!»-02 
t ,01«»"01 
1 ,im/»-o1 
?.nii7?-ol 
?,re"»-oi 
3.S1'l»-ol 
ll,(U3l?-0l 
3,itV5?-01 
ä,l6B»-Ul 

2.Ü71S-01 
t.577»-01 
1 .Hli1((-()1 

( • 1 Hl ) 
1-t 

1.000»*00 
I.OOO»*üO 
1.0008+00 
i.ooo»*oo 
1 •OÜOl'tOO 
1.000»*00 
l.ooo«*on 
i.ooo»»oo 
1.000**00 
1,716B-02 

3.«918-02 

6.193»-02 
9.«b7«-02 
1.3828-01 
1.B51P-01 
2.«298-01 
2.9668-01 
3.5878-01 
2.9508-01 
3.«068-01 
1.8728-01 
1.«598-01 
1.683(1-01 

HNU       im 
«»TTS/CM STER 

1.2988-07 
9.«,e5»-07 
«.»ft2(>-06 
1.9078-05 
6,020^-05 
1,6118-0« 
3.7HA8-0« 
1.503^-03 
«.3990-03 
6.8950-03 
8.«380-02 
2.8*98-01 
"S,1580-01 
6.9320-01 
8.0230-01 
»,5«10-O1 
8.6560-01 
8.5130-01 
8,2170-01 
7.8370-01 
7.«200-01 
6.9920-01 
6.5710-01 

1.2980-07 
9.«850-07 
4.8820-06 
1.9020-05 
6.0200-05 
1.6110-0« 
3.7660-0« 
1.5030-03 

«.3990-03 
1.1830-0« 
2.9«50-O3 
1.7778-02 
«.9800-02 
9.5780-v2 
1.«850-01 
2.0740-01 
2.5670-01 
3.0540-01 
2,4240-01 
2,8690-01 
1,3890-01 
1,0200-01 
1.1068-01 

FNII 

«ATTS/CM 

3,2898-03 
2,4030-02 
1.2320-01 
«,8190-01 

1,5260+00 
«,0830+00 
9.5«20+Ofl 
3,8090+01 
1.1150+02 
2.9780+00 
7.«060+01 
«,«580+02 
1.2«60+O3 
?,3900+03 
3,6940+03 
5.1390+03 
6.3380+03 
7,5080+03 
5.98«0+O3 
6.5700+03 
3.«550+03 
2.5450+03 
2.7540+03 

1.550 
1.458 
1.377 
1.305 
t.2«0 
1.181 
1.127 
1.078 
1.033 
0.992 

0.V5« 
0.918 
0.886 
0.855 
0.826 
0.900 
0.775 
0.751 
0.729 
0.703 
0.689 
0.670 

0.652 
0.636 
0.620 
O.Z«8 
0.124 
0.062 
0.025 

0.01' 

8,0000-01 
8,5000-01 
9,0000-01 
9.5000-01 
1 .001)8 + 00 
1 ,0500 + 00 
1,1000+00 
1,1500+00 
1.2008+00 
1.25011 + 0(1 
1.3000+00 
1.3500+00 
1,«uo8+00 
1,«5(1(1 + 00 
1.5000+00 
1,5500+00 
1.6000+00 

1.6500+00 
1,7000+00 
1,7500+00 
1.8000+00 
1.8bO0+OO 
1.9000+00 
,.9500+00 
2.0000+00 
5,0000+00 
1,0000+01 
2,0000+01 
5.000»+01 
1.0000+02 

1.6770-01 
1.0198-01 

2.3110-01 
2.6078-01 
X,0?7»-(H 

i,2550"Ot 
3.2898-01 
2.9588-01 
3.2810-01 
4.5R2*-01 
5,(13.'0-(11 
,5.51«0-O1 
6.01«8-01 
6.8370-01 
7.0830-01 
^.4290-01 
».0890-01 

8.7778-01 
9.«910-01 

1 ,()2.i» + (10 
1.0990+00 
1.1780*00 
1.7590+00 
t, 3«2f*00 
1,«270+00 
9.'BO0+OO 
3.6180+01 
1.3840+02 
8.1510+02 
3.7088*03 

2.1200-01 
7.43H8-(I1 

2.9380-01 
3.3110-01 
3.7110-01 

«.1338-01 
«.1570-Ul 
3.75(,'0-Ol 
«.1878-01 
S.fllOil-Ol 
8,39<i0-Ol 
7.0038-01 
7.«>38»' Jl 
«.3078-01 
8.9950-01 
o,«350-01 
1.0278+00 
1.1180+00 
I,7058+00 
1,7990+00 
1.398S+O0 
1.4988+00 
1.8990+00 
1.7018+00 
1.»170+00 
1 .7298 + 01 
«.8980+01 
1 , 1(330 + 02 
1.0388*03 
'1.0710 + 03 

1.9188-0: 
2.163«-01 
2.5««0-Ol 
2.8190-O1 
3.1000-01 
3.3868-01 
3.3980-01 
3.1318-01 
3.4080-01 
4.4120-01 

4.7250-01 
5,0350-01 
5,3410-01 
5.6408-01 
5.9320-01 
6.1078-01 
6.4208-01 
6.7208-01 
T.0048-01 
7.7730-01 
7,5258-01 
7,7600-01 
7,9790-01 
8.1810-01 
8.3670-01 
1.oooB+oo 
1.0000+00 

1,0000+00 
1.0008+00 
1.ooo»+oo 

6.1870-01 
5.7850-01 
5,«260-01 
5.0920-01 
4.7820-01 
«,«950-01 
4.2300-01 
3.9850-01 
3.7580-01 
3.5490-01 
3.3550-01 
3.1780-01 
3.0100-01 
2.8560-01 
2,7130-01 
2.5800-01 
2.«560-01 
2.3«O0-O1 
7.2320-01 

2,1320-01 
2,0370-01 
1,9«90-O1 
1,8660-01 
I .7880-01 

1.7150-01 
3,3560-02 
8.9«90-O3 
2.3090-03 
3.7860-04 
9,4730-05 

1,1830-01 
1.2510-01 
1.3800-01 
1.4350-01 
1.4820-01 
1.5220-01 
1.4370-01 
1.2480-01 
1.2810-01 
1.5660-01 
1.5850-01 
1,5990-01 
1.6090-01 
1.6110-01 
1.6090-01 
1.5750-01 
1.5770-01 
1.5730-01 
1.5640-01 

1.5500-01 
1.5330-01 
1,5120-01 
1.4890-01 
1.463',-01 
1.4350-01 
3.3560-02 
8.9490-03 
2.3090-03 
3.7660-0« 
9.«730-05 

2.9410+03 
3.1060+03 
3.(170+03 
3.5470+03 
3.6560+03 
3.7460+03 
3.5380+03 
3.0770+03 
3.1530+Ü3 
3.8290+03 
3.8710+03 
3.8980+03 
3.9110+03 
3.9130+03 
3.9040+03 
3.8190+03 
3,8170+03 
3,8030+03 
3,7780+03 
3.7430+03 
3.7000+03 
3,6500+03 
3,5930+03 
3,5310+03 
3,4650+03 
8,4620+02 
7,2670+02 
5.8520+01 
9.5420+00 
7.4010+00 

T-j 6/e 



ELECIHIC'iL   CiHi'mC I I v 1 IT   M ",M(\t     n.xpdii + oi   inVEKSE   "HMS   INvmsr   CM 
THtH'-'iL   CIlMiUigi IVITY   K=     j,l'4?ä-i)'   KSTIS/CM   UlSHEtS 

F^flM Nili7ll,7()t 1Ü •Hi* W.Wf IHt USLUf llf THt INItliKAL Uf TM) IS 3.«50«*n7 iMITS/C"? 
fR[|M N.J«11.90/ 111 Mn. o.ftfO THL V»l.llt IIF THE INTtHHAL l)f TNU IS 3.1H<)a + 0« «STTS/C"? 
FRHM   M^i»   O.ftb«!   tu   Nii=     0.012   Tut   V^!JI^    ilf    THL    INTLliHAL   UF   FNII   IS   l.<)31« + 03   «ATTS/CM? 

TMK«1 

THIM 

THICK 

»AIHANT   EMIITANCt   P»      .I.Ulfta + Oa   WAITS/Crt? 
ELECIXIC   FItLU   t«     J.itretUOl   vnilS/C'l 
CUKHtM   ''EMSIIV   .1«      i«09J|l*Oi   HMH/CH? 

THtlA«l,n6   tV Mll]HL»A.b'iA*+l« 
T=   1Z300.0   (ItliRtES   K. P. 

NlltNSTTY«').2Ci,>»tl*   PAHTKl.ES/CM3 
1 ) .01    Al« 

HNU •"AvELFNdlH KAHPA-HHIMt TAU (-TAU) HNU INU FNII 
tv MICHONS 1/CM 1-E lATTS/CM STER «ATTS/CM 

?».^9« 5.0U0P*Ü2 4.,>S?»t01 ia^»»oi 1.000«*00 6.609li-07 6.6U9»-fl7 1,67«*-0? 
22,5«n 5,500(1-0? 9.5»l(>*01 ?17SI*02 l.nooB*oo 4.16«»-06 4.16«»-06 1.05511-01 
70.«6? 6,oon»-ü2 1,«16*4-02 r-.")»*a?. i,noo«+nn 1.M7»-05 1.897»-0! 4,7fl2(i-0' 
19.07? 6,500»-0? l,80«»+02 ^9io*n? 1.000«*00 6.6«9(i-05 6.649»-05 1.685**00 
ir.no 7.0UO"-0? 2.136P*UZ 71\»*02 1.000«tOO 1.975P-04 1.925»-04 «.H78»*on 
16.520 7.5UO#-02 2.«?it(l*0? 079(ltU2 i.ooo»*oo 4.768»-04 «.768P-04 i.?n8*toi 
IS.«94 n.ounP-02 2,677tU02 399»»0X i.f)oo»*on 1.041P-01 1.041P-03 ?.«3«P*01 
13.774 9.ound-o2 3.097#+02 931»+n2 i,ooo»*oo 3.71't-03 3.712P-03 9.406(1 + 01 
.2.397 l,OUO»-ül 3.«33»*0? 350M + (1? 1.ooo«*oo 9.9?«f03 9.926P-03 J-SIS^ + O." 
U.807 1 ,050(»-ül 2.156C-0? gv'S-o? ?.9AH».0? 1.497»-n? 4.411»-04 i.no«*oi 
8.265 1.5uns-ul «.im^-o? U9»-ü2 5.963«-02 1.«5?»-01 8.658(1-03 ?.173»*()? 
6.199 2.oun(i-ui 8.725»-02 1(1A*-01 1.0498-01 i.suf-oi 4,52«»-02 tit38»*03 
«,954 2.5O0t«-O1 1.389(1-01 761?-01 1.617»-01 7.159»-01 t.l57ii-01 ?,H«3(»*03 
4.13? 3.lPU0ti-ül 2.037»-01 586»-01 2.?79»-01 9.136»-01 2.082»-01 S.164(1 + 03 
3.5«? 3.5U0H-01 2.B0^i»-01 5640-01 2.998»-01 i,o?n»+oo 3.058P-O1 7,5«7(i + 03 
3.099 4.0ü0»-ül 3.835P-01 87l»-01 3,856«-01 l,08»»*00 4.078l»-01 1.001P+Ü« 
2.755 4,5U0»-ül 4.949P-01 1590-ül «.59811-01 1.051»*00 «,832»-01 1.1S1P + 04 
?.«79 5.0ÜO»-01 6,144«-01 .flO^*-01 5.417H-01 i.oi«»*on 5,513»-nl 1.341P+04 
2.254 5,50rt»-01 4.9?8«-01 259»-01 4.652»-01 9.70«*-01 «,51«»-01 1.103P+04 
2.066 6,0'v0»-01 5.873P-01 «S'lP-Ol 5.?57ti-01 9,164»-01 4.817»-01 1.173P+04 
1.907 6,5un»-üi 3.151*-01 00?»-(ll 3.?9an-01 8.605P-0I 2,838»-01 6.99O«+03 
1.771 r.ooo»-o! Z.365«-01 001»-01 2,59«»-01 8.054»-01 2,089»-01 5.171P+03 
1.653 7.5Ü0»«01 Z.762P-01 507»-01 2,958»-01 7.525»"01 2.226P-01 5.495»*03 

1.550 
1.458 
1.377 
1.305 
1.240 
1.181 
1.127 
1.078 
1,033 
0.992 
0.954 
0.918 
0,«»» 
0.855 
0.826 
0.800 
0.^75 
0,751 
0,729 
0,708 
0,689 
0,670 
0.652 
0,636 
0.620 
O.Z«8 
0.124 
0.062 
0.025 
0.012 

8.000P-01 
e.5oo»-oi 
»,0Ü0P-01 
9.500(1-01 
i.ooop+oo 
1.050P+00 
1.lüOP+ÜO 
l.lbnfitoo 
1 .2U0(1 + U0 
1.250#+00 
1.3ü(l*+U0 
l,350(> + 00 
l,4U()(l+00 
l,4b0#+00 
1.5U0?*Ü0 
I.550P+00 
1.600«+00 
1.650«+00 
1.700«*00 
t.750P.U0 
1.ROOP+OO 
1 .850(1 + 00 
1,900(1 + 00 
1.950P+0U 
2.000P+ÖO 
5.oüo("+on 
1 .000(1 + 01 
2.0Ü0P+01 
5.000(1+01 
1 .OüO*I+ü; 

3.190(1-01 
3.651P-01 
4.402(1-01 
4.965(1-01 
5,561(1-01 
6.193»-0? 
6,i6«»-01 
5,757«-(ll 
6.381(»-()1 
8.901H-01 
V.776»-()l 
1.069^+00 
1.165(1 + 00 
l.?66a+00 
1.371P+00 
1.443(1 + 00 
1.573P+00 
1.708»+00 
1.849(1 + 00 
l,995(* + 0ü 
2,t«5»+00 
2.300#+00 
?.460P+00 
2.62«(i+00 
2.792(1 + 00 
1.9?l»+nl 
/.?IUP*01 
2.725P+02 
1,630(1+03 
6.4110+03 

«.05?»-01 
4,637»-01 
5.591(1-01 
6.305P-01 
7.061#-01 
7.865P-01 
7.955»-01 
7.311»-01 
8.103»-01 
1.130P+00 
1.24P(i + 00 
1.358(1 + 00 
1.480(1+00 
1.608(1 + 00 
1.741(1 + 00 
1.R33P+00 
1.998#+ü0 
2.169P+00 
?.3"48p + 00 
2.531P+0Ü 
2.724P+Ü0 
?.92ifi + 00 
3.12'i(» + 00 
3.335P+Ü0 
3.546(1 + 00 
?.439(1 + 01 
9.156(1 + ()1 
1.«60P+02 
?.07O?+03 
U.149P+Ü3 

3.331I4-01 
3.7100-01 
4.203(1-01 
«.677«-01 
5.0651-01 
5,44611-01 
b.487»-01 
5.1H6V-01 
5.553»-01 
6.77111-01 
7,111(1-01 
7.42811-01 
7.724(1-01 
7.996(1-01 
8.»«6»-01 
».400»-01 
8.643(1-01 
8.8iR«-01 
9.045«-01 
V.?06B-01 
9.344»-01 
9.461P-01 
9.560»-01 
9.643D-01 
9,712»-01 
l.000»*00 
1.OOOP+OO 
1.000*+00 
l.OOOB+00 
1.000a*00 

7.0P7P 
6.f62f 
6.13?» 
5.735» 
5.370» 
5.03«» 
4.726» 
4.447» 
4.187» 
3.9«?» 
3.771» 
3.517» 
3.378» 
3.154» 
7,99?» 
?,8«?» 
?,7'>3» 
7.573» 
?.«5?» 
7.340» 
7.234» 
7.136» 
7.04 1» 
1.95'» 
1.87*» 
3.620» 
9.611» 
7.475» 
4.031» 
I,?14» 

-01 
-01 
-01 
•01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-01 
-07 
-03 
-03 
-04 
-04 

2,3«1»|"01 
2,«35»-01 
2,626»-01 
Z,682»-01 
2.r20»-01 
2,7«1»-01 
2,593»-01 
Z.30«»-01 
2.322»-01 
2.669»-01 
2.646»-01 
2.612»-01 
2.571»-01 
Z,522»-01 
2,«67»-01 
2,387»-0t 
2,336»-01 
2,?79»-0l 
?.718»-01 
2,154»-01 
2,08a»-01 
2,02t»-01 
1,954»-01 
t,887»-01 
1,822»-01 
3,620»-07 
9.611»-03 
2.475»-03 
4.031»-0« 
1.014»-04 

5,764»+03 
5.981»+03 
6.428»+03 
6.b50»+03 
6,67«»+U3 
6.666»+03 
6.30«»+03 
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led to a means to measure the temperature vitMn the discharge, and thus 

•i.n turn means to measure various properties of the arc plasma as a 

function of temperature. 

EnmetujKchawlow, and Weinberg 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'T from 

the model versus the current density predicted by the balance with the 

radiated power, we could calculate similar plots for the slab and 

cylindrical geometries. Figures 8, 9, and 10 show the comparison of 

the calculated and observed values for 3000/\0, 5000A0, and dOOOA0. 

The former two plots are within the error of the measurements. The 

latter results, in Figure 10, at 8000A0, differed strongly betveen 

theory and experiment. This high, measured value for the opacity was 

caused (as we shall show later in Section k.3)  by the broadeneu and 

saturated strong infrared lines of xenon. 

The results in this section utilized purely theoretical 

calculations for the special absorptivity and electrical conductivities 

which 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 Emraett, Schawlow, and Welnterg 

should improve. 

I 
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CHAPTEB k 

Experiment 1 Mea surement s 

k.l    Experimental Measurements Measured on the Pulsed Arc 

The spectral radiance in a high current pulsed arc was measured at 

a number of wavelengths and positions within the arc. The voltage and the 

currents through the arc were also measured simultaneously with the time 

varying spectral radiance. These measurements were first used to determine 

the temperature end then the temperature dependence of the spectral absorptivity 

and electrical conductivity of the xenon arc. 

The experimental arrfingement for these measurements is shown in 

Figure 11. A 12.7 mm bore tube filled to a pressure of 150 torr of xenon 

was used. Two off-axis paraboloinl mirrors of 1 meter focal length imaged 

the arc discharge upon the entrance slit. The various radial portions of the 

discharge were studied by traversing the monochromator across the image between 

firings of zhe  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 nF and the inductance ,100 |iH 

held constant for the whole series). The energy input was varied by charging 

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 photoraultiplier detector was 

calibrated for spectral radiance by the substitution method, using a synchronous 

detector recorder with a tungsten strip filament lamp (GE 30A/T21+/1T) being used 

as the standard. This lamp in turn hac been calibrated by Eppley Laboratories. 
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k .2   Radial Distribution of Spectral Radiance 

The spectral radiance was measured on the central axis for a number 

of wavelengths in the ultraviolet where the plasma should be optically thin . 

There were no emission lines noted 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 radiani_e was measured at 

2600, 2800 and 3000A a* 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 3000*» near the tube wall was measured to 

ascertain, if possible, the boundary layer thickness. The values shown are 

the raw values of spectra radiance at various diameters, not as yet corrected 

to the radial dependence by means of the Abel inversion using techniques described 

in Freeman and Katz  and uia. / other papers. These values indicate roughly that 

the homogeneous temperature model is reasonable as a rough approximation. 

The homogeneous temperature distribution is shown in dashed 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::pliceble, but is probably due to reflections from 

the quartz wall Interfaces. Frost  and Maecker  have shown that no lens effect 

exists in the rogion inside the walls (i.e.: a distance from the centerline 

outside the tube corresponds to the spectral radiance that distance from the 

centerline. Figure ik  shows a simple proof of this. 

1+.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 tine in the immediate vicincity of some strong lines of xenon in the 

' ""• 
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Curve 575937-A 

light ray 

Let i, ■ angle of incidence with respect to axis 

sin L = ^— where R is the outer radius of the tube 

sin 
sin r, —■~ n = index of refraction of cylinder 

i2 = angle of incidence from cylinder to plasma 

.   .     Ro     . 
sinij-j^- sinr, 

sin r2= n sin L 

Tracing whole route of the ray through cylinder yields.- 
sin r2 = n sin i2 = nR /R,sin r, = R /R, sin i, 

sinr2= P/RQXR^RJ-P/RJ 

q/R, = sin r? = p /R, : q = p   where q is the perpendicular distance of the 
1 ray in the cylinder to the center of the cylinder 

Fig. 14-Derivation of Frost's and Maecher's center line distance relation 
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infrared. Tbo  slit width of the monochromator was set for a Ep^ctral resolution 

of just under JA 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 823I.6A0 line 

of xenon; the upper trace was taken at 8198A ,  approximately S^A 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 78OJ. To 

be noted on these traces is the saturation and long perslscance of the line 

at 823I.6A particularly in comparison with the current or the 8198A0 trace. 

Figure l6 is a cross section in wavelength of the spectral radiance about the 

line for different time intervals. Each wavelength setting wan a separate 

shot (note the reproducibility at the peak). To be noted 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 radiance 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 tables  which list spectral radiances for b.lack bodies. 

Tempenture measurements by means of spectral radiance measurements 

in the infrared require high precision in the measurement of the spectral 

radiance and the other quantities 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)) 

b) 8231.6Ä (Line) (Gain 200 mv/cm) 

] | 

Fig. 15-Oscilloscopetraces of the voltage 
representing the spectral radiance at the 
center of the 8231.6A line and at 8198Ä 
(in the continuum). The 8198A trace has 

twice the gain of the other trace. The upper 
curve in both cases is the current. The 
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with the pulsed discharge, are the shot to shot variations (simultaneous 

measurements are to be preferred) and the difficulties in reading oscillos- 

cope deflections accurately, in addition to the more usual problems of 

accurate measurements of spectral radiance (i.e.: those of the standard 

lamp and of the same viewing geometry, etc. ). The technique has the supreme 

virtue of yielding a temperature without assumptions on the detailed properties 

of the plasma. 

The temperatures obtained by this method were used to measure the 

temperature dependence of the spectral radiance and of the electrical conductivity 

of the arc to be discussed in subsequent sections. 

k.h   Measurements of the Spectral Absorptivity and the | Factor of Biberman & 
Norman 

Earlier measurements of the radial distribution of the spectral 

radiance in the ultraviolet in the First Semiannual Report , and analyzed 

more thoro'ighly in this report, and spectral transmissivity measurements 

p 
indicated thot the arc plasma at current densities to at least .^000 amp (cm ) 

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 strong 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 IT 

is a chart derived from the particle density versus pressure calculations to 

aid this computation. By comi.aring the spectral radiance observed on the flash 



-50- 

LA 

3 
O 

W1 
O)    CD 

^| 
ist — 
I/) — 
O)    CQ 

'■I 

£   C   £ 
Q>   >  ^ 

IS .52 5 
*- «, *- 
Q>   ^   <ü 

I   ^   *l 

C   O   c 

tj re 2> 
c c l- 
3   >> 
tyi 

'-   CD   Q. 
>^■0 

•"^ i  ™ i/» t — 

■s|:s 
—* +* ü^ 
«/>   CO   c 

+ S; «^ 
£ «o  a. o  =5 « 
TO   gj 
w   C 

11 
Q.-C: 

>-. v_ > o 
ttJ   U- 
a> 
X 

,iu3/S8pUJBd ^Ban io jaqmnN 

en 



7 
tube with that calculated using the Biberman & Norman continuum theory usin^, 

Schlüter's values for the 5 factor for 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 

7 1^ 
theoretically calculated vfalues of Biberman & Norman , and of Schlüter . 

The measured values have a semi-quantitative agreement with the wavelength 

variation and the magnitude of Schlüter1s values but still differ widely in 

the infrared between .' and 1.0 |JU The large values of i  measured betveen 

TCCüä and 30000 is probably due to the effects of the wings of the strong 

lines of xenon in the infrared (as shown in Section ^.3)« Furthermore, 

accurate measurements of i  particularly in the ultraviolet below 2600A0, and 

in the infrared beyond 10000A , would provide further insight into the actual 

values of | for further theoretical calculations tr  v.'oulo. lu 

-he extension of his theory to the shorter wavelengths where the slope of 

Schlüter's values of | differ widely from our experimental values shown in 

Figure 18. Figure 19 is a plot of the spectral radiance at 300CIA0 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 tne 

experimentally measured values of the spectral radiance together with the 

black body radiance and the spectral radiance calculated using Schlüter1s values 

for I corresponding to the temperatures measured in the arc in Section it.3. 

These figures are linear plots of Figures 5> °>  T which are semi-log. The 

linear plot shows the detailed correspondence and theoretical distribution more 
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clearly while the semi-log plot shovs well the wide variation with wavelength 

of the spectral radiance and in optical thickness. 

^t.5 Temperatur'.' Dependence of the Electrical Conductivity 

Hie electrical conductivity in the xenon plasma was measured as a 

function of temperature using the temperature as determined in Section IJ.5. 

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 

negligible (Gonz  estimated the voltage drop to be 10 to 20 volts in similar 

flash tubes). The electrical conductivity measured is the average value nver 

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 k,2)  indicated 

the boundary layer should be small. 

The measured electrical conductivity is considerably smaller than 

that calculated using Spitzer"s theory '  for the same temperature and pressure 

also shown in Figure 22. This is not wholly unexpected as the electron-neutral 

scattering could be important at 10000oK, (and T.6 atm.) even though the gas 

is about K$ ionized. As the electron density was calculated to be about 

1 x 10  for these conditions, Spitzer's theory and in particular the Coulomb 

term may be beyond its limits of validity. Both areas (i.e.: electron neutral 

effects and high density corrections) need further investigation. 



-58- 

90 

JO 

70 

Vj 

Curve i7i9t\'i 

E 

?    50 

■a c o o 

1 ^ 
1 ES 

S    30 

20 

10 

Theoretical Values 
Calculated Uiing    - 

Spitzer Theory for 
Temperatures Indicated 

and Heavy Partical Density 
Corresponding to 150 torn 
Initial Pressure of Xenon 

- J = 4480 A/cm 
E = 6400J 

J • 2580 A/cm 
E ■ 3140J 

Experimental Values 
for 150 torr Initial 
Pressure of Xenon 

^Current density J = 1000 A/cm 
Energy Input E = 780J 

2 

I 
9000       1000Ü 11000        12000 

Temperature, 0K 
13000 

Fig. 23 -Experimental and theoretical dependence of 
electrical conductivity of xenon upon t. mperature 

at a constant heavy particle density 
U 

i 

i 

'   1 



- 59 - 

STATUS OF THE PROBLrM AND FUTURE WORK 

In this report, we have presented some simple model? for the arc 

discharge. The models have mar.y features that agree in a semi-quantitative 

fashion with the actual arc. These areas of agreement include l) the arc is 

thick in the infrared and visible, and thli in the ultraviolet, 2) large 

changes in Input power can lead to relatively small changes in spectral 

radiance in the infrared where the arc is thick, but very large changes of the 

spectral radiance Inthe 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 need to be better 

known. Future work on these arcs should include experimental and theoretical 

studies to improve the quantitative agreement between the theory of the 

spectral absorptivity of the continuum (Section k.k) and the actual experimental 

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

improve the agreement, particularly for arcs or moderate current densities 

^1000 A/cm') which are becoming of more interest due to the advances in laser 

efficiency. 

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

sentation for electrical conductivity in these model calculations. Quantitative 
if 

models particularly in the current density range ("■'lOOO '/cm ) should include 

thermal conduction and better values of electrical conductivities to allow 

calculation of the power balance as the energy transfer by thermal coudurtion 

n 
and the heating away from the central core becomes r^ore important in the lower 

IJ 

„,       power-lower pressure arcs. 
11 

IJ 

| - 

.^k. 
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The extension cf these models to more complex arc systems in which 

the power balance between radiation and thermal conduction is a factor that 

requires an extension of radiative transport theory beyond that of Appendix 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 a 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 those occurring 

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

interest. 
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APPENDIX A 

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

by 

B. W.  Swanson 



Nomenclature 

A A 

\ 

BLT] 

BCS! 

dcA 

ds 

F(r) 
A 
r(r) 

0„(x) 

element of area 

Planck function 

cm 

Zcxh 

B 

constant in equation hk 

integration constant in equation 20 

velocity of light 

c m 3.0 x 10 cm/aec 

differential element of solid angle 

differential element of wavelength 

differential element of length along a ray 

electric field 

radiation flux; equation 16 

approximate radiation flux; equation k2 

t^ m  -sinO cos)Ö cosO1 - sin© sinjö sinO' 

f2 ■ sinO cosjZ) sine1 - sinO sin0 cosO1 

f, ■ -cosO 
5       T     JL. 

Gn(x) i e *"6 ( s^G^d e 

(watt/cm^) 

(watt/cm ) 

(watt/cm ) 

(cm) 

(cm) 

(volts/cm) 

(watts/cm ) 

p 
(watts/cm ) 



Woroenclature (cont'd) 

i 

J 

k 

Ir 
K 

KF 

K 

n 

Q 

R 

r 

Plancks constant 

h = 6.625 x 10'     watt sec2 

intensity of radiation at r in direction ui ; 
equation 5' 

unit vector along x axis 

unit vector along y axis 

unit vector along z axis 

constant absorption coefficient 

Bcltzmann constant 

fr = 1.580 x 10"25 

Planck mean absorption coefficient 

Kp(T) 3    Oft  

S(T) 

R A 

thermal conductivity 

Rosseland mean absorption coefficient; 
equation 48 

mean absorption coefficient; equation kk 

projection of point Q into x-y plane; 
Figure 1 

unit vector normal to ^ A 

intersection of ray with arc boundary; 
Figure 1 

point internal to arc; Figure 1 

radial coordinate 

arc radius 

(watts/ca5) 

(cm"1) 

(watt sec/deg) 

(cm-) 

(watt/cin deg) 

(cm-1) 

(cm"1) 

(cm) 

(cm) 

! 

' 

fl 



Nomenclature (cont'd) 

R0M 

4 
R OS 

Ro 
-> 

^ 

\ 

- 
\ 
->> r 

— s" 

s1 

s 

^ t 

T 
; 

T(8) 

T 
- 0 

a 

e1 

': e 
-> 
0 

1 

! 
1 

-   1 Xx 

radial vector from origin to point M 

radial vector from origin to point R 

radial vector from origin to point s on ray 
R-M; Figure 1 

«c-l^rl 

vector from point R to point M along ray 
R-M; Figure 1 

vector from point R to point s along ray 
R-M; Figure 1 

length of ray Q-R 

cylindrical coordinate unit vector; Figure 1 

variable of Integration 

point on ray Q-R; Figure 1 

distance along ray R-M; Figure 1 

differential time increment; equat. on 5 

arc temperature 

temperature at point s on ray R-M 

constant temperature 

angle between vectors R.- and R0 ; Figure 1 

cylindrical coordinate; Figure 1 

spherical coordinate; Figure 1 

cylindrical coordinate unit vector; Figure 1 

absorption coefficient 

(cm) 

(cm) 

(cm) 

(cm) 

(sec) 

(0K) 

CK) 

(0K) 

(radian) 

(radian) 

(cm" ) 

n 



Nomenclature (cont'd) 

Nnax 

s 

I p 

T K 

T 

CO 

7 

(s) 

}(8) 

(cm"1) 

(cm) 

(cm) 

(cm) 

(ohm-cm)' 

average absorption coefficient 

wavelength of radiation 

minimum wavelength for nuuerJcal integration 

maximum wavelength for numerical Integration 

variable of integration 

electrical conductivity- 

Stefan Boltzmann constant 

cr' = 5.6686 x 10"12 watts/cm2 deg"^ 

Planck optical length along ray M-R; equation 
h6 

optical thickness 

Rossjeland optical length along ray M-R; equa- 
tion if5 

spherical coordinate; Figure 1 (radian) 

unit direction vector along ray Q-R; Figure 1 

angle between vectors n and CJJ 

11 
i 

.. i 
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RADIATION 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 emittai. i) 

throughout the interior of a non-grey cylindrical arc. These flux cal- 

culations are 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 absorptivity. A computer 

program performs the integration with respect to wavelength, a 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 be discussed include only the free-free 

and bound-free continuum. Radial flux distributions are presented for 

xenon at pressures of 15 and 20 atmospheres for the following temperature 

distributions: (a) isothermal arcs at 20,000oK and 15,0000Kj (b) linear 

arcs from 15,0000K to 12,000oK and 2000oK; (c) a non-linear "parabolic" 

U        arc from 15,000oK to 5000oK. 

#   
This research is part of Project DEFENDER under joint sponsorship of 
the Advanced Research Projects Agency, the Office of Naval Research, 
and the Department of Defense. 
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Introduction 

Neglecting convection, tho steady state energy equation for an 

arc is given by 

V.(K-VT)   -   v-F + cr(PJT)Ea-o (is 

where F is the radiation flux vector, K(T) the thermal conductivity, T the 

arc temperature, (T  the electrical conductivity, P the arc pressure and E 

the electric field. In addition the arc tenrpereture must satisfy certain 

boundary conditions which depend upon the application. In turn the diver- 

gence of P is given by 

(2) 

where )(   is the non-grey absorption coefficient, B. the Planck function, 

I the intensity of radiation and F the radiation flux. Equation 1 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 is concerned with making 

* 
Appendix 

i U 
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flux calculations 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 Flux. Integral 

The flux vector F is defined by the equation 

(5) 

where \ is the wavelength and r and 0' are cylindrical coordinates. In 

turn, F, is given by 
A. 

CO 

- I 

where CO is a unit direction vector and I. (r,e',z,cj) is the monochromatic 

intensity of radiation. In general the intensity I. depends on position 

coordinates r,Q'fz and the direction signified by the vector to . To define 

I-, let A A denote a small element of area; n the outward drawn normal vec- 

tor to A A; ul a vector enclosed by a solid angle A«^ which makes an angle 

y withli; A \ the wavelength interval between \ and \ + ^ \; and ^ a    the 

amount of radiant energy in the interval A X which is transferred across 

A A,  confined to the solid angleA«^ during the time interval ^ t. Then 

I is given by the following limit .(1) 

r^M^) - ii M ^ (5) 

- 



i u 

r" ; 

i i 

In Figure 1 is shown a point R in the arc with coordinates r,Öf, 

0. Through R is drawn a ray defined by the spherical coordinates p and Ö 

which intersects the arc boundary at point Q. The integration of all radia- 

tion contributions from points on the ray from Q to R defines the intensity 

\  (r>0">0,oo) in the directional along the ray. Because of the definitions 

of 0 and 0, the vector ul is given by 

^ -S —V V. 

(6) 

Expressing the Cartesian vectors i and j in terms of the cylindri- 

caj. vectors r and 0 

and 
-^        ->-        Ä/        ^ / 

The vector ^  in terms of r, 9 and k is given by 

co =        ^,^+^9+^^ 

where 

/ 

(7) 

(8) 

(9) 

(10) 

T-a.  ~ yoJ*, Q CAP'$ sCU*. Q   —   yQ***, G so**, <p Cufls Q (11) 



Using equation 9, equation k becomes 

PxCr^^jl^cJu* + 9jlykci«) 4.?fl^3^  (15) 

^n ^*4-iv        ^MT-V 

Assuming a symmetrical temperature distribution, the 0 and if com- 

ponents of R must vanishc Hence 

d^) 

Then 

IF   =r ^ F(^) 
(15) 

where 

ö ^ (16) 

For convenience 9' may be set equal to zero. Since dc^ = sinQd©djZ5, 

and making use of symmetry, equation 16 becomes 

F(^--4J]  J  IX/sa^
xö(^«|)c/ej^c(),       (i7) 

O o  o 

An expression is now needed for I (r,e,0)  In Figure 1, let s* 

represent a point along the ray from Q to R. The intensity satisfies the 

transfer equation 

| 



where the Planck function B.. is given by 
A. 

\W    -   - 5ClU. ^       (19) 

^'(m)- '1 
where c is the velocity of light, and k and h are the Boltzmann and Planck 

constantG respectively. Implicit in equation 18 is the assumption thjat the 

gas is non-scattering. An integrating factor of equation 18 is e * * ■* , 

Carryiiag out the integration yields 

Ix(si = c, e*     v \*>m>('')(i'    ds'     (2o) 

where C, is a constant of  integration which equals the intensity at s = 0. 

Referring to Figure 1,, s' =0 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 makes C, zero. In the numerical integration, it 

is more convenient to reverse the integration and to let s' = 0 correspond 

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

sity at R in the direction Co can be written as 

Using equation 21,  equation 17 becomes 

I 
(21) 

~*m*. •  —1 
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o „ . 

o 

o o   o (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 rly 

from M to R. Point M is the projection of point Q onto the x-y plane. 
Since ds' = ds/sinfi, then 

J ^(s^jcls" ^ J X^i^äs' 
(23) 

Furthermore, lotting^(s) = yX^8")^", equation 22 
written as 

can be 

Oo      *    6 

where R^^ is the length of the ray from M to R and is a function of 0. De- 

fining the function Gjx) by the equation 

T 

(25) 

and interchanging the orders of integration with respect to 9 and s in equa- 
tion 2k yields 

FC*)--*]    J  J ^jß>^)G,^^5J^cl5c/^> (26) 

.; 
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Equecion 26 is the desired Integral expression for the flux as a 

function of radial position. In analyzing the radiation from an axisymmet- 
•'2) 

ric rocket engine plume, deSotov ' evaluated an integral similar to the one 

in equation 22. For the arc, the cylindrical geometry permits equation 22 

to be reduced to equation 26. To evaluate this integral, it is necessary 

to know how R^ varies with ^, and for a given jZ5, how temperature varies 
with s along the ray. 

I 

: 

Arc Geometry 

The coordinate^rsur^n Figure 1 is redrawn in Figure 2 with ©• 

set equal to zero.    l*t R     and R0R denote vectors from the origin to points 

M and R respectively, and R^ the vector from R to M.    Furthermore let R. 
denote the radius of the arc, i.e. R. « j?   1. 

■rl Lim ' Then 

r> 
Rot^ = RfrC^oi, T   4. (? A sQA**, * e 

(27) 

and 

o^ ^   R0? 

where R0 =   ROR | 

Solving for R^ from the vector equation 

gives 

1?^ =  (f?AC<ft.^-f?0)?+  R 

(28) 

(29) 

(30) 

and 



^ -  I
R
RM\
=

   (RA^^-RCV'-V- (^A-^/)^ 

1 

(51) 

To determine R^ as a function of 0 it is necessary to determine 

a as a function of 0. From Figure 2 

4 = 
RftO^^- RO (52) 

C^O«s 

( 4 >fe^x 4 
(55) 

e,5      'No^      ^R5 

or 

li 

which yields the equation 
J 

Two values of a are calculated from equation 53> the correct one 

being that value which also satisfies equation 52. 
Li 

To evaluate the integrand)f.(s) B^s) G,(/3.(s)) in equation 56^ 

it is necessary to know the temperature distribution T(S) along the ray 

defined by 0. A unit vector along the ray from R to M is given by Rp /R^. 

Let Rog andlCg be vectors from the origin and point R to a point s on the 

vector RJ! , Then 

where s denotes distance elong the vector P. and 

R&,    =     Roe    +      RRS (55) 
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Solving forl Rosj , 

J, 

|RT51=    [(<U   ^(«^■'-R.))%   (iffAW^]*        (37) 

Assuming that the radial temperature distribution T(r) is known 

for 0 4 r = R., the value of T(s) for a piven value of s is defined by 

T( S) =r T [ 1 iCl ] (30) 

Knowing 11^(0) and T(s), the integral in equation 26 can be eval- 

uated. 
As an aid in checking the computer program, it is convenient to 

consider the case of a grey isothermal arc. Let 

^(N - ^  = constant 

(39) 
T(f)    - T0  ■ constant 

Then equation 26 reduces to 

IT 

p(ft)- ^ (r'Jo \ G^Efr R^^)! c^jäj   m 
"it     o 

Equation ko was programmed and used to check the flux program for 
the evaluation o^f equation 26, under the conditions of equation 59. 
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Flux Approximation 

Before discussing flux confutations for assumed temperature dis- 

tributions, a vord is in order on making appro*Laate flux calculations. 

On a Burroughs B-5000 computer, ii, tajces an average of IOC seconds u eval- 

uate equation 26 for one value of r. Based on present computing rates, the 

corresponding cost is approximately $10 per point. If the flux is evaluated 

at 10 points to compute a radial distribution, the cost of a flux distribu- 

tion for an assvuned 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 is therefore necessary to consider the possibility of making 

approximate flux calculations. 

For the case of a plane-parallel geometry, SMipsonv ' used the gen- 

eral grey gas expression for the flux, but chose the mean absorption coeffi- 

cient to be functions of the Planck and Rosseland sneap absorption coefficients 

and the optical depth. By using Planck and Ros^eland means, the integration 

with respect to wavelength is eliminated which significantly reduces KBehine 

time. Sampson's flux approximation is exact in the limits of very optically 

thin and very optically thick gases. For a 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 JC, must be approximated instead of the flux, and the 

flux then ootained fror, the equation 

00 r 

'o 
uJMTT 

(k) 
Following Scnpson, approximationsx ' have been obtained for the 

radiative intensity and the flux, übe quality of the approximation has not 

yet been checked, but if it is comparable to Sampson's, it will be useful 

in making temperature calculations with a significant reduction in cost. 
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Only the results of this approximation analysis are presented here. The 

approodmate flux is given by the equation 

IT M) ' **<*) 

o o S 

where B(s) is given by 

6 n 

and the mean absorption coefficient ^„(s) is defined by the equation 
£1 

The term b is a constant of the order ;' unity which can be varied 

to improve the approximation. 

The terms')'' (s) and TpCs) are the Rosseland and Plancl: optical 

lengths along the ray from point M to point R in Figure 2,  and are given by 

r    ^   hVl)J 1^5) r    J    Hn)äy {k3) 

rs) r    ^   KptVc*? {k6) 

where the Planck and Rosseland absorption coefficients are given by 
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ob 

(hl) 

m 
IT 

In equation k2, k5  and 46, s = 0 corresponds to point M in Fig- 

ure 1, and therefore the integration proceeds along a ray from the arc 

exterior to an internal point R. When s = IL.,  ^    and 7- represent 

optical thicknesses of the arc in the direction of the angle 0, Depending 

on the temperature distribution^ pressure and location of the point R, the 

arc could be optically thin when fi - 0 and optically thick when 0 = Tj" . 

The dependence of the optical thickness on the angle 0 is a characteristic 
of the cylindrical geometry. 

Under optically thin conditions, when '■>     and ^ R are much less 

than unity, the mean absorption coefficient |r approaches the Planck ab- 
a 

sorption coefficient \^ p and equation k2 is exact. 

Under optically thick conditions when -p _ and f- R are both much 

greater than uiiity, \{    approaches the Rosseland mean ^- R and equation k2 

is a good approximation. Ihe quality of the approximation afforded by equa- 

tion kZ when the rays are neither optically thin nor thick will be determined 

bv comparison with exact flux calculations. 

Results 

The purpose of this investigation is to determine radiant flux dis- 

tributions throughout an arc corresponding to hypothetical temperature distri- 

butions. Calculations have been made for xenon at pressures of 15 and 50 
atmospheres. 

= 

.- 
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In Figures 3, k, 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 Schlecv ' 

following the theory of Biberman and Norman^ ''' and Yankov^ ', using par- 

tition functions and particle densities derived from a modification of 

Drellishaks^"' ' ' 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 'J-  is defined by the equation 

IW4)      _ 

From Figure 3, for a pressure of 50 atmospheres, )-(. is of the 

order of 1 x 10' cm" . If the arc radius is one centimeter, and KXp) 

is of the order of one centimeter, 7- ^ 1 and a 5000oK arc is optically 

thin in all radial directions. From Figure ?, for a pressure of 50 atmos- 

pheres, 3( . is of the order of 10 and -? .->7» 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°K, the absorptivity varies by eight orders of magnitude5 

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. In general, the arc temperature would be 

expected to be "parabolic", but a combination of isothermal and linear pro- 

files might be used to bound the flux distribution. 

In Figuro 7 the flux distribution is shown for an isothermal arc 

of 20,000oK at a pressure of 50 atmospheres. From equation 26, when r = 0, 

1^.(0) is equal to the arc radius for all values of 0 and the flux must 



Ik 

vanish. From Figure 6,   U .   is of the order of 5 cm" . Letting V . »If , 

then from equation kOf  the shape of the flux curve is cssentiaUy determined 
by the integral  C ^ ^f |r f?m f^3 c<^4^/ 

In Figure 8 are shown two temperature profiles T, and Tp and the 
corresponding flux distributions F, and Fg. Temperature T, is constant at 

20,000oK up to r « 0.9 cm where it drops linearly to 2000oK at r = 1.0 cm. 
This temperature profile to some extent simulates the effect of a thermal 

conduction layer near the arc boundary. The corresponding flux distribu- 

tion F, follows the flux distribution of Figure 7 until the "conduction 

layer" reduces its boundary value. Temperature T2 decreases linearly from 

20,000oK at r = 0 to 2000oK at r = 1.0 cm. Both flux distributions Fj^ and       | 
F2 assume maximum values at interior points. * 

In Figur'- 9 the flux distribution is shown for an isothermal arc      « 
at 15j,000oK. The fluxes in Figures 7 and 9 are almost in the ratio of 

(20,000/15,000) as would be expected from equation kO  since the "average" 
absorptivities are approximately equal, i.e., of the order of 5 to 6 cnT . 

In Figure 10, the temperature varies linearly from 15,000oK at 

r = 0 to 12,0009K at r « 1,0 cm, and fluxes are shown for pressures of 15 

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 atmospheres. From 

equation 26, the integrand ^.(s) Bx(s) GT ßx(s)] gives the amount of radia- 

tion leaving a point s which arrives at a fixed point R, The Planck function 

Bx(s) is independent of pressure. Therefore, two sires with the same tempera- 
ture distribution, but at different pressures, will have different flux 

distributions because of differences in the product X", G, Cß. (s)J .    The 

term K\(s) Gi^ß^Cs)! behaves like the function >f. e-^i  which approaches 
zero for small and large values of }f  and which has a maximum for some 

\ralue ■y     .    For a given s, if )f \*. Xk*  a re<luc'fcion in ^ x tiue to a 

reduction in pressure causes a reduction in the amount of radiation leaving 

s and arriving at point R. Therefore, the overall effect of a reduction in 
pressure is a reduction in flux distribution. 

y 
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In Figure 11, the temperature varies linearly from 15,0000K to 

2000oK. 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. Hais 

"parabolic" temperature profile was observed in a nitrogen arc by Schmitz^ ' 

and is most likely to occur in xenon, lixe 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- 

trate radial flux computations for a one ceitimeter xenon arc. For operating 

conditions that could produce an isothermal arc with a thin conduction layer, 

or a "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 10 

watts/cm which is equivalent to 1.59 x Kr Btu/hr ft . therefore, radiation 

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

From equation Ik, 

60=4^ 

Taking the divergence of both sides of equation A-l 

or 

V-?, -   ^\{T^.?^     4^4,?.?^^ 

In cylindrical coordinates 

Since the arc is synunetrical, 

(A-l) 

(A-2) 

(A-5) 

v Tx = ? 4I.N (A-5) 

and 



A-2 

p. ^i, =  cn> 

Now from equation 9, 

(3 =    ^^^4^6+43^- 

find 

««-4^ 

(A-6) 

(A-7) 

as     dh (A-8) 

Using equations A-4, A-6 and A-8, equation A-5 becomes 

?.^ = lJ4,t^  ,    j^M (A.9) 

From equation 18, 

and from equation Ik 

F>>(H -  \ ^N 4i ciA (A-n) 

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



A-5 

^■•FV^   ^T^B^   -   ^NjlNcico    ^    _F\ 

w = 4 iT 

Since 

(A-12) 

(A-15) 

.. 

integrating equation A-12 with respect to \ from 0 to o^    yields 

( K((r) 

c«-VJr 

also, since 

V- F cif      , F 

it follows from equation A-lk tixat 

^=4? 

(A-HO 

(A-15) 

(A-16) 

[ 1 
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TRANSITION I^OBABILITIES OF XENOH I 

fey 

E.  G. F. Arnott 

An investigation was made of the possibility of using the Bates- 

Damgaard   method for calculating transition probabilities and oscillator 

strengths for some of the spectral lines of the rare gases, particularly 

Xenon. The Bates-Damgaard approximation consists of assuming G Coulomb 

field for the atom and has given good agreement with experimental results 

for the simpler systems and for some more complicated systems. 

The present work assumes that the approximation may be valia for 

the rare gases where it js thought that L-S coupling still occurs lor some 

levels. The levels for which this might oe expected are given in Moore'sv ' 

tables where such designations are said to be significant for Ne, A and Kr 

but less so for Xe. 

The oscillator strength Is given by 

- - 32L§ 
rl2 " gjX 

where g- is the statistical weight of the lower level, \ is the wavelength in 

Angstrom units and the line strength 

S -  S(M) S(L) rr2 

where S(M) is a factor depending on the particular multiplet of the transition 

array, S(L) is a factor depending on the particular line. These values can be 

obtained from tables published by Goldberg   and White and Eliacon^ ' 

respectively,  a is the product of two quantities taken from Bates' and 

üb 



Demgaardi  ' tables divided by C the excess charge in the nucleus when the 

active electron is removed, i.e., Ol for a neutral atom. 

i    ♦      *   * 
a » ^ P (n^, i)  I(ni<pl, n£, i) 

where n m C,Ji/2,  where E is av  energy parameter and i is the azimuthal 

quantum number. A sample calculation is; giver, in the Appendix- 

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

having LS coupling were made and the results are snown in Tables I and II 

(5) 
compered with the «s;.perimental values of Pery-Theme and Chamberlainv ' for 

the same spectral lines. 

Table I 

Absolute f12 Values for Argon 

f 

Transition f(exp) f(calc) 
Line (X) (Äschen) 

s5- P2 

PUT 

0.04 

B-D 

6965 0.09 

T364 % " p3 0.12 J.Ik 

7515 %' p5 0.15 0.12 

8015 s5- p8 0.09 0.08 

8104 %- PT 
0.18 O.lU 

8115 s5-p9 0.27 0.1*5 

81*25 s . - p8 0.19 0.1+0 
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H 

1  L_ 

Table II 

Absolute f.p Values for Krypton 

Line (2) 
Transition 
(Rä sehen) 

s5- p6 

f(exp) 
P-T 

0.1k 

f(calc) 
B-D 

7601 0.28 

7695 s5"p7 ^0.03 0.006 

8104 s5- p8 0.07 O.O85 

8113 55-p9 0.23 0.1+8 

878O % - P8 o.kk 0.42 

8929 s5 " p10 0.20 0.104 

The correspondence between calculated and observed values is 

remarkably good for argon and also for krypton except for the 7695A 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 L-S coupling. This was done for 15 of the strongest lines given in 

the table by Crosswhite and Dieke^ . 

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

chosen: 

lsk -  2P£ -5 - Cp8 is 
h  ' 2pc 

1% -  3P5  1S5 - 3P8  lsh - 3P9 

IB^ - 4p5  is5 - 4p8  lsk - 4p9 

Following the method of Wilkersonv ' the quantity log 3— 
gl ^12 

where I is the intensity of the line was plotted a^iinst EL, the energy of 

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

excitation temperature as given by 



- k. 

ft - 5C*! (^ - ^)/^10 (131-) - lc6l0 (i-^-) 
1 1c m        1 J2 n 

The results are shown in the Pig. 1 for a l6 mm pressure microwave discharge. 

The Isr - np series does not seem to fall on the same line as the others and 

gives a slightly lower temperature. However, a temperature of 2850oK was 

chosen and the values of f^ were calculated from Wilkerson's expression 

„ o  ,1 \3w/I >A 
- f12 (-g7)/(—) -o e ■12 -   -12  v  g,   " x  g,,   ' fro   '        kT 

A value of 0.117 for f^" was chosen from the Bates-Damgaard calculations as 

a reasonable value for the strong line at 8280A. 

Table III shows the values obtaired in this way for 2k strong Xe 

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

A more detailed study is necessary to determine the reliability of 

the values particularly where there are large differences between the two 

methods. 

i 

i 
mm 

J 

L^ 
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Table III 

Absolute fl2 Values for Xenon 

0 
Line A 

10838 

l^ansition 

ls4 - 2Pio 

f1p(2850oK) 
f(calc) 

3-D 

.106 

9923 ls4 " 2P9 .152 .434 

9800 ls5 " 2pl0 .083 .110 

9163 1% - 2P7 • 145 .140 

90i*5 lss " 2P9 
.0034 .086 

8952 ls4 " 2H .092 

8819 ls5 - 2p8 ,orm .054 

8409 ls5 - 2pT .oc8 .006 

83^7 ls2 - 3P3 .151 

8280 1% - 2p5 .117 .117 

8267 1s2 - 3P2 .222 

8232 1B5 - 2p6 .062 

76ia IS3 - 3P2 -380 

6318 2p8 -  6di .035 .140 

t 4932 ls4 - 3P9 = 005 .040 

4917 1^ - 3P4 .008 

4807 ^k - 3P5 o0076 .006 

4671 ls5 " 3p8 . 016 .014 

462 ii ls5 - 3P6 .0125 

4525 ls5 - 3P3 ,002 

1 

4501 1B5 - 3P2 .006 

4079 Is^ - 4p5 . 0034 .0032 

3968 ls5 - 4p8 »0038 .0036 

3693 ls5 - 5?8 .0002 



7 - 

Consider the transition Is.   - 2p    in Xe I.    From Bacher and 

(8) 
GoudsmiV      the term values are Is.     29789.3^ 

2p5    17715.59 

Dividing by 109,678 to express these in Rydbergs gives values of E of .2715 
AL 

and .1615 respectively and therefore values of Ci„l/2 or n    for the two levels 

"II - ^ 
n; = 2.49 

since 0=1 for neutral Xenon.    Therefore 

nIl- nI = -0-5T 

From the tables of Bates and Damgaard with i=l 

F(2.1*9,  1) = k.S 

l(-.57, 2.1+9,  1) = O.65 

From these values 

a2 « (F l/cf = 10.2 

Goldberg's and White and Eliason's tables are reproduced in convenient form 

(9) in Aller's l)ookKyj. 

From Aller's Table A-2 for a ps to pp transition 

S(M) = 9 

and from Table A-l for a spin of 1 

log -■" ^ 9.95 
D 

S(L) "^ a 0.112 

So that S » S(M)S(L) = 9 X 0.112 x 10.2 = 10,3 

The oscillator strength 

fio = ^T- s '117 for \ = 828CIA and g,  = 3. 
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COMPUTER PROGRAMJ USED IN THIS WORK 

by 

Esther Geil 

The five computer programs written in ALGOL for the Burroughs 

B-5500 DISK computer uced in this work are given in this appendix. The 

first fo,ur programs are preceded by a symbol table and followed by a sample 

calculation printout. The fifth program whose output is just the radiative 

flux does not have a sample calculation printout. The five programs are as 

follows: (The named references are at the end of this appendix) 

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

absorptivity given the heavy particle density and temperature, 

based upon the Raizer-Penner model    for the plasma. 

b) DOUBLE - the calculation of the particle densities and then the 

spectral absorptivity and emissivity using methods similar to 

Drelliskak   et al. and Biberman and Norman  „ The program is 

in two parts, particle density calculation/^spectral absorptivity 

calculation with separate symbol tables. 

c) DICSLAB - calculation of the spectral radiance, radiant e;:iittance, 

and then the balancing current density using the particle densities 

and spectral absorptivities from DOUBLE and the electrical 

conductivity calculatod according to Spitzer^ '* 'et al. DICSLAB 

is the calculation for a plane parallel slab of homogeneous tempera- 

ture and pressure. 



- 2 

d) DICKCYL is a calculation of the same quantities in (c) for 

an infinite cylinder of homogeneous temperature and pressure. 

e) Radiative Flux throughout a non-isothermal non-grey cylindrical 

arc. This program is for the calculation of the radiative flux 

(radiant emittance) throughout a cylindrical arc of arbitrary 

spectral absorptivity and radial temperature distribution (the 

latter must be symmetrical about the center axis of the cylinder 

in this program). It uses the particle densities and spectral 

absorptivities calculated by program ''DOUBLE". 

= 

J 
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Program a 
Symbol Table for Raizer-Penner Model 

Simplified Model for Electron Density and Spectral Absorptivity of Plasma 

D » thickness of plasma 

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

HMU(i) = hV = the energy corresponding to the ith frequency being vised. 

N = the heavy particle (atom and ion) density of the plasma 

THETA o temperature in eV 

M = in" ss average number of electrons per stom 

BG = I/-      lx 
KM - 5} 

IM2P = I/-  .   lx 

KAPPAPRIMi' = <• a absorptivity including stimulated emission 

Note: Total number of particles, temperature in degrees K, and pressure 

in atmospheres are calculated in the write statement following the 

computation of KAPPAPRIME. 

-K'd 
Wavelength, tau ■ KAPPAPRIME x D, 1 - e   , Bv and Iv for each 

frequency ere calculated within the next write statement. 



17I?«I?A THURSD«Y, "CTOHER ?1, 10*5 HDL »UGCI ve«sin\ nr u/i/ss 

COMMENT     6EIL»fOB  CHuqCMf6rs.rO(i37.?IMPLiriE?  PHTSLEM; 

riLf IN Rr*nE»t2iio)) FILE OUT ',EIL 6C?,I5)) 

COMMENT        DARTIMF 

TO OBT«TN LISTINS MpRGE TN PL«N« C*RD HITH SEQUENCE NUMREH 00000^301 

REAL ». K, N, THE T », COUNT. M, IM?, TEMP,E,MMtKE,TEMf>l,J, EPS! 

RE»L Of 

»E*L lM2P,LITTLt*,*T3,l<.HNUl,HNU5.HNUL»NHNU,Cl,C2»C?»,C!>B,CJ) 

»EIL L«Mi,M?,ri.r7» 

RE»L ExPON#BNU»F»CT) 

»RR»Y ItOl»l«DUO"«H 

«RR*Y   KAPP»B9IHE[ OMOOl^NUtOKeOH 

FORMAT   TITLffNAME   OF   THE   SAS   IS   REAO  FROM   TITLE   CARO"), 

^Ti 

NTMETAC-N.'.RP.O.XI^THETA'-.RT.«), 

iN("M»,i(«,"nH]"/(it,rin,3)). 

IMSt'ItM-l/J).»        .F8.A.X5."t<M*l/2)."        »r«.«), 

NI$t«N«">El0.1). 

TlTLEPLOT(X10,"THETA«",Fr,«." £V".xr.»NT0T*L«"»E»,3,X7,»NDENSITy«-,E9,1, 

" PARTICLES/'CMJ"  // 

sc  it  lie 

START DF SEGMFNT ♦*«*•♦•*** 000« 

SC   Pt   fllf 

SC ?\ ou 

/  SL ■'\ nc 
S  SL 3 ! TIC 

ogsQijgijg SC 2: riC 

SC 2! 7IC 

sc 3 X nc 
SC ?\ Tif 

SC ?. r:c 

SC ?1 TIC 

SC ?" 7tC 

sc ?1 tfttS 

SC ?1 IA10 

EGMENT «**•*•*••« «00« 

SC 1410 

SC 1410 

SC 1410 

SC 1«IC 

SC 1«I0 

SC 1 .n c 

X16."T«-,F8.1," DtSREES '<.".X7 r "P«»,E9. 3.» ATM" //>// 

" MNU   »AVELENOTH   KAPPA-PRIME       (-TAU)       RNU*. 

Xll.MNU" / 

"  EV    H1CH0NS        l/CM'.X» ."l-E "  ,Xl»,-K4TT5/CM 5TFR"/ 

). 

Ll5TPL0T(r!.l»El?,3,«El«.3). 

MBAR("AFTER",IJ,« ITERATIONS, MR»R.",r».3," «HERE M.KK.",F».«>) 

OEFINE JOO»FOR J»0 STE' 1 UNTIL * DO f, 

JDOlPfOR J*l STEP 1 UNTIL ^ 00 t» 

LABEL START.EXIT.PRINTIT» 

TIMEIT<GEIL,» 

rACT»1.190«P-l2»(ll*0!/l.«3«)»3» 

•♦1»?1J 

EPS»,P01i 

STARTl 

READf READER, TITLEHEX1T1»   HRITEfC.ElLCPAGE J)»   URI TE( SEIL. TITLE)! 

REAOf<»EAOEP./»0)J 

READ(RE»OFR,/,JOU   ItJDf 

MRITE(GElL»IM.JDOtJ,ItJnH 

REAOCREADE;'.''»''L'R   J»l   5TFP   1   UNTIL   1000  00  HNUI.)! 

NHNU*J-t» 

CLOSE(R£AOE'»,RELEASE)» 

SC 

SC 

sc 

SC 

SC 

SC 

SC 

Al 1AIC 

«I 14IC 

41 14IC 

Al 14IC 

41 lilt 

41 14IC 

41 I4IC 

000« rs 0l?2 LONG, NEXT SEC 000? 

SC 21 I4IC 

sr 21 1.4IC 

sc 21 t4lC 

sc 2t UIC 

SC 21 1?lC 

SC 2l 171- 

SC 21 1PI2 

sc 21 1911 

sc 21 5010 

sc ?l 1011 

sc 2i 4213 

SC 21 S4t3 

sc 21 *RI1 

sc J i 791 3 

SC 21 • ur 
a-l 



FOR   NO»t*   HO  REG'N 

H>ITTE(a£!LtB»G£])i 

ran TMETJ.I no BERIN 

WRtTECSElL.NTHETH.N.THET*)» 

»T3HUS0RT(THETA«3)) 

K»»T3/N» 

JOOI  OItJ]*TCJ5-ItJ-ni 

DTtOUOItlll 

rt»K«E«PfItO)/THET«)-«i) 

r2»KKEXP(-ItS VTHET»).M?; 

fOR   COUNT»!   STEP   1   UNTIL   1000   OH   BESlN 

M»(r?x«i-rixM2)/tra-Ft!> 

!M2»irT£Mp»ENTlER(TEMPl»M*l/2)i-(TEMP-TEMPl*l)«0ItTEMP)l 

E»exP(-lM?/THETA)l 

KE*KXCI 

IF  »8S(TEMP»KE-M)   <  EPS   THEN  GO  PRINTJT» 

»•»♦TEMP» 

END OF COUNT LOO't 

sc ?1 B?l 3 : 
sc ?.l «SI? 

| 
1 i 1 

sc ?! "«11 

sc ?! 0) If 
B  E 

sc ?l mm M 

sc 

sc 

?l 

?! 

lAdir 

min 
9Jm 

sc ?! nur 

sc ?! 1121c *-? 

sc ?t 11313 ii 

sc 21 lt5IC 

sc 

sc 

21 

?! 

imu || 

sc 

sc 

3C 

?! 

21 

?t 

U3ir 

i?«ii 

m?i2 
a* 

sc 

sc 

?! 

2! 

nai; 

13St3 

m 

sc 21 11RI1 

sc 

sc 

21 

21 

note 

139(3 
] 

sc 

sc 

2) 

21 

uoi? 

14111 n 

PRtNTITl 

H«ITt{OElL»Hfl»R.COUNT.M,TEMP)i 

IM2P»ItTEMP»ENTlER(TEMP1»M+3/2)]-(TEMP»TEMPl*l>xDItTEMPI) 

MRITCtSElL'IMSfIM?>IM2P)) 

ei*LITTLE»/THET»«2x(N*2KM/AT3)«(M»2*,25)J 

C2»LtTTLEA/THETA«2xN«(Mt,5)ii2) 

C?A»C2»NXM/(2>'AT3>' 

C2B»C2iilM2/THeTA; 

e3*LITTLEA/THETA«3XNX((M*.5)»2xIM2*(M+l,5)*axiM2P)» 

FOR J»l STEP 1 UNTIL NHNU DO BESIN 

X*HNUfJJ/TMETA» 

IF XSIM2 THEN HAPPAPRIMET J)»C1«E«P(X)/X«3 EISE 

IF X»IM?P THEN KAPPAPRIMEt JJ»C3/X«3 ELSE 

KAt-PAPRlMEt JJ»(C2A«EXP(X)*C2B)/'X»3J 

ENn OF J LOOP; 

WI»ITE(GEILtPAOEl>) 

MRlTE(5ElL»TlTL£PL0T.THETA. TEMPI »(UMjx^.N. 

TEMP»11605XTHETA,TE»'?l«TEMp/(2.ASrPl««2n))) 

MRtTEtSiriL'LlSTPLDT.FOR   J*l   STE^   1   UNTIL   NHNU  On   t TEMPitHN'lf J)f 

l,239r/TEMPl,   TEMP»KAPPAPRIucC     JJ. 

EXPHN» 1-EX P(-TE*«P«D).3NU»F ACT «TEMPI •3/(FXP(TEMPl/THETA 

J-D.FXPON   »9NII)    )( 

sc 21 U3I2 

sc 21 IddlO 

sc 21 mu 
sc 21 n»tc 

sc 21 i*?ii 

sc 21 l?«l! 

sc ?l 17UI2 

sc 21 1H3I1 

sc 21 1««IC - 

sc 21 mm 
sc 21 10iii2 

sc 21 109IC 

sc 21 20012 

sc ?t 20512 

sc 21 2I0IC 

sc ?i 21413 ■ 

sc 21 217IC u 
sc 2i 21913 

-■* 

sc 21 2?ci2 i 

sc 21 24?tl 

5C ?! 2S0I 3 i 
sc ?! ?S7t3 

sc ?! 2*,ilC 

-*. 



w«m<SE!LtP»8El)» 

run or THET» lOOfi 

znn  DF N LOHP) 

TI«EIT(r,E!|.)) 

EXITl ENO. 

Ztp IS SC8MIMT NUXBER 0005» P^T AOOPESS IS Oil? 

SORT "PflS 

ouTpurtto ooor 

BLOCK CONTROL O0"* 

INPUT(K) 0009 

BC TO SOLVE» <5010 

»L60L ""ITE OO»» 

*LaOL "»E«0 OO»* 

*L80L SELECT 0013 

SC 21 ?T«ift 

SC ?l ?7<«IC 

SC ^! ?7*l! 

sc ?i 2r«ic 

SC 2i PnntC- 

Onn? IS 0283 LONG. KE^-'T sen nnOI 

NU^BC» OF E««8»S OETECTEB • 060 

MT SllE«00i*l    TnT»L SEflOEMT StZtPOOS« KO»OSI 

EST!«*TEn CO« STO«*aE REQUIREMENT . tl35?2 *OROS. 

iri2«t«8 THURSBAY. OCTOBER 71,   t»«»    PROCESSOR TIME • 10.?i SECBNOS 

nil« 

0034 

0005 

OUO 

0107 

0014 

0015 

0014 

L*ST e«RO K1TM ERROR "»S 8F9 I 

OISR ST0R48E RE8,•00493 wnpo^»    NO, SEGS..0014. 

I/O TIME ■ 17,20 SECONOS 

LABEL  OOOOOOOOOLtNE   00045294»  CaNPlLt 105011» BY SEIL     U8INS *LSOL F0ii37EG 

rt 

£ 3   = 

v ^ 

1 f* 
I 

:-; Li 
? 

1 ■r^* 
= - 1 1 

II 
i 
i 

a-3 



XEWN 
M fM) 
n 12 .1?^ 
1 ?1 ,?00 
7 3? .100 
^ «« • ooo 

<l 5' ,000 
•> «2 .ooo 
6 too .00" 

\ 

i 

i 

«•■   S.»*18     THtTA« 1.0000 
»rTE»    6 ITERATIONSt Ml*)«« OtUl HHCHE M-KE»0.0000 
I(M'l/2).  S,»965     I(H»1/?). ir.6695 

a-^ 



I - 

THET»=    l.lflPO   EV NTOT»L»,).^a»'M'i NUENSITY»5.')00»*1«   P »RTT CLES/C» I 

T«   llftOS.fl  DEGREES   <• P = 8.78'»»00   »TM 

WNU ^«VELENfiTM «APBA-PRIME {-T4;- RNU INU 
EV «ICONS 1/CM 1-E H4TT5/CM STE? 

0.0 1.?llO»*03 1.7M8*(1« 1.0008*00 6,256»-07 6.2568-07 
n.i ?,(i79»*01 1, J8B»t03 1.0008*no 1.5268-03 1,5268-01 
n.i 1 .?llO« + 0l 1.955»*02 1.0008*00 5.9128-03 5.9528-n^ 

0.8 B,?6?««00 6.090»»01 1.0008*00 1.3058-02 1,3058-0? 
0.? 6,199»»n0 ?.701««01 ! ,000-*iio 2.2628-02 2.'628-09 

0.3 «.9590+00 1.454»*0t 1 ,riOO«*O0 ?.4438-02 3,4«3*-02 
0.1 a.l32**00 8.6(i5«t0u ».ijav-p-oi 1,8318-02 4,8308-"? 
0.4 3.5<i2>*00 5.855».00 9.9718-01 6.4048-02 6.3868-p? 
0.« 3.099»*no ii.ii«»*oo 9.8388-01 8.1458-0? 8.0138-02 
0.5 ?.T55»*00 3.0«58*00 9.«248-01 1,0048-01 9.5598-0? 
0.? ?.479»«00 5.333««00 9.0308-Ot 1.2068.01 1.0898-01 
0.6 ?.06»»»00 1.492»»00 7.7528-01 1.6458-01 1.2758-01 
0.7 1.771»*00 1.0398+00 6.4618-01 2.1188-01 1,3688-01 
0.« 1.550«*00 ■'.«90»-0t 5,36^8-01 2.6158-01 1,4038-01 
0.9 1.177»»00 .9<9».01 4.4958-01 3.1268-01 1.4058-01 

1.0 l.?iiO«*0C «.8098-01 3.8198*01 3.6438-01 1,3918-01 
1.5 «,?65»-0l 2.3498-01 2.0948-01 6,0688-Ot 1,2708-01 
2.0 is.l99#»01 1.6348-01 1.5088-01 7,8388-01 1,1828-01 
2.5 a.O19P.0t 1.3798-01 1,2888-01 8,7468-01 1.1278-01 
3.0 «.132#-01 1.31ft»-0l 1.2338-01 9,8558-01 1,0928-01 
3.5 3.5«2»-0l 1.3668-01 1.2778-01 8,3568-01 1.067?.01 
4.9 1.099»-0l 1.5098.(?t I.4O18-OI 7,4748-01 l,047»-0t 
«.5 ?.755»-0l 1.7488-01 1.6038-01 6,4088-01 1.0278-01 
5.0 ?.«7O»-01 2.1018-01 1.89^8-01 5,3088-01 1.0068-01 
*.o ?.0ft6»-0l 3.3048-01 2.8148-01 3.3608-01 9,454»-0? 
r.o 1.771»-0l 5.6568-01 4.3208-01 1,9608-01 8,4658-0? 
8.0 1.550»-0l 1.030«»00 6.4308-01 l,075«-01 6,9158-02 
9.0 t.37r»-01 1.7468*01 1,0008*00 5,632»-02 5,6328-0? 

10.0 1.240P-01 1.4488*01 1.0008*00 2,8428-02 2.8428.02 
12.0 1.O33P-01 1.8638*01 1.0C08+00 6,6468-03 6.6468-03 
I«.0 8.!«55»-02 5.9428*01 1,0008*00 1,4298-03 1,4298-03 
14.0 r.748P-02 2.7598*02 1.0008*00 2.8858-04 2.9958-04 
18.0 t,.*f*-01 3.0708*01 1.0008*00 5.5608-05 5.5608-n5 
20.0 «.1998-02 2.2388*01 1.0008*00 1.0328-05 1.0328-05 
25.0 4,959»-02 1.1468*01 1.0008*00 1.3598-07 1.3598.07 

i— 30,0 4,1328-02 6,6328*00 9,9878.01 1,5818-09 1,5798.09 
35.0 3,5428-02 4.1768*00 9,8468.01 1.6928-11 1.6668.11 
40.0 3,0998-12 2,7988*00 9,3918-01 1.7028-13 1,5988.13 

T 45.0 2,7558-02 1.9658*00 9.5988-01 1.6338-15 1,4048.15 
| 50.0 2,4798-02 1.4338*00 7,6138-01 1.5098.17 1,1498.17 

L 55.0 2,2548-02 1,0768*00 6.5918-01 1,353«.19 8,9218.20 
60.0 2,0668-0? 8.2908-01 5.6358-01 1,1948.21 6,67?8.?? 
65,0 1.9078-02 6,5208-01 4.7908-01 1.0148.23 4,8588.?4 

r 70.0 1.7718-02 5.2218-01 4.0678-01 8.5358-26 3,47l8-?6 
75.0 1.6538-02 4.2448-01 3.4598-01 7.0738-29 2.4468.28 
80.0 1.5508-0? 3.4978-01 2,9518-01 5.7848.30 1,7078-30 

I 85.0 1.4598-02 2.9168-01 2.5298-01 4.6758.32 1.1828-3? 
90.0 1.3778-02 2.4568.01 2.1788-01 3.7398.34 8.143»-35 
95.0 1.3058-02 2.0998.01 1.8858.01 2.9638-36 5.5858-37 

1 100,0 1.2408-0? 1.7918.01 1.6398-01 2,3298.39 3.8198-39 

^ 



IJ 

I 

Prcgr^m b^ 
Symbol Table for DOUBLE 

Program to Calculate Spectral Absorptivlties and 
Emissivities Given Temperature and Pressure 

JT1 = initial temperature desired 

JTINC = temperature step size desired 

JTMHX = maximum temperature desired 

JBjbLTZ  = Boltzmann's constant 

NW m  input as upper limit, becomes actual value, of number of energy states input 

for the atom 

NW1 = input as upper limit, becomes actual value, of number of energy states input 

for the first ion 

NW2 ■ input as upper limit, becomes actual value, of number of energy states input 

for the second ion 

NW3 « input as upper limit, becomes actual value, of number of energy states input 

for the third ion 

Mk  a 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[i] = ionization potential of the ith species 

NP = number of pressures desired 

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

mercury 

SVMGA[i] = ith energy level of the atom 

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

SVENG2[i] m ith energy level of the second ion 

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

SVENGi+[i] m  ith energy level of the fourth ion 



SWMEGA: i 1 = total angular moments for the ith energy level of the atom 

SVjfiMEGl[i] - total angular momenta for the ith energy level of the first ion 

SV/ÄMEG2[i] = total angular moments for the ith energy level of the second ion 

SV(MEG3[i] = total angular momenta for the ith energy level of the third ion 

SV/ÖMEGMi] =» total angular momenta for the ith eusrgy level of the fourth ion 

NLAMBDA m number of wavelengths desired 

ALAMBDA[i] ^ ith wavelength 

JELEC = electron density (called NELEC en output sh-^et) 

JT a current value of temperature 

JP m  current value of pressure 

JTjÖTL ■ total particle density (called NT|6TL on output sheet) =, 

JNQ ■ cutoff energy for the atom 

JS1 m  cutoff energy for the first Ion 
J 

JII2 a  cutoff energy for ehe second ion 
-| 

JW3 a cutoff energy for the third ion 

JNk u  cutoff energy for the fourth ion 

JAT/0M ss atomic particle density (called NO on output sheet) 

JCHR.1 » particle density for the first ion (called Ni on output sheet) 

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

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

JCHRit m particle density for the fourth ion (called N^ on output sheet) 

JSUMA • internal partit.i.on function for the atom (called QO on output sheet) 

JSUM1 = internal partition function for the first ion (called Ql on output sheet) 

JSIIM2 ■ internal partition function for the second ion (called Q2 on output sheet) 

JSUM3 a internal partition function for the third ion (called Q3 on output sheet) 

JSUM^ = internal partition function for the fourth ion (called Qk  on output sheet) „ 

JV1 =» ionization potential lowering for the atom -* 



Program ^2 
Symbol Ifeble for the Spectral Absorptivity Art of EJ6UBLE 

T es temperature 

NO M atomic density 

QO = internal partition function for the atom 

m Ql ss internal partition function for the first ion 

j* NU = v e frequency 

KO » total spectral absorptivity for the atom 

KOPRIME ■ effective spectral absorptivity for the atom,  including stimulated 

emission 

1 XI[INU] = the Biberman-Norman factor for the frequency INU x 10       cycles/sec 

* H = Planck's constant 

K = Boltzmann's constant 

I V6P « V^ s ionization frequency from the 6P state r6p 

VTP = v  = ionization frequency from the 7P state 

m V5D = V  =e ionization frequency from the 5D state 

m VÖD = Vg H ionization frequency from the 6D state 

V1MVG B V - V where V ■ ionization frequency of lowest level not considered 

individually, and 

V B ionization frequency of the ground state where hVg s ionization 

M potential 

m GP ss degeneracy of each of the p levels 

GD = degeneracy of each of the d levels 

A6P = cross section of the 6P state 

A6D ■ cross section of the 6D state 
n 
U A7P ■ cross section of the 7P state 

r»       A7D ■ cross section of the 7D state 
if 

Note: The emission coefficient, e, is calculated within the final write statement. 



JV2 a ionization potential lowering for the first ion 

JV3 ar ionization potential lowering for the second ion 

JVk  a ionization potential lowering for the third ion 

,..-„-.„„ „^-^ ^M.^ 



(«mia« MflNDIY. OCTnBEH lit   \9bi, 

HEOIN 

URL »LönL VERSION OF »/1/65 

S»Vt TILE PASSKAPPA DISK SERIAL t20M?0nlC?f60,!EOO.SAVE 100)1 

FILE IN READER '?fIO)J 

FILE OUT PRINT «• SEIL "" CHUKCi»(t.15)1 

REAL P!SL.«ISU.NBSTEPS»RISLNG;KI 

CflMXENT       DABTIME 

TO ORTAlN LISTING MERGE IN «LANK CARD NtTN SEQUENCE NUMBER 00000030) 

REAL NLAMROA.ILAMROAI 

ARRAY XltOlZOll 

ARRAY KARRAYtll»01> 

ARRAY ALAM(DA[OI«0}< 

REAL JT,JAT0M,JSUMA.JSU"1) 

0EFINF CERMPRINTi» 

BEGIN 

DEFINE STIL«»1 STEP 1 UNTIL «» 

ST 

REAL TEMP,TEMPI.TEMP?» 

INTEGER  INOFXll 

INTEGER NM.NMl.NM7.NM3.NMAI 

INTEGER 0X11 

SC   II   010 

START TF f,r6"fNT •«♦«♦••••* OOO? 

SC  ?l  mo 

SC ?! si? 

SC ?* MO 

SC ?l 10»? 

f      SL ?t 1012 

S  SL ?l 101? 

«994999V SC 21 t?IO 

SC ?l 1?<0 

SC ?l 1JI0 

SC ?l 1313 

SC 21 IM? 

SC 21 irn 

SC 71 im 

SC 21 l?ll 

SC 21 im 

OOOA 

010 SC «1 

SC Al 010 

SC 41 oio 

SC Al 010 

r- 

REAL XO YO.XM.YMI 

REAL KT; 

INTEGER JKX. JRl. JNJ, JKJ. JKC, JR. JM. JJI 

REAL       JT1. Jllrr. JTlNCl JFXX. JEX1. JEXR. JEXCI 

INTEGER JNO. JNI. JM?, JN3. JN*. JL. JI> JNY. JNTCHK. JLLLI 

REAL JTMAX. JROLTZ. JC. JATMT. JCULC.        JELEC. JR.     JTOU. 

JON. JONI. J0N2, J0N3, JON«. J0EL1. JDEL2, J0EL3, JDEL4. 

JSUH}. JSUM3. J&UMA, JPOHl, JPflM?. JP0H3. JPON«. JCI. JC2, JC3> JC«. 

JR. JRR. J*|. J«t. J»S» J»»» J»»» JA»,        JDPOLA. JAAA, JBBB. 

JCHRI. JCHR2, JCHR3. .IHR«. JSMCH. JV. JVl. JV?. JV3. JVA. 

JPPI 

ARRAY IPtOIAl.        PONtOlAll 

ARRAY OELtOI«]» 

PROCEDURE BIsECm. A. B, N, Y) ) REAL X. A. 8. N. Y > 

I BISECT A < X « B TO ERROR IN X $ tt>N »   (B-A) FOR Y • 0. 

BESIN REAL O.I.SI X ♦ Bl S ♦ Y) X • A» S ♦ SIONCY-S)» 0 » (B-A)/2J 

FOR I ♦ 0 STEP 1 UNTIL N DO 

BEGIN X * X * D I D * SIGN(V MS)« ABS(D)/2 ) 

END I 

END BISfCT » 

DEFINE 

SC OiO 

SC 0«0 

SC 010 

SC 010 

SC oio 

SC 010 

SC 010 

SC OIO 

SC Olf 

SC 010 

SC MO 

SC 010 

SC ?I2 

«ISECTt SC «11 

RISECT2 SC 5!1 

"ISECTS SC 511 

0005 

712 BISECT« sc 

RISFCT5 5C 91) 

BISECT* SC lAU 

BISECT!« SC ino 

0005 IS 0020 LONG, NEXT SFG noo« 

SC «1 511 

^*^_ 



JPnLA»JELCCü(JMxUtLtC«JtUtC))*JELEC1,( >*»?■• JELEC)* JAS» jELtCtJMHt 

J»^/J£LEC>/J«H)+(1/JELCC)x((J«ft/JELEC)/JRR)t     I 

PROCEDURE nHOER2(ENG.0wtf,.Ni*)» 

VALUE NHI 

INTE6ER N«» 

*RR*r  ENn,OHEfi(OU 

BEGIN 

ÜNTEGER UJ> 

STARt OF SEGMOil 

FOR t»i STEP 1 UNTIL NN DO BEGIN 

TEMP^ENGflW 

TEMPI»!» 

FOR J*l*l   STEP 1 UNTIL NN ß[i 

IF TEMP2»ENOfJJ « TEMP THEN BEGIN TE«P*TEMPZJ TEMPUJ  CNO» 

OOUBLECENBI TEMPI] >ENG[nf»>ENG(I] «ENG! TEMPI])) 

DOUtLCCO^EQtTEMPI)>0MEGIT]>»<OMEGtI]>OMEa(TEMPl])) 

ENO OF t LOOP) 

END OF PROCEDURE 0R0ER2) 

0006 IS 0024 

PROCEDURE FlNO(S¥ENG,ENtR.N*.NO)) 

VALUE ENER) 

ARRAY SVENStOJ' 

INTEGER NH>N«) 

sc 41   ■> 1 i 

sc 41   !li 

sc 41   ■HI 

sc 41   Ml 

fC 41   «,11 
;- 

sc 41   511 j 

sc 4.   Ml 

sc 4r  -ill 

sc 61   010 i 

sc 

sc 

sc 

61   110 

61   ?I0 

«1   7tl 
- 

sc 61   »IS 

sc 61  1311 
g £ 

sc 61  1610 

sc 

sc 

61  1813 

61  2110 
1 

^4 

G> NEXT SEC 0004 

SC 

SC 

»1   511 

41   S11 * 

SC 

sc 

41   511 

41   511 

REAL ENER) 

UIIN 

LABEL RETURN) 

FOR N«*NN STEP "I UNTIL 1 00 

IF ENER > SVCNGCNO ) THEN f-0 RETURN; 

RETURN! END) 

REAL  O.lC'R) 

INTEGER COUNT.CQUNTT,NP»1I) 

INTEGER KJ 

LABEL EXIT) 

FORMAT FLF(SE20.|2)) 

FORMAT 

flTIElCOUTPUT  OF  PROGRAM  1"). 

FL216{6ei6.e)) 

BEGIN 

ARRAT P,NELtCCOI201) 

START OF SEGMENT 

SC 41 511 

sc 41 511 

sc 41 511 

0007 

010 sc 71 

sc 71 no 

sc 71 Ml 

< NEXT SEG 0004 

sc .11 511 

sc 41 511 

sc 41 511 

sc 41 511 

sc '1 511 

START OF SEGMENT »•»••*•««♦ ODD« 

OOOB IS 0004 LONG« NEXT SEG 0004 

SC 41 511 

SC   41   511 

START OF SEGMENT «*••«»«•«• 000« 

SC   »I   511 

0009 IS 0011 LONfi. NEXT SEG 0004 

SC 41 511 

SC   41   511 

START OF fEGMENT •«••••••»« 0010 

b-£ 



LIST LISTO( JT1« JTINC. JT>!«X»       jHnLTZ«N*I.NKl,N»?»NH3.NX«, 

Jc.iftii'iprJi.iPtii.iPtti.Np» 

rnH INDtxlH STEP 1 UNTIL H?   00 PtINOEXU)) 

rnSMUT rnNST«NT5("JTl»JTjNC.JTMSX»"      "JR0LTr>NH,NWl.MW?,NW3.NW«." 

"jc,ipni.iPt?i.iPt3i,iPt«i,' "Nf.FiR...ftNPJ» 

COMHtWT     VEdTFT   INPUT   TO  PARTITICJN  SERIES  PROGRAM   ) 

PO'-'MAT   OllT     (TFOHKcrElS.?)»     IFORMCUM«)   ) 

TI»<EIT("R!N1?> 

RE»D(REAnFR»/.LISTO   HEXITI) 

nPITECGEIL.CONSUNiS.LJSTOX 

WPITE(Pfl!NTlDBtJ)l 

FOR nxt » 1 STEP 1 UN1 IL 

NP no Prox;i«-Ptoxnirr«o» 

IEQIN 

LABEL     L50e.L!l«,L5ir,l «ne.L«15.L70».L7>5.L«0(l,L81'!,LV0«.L915l 

REAL ARRAY   SVEN8AC0INH ],  SVENG!fOINKJJ,  SVCNG?tO)NW2J. 

SVEN&3tOINH3]>  SVENSAfOiNKAJ.  SVOMEGACOINN ]>  SVOMEGHOINH1 ]> 

sc    mi ?io 

sc    in i inn 

sc    im ?JII 

SC  Iflt 3PIZ 

START OF SFGMtNT •*«••*•<>. noil 

SC  111 3.11? 

SC      111 3012 

001)    IS   Oil?«  LPNGi   NEXT   scr, 0(110 

SC      101 3012 

SC  101 301? 

START OF SEGMENT •»••*****« OOJ? 

001? IS 0008 LONG, NEXT SEG 0010 

SC  101 301? 

SC  101 3112 

SC  101 3M0 

SC  10. 3911 

SC  101 «?I0 

SC  101 «?IP 

SC  101 am 

SC  10! «711 

START OF SEGMENT »♦••.•*... 0013 

SC  131 010 

SC  131 »12 

I  1 i 
I  I I 

C r; 

L 

SVOMEGJfOINW?].  SV0ME93[0lNt(31.  SVOMEOAtOlNN«],  SVSUMA COINM]. 

SVSltOlJtHlJ, SVS2t0lN»l?Ji  SVS3t0lNW3]»  SVS«COiNW*,i, 

SVStOtMNll 

LIST LISTKEOR 0X1»1 STEP 1 UNTIL NK  00 SVENOA tDXlI)» 

LIST HsmFDR 0X1*1 STEP 1 UNTIL NK  00 SVONESA[OXl J )l 

LIST LISTJtFOH 0X1*1 STEP 1 UNTIL Nil 00 SVEN01 tOXU)) 

LIST L1ST«(F0R DXIM STE" 1 UNTIL Ntll 00 SVDMEG1IDX13)» 

LISY LIST5(Fim  X)»l STEP 1 UNTIL NNZ DO SVEN02 (DXDJ) 

LIST LISTÄtFüR 0X1*1 STEP 1 UNTIL NHS 00 SVOMEGZCO»!1)l 

LIST LIST7(F0R DXj*l $TFP 1 UNTIL NH3 00 SVEN03 tDXU)J 

LIST LIST8tF0R 0X1*1 STEP 1 UNTIL NN3 00 i>/UMEfi3tOX 11)) 

LIST LIST9(FnR 0X1*1 STEP 1 UNTIL NH« 00 SVENO« tDXlDl 

LIST LISTIOfFDR 0X1*1 STEP 1 UNTIL NW« 00 SVOMrG«rOXl1 )l 

LIST LISTIHFOR IN0EX1*! STEP 1 UNTIL NN  00 SVS[ IN0EX1 l.TOR 1N0EX1*! 

STEP 1 UNTIL NN1 00 SVSUIN0EX1], FOR INDEXIM STEP 1 UNTIL NW? 00 SVS?t 

INOEXn.FOR 1N0EX1*1 STEP 1 UNTIL NW3 00 SVSSt IN0EX11 .FOR IN0EX1*1 

STEP 1 UNTIL NN« 00 SVS«tINDEXll»JT)» 

REAOCREAOER» / »LISTDJ 

NN »OXI-U 

REAOCREAOER. / .LIST?W 

READtREJOER. / »LI5T3)I 

NNU0X1-1) 

REAOCREAOER»/.LIST« )J 

b-3 

SC 191? 

sc 301? 

sc «n? 

SC ««10 

sc 531? 

sc 6?l? 

sc ni? 

sc 801? 

sc 891? 

sc 981? 

sc 1071? 

sc 1161? 

sc 1?SI? 

sc 13«l? 

sc 10013 

sc I«7I3 

sc 15513 

sc 1«51? 

sc 1*910 

sc 17r>il 

sc 17313 

sc 177(1 

sc 1781? 



REAlKREinE«»   /   »LI5T5)> 

NW?*DX1-1> 

RE«D{RE«nE«»/.LlST6   )) 

SEADtREanE"»   /   »L1ST7)I 

NW3»0Xl-tl 

RE«D(PE«nER»/»LlST«   )) 

RE«(;t«E»nER»   /   »LIST»)) 

NM«*0«1-ll 

RE»D(RE«nER»/»LlST10)l 

RE«0(RE«nER./.NL»MBDA.rUR  0X1»!   STE^   1   UNTIL  NL«MBIU  00   »L«MB0A[D«n)» 

RE«D(READER'/»MUSTERS)) 

CLQSECREAOER.RCLEASE)) 

NRITE(RASSKAPPA»«,JT1,.I*TNC.JTMAX)) 

HRITE(PASSKAPPA..,NL*MHD«)> 

ltRITE(PASSKApPA»NLAMRDA4|,ALAMBDAt*])) 

0R0ER7(SVENGA.SVnMEGA.N»)» 

nROER?CSvENGl,SVOMEGl,NHi)) 

0R0ER7(SVeNG?,$V0KEG2>NM?)) 

0RDER2(SV£NG3»SV0MEG3»NI«))) 

0RDER?(SVENG«»$VaMEG4»NN4)) 

FDR 0X1 * 1 STEP 1 UNTIL 

NN DO SVOME0ACOXl]»;xSV0HEGAt0Xi)41l 

FOR 0X1 » 1 STEP 1 UNTIL 

SC  1 31  1H?IU 

SC  1 31 IrtSI? 

SC  1 31 !HM3 

SC  1 31 Knll 

SC  1 31 193)3 

SC  1 31 ISSIO 

SC  1 31 tOHl? 
- - 

SC  1 31 20?10 

SC  1 31 203)1 1 
SC  1 3) 20613 y 
SC  1 31 219)3 

SC  1 3) 227)3 
jl 

SC  1 31 229)2 

SC  1 3) 240)1 mg 

SC  1 31 20711 J 
SC  1 31 290)3 

SC  1 3) 2)3)0 ^e 

SC  1 3) 255)1 M 
SC  1 31 25712 

SC  1 3: 25913 
5* 

SC  1 31 26210 

SC  1 31 26210   

SC  1 31 26713 § 

NNl 00 SV0MEGl[DXll»2»Sy0HEaitDXl)»l» 

FOR 0X1 » 1 STEP 1 UNTIL 

NN2 00 SVOME02(OXtl»2»SVOMEOZCOXI)»tJ 

rOR DX1 » 1 STEP 1 UNTIL 

NN3 00 SV0MES3C0Xl}»2«SV0M£a3t0XIUlJ 

TOR 0X1 * 1 STEP 1 UNTIL 

NU« 00 $V0MEG4C0Xl]*2>>SVOMES4[DX'  i, 

riNDCSVENGA.IPtn.NM.N«)) 

IP fALSE TMLN BEGIN 

NRITE(PHINT. fFORM» LISTl) » 

l*RITE(PHINT[D8U> ' 

NRITEtPHlNT. EFORN. LIST2) » 

RRI'EfPRINTtDBLJ) ) 

NRlTEfPRINT» EPURM» LIST3) » 

NRITE(PPINTIDBLI) > 

NRITE(PRlNT»ErORN,LIST« )l 

NHITE(PRINTCOBLJ)) 

NRITE(PR1NT» ErORN. LISTS) ) 

NRITECPKINTtDBLI) » 

NRITE(PRINT.EF0RM,LIST6 )J 

NRITECPRINTIOBL))) 

HRITECPHINT» EFURM» LIST7) ) 

NRITEfPRINTIDBD) I 

SC  1 31 267)3 

SC  1 3) 273)3 

SC  1 31 27313 

SC  1 31 27913 

SC  1 31 27913 

SC  1 31 28513 

SC  1 31 26513 

SC  1 31 29113 

SC  1 3) 29A10 

SC  1 31 29AI3 

SC  1 31 29810 

SC  1 3) 300)3 

SC  1 3) 30410 

SC  1 31 30613 

SC  1 31 31010 

SC  1 31 31213 

SC  1 31 31610 

SC  1 31 318 ) 

SC  1 31 32210 

SC  1 31 32AI3 

SC  1 31 32810 

SC  1 31 33013 

SC  1 31 331110 

b'4 
i 



*RITE(PBINT»ErOHM,LISTS )) 

XRITEtPRINTlnBU)» 

t»RITF(PR!NT» ffURM. LIST9) ) 

HRITECPRlNTtOHU;   ) 

HRITE(PRTNTfFFORM,LlST10)J 

HRITEfPRINTinBLDl 

END  nF   IF  F«LSE» 

KT^.iBOLTZxJTlJ 

TEMP  •• JrxS8RTf'Tl)»J»SV0t«E6ltn/ 

(5WOME(i»tn )KE«PC-JPU1/KT)I 

FOR  0X1   ♦   J   STEP   J   UNTIL 

NP no 

RESIN 

NELECtDKtJ»S«RT(TEMPi«(TEMP*PtDKn«».7t2»ie/KT))-TEHPJ 

NELECCDxn»NELECtOXl]x.l» 

END! 

TIMEIT(PRINT)» 

FOR   JUJT1   STEP  JTINC   UNTIL   JTM«x  DO  BEGIN 

KT^JBOLTZxJTI 

SVStIJ»5VQNC0«tn»EXP(-SVEN6»[l]/KT)l 

JJ*il 

00  BCdN 

L51«l$VSlJJJ*SVStJJ-I3»SV0ME8»tJJl»EXP(-SVENQ»fJJl/KT)» 

sc 131 31AI3 

5C 131 31010 

SC 131 3«?I3 

sc 131 31*10 

sc 1 31 31MI3 

sc 131 SSPIO 

sc 13' 3S1I3 

sc ■ 131 3"i1l3 

sc 131 35*10 

sc ' 13! 3«9I0 

sc 131 3*?ll 

sc 131 3«PI1 

sc ; 131 36310 

sc : 131 3*310 

SC  1 131 3*71? 

SC  1 131 3*91? 

SC  ) 131 37113 

SC  1 31 37?13 

SC  1 131 37*10 

SC  1 1)1 37711 

SC  I 131 3*013 

SC  ! 131 3*11? 

SC  1 31 3*1 1? 

Lj 

f | 

t j 

LS17I   CNO  UNTIL  JJ»JJM  >  NNI 

SVSItlUSVOMEQKlJKEXPCSVENOlm/KT)) 

JJ»2I 

00   BEGIN 

SVSItJJ]»SVSltJJ-l]*SV0MEGUJJ!»EXPCSVEN01tJJ)/KT)l 

L615I   END  UNTIL  JJ*JJM   >  Hull 

SVS2m*SV0NEG?InxEXP(-SVENG2tU/KT)| 

JJ*il 

00  BEGIN 

SVS2tJJl*SVS?[JJ-l]*SV0MEG2:JJl>iEXP(-SVEN02tJJJ/KT)J 

L715I   END  UNTIL  JJ»JJ+l  >  NW2> 

S«S3tll»SVQMEG3tH»EXP(-5VEN03rn/KT>J 

JJ»2I 

DO  BEGIN 

SVS3tJJ)*SVS3lJJ-lJ*SVOMFG3tJJ]»EXP(-SVEN03tJJl/KT)l 

L815I   END  UNTIL  JJ*JJ«1   >  NM3) 

SVS«ttI*SVONEG«tn><EXP{-SVENG«tlI/KT)> 

JJ»2» 

DO  BEGIN 

SVS«rJJl»SVS*tJJ-imV0HEO«[JJl«EXP(-SVENG«tJJ]/KT)) 

L»lSl   END   UNTIL   JJ»Jj4i   >  NMI 

BEGIN 

SC ■ 131 3**13 

SC ; 131 3*011 

SC ; 131 39213 

SC  1 131 39312 

sc : 131 39312 

SC  ! 131 39*11 

sc ; 131 «Olli 

SC  1 131 10113 

SC  1 l?i 10SI2 

SC  1 131 «nsi? 

s: i 131 «ion 

SC  ! 131 mu 

SC  1 131 11*13 

SC  I 131 1171? 

SC  ! 131 1171? 

sc i 131 15?l 1 

SC  1 31 «JSI 1 

SC  1 131 1?*I3 

SC  1 131 i?-;i? 

SC  1 131 1501? 

SC  ] 131 1311 1 

SC  1 31 1371 1 

SC  ) 131 13711 

11 



COMMENT      SECflNU   ««JON   PORTION   HK   PHOGHAk.) 

TORWAT r3("PjRriTinN FUNCTIONS*/ 

SC  131 «1711 

SC  13: «3M1 

ST«RT Of SEGMENT •*•••»•••• UOU 

START tlF SEGMENT «•«••.»... noli 

"tt3«".EtA,A.X5,"Q««".U6.8/)» 

FnsBisECT<"NimHER nr HISECTING STEPS TAKEN»"^). 

TAfOENSITIES   IN   INVERSE  CM3"/ 

"Nn«"»El«.e»Xb,"Ni»",tli.8.X5.rM?«".E16.fl.X5/ 

"N3«".El«.8»X5,"N«"".Et6.8.X5./ 

"NELECm'tEU.S.XS.'NTUTL^'.EU.S/). 

r«("10NIZATION  POTENTIAL  LQKERINOS   IN   INVERSE  fM rno»,/ 

"ATUM.",El».8.x3,"I0Nl.",E16.8tX3."I0N?«",E16.8.X3. 

"IUN3ci".E16t8/). 

ETPC'TEMP»",^."   DEGREES  K.".X5."PRESSURE«"tE16.8."   ATMOSPHERES")! 

LIST   LIST3(JSUMA.J5UM1.JSUM?.JSUM3..)SUM/| ); 

SC 010 

SC mo 

SC ;il o 

SC (110 

SC 010 

SC 010 

SC 010 

bC 010 

SC oi o 

SC 010 

SC 010 

SC 010 

LIST   LlST«(JAT0M,JCHRl,JcHR2.JCHR3.JCHH».JELEC.JTnTL        )» 

LIST   L1ST6(        JV1,JV2,JV3,JVA        }t 

SCGIN 

0015 IS 0102 LONG. NEXT SEG 001« 

SC  l-li 1012 

SC  l«l 7312 

SC  141 3?12 

LABEL LJO. L51>L52>L»S>LSi>LS9>L60fL66>Lri>L72>LT«<L8t>LS4« 

START OF SEGMENT 

L87>L90,L101,LU8I 

SC  141  3212 

>*•*•*•*• 0016 

SC  161   010 

*» 

TIMEITCGEIDI 

»(IITE(GEIL)> 

FO» 11*1 STEP 1 UNTIL NP DO BEGIN 

t)RITe(GEILCPAG£])) 

JP»Ptin» 

JELEe»NELECtinJ 

KRITE(GEIL.F0RBl5ECT,N8STEPS)i 

JT0TL»JPx6.ri2»M/(JB0LT?i<JT)J 

jP'KK-SVENGAtNKJ/KTJ 

JPatt2*SVCNGUNNl]/KT*JP0wW 

JP0t(3tSVENGZ[NKZ]/KTtJP0H2l 

JPON4*SVENG3CNK3l/KT*JPOw3< 

JNS*NNJ 

JNl»Nt(lJ 

JN2»NN8I 

JN3*NM3l 

JN«»NW4« 

LlOl 

JSUMA^SVS   CJNS1I 

JSUMU^VSltJNllJ 

JSUM24'SV$2CJN2J' 

JSUM3»SVS3CJN31> 

JSUM4*SVS4CJN43J 

SC 161 010 

SC 161 110 

SC 161 313 

SC 161 510 

SC 161 713 

SC 161 «13 

SC 161 913 

SC 161 1711 

SC 161 1912 

SC 161 2110 

SC 161 7310 

SC 161 2510 

SC 161 7710 

SC 161 7713 

SC 161 7RI2 

SC 161 2911 

SC 161 3010 

SC 161 3013 

sc 161 3110 

SC 161 3710 

SC 161 3310 

sc 161 3«I0 

SC 161 3510 



JC1*JC»( Jl M.SiUFXPC-JPüNl )x( J'NOtl/JSim»)» 

JC?*JC»(JT«1.5)«EXP{-JPnH2*jP0Hnx(JSU«2/J5U>»l)l 

COMMENT 

If   (5QI)S>JT)   THEN  GC   TO  L5U 

JC1»JCx(jT«1.5)«EXP(-JPGw3 + JPUW?)»(JSl]M3/J5UM?)) 

00   TO  LS?» 

L51I   JC3»OI 

CO«"ENT 

fF C«99s>JT) THEN Gn TO L5b( 

JC«*JCi<(jT»l,5)XEXPt-jP0N«*JPUH3>>c(JStlM«/JSUH3)l 

GO TO LS«» 

L55I JC«*0» 

I.S8I IF (1P995SJT) THEN 80 TO |.59> 

J»*1»-1S) 

JRB*l) 

GO TO LftO) 

1591 .JR»l»-35» 

JRP»1#-?0» 

J*?*?»JCl«JI»l 

J«3*3»(JC?,<<jej«JR))-JCl«(JTaTL>«J»»)l 

J««»«1<(JCJX<JC2X(JC1XJ« )))•?« (JT0TI.»<JC?»(JC1«J(»>))J 

sc 161 3610 

sc 161 411? 

sc Ul an? 

sc 161 an? 

sc 161 «M? 

sc 161 •ill? 

sc 161 S6in 

sc 161 S6I j 

5C 161 IMO 

sc 161 5710 

Sr im ■>M1J 

sc 161 6310 

sc 161 6510 

sc 161 «513 

sc 161 67(1 

sc 161 6«I0 

sc 16. 6X1 3 

50 161 7?I0 

sc 161 7?I3 

sc 161 71I? 

sc 161 7«I3 

sc 161 761? 

sc 161 1011 

■ ■ 

u 

J*5»5«tJC«xJi»R)X(jC3«(je?x(JClxJR)))-3x(JT0TLxjRR)x(JC3«(jC?xfJCI«J«))>l 

j»6*.«»(jT0TLxJRR)xtJC«x(jC3x(jC?x(JClxjR)))>» 

Litt 

»tSECT!JFLEC,100,5»2O.N8STEP5»JP0L»)» 

J«»«*jCl»(2xjClx(jC?/jELECn*C3xjClxJC2x(JC3/(jELrC*2)>)> 

j»RR*««fjCl/JELEC>x(JC?/JELEC)x<JC3/JE!.EC)xJC«l 

J«T0M*<jELEC»2)/(jA»»*J8flB)» 

JCMB1»JC1XJ»T0M/JELEC) 

IF (JCMPIJl) THEN GO TO L8tl 

JCHPt»OI 

L81t JCH9?»JC?XJCHR1/JELECI 

IF (JCM»?»n THEN GO T3 L»«» 

JCR?»«» 

L8«i JCMR3»JC3xJCHR2/JELFC» 

IF CJCHRUl) THEN 00 TO L»n 

JCM*3*0I 

L87I   JCHij«»Je«xJCHR3/jELFC» 

IF   (JCMR4J1)   THEN  GO   TO  L90I 

JCHR«»')» 

L90I 

JVt*?x3.9579?359R.5xS0HT;{3,l<l1b9?6536/KT)x(JELEC*.JCHRl+«xJCHR? + 

i)xjCH»3+i6xJCHi*a)); 

jv?*?xjv/! t 

/. - '■" 

SC 161  651? 

SC 161  9113 

SC 161  OTii 

SC 161       QrtIO 

SC 16;   into 

SC 161   I'OH 

3C 16 1   l?iiifl 

sc 181   ir'6ii 

SC 161    l?glC 

SC 161    15511 

S C 1« t   13010 

5C 161   1MI3 

S C 16 1   l •> i: n 

SC 161    mi 3 

sc 161  nsi3 

S C 16 1    13 7 10 

SC 16 1    13713 

SC 16111313 

s" ;"•!   uiio 

SC 161   Hi I 3 

S C 1'1    117!0 

S C I 6 I     1 'I s i ? 

S C 1 6 i   1 ft d i 3 



JV3*3«Ji/1l 

IF iPtn-Ji»ONixKT< Jvi  THEN 

«EfilN 

TEMP»iPri)-Jvi» 

riND(SVFNO»<TEHP     .NH,JNQ)» 

JPO«l»SVENäAtJNai/KT| 

TEHP»IPt?]-JVZ» 

FIND(SVENC.I»TEHP     »NWI.JMIX 

JPOX?*SWENGltJNn/KT*jPONU 

TEMPMPtJJ-JVSI 

Jf0>i]»SVCNG2CJN2;/KT*jP0N2l 

TEMP*IPt»J-JV«< 

FIND($VING2>TEMP     >NN7>JN2}» 

riND{SVENG3.TEMP     ,NH3,JN3)» 

JPQii4»SVrNS3tJN3]/KT«JPOK3l 

00   TO  L10» 

CNOI 

l«RITE(QEILtD9L3»rTP.JT»JP/r60)l 

t«RtTE(6ElL>F3«LIST3>l 

M|TC(6EIL>F«<LIST«>I 

NftITC(SeiL>F«>LIST6)) 

NELECtUUJtLECI 

BEGIN 

COGENT Btlt.AiSOMTlON COEFFICIENT FOR THE XENON .T0M,SCMLEeHT.576. 

sc KM tsmo 

SC  161 1SU1 

SO 16t 1S7I2 

SC 1ftl 151'i 

SC Iftl IS-ilU 

SC 161 1561? 

SC 161 l-jfll? 

SC 161 16010 

SC 161 16112 

SC 161 1631? 

SC i«i iftsi? 

SC Iftl 16710 

SC 161 16910 

SC 161 17012 

SC 161 1771? 

SC 161 17«l? 

SC 161 1761? 

SC 161 17010 

SC 161 17910 

SC 161 18911 

SC 161 t«?l? 

SC 161 19513 

SC 161 19910 

SC  161 20011 

SC  161 20011 
REAL UTTLECOEFfBiaCDEFI SC 16! 20011 

START OF SEGMENT «••••«••«• 0017 
REAL V6P,V7P,»bO,V6U, SC 171 010 

TEMP, SC l?, 0,u 

ap.ao.viMvs.if sc 171 oto 

C0EF,C1»     H,K, SC 171 010 

0NI)2. SC 171 010 

EVlMV6.EV6P»E»60.E«7P,EV50f SC 171 010 

H0K»C12t SC 171 010 

E«P»E«0,E7P,E50, SC 171 010 

Nil       »iNU» SC 171 0IÜ 

KO.KOPRIME, SC 171 010 

AGSl,AaS2,A6P,A«0,A7P,ASD,AC0EF> SC 171 OIÜ 

DEFINE T.jTi,NO«jATaM#.an»JSu««»,oi«Jsimi( sc 171 mo 

FORMAT INPUT("T»",I6," DEGREES K».X«,»N0«".E10,3.X6, SC 171 nib 

START OF SEGMENT ••♦*«««••• OOlB 
"00»"»E10.3»X6»"«1»".E10.3). SC 1S1 010 

OfTPUT'c.rl5.3)» SC 1H1 010 

TITLEOUTf/ SC 1S1 010 

• NU          LAMBDA  " SC 181 010 

• KAPPAPRIME    EMISSION CDEF" SC 1BI 010 

I 



CYCLEi/StC       «tlCHNS " 

INvE«St CM   «»TTS/CM3 STER SEC-1' 

RE»l. PROCEOURE L«G ( X » XO . nx , Y . N ) J 

CflHMENT nROER 3 (.»«»»NSE INTERPULATIONi EOljAL INDEREMDEXT STEPt 

SINGLE DEPENnENT,INDEPENDENT V«RI»BLE.EXTRAPOLATE IE NHT XO«X<XO*NxOX. 

X  - DESIRED INDEPENDENT VALUE 

XO - EIRST INDEPENDENT V»LUE Of T TABLE (FOR YIOJ) 

OX - TABLE STEP FOR INDEPENDENT 

Y  • NAME.DEPENDENT VARIABLE VALUE TABLE (MUST BE SINGLE SUBSCRIPT) 

N  - MAX INDEX Or Y TABLE ( S « ) » 

VALUE X , XO , OX > N > 

REAL X > XO , DX I INTEGER N I ARRAY  YCO] I 

BEGIN 

INTEGER I I REAL 5 ) 

IF (I ♦ ENTIER((X • XO)/DX - D) < 0 THEN I ♦ 0 ELSE 

IF I ♦ 3 > N THEN I » N - 3 I 

S ♦ (X - XO)/OX . I » 

LAG * ((Y(I ♦ 3) M $ • Y(I1 x (S • 3>> « ((S - 3) » S ♦ 2)/3 

sc 1HI oio 

sc 1RI mo 

sc lai oto 

sc 1H" mo 

sc HI mo 

0016 IS 00A9 LONG. NEXT SEG oni? 

LAG SC mo 

LAr, sc mo 

LAG sc 010 

LAG sc mo 

LAG sc 010 

LAG sc mo 

LAG sc 010 

LAG sc 010 

LAG sc 010 

LAG 10 sc mo 

LAG 11 sc oio 

LAG 1? sc 010 

START OF SEGMENT •»«•••♦♦•• 0019 

LAG 13 sc 191 010 

LA7 1« sc S9I 510 

LAG IS sc 191 1010 

LAG 1» sc 191 l?ll 

Ü 

5 i 

u 
n 

♦ (Ttl ♦ 1J x (S - 2) • Ytl ♦ 2J x (S • U) x (S - 3) x $)/? 

END LAG I 

LABEL START.EXITl 

FILL XIt*l WITH 1.,«..5.1,2.25,2.6.3.3.1.    3, 

2.9.2.8.2.6.2,4.2.1.1.8.1.6.1.4.1.23. 

1.2.1.1.1> 

H»«.«2517»-2rJ 

K»1.3A044»-1«> 

HOK»H/K» 

V«P*2.3S536»15> 

vrP*7.654l9»15» 

V50*2.436ie»15> 

V60»2.»r309«lS» 

VtMVG*2.r2S2*15l 

EVlMVG*HOKxVlMVGI 

EV6P*H0K«V6Pl 

EV«0*HnKxV6Dt 

Evrp*HOK»vrPi 

EV5D»H0KxV5D) 

GP»24I 

/?                   LAG  17 SC 1712 

LAG  1« sc 2410 

0019 IS 0026 LONG, NEXT SEG 0017 

SC 010 

SC mo 

0020 

113 SC 

SC 113 

0020 IS 0021 LONG, NEXT SEG 0017 

SC 113 

SC PI? 

SC 3tl 

SC 41? 

sc 511 

sc • 10 

sc M3 

sc 717 

sc «M 

sc 91? 

sc 1013 

sc 1?I0 

sc 1311 

oC 1412 

i 



sc ll-l ISM 

sc Ml l-SIO | 

sc ' 71 1711 

sc IM 1*10 
! i 

sc 171 iwt 3 
-. 

sc 

sc 

171 

171 

-  a ; = 
i 

sc 171 ?SI0 

sc 171 ?M3 af» 

sc 171 ?T>2 y 
sc 171 2HI3 

sc 

sc 

171 

171 

?«I0 

3113 

sc 171 «on -» 
sc 

sc 

171 

171 

«3U 

«■ilO 

1 

sc 171 A7I2 

i sc 171 70"0 

sc 171 7?I2 

sc 171 7ÜI0 
■ 

sc 171 7712 m 

sc iri 7910 
-    ~ 

sc 171 «012 I 

00*401 

»COtF •1.20«73«^(I13I 

»GS2*?.S9».32J 

»0SU9»-17»»0S2><2,93»15> 

»«P»»CnEFx.072xGP| 

A6D*»cnEr«.025x601 

»7P»»C0F.Fxt021xGPI 

«50*»C0Erx,076xGDI 

Cl».89*24< 

C12*Clx2l 

ST«RTI 

NRITECGEILtDBL ]]| 

NRlTE(QEILCDBL).INPUT>T.N0.00.9n> 

•IRITEfGEIL »TITLEOUTJJ 

LlTTLEC0Er»Cl2x0i,TJ 

8IQC0Er»LITTLEC0Er«EXP(-EVlMVO/T)J 

E4P*««PxEXPC-EV6P/T)J 

E6D»»60«EXP(-EV60/T); 

Erp»»rp»EXP(-Ey7p/T)i 

E50»»5DxEXP(-E¥5D/T>» 

rOR ILAMRDA»! STEP 1 UNTIL NL»M8D* 00 BEGIN 

NU*3P14/»L*NBD*ta»MBD*J» 

INU»NUa*>l«l 

IF NU<2»14 THEN COEF»LITTLEC0EFKEXP(H0KX(NU-2.935»15)/T) ELSE SC 17t  HI 13 

coEf*BioeoEr> sc 171 »AH 

0NU2M,0/NU   *2I SC 171  9113 

KG  •NO/00 x (COEF/NU   «3 x SC 17!  9312 

(IF INU£20 THEN 1 ELSE IF INUt? THEN XltlNUI ELSE L«G(INU.O,1.XI.40J)♦ SC 171  9610 

( IF NU   »•»)«I9 THEN «GSl-»8S2xNU    ELSE 0)* SC 171 10212 

( IF NU   tS.79«6*l4 THEN E6PX0NU2 ELSE 0)* SC 171 10«!1 

< IF NÜ   t2.6193*14 THEN E6DII0NU2 ELSE 0)* SC 171 10911 

( IF NU   »2,8083*14 THEN E7P«0NU2 ELSE 0>* SC 171 11711 

( IF NU   »A,9B8«»14 THEN ES0X0NU2 ELSE 0))) SC 171 11511 

KOPRINE»KOxll-EXP(«HxNU/(KXT>))» SC 171 11910 

MRR/miLAMBOAUKOPRIME« SC 171   12310 

NRITECiiEILFOuTPUT.NU.sm/NUjKOPRINEflF   TEMP*H0KXNU/T>15   THEN SC 171   1?<|I3 

EXP(LN   CK0PRIME«2xHxNU»3)-64.367l5-TEMP)   ELSE SC 171   Kill I 

K0PRIMEx2xHxNU*3/(9»27x SC 171   ismo 

(EXP(HOK»NU/T)-J)))J SC 171   15310 

END OF INUI SC 17t 16211 

MRITE(P*$SK*PP4<NL4MB0*>KARR*T(*1)* SC 171 16412 

EXITIENOI SC 171 167*2 

0017 IS 0169 LONG. NEXT SEG 0016 

NRITE{P4SSK»PP*»»,JP)J SC 161 20110 

END OF JP LOOP» SC 161 fOBU 

END  EMOI SC 161 ?IU<2 

1 



i I i 

L 

WRITE(P«SS«»PPA»*,JELEC»jTOTl)l 

END "F JT LUOPI 

6Ü in FXJ1) 

END OF DYNtMIC »RR»ys» 

ENOl 

EXITl 

HRITE(SEIL)» 

TIMEIT (PRINTW 

END OF DRELLISHAK) 

END. 

£XP 

LN 

SSRT 

DUTPUT(N) 

BLOCK CONTROL 

INPUUN) 

X TO THE 1 

IS SE6NENT NUMBER 007l> PRT ADPRESS IS 0777 

0022 0307 

009!} 027« 

002« 00*1 

0025 

0026 

0027 

OOOS 

0235 

0310 

0016 IS 0?11 LONC. NEXT SKi ndl« 

001« IS OftJ« LONr,, NIXT StC   0013 

5C  IJi ii3«in 

sc m turn 

SC 13» «Sfit? 

SC  131 1S7I3 

0013 IS Ofl« LONS» NEXf SLr, note 

S C  101  a «10 

0010 IS 0051 LONr,, NEXT StG 000« 

SC «I ft 10 

SC «I MO 

SC «I »13 

SC   «I   913 

000« IS 0013 LONO, NEXT Sfl 0007 

SC   ?l  1M0 

0002 IS 0021 LONO, NEXT SEC, 0001 

SO TO SOLVER 0028 

«L80L MRITE 0029 

•LSOL RE«0 0030 

»LGOL SELECT 0031 

NUMBER OF ERRORS DETECTED « 000 

PRT SIZE-025«! TOTAL SEGMENT SIZE«0t«31 WORDS» 

ESTIMATED CORE STORAAE REQUIREMENT ■ 0H689 NORDS. 

15100129 MONDAY. OCTOBER 25. 1965    PROCESSOR TIME • 22.75 SECONDS 

023* 

001* 

0015 

0016 

LAST CARD MITM ERROR MAS SES 1 

DISK STORAGE RES.'01733 NORDS«    NO. SEGS.iOOS?. 

I/O TIME • 52.*« SECONDS 

< I 
b-// 



isiooijj MfiMur. ocmetH ■>•<, i9ts 

JT1.,;T'NC.JTM«X, JflflLTZ» NH, Nut, NB ?,«<.« .1,N.< «, JC, let 11. ICI 2 1, [P [ 31, IP t II >NP,rOP ..,» f NP] 
«oon.onooo looo.ooooo inooo.oonon 0.6950? 
200.00000 150.00000 100.00000 ?,ooooo 

TMä.üOOOU i71üise.(|0000 259089.00000 371037.00000 
1 .onooc 

000.00000 
«.I*300U*»15 

1 .00000 

istoiio« MONojy. DCTnet« ?5, 1965  PRUCE^SOH TIME « la.no SECONDS  i/n TIME ■ ?8.«r SECONDS 

15l0li05 MOMOAY, 'ICTOBEh 75, 1965    I^UCESSOR TIHE • M.H?   CLCONDS    I/O TIME • ?e,5« SECONDS 

- ■ 

. ! 
NUMBER OF BISECVtNG STEPS TAKEN«    75 
TEMP«  9000 DEGREES K.     PRESSURE'  1 .OOOOOOOOMOO ATMOSPHERES 

PARTITION FUNCTinNS 
aO« 1.00082966**00 
03«  A,87216147**00 

SI»  «,37106237(<»00 
a««    i.OflOOüOU>»oo 

92*  6.22667678**00 

DENSITIES IN INVERSE CM3 
NO» 7.19930^80**17 Nl> 4.7786308a**16 
N3« 6,3l)1931?»+01 N4» 0.00000000**00 
NELEC»  «.77844511»»16     NTOTL»  8.15503311**17 

NZ»  7.13042656**10 

10NI2ATI0N POTENTIAL LUHERINGS IN INVERSE CM FOR 
ATOM»  5,48428661**02   I0N1»  1,09685732**03   IDN2r  1.64528598**03 I0N3»  2.19371464**03 

T»  9000 DEGREES K NO» 7,199**17 00» 1.001**00 HI» 4,371**00 

NU 
CYCLES/SEC 

6.000**15 
5,455**15 
5,000t»*15 
4,615»+l5 
«.?e6**15 
4,000**15 
3.750**15 
3.333**15 
3.000**15 
2.857**15 
2.000**15 
1.500**15 
t.200**15 
1,000**15 
8.571**14 
7.500**14 
6.667**14 
6.000»*14 
5.455**14 
5.000**14 
4,615**14 
4.284l'*t4 

LAMBDA 
MICRONS 

5,000*-02 
5.500*-02 
6.000*«02 
6.b00*-02 
7.000*-02 
7,500*-02 
8.0on»-02 
9,000*-02 
1,C0ö*"01 
1,050*-01 
1.500»-01 
2,000*-01 
?.500»-01 
3,000*-01 
3.500*-01 
4,000*-01 
4.500*-01 
5,000*-01 
5,500*-01 
6,000»-01 
6,500*-01 
7,000*-01 

HAPPAPRlME 
INVERSE CM 

7.544**00 
1.771**01 
2.617*+01 
3.334**01 
3.948*»01 
4,4*t**01 
4,946*^01 
5,723**0l 
6.344P+01 
1.348*-04 
2.7b9*-04 
4.966*-04 
7.908*-04 
1.155**03 
1.5S2*»03 
2.082*"03 
2.636*-03 
3.236*-03 
2.36«'l,-03 
5.816*-03 
9.7o8*-04 
1.014**03 

EMISSION CDEF 
WATTS/CM3 5TER SEC-I 

3.052**20 
9.865**19 
I.268*.17 
9.879*.17 
S.433*.16 
2.300**15 
7,937».15 
5,949**14 
2,844*.13 
1.118*.18 
7,587*.17 
8,290*.16 
3.352*-15 
«,254*=15 
1,534*.14 
2,414*.14 
3.383**14 
4,375**14 
3.264**14 
3.871**14 
1.319**14 
1.331**14 

, 

6-/£ 



3.t5e*+i« 
3.000»M« 

2.7?T**u 

?.500«*1« 
?.400**1« 
7.308*M« 

?.1»3»*14 
?.0»9»«14 
2.000*«|« 
1.935»+1« 
i.ir^**!« 
1.8t«»»l« 
!.76i«*I« 
l.M***!« 
l.««7»*l« 

i.sr9**i« 
<.53Sa*|« 
1.500M14 
«.000**1J 
J.000»*13 
l.^OO«*!} 

3.0c0**i9 
isionoe MONo«y, 

'.500«-ftt 
^,ooo»•Ol 
e.5on»-oj 
9.000*-0) 
».500*-0| 
i .ocsn^+oo 
1,050*»00 
i.ioo**oo 
i.i5n»*oo 
1.200**00 
J.250*»00 
i.3oo**on 
1.3*0*»00 
1.400**00 
l.*50**00 
j.5on**oo 
1.550**00 
1.600M00 
i.6!n**oo 
i.roo**co 
i.r5o**oo 
1.600**00 
1.8S0**00 
1.900**00 
l.»?ft**00 
2.000**00 
5,000**00 
1.000**01 
2.000**01 
5.000»*01 

_ . 1.000**02, 
OCItlBtR ?5, i9f, 

1.1«4*-03 
i.:i(i9»-03 
1.600»-03 
l.t'T»-03 
l.?M*-03 
1.431*-03 
l.VS*-03 
l.««7*-03 
1.0«l*-03 
1.159*.03 
«.422»-0* 
r.oa4*-04 
7,7dO*-0« 
8,?17*.0« 
9.?79*»04 
1.008»"03 
9,M«*-04 
1.017»-03 
1.059#-0J 
1.09»*.03 
l.l«S*-03 
1.19r*«03 
1.2S2»-03 
1.3:i*-03 
1.3r4*-03 
1.440»-03 
1.039*«02 
«.473»«02 
t.A49*-01 
lil77**00 
*.r3«»*oo 
'"OCESSO* 

1.5I2*>14 
i .«8S*>U 
1.860*.10 
1.26?*-10 
l,3a8*-14 
1.430*.to 
1.507*-U 
1.317».14 
910l0*-15 
9,5«7».15 
5.035*-15 
5.28»».15 
5.536*.15 
5.775*»t5 
6.007*.15 
».237*.15 
5.en*.ti 
S.7«7*.15 
5.704*.15 
5,686*.15 
5.694».15 
5,494».15 
5.720*.1J 
S.r53*MS 
5,794*.15 
5.Hl»-15 
8,763*-15 
».0?S*.14 
1.103*-14 
1.151*-14 
1.167*.)« 

TtNE ■ 21.(»s $EC0N0S I/O TIME • 29.5? SECONDS 

NUMBER Or BISECTINQ •TEPS T4KEN« 
TEN*. 10000 OESRfES K, 

»"«HTITtaN FUNCTinNS 
«0« 1.0028'680**00 
«3«  5,120«2000**00 

75 
PRESSURE»  1.00000000**00 «TMOSPHERES 

Of 
«4. 

«.«3919789**00 
1.00000000**00 

«■ 4.47«9««ar»*oo 

DENSITIES   IN   INVERSE  C*3 
NO«     5.35««9t3ni*17 Nt. 
N3"     1.28505295**0« N«I 
NELEC«     9.91424579**1« 

1 ».9l«03«13»*l* 
1 0.00000000**00 
NTOTL.  7.33952980**17 

N2»  1.05S829««**12 

I0NI2«Tir)N P0TENTI41. LONERINOS IN INVERSE CM FUR 
«TOM.  7.«9412317**0»   I0N1.  1.«9882443**03   I0N2 

«  2.2«823«95»*03   I0N3.  2.9974«92r**03 

T* 10000 DEGREES K NO« 5,357**17 00« i.003**00 «1« 4,439**00 

I  i 

NU 
CYCLES/SEC 

8.000**15 
5.455**15 
5.000**15 
4.815**t5 
«.288**15 
4.000**15 
3.750**15 
3.333**15 
3,000**15 
2.857**15 
2.000**15 
1.500**15 
1.200**15 
1,000**15 
8.571**1« 
7.500»*14 
«.««7**14 
4.000**14 
5,455**14 
5.000**14 
4.415«*14 
«•786»sM« 

LAMRRA 
MICRONS 

5.000*-02 
5.500*-02 
«.000*-02 
6.500*-02 
7.000«-02 
7.500*-02 
B.000*«02 
9.000*-02 
1.000*-01 
1,050*-01 
1.500*.01 
2,000*-01 
2.500*-01 
3.000«-01 
3.500«-01 
*.000*-01 
4,500*-01 
5.000*-01 
5.b00*-01 
«.000*-01 
4.500*-01 
7.00n*-01 

K«PP«PRIME 
INVERSE CM 

5.«0t**00 
1.315P+01 
1,944**01 
2,474**01 
2.937**01 
3,327**01 
3,473**01 
4.249**01 
4,710**01 
3.4«5»-04 
7,472*-04 
1.350*-03 
2.161*-03 
3.165*-03 
4.3«7*-03 
5.722*-03 
7.2«0*-03 
8.874»-03 
«.7«5*-03 
8.02?*-03 
3,?4«*-03 
3,3«1*-0 3 

EMISSION COEF 
HATTS/CM3 STER SEC-1 

5.554*-19 
1,3«3*-17 
1.355».16 
8.594*-14 
3.9««*.15 
1.««2*.14 
«.353*.14 
2,413*.n 
U044»-l? 
1.388*.17 
5,9699-16 
5,015*.15 
1.739*.l« 
3.870*«14 
6,890*>t4 
9.989».l« 
1,3 3*-13 
1.479*.13 
I,248*.13 
J,«74*.13 
5.753*.14 
5.477*.14 

0-/J 



il.OOO»*!« 7,i00*-01 3.929*-03 
},710**1* («.tlOO»-^ 4.969»-03 
3.5?9»*1« '>.500*»01 5.?»0*-03 
1.333l»*l« 9.00C»*01 3.»30*«03 
3,158f*l« 9.500*-0l 'I.n69*"03 
lfOOO*M« l.OOftd+OO 4.533*-03 
?.85fti«l« 1.050»*00 5.0Z2»-03 
2.7?r*»l'! i.ian**no 4.«»5*-03 
?.609»«14 1.150t**00 3.545*-03 
2.500»»1» 1.200**00 3.9«2*-03 
?.«00#*t« 1.290**00 2.te0**03 
7.)08*«|* 1.300**00 ?.4Ü1*«03 
?.?Z2»*1« 1.350**00 ?.«3«*-03 
atUi»*!* 1.400**00 2.»rr»-o:i 
7.0««»*1* 1.«50**00 3.I33*-03 
?.000»M4 1.500**00 3.3V9*-03 
l,«39'«l« 1.550**00 3.)44*«03 ttirs»*i« 1.600**00 3.4'S«»-03 
I.S]8**i« 1.«50**00 3.fOO»-03 
iar««»*it i.roo«*oo 3.75J*>03 
l.MMM« 1.750**00 3.92l*-03 
t.667*«U 1.«00**00 4.10«»*03 
t.«22**14 1.«50**00 4.300*«03 
t.Sr9»*!4 1.900**00 4,510*-03 
US}B«*|« 1.950**00 4,r32»*03 
l.S00»M4 2.000**00 4.94T*-03 
«ioeo**i3 5.000**00 3a««6*«02 
3.000*tt3 1.000**01 l.«00f-01 
1.900*«13 2,000**01 6.«43f-01 
6.000**12 5.000**01 4,238**00 
3.000**12 1.000**02   ■ l,70t**01 

6.362*-14 
7.02/*-U 
7.668*«I4 
5.00g*-14 
5.311*«14 
5.SVr*«14 
^,86^*.14 
5.1«9«.14 
3,7ll*.l4 
3.909*.14 
2.051*>14 
2,t44*.l4 
2.233*>14 
2.320*.14 
2,«04*-l4 
2,4«5*>14 
2,331*M4 
2.303»>14 
2.287*.u 
2.279*>1'4 
2.27«*-14 
2.2a)*>U 
2,292*>14 
2,306«.14 
2,322*<14 
2.341**14 
3,St2*«14 
4.107*.14 
1.422*.)« 
4.«13*-14 
4,«77*-l* 

- i 

15101110 N0N04Y. OCTOBER 25. 1965    PP0CES50R TIM . 22.93 SECONDS    1/0 TIME . 30.27 SECONOS n 
f 

y 

i 

LABEL     0  GEIL     0  CHURCH0006529«?  EXECIITE  OOUBLE/OEIL 
R0636EG 

-4 
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Symbol Table for DICSLAB (c) and DICKCYL (d) 

ZBAR - Z = mean ionic charge 

DELTE[i] so 8  for the ith given value of ?. A correction factor to the 

electrical conductivity a. 

DELTK[ij = 6  for the ith given value of 2". A correction factor to the 

thermal conductivity. 

Z[i] as the ith integral value of Z, at which 8  and S_ are tabulated 
€    ■lk 

KAPPA[tAl - ^J for temperature t and wavelength \ 

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 = prefjure 

luvüLj] = input as jth wavelength, changed within program to jth energy hV 

BT a lowest temperature desired 

DT = temperature step size 

ET » maximum temperature desired 

T = current temperature 

THETA m temperature in eV 

KAPPAPRIME[j] a» K"  at jth frequency and current temperature 

NE = electron density 

irrpTL e total particle density 

N ss heavy particle density 

M = average number of e.'ectrons per heavy particle 

SIGMA «a electrical conductivity 

KK a» thermal conductivity 

TAU = K'D 
00 
r    -TU 

El = approximation to exponential integral /  du 

FKU[J] « ^(J) - spectral radiant emittance corresponding to jth given energy 

hV(j) 



i 

BNU[J] = the Planek function for the .1th given energy 

FNUDWU ■■* radiant emittance between energies bounding optically thick or thin 

regions (T > 3 or T < 3 respectively) 

SUM ^ total radiant emittance = /  FvdV 

EXPON = 1 - e  U 

Note: The electric field, E, and current density, J, are calculated within 

the write statement following the printout of SUM. The quantities 

hV, \, K>,  T, 1 - e"T, Bv, the spectral radiance Iv, and F are 

printed out in the final write statement, and \, T, and Iv are 

calculated there. 

Procedure CHOP prints out /   FvdV where \.  and \2 are the bounds or i 

optically thick or thin region 

Procedure INTERP does a linear interpolation to find the value of 8^ or 

&„ corresponding to a given value of %. 
T 

Procedure SIMPSON performs a numerical integration (used in DICKCYL only) 

I 

J 



- 
!   I i 

U 

| 

D 

LPHI = minimum 0 value at which integral will be calculated during integration. 

MPHI ss maximum 0 value at which integral will be calculated during integration. 

LENGTH ■ length of ray from point R. to cylinder wall in PHI direction 

N a maximum number of intervals into which ray may be divided (input). 

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

DS ss step size along a particular ray. 

APPR^XDS ■ approximate step size (input) 

LENGTH T ■RWr'TH 

^ ' minims,!*)   Where MDS is an inte8er such that Nr,S >   APPR^XDS > mS-1- 

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

LS « minimum value of S along a particular ray. 

MS ss maximutü value of S along a particular ray. 

RSMXY ss radial distance from axis of cylinder to point S. 

ÜM ss temperature at the radial distance RSMXY. 

KIM o interpolated value of KAPPA at ILAMBDAth wavelength and temperature IM. 

IBB a Planck function ■ amount of radiation emitted by a black body as a 

function of frequency and temperature. 

YMT m value of the integrand (without multiplier DLAMBDA   [ILAMBDA] x 

DS x C<jS{p) x DPHI x {-k)). 

SIMP m total flux at point R.  (output). 
t.      ] 3- 



lTini?a «n\D»Y. OCTOBER 25. 19*S vHU ALSOL VE^SiaN OF 9/1/JS 

COMMENT  IMPUT P »NO T  USES OICKS <»PPAS AMD N? *NO NT In   MOMO T, 

»LANE '*«*LLEU SL*B> 

»EStv 

COMMENT  SEIL.rot CMU«CH»«r»iroiS7.SlM^LiriEO »908tEMI 

TILE IN PiSSKAPPA DISK SEHIAL <2,i'},l200)t 

fill   IN REA3£R(2«10))  FKE OUT QElL 6(2,1!)) 

COMMENT      DABTXME 

TH OBTAIN UISTINB MERGE IN «iLANK CARD «ITH »tSUENCE NU-SER 0000003-!! 

REAL *>K>N.TMm«eOUNT*M>IM«*TtHF»t»MM»Ke,TEMPi,J.C»Sl 

REAL 0» 

RCAU   IM2P>LITTueA>ATl>X<HNUt«HN0t,MNU|>«NHNJ<et«C2«e2*«CZB>ei< 

REAU  t.«MlfMt.rt»l»tJl 

REAL EX»ON.    FACT) 

REAL El»TEST.0Nüi03»5U") 

REAL »'RINT.i^MA.SCTMITA.DTEfDTK.KK.DENOK.TAU.FNUBNUJ 

•EAL ILAMBOA.T) 

REAL NLAMBDA,BT,EI#OT,NT) 

REAL IT.NE.NTOTt.R» 

INTEGER LO«) 

REAL ZBAN#TKTN) 

sr li 010 

se 1 I 010 

sc i i 1 | 0 

START OF SEGMENT «»•**»•»•« "002 

SO ?l 010 

sr ?l no 

Pi 312 

/  SL 21 1012 

01 5  SL ?l •■12 

99999999 SC 21 1210 

21 1210 

21 1210 

21 <2«0 

21 1210 

21 i2lo 

21 1210 

21 1210 

21 121- 

21 1210 

21 1210 

8* 21 121- 

SO 21 1210 

l 
t .= 

n 

Li 

INTE8ER NOTHEtA.IHliJTÄTA.JNI 

ARRAY ATMETA.ANC8IS91I 

AtRAY OELTE.DELTK.ZtOlSW 

ARRAY KNUCOtAOOJl 

ARRAi- IteHl»01tB»«3l 

ARRAv <APpAt0l23>tl99]) 

fdRMAT DE8U1(SE20.8)I 

ro»«i»T »UK  »rRO« Nu«".r«,i, " to Nu«»,rr.j." TME VALUE ö? THE INTEGRAL 

OF FNU IS".E10.3»" W4TTS/C«2"»)(i»A6). 

SIBMARCUN LAMBDA •«»C1U9/ 

"ELECTRICAL CONDUCTIVITY SiawA«"lEtl.3 i" INVERSE OHMS INVERSE fM"/ 

"THERMAL CONDUCTIVITY K«"»E11,3 ." "kJTi/f   DEGREES"). 

EJCELECTRIC «ELO EaOfElLS ." VOLTI/CM »/ 

•euRttW DENSITY J»".EJ1.3 »" AMR/CMg"), 

FINAL(/"RADIANT EMITTANCE F»".Ell.3 ." "lATTS/CM?")) 

FORMAT TITLE«"NAME OF THE 8A5 P REAO FROM TITLE CARD"). 

0R("0B"»F5,2,XS.»P»", FT.2." AT«"). 

M»1TET("T«",I8." OEGREES"). 

c-/ 

SC 21 1210 

SC 21 1210 

s: 31 1 410 

se 21 611 

SC 21 ••10 

SC 21 2112 

SC 21 2312 

STAn OF SEGMENT ********** OOOA 

000« IS 000« LONG, NEXT SFG "002 

AL                SC 21 2312 

START OF SEGMENT ********** '005 

sr 51 »312 

SC 51 »312 

90 51 5312 

SO ■^i »312 

50 Sl 9312 

90 Si '312 

s: ^ 1 5312 

»80S IS 0073 LONG. NEXT SEG 0002 

90 ?l 5312 

START ^F SEGMENT **••*♦ • •** "006 

so «1 5312 

so M 531? 



ÖCSeR-TlONt-PUNE   »ARiLLEL   SLA«  Fü*   HO^OSE JEOUS   TE-PEH4TURE« 

"»   MEaLECTING  THERMAL   CONDJCTIVIT»'')» 

NTHtT*{"«*»».i»9,O.X5."TMET*.-,R5.2,"   EV">, 

IMSCK-i-l/J)»"       •F8.«.X5."I("i*i/23.>.       ,F8.4>. 

TlTLEPL3TtX,0>-THET4.-.r1(.S.-   E-, X7.-NT0TAL.-.E9. S.xr.^OENS tTr.-.». ,. 

"  PARTICtES/CMS"     / 

Xl»»"T«»»ri,l." OEMCCS «.".xr»»^",!».»,» ATM»    /// 

"     HNU     WAVELENSTH     KAPPA-FRUE» 

T*U (-TAU) BNU". 

Itl»»lN«»  »XU.'WU"  / 

EV """NS l/CH-.XSS.-i.E   «   .XU   .»HATTS/CM   STER«. 

it      =-:; v- . 

Ll»TPL0Tcr7.3,El2,S,6El«.3>, 

MlAR(-ArTCR»,15,»  UtRATIONS.   1BAR»-,E10,3."  NHERt W-KE.-.ElO.J)! 

000«  ts 01»1 
DEFINE  JDO-FOR  J»0  iTfP  x   UNTIL  6  00  tt 

- ■--   408*rfWI 4»4,«Iif  I  UNTIL * 00  «i 

MCCfWIlC CHOf» MM«» 

WRITE{aCH.»SN.HNUtLOH3.HNJtJ"lJ.AI3CFNUONUJ,TKTN)l 

jr  TK-TN»»  IM«'  TW» TKJM.»  THIN  " Ckit TKTN*"  TMICK»! 

SC 6t ?1l? 

sc ftl ?3I2, 

sc 6| 33(2 

sc 6 i ?!I2 

sc »1 «31? 

sc *l »312 

5C «I 73t? . 1 

sc 

sc 

61 

«9 

'312 

)>SI2 
n 

sc «1 5312 ' 
sc 6i 23(2 - 
sc 61 »312 

sc 61 P3t2 

se 

sc 
61 

61 

»SI2 

2112 1 
sc 

sc 

L0N9, «XT 

61 

«1 

ttt 

»312 

2312 

oeet 
: 

sc 

sc 

2> 

ai 

2S'2 

aaia 

■ 

•e •i an? 

sc 21 2312 

se 21 sra t 

•VM«tWt«PNUeNWi 

PNUONU»flI 

LOw*JI 

END or MaetDimc enopt 

»toceou« MmptBT.oEtni nm. or» ARRAY OELTIOJ» 

BEGIN 

JDOt 

.... ...... ... .......     .      .     ...     . 
OT»t)EUTtJ]-'5ELT[J3»OELTtJ"ljmTEMR-rB»R)/ 

(TEMf-ZCJ-l])   »   GO  JUMR     END» 
■-=;■ ."-■" -- 

END or rtoccouRE »npj 

tMlW ITMT,CXIT} 

rmmaeiu» 
FIUL OELTEC»] NITM 0,,5816,.6833,.784»..«225,u 

FILL OELTKt*: WITH 0..225..S56..513,.791,1J 

C-£ 

se II 4213 

sc 2t «410 

sc 21 4« 13 

se 2) »tfl 

se 2t «TtO 

sc 21 4710 

iTiHT nf ^rsuruT * 

se 21 4710 

sc 71 

OOOT 

OiO 

sc Tl HO 

se Tt 110 

sc 71 612 

sc Tl 1113 

se Tl 1210 

000» IS 0013 LONG. NEXT 5EG 0003 

se 21 »TlO 

se 21 «710 

sc 21 «aio 

START or ICtMENT t********* 0008 

0008 IS 0006 LONG. NEXT SEQ 0002 

SC £1 «913 

START OF SEflMENT ••;•»*♦ 0009 

ono» IS 0068 LONa, NEXT SEG 0002 

n 
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u 

ü 

n 

-■■/■ 

FILL   Z       C*3   "l1^  0»l»8»«»l»»10fl| 

«•»CT»l1l9e5»-12«tll605/l.«3«)*3> 

1«£»0<»*S»»AI»P*.*»»T.DT,ET)» 

M*mtSCt|.«0eiU9>ITrDTtCT)l 

vT*(ET-aT)/CTJ 

RE*0tP»SSK4PPA,*.Ni.AM8DAJ» 

MtTttKIW» CWU«. HU*KtO» > I 

*E*0(MSSKA",*»NL**BD»MiHNU[«3J» 

.«iTKicu.ocius^roa n*o %itr i UNTIL UAMID* OO MNuttmi 

MU<M*MII»riTLC)ltKin> NRtTCtUlLC^UtDI mtTftMtutmot 

N»ITlt«tIL»De$eRI^TION>J 

nsAfrtiw*a«,/.o>i 

NHNU*NLAMtOt| 

i  Wl J»i  «IU  l UMTlk »«.WM* 00 MNU(J)»U8m/*NUCJ)* 

HtlN 

»KAMMMIHCrCtWUtNHNUl» 

SC       21     ^112 

5TART  Of   SEGMENT   ♦*••••••*•   nfllOj 

0010   !S   OCOS  LONT,,   NEXT   SEQ   000« 

s: ?1 «311 

sc 31 StlO 

se 21 «Hl 

5t 21 «Oll 

SC 21 »210 

se 2t ««IS 

sc 21 «TU 

sc 2l tollt 

sc ll tritt 

sc 2| 12312: 

te 21 12«l2 

se 21 ts«u 

sc 2l tltll 

IC fl llVit 

te . tt Ulli 

sc 21 1**10 

sc 21 t»*»0 

IT»«l» 

JMMXHJU BJ .«Mlfc^T -0« .KSJIi 
4 *     »,     i. 

STWIT Of MMCNT ♦»>*»***** 09lt 

SC    lit      sit 

»i     ttl       Mtj 

tttltttiif» 

yKCT»»T/jj«0Sl 
g^?^  a ■■ :- ■■" ■■■■,■ 

nniTeftttii>,oEiu8,roi» j »t srer i UNTIL NL»N«O« OO KAMACIT.J])» 

»WittttrL.owu«.^» 

Mf/r»oi 

ro» J»l  ST«»  i  UNTIL NLAKlO* 00  K*M*f«!NttJJ»K«Ff»tIT.JJJ 

lrttflrf»ttL.BtBUS.Ilt,NfÜttl» 

M»NT0TL"NI> 

tr«.5 THt«i'»«»»t tm 

JBAH*«*.25/"I 

INTEtrtSTK.OtUTKJJ 

0eN!j>'»ZBARX.43<l29««ei903» C   »R1NT» 

(ZaAMI»MK(l*ZIAM><"l)>)l 

JI8"»»28«xS9TNeTA«S)iOTe/OEN3M» 

LNf2.«01»20xTMETA»3/ 

IC tu 1.0. 

se itr mi: 

sc in Ulli 

•c ttl to»! 

se ii» 1«»9: 

sc in ISIS; 

•c tu M»t 

se n» «ns; 

sc in Itttl 

se tt» .sou; 

se n» H'll , 

sc m «HO; 

se tti «tie 

sc in fitj' 

sc m unit 

se tu if»»; 

sc ii» oo»S; 

sc m 0213 

se tlt 9tl3 

sc in 9«»1 

sc in 0913 

sc in 10212 

sc in lorto 

C-3 



i<K».2«65«8aTHETA»5xDTK/OEN0MI 

MRITE(SEIL )l 

Hl»tn<«CHP,SI«M*l(.MINT,JiaMA,KK)J 

TOR   J»l   5TE»   I   UNTIL   ^»HU   00   BEGIN 

T*U»K*PPAF«I*EtJJ«OJ 

IP T»Uil   THEN 

n...5rr?l5*6*TAU«{.9,m19,.T.o«(..24„1o55mui.(.0„im94TÄUx 

{•.0097»004*T4u«{^öl07«V})))>     E4.St 

<T*U»?*J,330«S7>«T«u*l,6eiS3«)| 

•NUtaJ»r*Cl«(TCM»l»HNUtJ3>   O/tEXPtTWj/T«?»  ). 

END OP  J  LOGFJ 

SUM»0J 

rNUDNU»FNUHl««MNUClJ-MNUtai); 

THCN e*on 

1)1 

««l«< T*«»l >aCXN*VM)*TW*l»U )l 

rOR J«| STEP 1 UNTIL NHNU 00 (C«IN 

,«5 J.V -,. v j^. 

.--..„< 

exo OP J LOQPI 

wRTTttreit'.Ptiiitiiuiiiy    " 

H»mCMK.IJ,TtNP»SO«Tcl»SU»t/{SttM*«0)>,$I»H*>iTE»IP» 

it»TTRtftijTmrttmT«trr»»Tf«tPi»t!M>iMt,(», 

TtMP»»U0J»THfT»,TEMPl«TCMP/t2.»8rH««arj>>l 

•«W»«tt»il«»|*t#P«»:^.i JTtP l  UNTIL NNNÜ DO tTMPUMNUtJJ. 

ExPON»|-ExPCTEMP»0),iNutJJ   .EXP0N»9MutJJjFNutJ]])» 

MittmtciuPMi)>ji 

ENC 0P"r*m LMW 

TIMEIT<aElL}J 

EXITI   E'-'O. 

EXP 

•MT 

OUtPUTC«) 

is «e»r«T NUMSEP oou» PUT AooptEss is oaor 

0013 020, 

ooj« om 

oou 003S 

--4 

00tl  t3  029» LON», 

9001 II OHO LOHf« 

5C 111   lion 

SC in   Hijto 

SC til   116t3 

SC Hi   i^iij 

SC 11,   132,0 

SC III   13312 

sc    m n«,! 

SC ill 13711 

>C lii um 

SC 111 H2,o 

SC 111 15510 

»e   m lion 
SC     111   Wu 

«e     Hi   16912 

•c   in mu 
SC     Hl   1TSI2 

»C     111   17*11 

»c ui trsi« 

sc in irgii 

■ M -4U !••«« 
*C ttl tttil 

SC til 19113 

« ui i»4»a 

'-'— - — — -» .■ 

SC  ill 19*11, 

se in toil«;1 

SC  Hi 2^312. 

sc  tu wm*\ 
8« Ui 29S,i 

SC til 21«,i 

SC UI 22911 

SC Hi 23110 

SC 111 240,2 

SC    111 asm 

SC til «MIS 

SC tu 271,1 

SC UI 28411 

SC 111 2i.9,o 

SC It, 292,1 

»C UI 29410 

NEXT SE« 0002' 

SC 21 14410. 

NEXT  5E8  00»l i 
I 
I 
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?005 
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001« en«? 

Ov ',9 1"1« 

ai?o 0015 

0321 0016 

LAST CiOQ  ITM CR'!3!' -•« Sri » 

SIZE:«00f96 *:«OSJ OISK STORAGE RE9,»010^5 WOUOS)    ^3. SEas,«03^2. 

Ji.?C< C3MTS81, 

50 T3 50LVE1« 

»U30L "I"? 

»USOt "E»; 

>LSO|. SEUECT 

MU-'^E« ?r E»9a»S 7ETECfEJ « "o'1 

r'«T SlZE«SUli    T:jTAt SEfiMEMT 

ESTIMATCO COT 5T!3«»8E tEaUtiCMENT ■ 06399 «O^OS. 

ITIUI«« MONDAY» OCOBEX 2S. 1965   PROCESSOR TIME ■ 13.00 SECOMOS I/O  TIMC   •   53,r3   SECO'.OS 

Ü 

■ 

■   ■ 

J.     -     ,      i "   ■ i-^ ^ii-ij^. 

MISEL    eOOOOOOOOLlNE       909«8t«t COMI»ILe OICSLAB 8r  »til IN  AL80L  TO  LIi»»»y R0636Ea 

C-s 

«MM» !  ■       ; ■«■ ■ärf 
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1- -,.'» -^Ut-AA^.^».;^,.,,^,,^. 
i 

I?UH5«  MONOAT.   (SCTOiM  M,   J»»S 

9t00800«0»«flS 
5.300COOOO#tOl 
0.3u00000ü»*00 

i.SOOOOOOM-Ol 
«,0O0OOOO0»-9l 
8,50000000».01 
1.10000000f«00 
l.)5000000»t00 
1 .»OOOOOOO^OO 
i.asoooooot^o 
1.00000000*«] 

S.00000000*"0? 
7,S0O0000Of-02 
j,soeooooo»-oi 
»,OM0OCOO»»01 
«.JO^noooB»»Bi 
9.00000000»-01 
1.15no000n» + 0.-i 
i.»ooooooo»+oc 
l.««OOOD00»*00 
».»«eooooo»»oo 
».oe"ooooo»*oi 

l.t5!>OOO000»»6« 

S^SOOOOOOO'-OJ 
•>OO0OOO00*s0f 
2.oeoooeoo»»ot 
«t50000909»"«i 
'.oooao90o»»oi 
9.S0000000*-0l 
lf20000000»+00 
U4saooooo*«oo 
i.Tooooaoo»«oo 
l.»S000090»«00 
9.00000900**01 

«.OOOOOOOOC-OS 
9.00000COOP-0?' 
a,5QOOO00O*.Qi 
S.OOOOOOOOf'Ol 
T.30000000»«01 
1.00000000»*00 
tiasoooooo»*oo 
l.50000000»*00 
l.fSCOOOOO^OO 
a,oooo«ooo»«oo 
l1009f8900»«0! 

».500!)0000»»02 
i.aooooooo»-oi 
j.oeoooooo»-oi 
9,SOOOOOOO**01 
9.0900000n»"01 
l«05000000»*00 
l.JOOO0OO0?+0O 
1•$5000000**00 
t«aooooooo**oo 
5t0»000000»*00 

_ 



XCNON 
•UN£ PARALLEL SUB F 
T«  «000 OESXEES 

2.0»23«173J.03 
9.r«84TP'J«.0ii 

i,o«or»9r»».o$ 

!.J!iaS«*3».03 

7,60OOO0OQ«+0? 
K 1,00    F«  1,00 

0» «0«OSSMCOUS TE*l>>r« 

i.rrospiigj.ei 

«.9«(!i3i9«»»0« 
2.*357n39»-03 
i.0l<13»l9««.0J 
iiars3a«rr»-03 
MS»lSJ7i».03 
•,af«»9«7»»-04 
l.P»«l8r8»»>-0» 

i.ir««iS7«»*o'i 

4TU»E. NECLECTINS THfDXAL CONDUCTIVITY 

a.«l7««38S»*0i 
5,r?a57j»7»to, 
7,90««150Ti.O« 
3ia3«0SJ»0»»0l 
l.t935S(l69».03 

•.«titittofxe« 
i.ooeiassjp-oj 
i.nuroTni.oj 
1.440S2Ma»«0] 
«.73«35«0l»*00 

3f3J«:jlft3»*0i 
A.3t3f99«3#«0t 
1,15«7^J1J».«1, 
?,3675«i13».ij 

^.09S7gJ»T9.04 
».««SJ»9Sl«.0« 
1.19»74»7J,.0J 

li03909p««.o? 

3.»'l»?ia75(>+0l 
1.347<3653*.04 
!,58a?97go».03 
a.8i!roari».o3 
i.599«?7?3».03 
J.«4725091».03 
T.^«0S04Sl«.O4 
t.l?173834(>».03 
1,2S2«91«3«.03 
«.iir?soo9i«.o» 

1- 

Sfe-?--* ^     -' 

TMie* 
TMIN 
TMICK 

—  I 

"rT 8.s^ MÄr •'"'^.oo.rz?:"-^---^"-^3 

i 
11 i 

■«icnoNs 

5.000»M>j 
s.soor-ea 
8.000»-C» 

7.0004-0? 
7,9004-02 
8,0004.02 
9.0004.02 
l,0004«oi 
1.0«».0l 
1.9004,01 
a.ooo»-oi 
a.9004.01 
S.0004^(1 
S,W04.0l 
4,0»04.ei 
»,5904.oi 
5v000«.0i 
5,J0O»H)> 
«,oo<»»-ei 
«t9eo4«oi 
r,ooo«-o! 

i/c^ 

?»3*4»*00 

t»«1f»4(Jt 
3.S34»*ri 
3,9«e4*01 
4,48I»*01 
4,944»»Ot 
9,re»f«e1 
4,344»»ftl 
1.J89#.0» 
2.7994.04 
4.9844.0« 
r,*j«».04 
1,199».0S 
I.982».0 3 
?.0«?«».fl3 
?.436»-«3 
3,23«»-n3 
2,3884-03 
2,«t8»-03 
9,r4»».04 
rV9itf*« 

T4U 

7.94»»*00 
i.rri»*oi 
a,*ir»*6i 
3.3344+0) 
3.9«84*01 
4.«8l«*01 
4,944»»0l 
5,7234*01 
4.3444*01 
1,349».04 
2.799».04 
4.988*-04 
7,90«».04 
«.1994-03 
1.582«.03 
S.082»-03 
?.«38«-03 
3.S38«-03 
2.3684.03 
2.8184-03 
9,7884-04 
1.011»-C3 

1-E 

9,999».0i 
t,000»*00 
J,000»400 
1.000»»08 
1,0004*00 
1,000»*00 
1.000**00 
1.000»*00 
1,000»«00 
l,S«8»-04 
?.799»-o« 
«.P894-04 
7,»09»-04 
l,154».n3 
1,981».03 
?r040».Oj 
?,«374-03 
3.2314-03 
2,365»-03 
2.8ia»-03 
9,744».04 
1.0144-03 

C-7 

BNU Hm 
»*«TT9/CM   JTE* 

1,2444-10 
1.7104,09 
1,4144.08 
9,<,iS»-08 
4.204*.o7 
1.9844-08 
«,89Q*-08 
3.1«3».99 
1.342'-0« 
2.9l9«o« 
3.3184.03 
9.0404.3- 
l,a784-oi 
a.i9S4.oi 
a.»»»4.01 
3,490«.9i 
3.84l«-0l 
4.067>-oi 
«,1*94-01 
4,l34«--oi 
4.0404.01 
3.948».ftt 

1.2444-10 
l,7l0».89 
1,484».0» 
9,083»-OB 
4.2044-07 
1.9«8»-0* 
4,8«0»-0» 
:,t83»-'05 
1,3824.04 
3.3944-09 
2.2954-0» 
2.5024-05 
l,OlO»-0« 
2.4854.04 
4,4i44.'4 
7.2594-04 
1.0154-03 
1.3144.03 
9,8034-04 
1,1«2»-0S 
3,9844-04 
4,0flfl4.n4 

rm 
WiTTS/C« 

J,l53»-04 
4.333»-09 
3.7814-04 
2.297»-03 
1.065».02 
3,9654.0? 
1.2394.01 
8.0194.01 
3.4914*00 
1.7204.03 
1.163«.0l 
1.2684*00 
5.1204*00 
1,2404*91 
2.340»*0l 
3.679»*0i 
5.l52«*0i 
«,660«*0i 
4.9694*01 
9,8914*01 
2.0094*01 
?.0?7»*0i 



1,55^ 
' »^ 5 -5 
l,irr 
',$65 
•. .?i:^ 

1.1S1 

ft,»5« 
r,«io 

e.sas 

0,8?» 
0,900 
ft.rrs 

0.71» 
Ö.T03 
^,489 
0.470 

o.ftje 
?.»?" 
o.a«a 
5.1?ii 
?,062 

9,000«"01 
»,9e»»oi 

■:.ino»*oo 
1 .l!0f+03 
t.200»*00 
1,250P*00 
•.ioe»»oo 
l,390»«00 
1,400**00 
l,4i0#*09 
t.500»*00 
!.5508.00 
!.600»»00 
!.6508*00 
!.7OO»»O0 
1.'508*00 
I.8068«00 
1,9508*00 
t,»w»»eo 
1.9508*00 
?.0008*00 
5,3008*00 
1.0008*01 
2,000»*0i 
5,00«»*0! 
1.0008*02 

l.l9a8-03 
1.3P98-'!? 
1.6008.^3 
X.liff'Oi 
t,2T9».13 
l.«?18«i3 
1.5758-15 
J.«A78«n3 
>,04t>«0) 
i«m»»oj 
6.«228-0* 
7,1M8-«» 
7.7808*'«« 
!,5128-0« 
9,2798.0« 
J.000»-01 
»,8««»•«» 

1,0558-03 
1.0»a8»P3 
1,U58«0 3 

t.«tW«OI 
i,sit*<»ni 
i,3r«8.nj 
1,««08-03 
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Xll.»((ATTS/C»4"  / 

)> 

LI»TP|.0T{r7.3,E12,3.6Cl».3). 

MBARCAFTER«,!?,» ITERATIONS. ><BAR»",E10.3.» «MERE X-KE.'.Elo.J)» 

DEFINE JDO»fOR J*0 STER 1 UNTIL 6 00 «. 

JOOt'FOR J*l STEP I UNTIL 4 00 It 

PROCEDJRE CHOP» BEGIN 

HRITE(GElL.SN«HNUtLO>n.HNUCJ*n.ABS(FNUONU).TKTN)J 

IF TKTN«» THICK" THEN TKTN»" THlN " ELSE TKTN»" THICK"; 
I 

SUV*SUM*PNUDNU< 

FNUDNUtQI 

LÜM*J| 

END OF PROCEDURE CHOP| 

PROCEDUHE IKTERPtni.DELTJJ REAL DT> ARRAT OFLTtOi; 
1 

BEGIN 

LABEL JUMP; 

i 
J001 

IF Z8AR<TEH''»ZtJJ THEN  BEGIN 

nT»DELTtJ]-(rjEL:tJ)"DELTtJ-n)»(TEXP-EBAÄ)/ 

CTEMP-Zrj'l]) » GO JUMP  END» 

JUMP» 

ENO OF PROCEDURE INTERP» 

SC  101  ?8I1 

SC  101  ?AU 

d'£ 

- 
sc 101 2811 

SC 101 2811 
- 

0010 IS 0l»6 LONG. NEXT SEC, 0002 1 
SC 21 2811 

SC ?! ?8ll \ 
SC 21 ?Hll 

y 

sc 21 ?8 a 
■ 

sc 2l 4711 L 
sc 21 «ri3 

sc ?• 4010 
i 

sc 21 «913 i-l 
sc 21 •5012 

5C 21 ",210 

sc 21 ■i2l0 '-J 

sc ?1 S2I0 - 
START OF SEGMFNT •**«•***,« 0011 

SC 111 OlO 

SC 11: 1 10 - 

sc 11 i »10 ^j 

5C 1 1 ! 61? 

sc 11 : 1113 
*" 

sc 11 : 1210 
*-- 

0011 IS 0013 LONG» NEX1 SEG noo2 ~ * 
■ £ 



It 
■ - 

PROCEDURE   SlMPSÜNOtB.X.T..',')! 

(:nMME^■^ N «UST se EVTMS 

V«LUt   »»B.NI 

RF.I>L   A«B»N<«.Y! 

REGIN 

RE4L   CX.n<?.5UMJ,SjM(i,f|H,Sll>«( 

tF   N   «nc   ?  ,   0   THC1^   BEr.I,< 

SUM?»SUM(ltSUM*0) 

(lX»(B-*)/(N      )• 

DX?-0x*0x<   BB*B-DX*0X/J) 

FOR   X»»*0X2   STEP   0X2   UNTIL   88   On 

SUH2«-SUM?+Y) 

FOR X***0x STEP 0X2 UNTIL BR DO 

SUM«*SUM«4Y> 

FOR X**.B 00 

5UM»JUM*Y; 

SIMPSON»(SUM+2XSUM2*««SUM«)MOX/3I 

ENO ELSE HRXTEtSEIL.FORSOT)» 

ENO OF PROCEDURE SIMPSON» 

LABEL START,EXIT» 

sc ?•■ «?10 

sc ?i S5I0 

sc t; ■5210 

sc S' ^510 

sr ?i S2I0 

sc 21 ^210 

3C ?! ■i^lO 

«TiRT OF SESMFNT »•*»»»•*»* nni2 

sc 1?1 mo 

sc \2< 1'3 

sc 1?1 312 

sc 12! Sll 

sc 181 RI3 

sc 12l llMO 

sc 121 1713 

sc l?l ysio 

sc 121 2(M3 

sc 12t 3113 

sc 121 3312 

sc 12l 3711 

sc 121 «013 

0012 IS 0046 LONG, NEX T SES nfl02 

SC 2: 1210 

y 

U 

p 
I 

T!MEIT(6E1L)I 

FILL DELTEt«! HlTH 0,.5816,.6833,.78«»,.9225,1> 

FILL OELTKt«} HITH 0,,225,•356,.513,.791,U 

FILL Z   r*J H'TH 0,1,2,«.16.100) 

FACT»1.1909»-12''{11605/l.«3«)*3f 

VDIV»«» 

DV»1.5r07963268/tV0IV  )) 

V»-0V>«.9999991 

FOR TEMP*o STEp 1 UNTIL VOIV 00 

SINV[TEMP5»SIN(V»V*OV)»2» 

REA0(PA5SKAPPA,*,BT,0T,ET)» 

NT»(Et"BT)/OTJ 

REA0(PASSKAPPA,*,NLAMSOA)> 

READ<pAS5KAppA,NL*''',!>»*1»HN|)t«])) 

5TARTI 

RE»D(REAOFR.TlTLEHEXITil   HRITEOEILtPASE] J J   H«! TEtGF It. TI TLE )) 

READ(READER,/,0); 

SC   21  5210 

SC   21  5310 

START OF SEG«ENT ••••»•••»• 0013 

0013 TS 0006 LONG, NEXT SEG (1002 

SC   2i  5«l3; 

START OF SEGMENT •••*♦**»»• ooi«; 

001« IS 0006 LONG, NEXT SEG 0002 

SC   21  5612 

START OF SEGMENT •••«*•«••• 0015 

0015 IS 0006 LONG, NEXT SEG 0002 

SC   21  5M1 

SC   21  ISUO 

SC 21 61<3 

sc 21 <S3I0 

sc 2: f«l2 

sc 2' 7110 

sc 2: 7612 

sc 3: R7I3 

sc ?■ «1912 

sc ?i OTI 3 

sc ?l 10113 

sc ?■ 10? tO 

sc 21 11211 

d-S 



wRITfcGEIfnESCHlPTlON)) 

TOR   J*l   STf   1   UNTIL  NLMäDA   00   MNjr J]*l .?397/HNUC JD 

MSIN 

*RR»y  8Nu»l<",p»p,'I**E«rNüt0iNHNu]( 

IT.-I' 

FOR T»BT STEP OT uNvIL ET DO BEGIN 

**ITE(GEIl.»"<'»tTET,T)J 

IT»IT»1» 

«»OtPASSKAPPA.NLAMBOAXAPPAtIT»*])» 

REAO(PASSKAoPA.*fP); 

W(«ITE{8Ett.0P»D»P)» 

HRITEiSEIKPAQE])) 

FOR J*l STEP 1 UNTIL Ni.mBOA DO KAPPAPRlMEt Jl»KAPPAt I T, J J J 

REA0(P»5SKAPP«.«.N£,KiT0TL)' 

N*NTOTl.-NE» 

M»*)E/N> 

THETA»T/11605» 

SaTMETA»$QRTtTHETA)» 

IF MS.5 TMEN ZBAR*t ELSE 

28AR»M*(29/MI 

sc ?l 11 5(3 

5C ?l 1'?: 3 

SC ?! l?3i? .-, 

SC 21 17011 1 i 

sc ?1 ' H 10 

sc ?! nno 

ST4RT r)F SEG^TMT nO)» - 

sc 161 ill ,, 

sc 1*1 oil f 

sc 1*1 r, 10 

i-s 

sc 161 !?ir 

sc IM 1312 ,i 

sc 1*1 !^"1 

sc 1*1 ?«|3 
- - 

sc 1*1 301 1 i i 

sc 1*1 37«0 . t 

sc 161 4310 

ij 
?c 161 S2I3 

sc 1*1 5«'0 -| 

■ sc 161 •iill .1 
sc 161 9612 

sc 16" ^^»3 
- * 

I 

sc 16 j 59t3: ,1 

LN(2.«0l»20»THETA*3/ 

1NTEW<0TE»0ELTE)I 

INTERPtOTK»OEUTK)l 

DEN0M»Z8AK>>,4}*244«81903>< (   PRINT» 

(Z8AR*2XMK(UZBAR)XN})>> 

SI8MA»2e6x5aTHETA*3>i0TE/0EN0H) 

KK».2«65xs9THETA*S>OTK/DEN0MI 

MRITECGEIL >l 

HRITE(GElL>SiaMAK>PRINT,SlSMA,KKH 

FOR J*l STEP 1 UNTIL NHNu 00 BEGIN 

TAO*KAFPAPRIME[J]«OJ 

BNUtJ)»fACTxtTEMPl*MNUtJ3)   »3/tExP(TEXP1/THETA   )-!)) 

U0IV»ENTIER(TAUX1.5)J 

If  UOIV  MOO   2*0   TMEN  UDIV»UDIV»t; 

IF  U01y<2  TMEN  UD1V»2J 

FNUtJ]» 8066«BNutJlxt3.1«l5926536-«x 

TEMP» 

( 

IF U0IV»100 THEN 0 ELSE 

SIMPSON (o.l   ,U,SlMP50N<0»V01V.V,EXPt-TAU>cU/((U2»U»2)*n-U2)»3INVtVJ)), 

VOlVlxU.UDtV  .5ror96326B/VOIV 

) 

)» 

END OF J LOOP» 

sc MI3i 

sc 6411 i 

sc »To; 

sc 7012' 

sc 7510 

sc 7811, 

sc «210, 

sc BUt3 

sc 9911 | 

sc inoiO' 

sc 10112 

sc 1O7I0 

sc 10911 

sc 11211 

sc 11411 

sc IIA'1 

sc 11*11 

sc 11611 

sc 118'1 

sc 13012 

sc 13*13 

sc 13*13 

sc 13910 

1 
d'4- 



ü 

THEN   CMflB» 

«»ITEtanun^U); 

11*3/0) 

5UM»0J 

L0^»1> 

TtMP»Sir,M(1<40P4pRjME[n.|J3), 

rNII0NU»FNU!l]x(HNU[l].MNU[2]), 

IF   TEMP<0   T»EN   Ti<TN»»   TMtN   "   LLSE 

TKTN»»   THICK"» 

rD* J»J STEP 1 UNTIL NHNU 00 BEÜIN 

If TEMP* TEMP»S18N(K*PP»P^lMEtJ].03) 

DNu»HNUCJ3-HNUtJ*ll» 

rNl)0NU*rNU0NU*TEMPi»rNU[JJxt3MU» 

ENB or j Lonp> 

CHOPI 

HRITE(GEIL.riN*l..SUM)> 

WRlTEfQElL.Ej.TEMPMORT{«KSUM/(SISM»KO)).SIaM*KTEMP)» 
HflTEfSEIUCOBD); 

«ITEjSElL.TITLEPLOT.THETA.TEMPLfUM^M.N. 

TEMPMl«0JxTHFT4,TEMPl«rEMP/(?.«BrP19x?73)); 

«RITEtOEU.LISTPtnT.roR  JM   STEH   ,   (WIL   NHNu  on   t^„^^JJ# 

1.2397/TEMP!,    TEMP»K»PP»PRIMEt      JJ,    TEMPxß. 

EXPöNM.EXPCTE—O.BNUtJ]   .EXPQN^NUtjJ.rNUtJ J J) J 

»RtTEfSElLtP«OE))J 

SC     1(M   l«iu 

SC      lisi   tii«IO 

sc    i«i  la^n 

sc    im liiMo 

SC     1«|   lu/M3 

sc    IM  umo 

SC lit i^?,? 

SC l«| l^äi? 

SC 1*1 1^713 

SC 1A| 1*010 

SC 1AI ln«t3 

SC 161 1*710 

SC 161 1601? 

SC i6l 17113 

SC 16< 17211 

SC 161 1P0I1 

SC 141 ludii 

SC 161 19710 

SC 161 2(1612 

SC 161 21011 

SC  161 2?7I3 

SC  161 23711 

SC  161 2??il 

ü 
n 

1 

i i l 

r 

ENO Of THET« LOOP» 

TIMEtT(OEIL)» 

END DYNAMIC HNU» 

EXIT» END. 

EXP 

UN 

SIN 

S8PT 

OuTPUTtK) 

BLOCK CONTROL 

iNPUTd«) 

00 TO SOLVEP 

ALSOL WRJTE 

*LGOL BEAD 

•LGOL SELECT 

NUMBER OF ERRORS DETECTED . 00(, 

PRT 5IZE=0H7, TnTAL SEGMENT SIZE.0n037 WORDS» 

CSTIMATEO CORE STHR.GE RfOuiREMENT . 06331 WORDS. 

17I«1,3R MONDAY. nCTORER 25. „„   PRr,crsSD, TlME . „^ ^^ 

IS SEGMENT NUMBER 0017, PRT ADDRESS IS 0213 

0018 

0019 

0020 

00?1 

00?? 

0023 

00?« 

0025 

00?6 

00J7 

SC 161 255io 

SC 161 25511 

SC  161 25911 

0016 IS 0?63 LONG. NEXT SES 0002 

SC   21 13310 

000? TS 0136 LONG. NEXT SEG nnoi 

0211 

0171 

0210 

0034 

0005 

0173 

0176 

001« 

0015 

0016 

LAST CA^D «*ITH ERROR H/iS Sro I 

DISK STORAGE REG..011?, HORnS»    NO. 5ESS..00J8. 

I/O TIMF = 5o.a? SECONDS 

7 / 



RUN   0*TE 
OCT.JS.1965 

RON   T1«E 
imiP« 

PH0CE5S0'»   TIME 
J   SEC. 

I/O T,*E 
n SEC 

XCNON 
CTtmOt» to*  HOHOOeNEOUS TEMPERATU«» NEGLECTING TMERMAl. CONDuCTIVIT» 
T.  «000 DEGREES 
0" I.00    N r60.00 «TM 

U 

I | 

LI 

i 

i 

! 

" 1 

| 

i 

j-e 

0 



E. ECTP!C»L   CONDUCTIVITY   "SIGM»»     3,7n?»*01    tw»EHS|   UHuS   IMVER5E   c 
T» ERMAI.  CHNOUCTIVIT'/  K«     QiS/P^-OS  «ATTS/c-i  nE5k(EEs 

D 
0 

FROM  NJ = ?«.7«4   TO   HU*   12.39?   TMF   V«ul£    lr   THE   IMTES^L   'If   FW   IS   ).«t2»*flCi   *4m/fM, TMIC^ 

0.01?   THf   VALUE   UF   THE   INTESRAL   if   FMU   IS   ?.?3Ra.n?   rtATr^/c>«5 THICK 

FROM Nu.ti.por in N 
TROM NUa n,012 TO Ml 

RADIANT r«lTTANCE 
ELECTRIC FIELD E» 

IS.001»*OI HATTS/C«? 
?.!«»(i*00 VilLTS/CX 

CURRENT DENSITY J« <),*27»*0\   4«">/C«2 

THETA.0.7»! EV       NT0T»L»9.155«*ir       NUENS I T7.7. A77»*t 7 PARTICLfS/C«-) 
T.  9000.0 DEGREES K.      P« 1.001 »♦00 »TU i H.L s/v.»^ 

HNU WAVELENGTH KAPPA-PRIME TAU 
ev MICRPNS 1/CM 

2«.79« 5.000»-02 7.5ii«»*fl0 7.54««*00 
22,^40 5.500«'.02 1.771»*01 1.77!.«+01 
20.A62 6.noo»-o? 2,617»»01 ?.ftl7«»01 
19.072 6.i00«-02 3.33«»»01 3.334»*01 
17.710 7.000R-02 3,9««»*01 3.9«8»*01 
16.529 7.500»-02 «.481»*ni a.«8i»*oi 
15.«9» 8.000R-02 (i,9«6»*01 «.9«»**01 
13.774 9.000«.02 5.723»»P1 5.723»+0l 
12.397 1.000«.01 6.3««»»nt 6.34«*«01 
11.807 l.050».Ol 1.3t8».0« 1.3«8»-0« 
8.245 1.500».01 2.759»-0« 2.759«.0« 
«.199 ?.ooo».oi «.9»4»-ft« «.9««»»0« 
«.959 2.500».01 7.9fl8».0« 7.908».0« 
«.132 3.000»«01 l.l55»-03 1.155P-03 
3.5«2 3.500».Ol 1.532».03 1.5B?«.03 
3.099 «.ooo».oi 2.082»-03 2.0«2»-03 
2.755 «.500»-01 2.838»-03 2.836«.03 
2.«79 5.000»-01 3.236».03 3.238O03 
2.25« 5.500».01 2.3«8»-03 2.388»»03 
2.088 8.000»>01 2.81«».03 2.»18»-03 
1.907 6.500»-01 9,768»-0« 9.768»-0« 
1.771 7.000»-01 1.01«».03 t.01«»-03 
1.853 7.500».01 1.19«».03 !.19«».03 

(-TAU) 
1-E 

9,995»-pt 
1,000»»00 
1.000»*00 
1.000»*00 
1,000»*00 
1.000»+00 
i.ono»*oo 
i,ooo»*.oo 
1.000»+00 
1.3«8»-0« 
2.759».0« 
«.965»-0« 
7.905».0a 
I.15«»-03 
l,58i»-03 
2.080»-03 
2.632»-03 
3.231»-03 
2.365»-03 
J.6)2»-03 
9.7»«»-0« 
1.01«»-03 
1.193».03 

3NU IMU ENU 
WATTS/CM STER «ATTS/CM 

1.2«««-10 1 .2(i«»-10 3.nOa-06 
1.710P-09 t .7tn»''n9 «ajS^-OS 
l.«8«»-0« l,««4».n8 3.757«-04 
<>.0«3»'0* 9.0A3».O« 2.?95»-03 
«.20«»-07 a,2n9»-07 l,0«5P-02 
1.564»-0« 1 .,5>.A».06 3,9ft«».02 
<I.B90».0« «.^90»-0» l.?39?-0l 
1.163»«05 J.lA3»-D5 Ml3*-0i 
1.342»-0« 1.34?».0« 3.<i51»»00 
».519«.0« 3.39«»-0» i.5!6»-0s 
8.318».03 ?.205»-0ft 5.7B5«.02 
5.090»»02 ?.5n>»-05 6.307«-Cl 
1.278«.0l i.oio».o« J.5ll6»«00 
2.153«-01 ?.li«5»*0« ».2«ll«*00 
2,9l9».01 «.»^»•O« i.ies»»oi 
3.«90«.01 7.2i9»-0« l.B29»*0l 
3.961».01 i.ni8»-03 2,S«t»*0l 
«.067«.0) t.Sl«»"03 3.m»*oi 
«.1«5«-01 o.803»»0« 2.«71R*0l 
«.13««.01 Ul«2»«03 2.929»*01 
4.0«0«-01 3,4««»«n« 9,991»*00 
3.e«6».0l 'i,ooo»-o« 1,008»+01 
3.BO«».01 «.5«1».0« i ,i«a»*oi 

:— 
1.550 8.000».01 1.389».03 1.389«.03 1.3«8».03 3.6539-01 !.070»-04 1.2789+01 
1.958 8.500»-01 1.600»*03 1.6009-03 1.5999-03 3.«948-01 5,586»-04 1 .4088*01 
1.377 9.0009.01 1,U7».03 1.137»-03 1.1379-03 3.33«»-0l 3.7898-04 9.5508+00 

5 1.305 9.5009-01 1.275»»0S 1.S75«.03 1.275»-03 3.1769-01 4,0488-04 t .0208+01 | 1.2*0 1.000»*00 l.«21»-fl3 l.«21«-03 l.«20»-03 3.022«-01 4.2929-04 1pn8?«*0i fc. 1.181 1.050»*00 1.575»-03 1.575«.03 1.573»-03 2.875«-01 «.5J48-04 1.1409 + 01 
1.127 1.100»*00 l.«4r»-03 1.447»-03 l.««4»-03 2.73«»-0l 3.9548-04 9,0678+00 i.nrs 1.150»*00 1.0«l»-03 1.041«.03 1.040»-03 2.601»-01 2.7058-04 6,819«+0p r 1.033 1.200**00 1.159»-03 1.1599-03 1.1588-03 2.4759.01 2.8«78-P4 7,?25*+00 I 0.rv2 1.250»*00 6.«22»-0« 6.422«-0« 6.«20»-O« 2.355»-0t 1.5128-04 3,«ll«+00 L 0.95« 1.300»*00 7.084»-04 7.08«»-0« 7.081»-04 ?.24?»-01 1,5«88-04 4,0039+00 0.918 1.350»*O0 7.780».04 7.780«.04 7,7778-04 2.137«-0t 1.6^28-04 4.1909*00 
0.»»« l.«00»*00 8.5128-0« 8.512»-0« 8.5088-04 2.038»-01 1 .7148-04 4,3718+00 — 0.855 1.4508*00 9.2799-04 9.279«.0« 9,275»-04 1.945»-01 1.8049-04 4,5469 + 00 
0.82« i.soo»*no 1.008».n3 1.009»-03 1.0088-03 1.857»-01 1.8718-04 4.716»+00 

- 
0.800 1.350»*00 9.844».04 9.8449-04 9.e39»-04 1.775«-01 1.7469-04 4.4009+00 
0.775 1.600»*00 1.017».03 1.017».03 1.0179-03 l,497«-0l 1.7?4»-04 4.3409+00 
0.751 1.650»*00 1.055»-03 1.055«-03 1.055»-03 1.6248-fll 1.7)38-04 4,3188+00   0.729 1.700»*00 1.098».fl3 1.098».03 I.098»-03 1.5559-0! 1.7078-04 4.302»+00 \ 0.708 1.750»»00 1.1458-03 1.145«-03 1.145»-03 1.491«-C1 1.70*8-04 4,300»+00 | 0,«89 1,800«^00 1,197».03 1,1979-03 1.1968-03 l.«30»-01 1.7,08-Oi. 4.309»+0fl l_ 0.670 1.850»«00 1.252».n3 1.252O-03 1.2il»-03 1.372»-01 i»7ir»-o« 4 .1?7»+00 
0.«52 1.900»t00 l.Jll»-03 1.311«-03 1.310»-03 t.318«-01 1 .777('-0« 4,35?B+00 
0.636 1.9509+00 1.374».fl3 1.374«-03 1.373»-03 l.266»-01 1 .7398-04 4,393«+00 
0.620 2.0009+00 1.440»-03 l.«40»-03 1.439»-03 1,218«-.,1 1,7839-04 a,«18» + 00 
0.248 5.0009*00 1.0399-02 1.039«-02 1.034»-02 ?.533«.02 ?.ftl8»-0« ft.594» + 00 L 0.12« 1.000»*01 4.4r3»-02 4.«73»-02 4.374»-02 «,880P-03 1.0n99-0« 7.56?»+00 
0.062 2.000»*0l 1.8499-01 J.849»-01 1,6B8»-01 l.792»-03 3.0»5»-04 7.532»+00 
0.025 5.000»*01 1.177»»00 1.177«*00 6.9179-01 2.937«-04 2,0319-04 4.010«+O0 

D 
0.012 1.000«»02 4.734»tnO a.73ii«*00 9,9i2»-0l 7.40l»-05 7.33«9-05 l,80',»+00 

// 



T« inoOO OESRECS 
0» 1,00     <'*   '60.^0 4T« 

LN LAMBDA ■  6.693**00 
tLECTRXCAL CONOUCTIVlT» SIGMA«  «.405M01 INVESSE UHMS INVERSE CM 
THERMAL CONDUCTIVITY K-  1.3Z3t<-02 HATTS/CM DEGREES 

FROM NU»J«,79« TD NU« 12.397 THE VALUE Ur THE INTEGRAL OF fNU IS l,S«8»*0l HATTs/CH? 
fBOM NU»U.80r TO NU» 0,06? THE VALUE OP THE INTEGRAL IT FNU IS 2.330»*0? WATTn/CM? 
FROM NU. 0.025 TO NU.  0.012 THE VALÜt OF THE INTEGRAL OF FNU IS l,236»-r)l «ATT^/CH» 

RADIANT EMITTANCE F.  2.522M02 lATTS/CH? 
ELECTRIC FIELE E«  «,6ei«*00 VOLTS/CM 
CURRENT DENSITY J.  2,15»M02 AMP/CM2 

THETA.0.86 EV      NTDTAL«7.3«0R*ir      NDENSITY.6 , 3AMM7 PART ICLFS/CMJ 
T. 10000.0 DEGREES K.       R«1.C01»*00 ATM 

THICK 
TuIN 
THICK 

HNU 
EV 

2«.79« 
22.5*0 
20,662 
19.072 
1T.710 
16.529 
15,«96 
i;>.77« 
ii!.3»r 
11.807 
(1.265 
0.199 
«.959 
«.132 
3.5«2 
3,099 
2.755 
2.«79 
2.25« 
2.066 
1.907 
1.771 
1.653 

MAVELENGTH 
MICRONS 

5.000»-02 
5.500»-02 
6.ODOR-OS 
6.50OR-02 
7.000«.0? 
7.500»-02 
S.000R-02 
9.000R-02 
l.ODOR-Ol 
1.050R-01 
l,5O0*-01 
2,OOOR-01 
?.500«-01 
3.000R>01 
3.500R-01 
«,0C0#-01 
«,500R«01 
5.ooo»-ni 
5.500«-01 
6.000R-01 
6.;oo»-oi 
r,ooo*-ni 
7,500«-01 

KAPPA-PRHE 
1/CM 

5.601»*OC 
1.3l5»*01 
l,9««»*0l 
2.«76R*ni 
2.932»*01 
3,327R*01 
3,673R*ni 
<l.2«9R+ni 
4,7i0»+ni 
3.6«5R-04 
7,«72R-0« 
1.350R-03 
2.161R-03 
3.t65R>03 
«.3«2»-03 
5,7?2».ni 
7,2«0«»n3 
«.87«»-n3 
6,7«5P-n3 

3.?li<l»-03 
1,3«l»*03 
3.929«-03 

TAU 

5.601(»*00 
1.315«+01 
1.944**01 
2.476»*01 
2.932*»Ol 
3.327»*01 
3,473«+01 
4.249R+01 
4.710»*01 
3.6459-0« 
7.472«-0« 
1.350»-03 
2.l6t«-03 
3.165"-03 
4.342«-03 
5,722»-03 
7.?40a-03 
R.H76«-03 
6,745«-03 
1.n2?9-03 
3.?44»-03 
3,3«l»-03 
3.929«-03 

(-TAU) 
1-E 

9,9ft3»-01 
1,050»*00 
1,000»»00 
1,000»*00 
i.onoR*oo 
\.000»*00 
1.000»»00 
1.000»+00 
1,000»»00 
3,644»-04 
7,469»-04 
1.3«9»-03 
2.15RP-03 
3.160R-03 
4,333»"03 
5.706J-03 
7.214R-03 
1.837»-03 
*,7??»-03 
r,990(»-03 
3,239f>-m 
1.336»-n3 
3.922P-0» 

CJ-S 

BNU INU 
WATTS/CM ^TER 

3.044»-0lJ 
3.128«-0« 
2.131«-07 
1.060»-04 
ii.i25«-n4 
1.320«-05 
3.607«.05 
1.86fl«-04 
«i^Oo'-O« 
1.154R-03 
?,«15»-02 
1.121R-01 
2.426»-01 
3.682«-nl 
4.638»-01 
S,252»-0t 
S.578a-01 
5.690»-0l 
«.654»-ni 
;.522«-01 
5.331«-ni 
T.106«-ni 
4,566».01 

3,033»-Ol> 
3.1?'ilJ-08 
?.ntR-07 
l.060»«06 
4.1?5»-n6 
t .3?OR-n5 
3.6o7»-05 
1,86«R-04 
6,736»-04 
4,*n7»-07 
1 .8O3R-05 
l.S)2»-0« 
5.23i»-n4 
1 .iM»-ri3 
?.0n9»*03 
?.9i)7»-03 
4.05aR-03 
5,0»89-ft3 
3,8Ol»-03 
«,4l?>-03 
i .??«a-n3 
t.701»"03 
1 9nRR-ni 

FNU 
H4TTS/CM 

7.514R-05 
7.892»-04 
5.389»-03 
2.683»-02 
l,044R-0l 
3.342P-01 
9.135»-01 
4.732»*00 
l^O^R + Ol 
1 ,040«-02 
4.546^-01 
3.Rn«*00 
1.319S401 
2.932R+01 
5.063»*01 
7.9Sl»+0i 
l ,ni4»+02 
\,?iTa*0? 
<).575a+0l 
1 . Ul» + 02 
4. 351»+01 
4,292a+01 
4.80>)a + 01 

li 



i.-)«;o «.(W-oi 1 i.a^s •.^P0»-ni 
» 1.37T o.oons-o« 
'1- 

l.JOS o.50J»-ni 
t.?!^ \ .OMa.o"1 

_ 1.181 I.O50*»P0 
- 1.1?' 1,J00**00 = 1.071* 1,150»*O0 

■^ l."33 i.20fl**nfl 
0.«»? 1.2S0»*00 
n.«^« 1.3no»*oD 
n.9i« 1.35n«*nn 
n.nuft 1 .iiOO»*of) 

- P.?"55 l ,il50«*P3 
n.A?6 1.500»*00 
o.«oo 1.550*tno 

■jN 0.775 1 .A00**00 
n.7«ii t.650«*fl0 

: 0.7?» l^OOitO1) 
0.70« t.r50»*no 
0,M9 i.eoi^+oo 
0,A70 t.^50»+00 
0.652 1.900»*00 
0.»3* l.flSO'+OO 

- 0.6?0 2.000»*00 
0.24« 5.000"*ftO 
0.1J4 \.000«*01 
0,0*2 2.000«*01 
o.n?5 5.ooo»*ni 
0.012 i.ooo»+n2 

3 
3 

■01 
'"3 
■13 
■13 
■"3 
•03 
■03 
■03 
•03 
■03 
•03 

i»-03 
, i»-03 
l?»-03 
i7»-03 
■ «»-02 
iO»»Ot 

„.v,43»-01 
«.a3«»+oo 
1.706»*01 

■01 
^,i»fl».03 
3,iS31«-o3 
Il,3o0»-03 
a,S33»-oi 
?,Op2»»o3 
1I.6QS!»-" 
3,?«S» — 
3,9«?« 
?.t"0« 
?.'t01» 

?.377^ 
3.133« 
3.399' 
3.3««« 

3.600P 
3.753« 
3.921« 
4.10«« 
«.300 
Oio 
0.732- 
«.9«7e 

3.«B-- 

1.60 
6.* 

ii.5*9»-0J 
S,3S0»-03 
3.o3n»-03 
Ü.OÄ9a.03 
1I.533«-0J 

«.^95»»03 
3.SuS»-03 

?.1B0«-03 
?.aOI«-03 
3.*3l»-33 
2.nr7««D3 
3.133«-03 
3.399».03 
3,34ß«-03 
3,uMi«-03 
3.»00«-03 
3.753«-03 
3.921«-03 
«.10««-03 
4.300«.03 
4.510«.03 
a.73?«-03 
4.967«.03 
3.6SA«-02 
1 .COO«.01 
A.»i43«-01 
41238«*00 
1.706»+01 

4,55e»-ni 
5, ^..7»-03 
3,'i53»-n3 
4.061P-03 
<i.'>?3»-03 
5.010MO1 
11, M(il«-03 
3,539«-03 
3,'J34f-03 
?,l7»»-n3 
?.39S»-03 
?,630^-03 
?,i573P-03 
3.129«-n3 
3.394»-03 
3.339».03 
'.45B»-03 
3,594»-03 
3./46»-03 
3,913»"03 
«,095»-03 
4,29i»-03 
4.499».03 
4.721»-03 
4.954»-03 
3,«ia»-o? 
11479»-01 
«.B54»-01 
9.S5«».01 
l,000»*O0 

4.622«-01 
4.3«0».01 
«.146a-oi 
1,922»-o( 
1.709ä-0', 
3,509Si.nt 
3.32I»-01 
3, 144«-01 
7>979a-ni 
?.'<2S»-ni 
?.*«?«.m 
?.547»-OI 
2.«22«.01 
?.305«-0l 
3.l9<,a.Oi 
2,093«.(11 
t ,99>(«-01 
1 ,90i3«-Ol 
I,«24».01 
1 .745«.01 
l,671»-01 
l,*0l».Ol 
1 ,53»»-01 
1 ,474«-fl1 
1 .416«.01 
?.562«-0? 
7.707«.03 
1 .999a-03 
3,?6S'».oa 
«.230«.05 

2.11 
2.?0 
1.5o 
1 .5o 
1 .'•7 
1." 
1.55 
1.11 
1.17 
».15 
».41 
»,7o 
S.95 
7.20 
7.45 
«1.9« 
»,90 
».»5 
»,5 3 
».55 
»,5a 
»,57 
6,90 
ft.9s 
7,0, 
1,03 
1.14 
9 ,7o 
3,2? 
".?3 

7»-0-l 
a«.o, 
»«-03 
1».ol 
5»-03 
a » . -i i 
5».03 
3»-03 
28.03 
4«-04 
9«-0ü 
0«"0(i 
9«-04 
9«"04 
l«.Oa 
a»-oa 
»»-04 
»»•04 
2«-04 
««-04 
25-00 
0«-0u 
9«-04 
7»-04 
3«-oa 
5«-n3 
0»-03 
l«-04 
1«-04 
0«-P5 

5,30y»*0t 
5.790«»0l 
3.rK5«»0l 
i.oi3«t0l 
a.??n»+Oi 
a . a ? o " ♦ 01 
3.019a*01 
?,H0'1«*01 
?,953»+0i 
l.551»*0l 
1 .»21«*01 
1 ^«««.oi 
1 ,75aa.01 
1.5t7»*01 
1 ,<>7?**0i 
1.7»l«*0l 
1 .7409*01 
1.7?R«*0l 
l,7?2»t01 
1,721»»01 
l,724«t01 
l,731«»0l 
1 ,7»l»»0l 
l,753»*0l 
1 ,7»7l»*0t 
2,»03'it0l 
2,»«2"*0l 
?.16r»*0l 
7,n9a«*00 
2,OBO««00 

m 

m 

> / 



Program e 
Symbol Table for Radiation Flux 

I | s i 

R = radius of the cylinder (input) 

KAPRA [ILAMBDA, IT] ■ effective absorption coefficient (including stimulated 

emission) at the IIAMEDfth wavelength and ITth temperature (input from 

DOUBLE). 

BT = minimum temperature at which the KAPRA's have been calculated (input 

from DOUBLE). 

DT a temperature step size (input from DOUBLE). 

ET ■ maximum temperature at which the KAPPA's have been calculated (input 

from DOUBLE). 

NLAMBDA » number of wavelengths at which KAPPA has been calculated (input 

from DOUBLE). 

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

NB w number of equidistant radial distances (of the cylinder) at which the 

temperature will be input. Tnese points will be at equal intervals from 

0 to R along the radial direction (input). 

1 TD 
T[IR] n temperature at point == R along the radius (input). 

G [x] » /        e" sin©    sinödö (tabulated at intervals of .1 from x = 0 to x = 30) 
Jo 

NPHI ■ number of fi values at which intergrand will be evaluated during numerical 

integration (input) 

DPHI ■ 0 step size 

DLAMBDA   [ILAMBDA;  = A LAMBDA   [ILAMBDA] - ALAMBDA   [ILAMBDA -  l] 

ARI  [I] m 1th value of R. at which flux is to be found (input). 

NRI a number of R's at which flux is to be found. 

I 



i ; 
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COMMENT FLU«» 
CPMriiKT  TsEtL'SHUCE SH*N'inM.?70.FO«371 

rilF IN PISSG 0!5H SER1»L(1. 330)1 
FILE IN PASSKAPP* OTSK SERIAUZ. SO. I?n0)» 
FILE IN REAOERJJf 10)» 
FILE OUT GIIL *t2t 15)1 

COMMENT OOLLAN OH OOUBLF OOLL«0 CARO Ot!ES K-FRt »*********««***4**t*t*M| 
ARRAY ARU0IZ01I 
INTEGER J» 
REAL I. NRIt 
REAL Rt Rl» NPHI. HTHETA, OS« NLAMSfA« N« BLAMBOAi FLAMBO», HT. nT, 
ET, NT. IH. IT. NR, C0SPH1. S'JMF, PROPS» THETA. TANPHI. INLAHBO«, 
tH5, INTMETAf tNPHI, COUNTS, OPHl, T!» ILAMBOA, LAMBOA, LPHI. MPHT. 
TANZPMI, SINPHI, COSALPH, SINALPH, P4I, I,   LENBTH, PROP! NOS, 
APPROXDS, LS, MS, VN, S, R^MXY, TM, IBM, l*t   KLM, IBS, TEMP, YMT, 
EPS» SUM» 

REAL X» 
ARRAY SAVEHRCOIIZ« OIS, Oil«]) 
ARRAY GtOlSOOl» 
ARRAY TfOlAO), Ol.AMBOA, EXPARSt 0150). KAPPAtOlSO, 0135), ALAMSOAtOi 
!01l 

roRMAr 
tHPUT("Rp"»E15.8,X5,"RlP-,E15.»,X5,"NPHI»",E15,».X5,/»APPR0X0S"", 
E15,»»X5,"NLAMB0AP"»El5,8»X5,»N»",Et5.»,X5,"EPS»",t15.»), 
LAMB0AAL0NE(/»ALAMB0A"/C»Et».8)). 
TIMt8t"T0TAL TIME IN LAMB0AM«,r9.3," lEaONPS»/ 
•TOTAL TIME IN S     ■",F9.3.« SECONOS"/ 
•TOTAL NUMBER OF S VALUES"»! »/»TOTAL TIME IN TMETA •",F9.3. 
• StCOMOS"/»TOTAL TIME IN PMI   ■•,r9.3»" SECONOS"/ 
"TOTAL PROCESSOR TSMEP",r9,S." SECONOSWOTAL I/O      TTMf-^, 
r9.J." SECONDS"), 

RRI(«NR>",Et9.#,X|0>"f(IRl ARRAY FOLL0MS"/<«H8.8) ), 
TT("»Tp".El».e»X5,"0T*",El».8.X5i."tT«"»ElS.8), 
T1TLCKAPP*("K»PPA »RRRV FROM DISK PRE"). 
PRINTKAPPA</"ROM ILAMB&A«",El1.3/{6Et«.«)), 
OCLOCK(*TIHE FOR 300 INTEGRATIONS USING R0M8ERG OF OROER » IS',FA 
.3)» 

0UT8("G«VFS.t»')M"»EZ0.n)» 
INl'ITl(',R"'1,E15.8,X5,"P'i""»E;5.8,X5,"NPHl"",E15.8,X5), 
IM01TI<"APPR0X0S»".E1!*8»X5,"NLAMB0»»"»E15»8,XS,"N"",E15,8,X5, 
•EP'.P'.EIS.B). 

TlMtL<"TOTAL Tl« IH L»M8DA«"»P9,3.» SECONOS"), 

onooonco 
nnnoonijo 

I . 

n 

ri 

TIMCP("TOTAL PROCESSOR TIMEP"»F9,3," SECONDS"), 
TIME*...'"TOTAL I/O TIME»",F9,3," SECO^OS^)» 
RESULfW»»«»^»" NATTS/CM")> 

LABEL NEXTRATI 
LABEL EXIT« NCXTRtl 
REAL PROCEDURE LAGCX, XO, OX, Yt N)» 

COMMENT ORDER J LA8RANGE INTERPOLATION. EQUAL TNOEPENDENT STEP. 
SINGLE OEPENOENT.INOEPENOENT VARIABLE.EXTRAPOLATE IF NOT «OSXJXO+NxOX. 
X • DESIRED INDEPENDENT VALUE 
XO • FIRST INDEPENDENT VALUE OF Y TABLE (FOR Yt01> 
ox • TABLE STEP FOR INDEPENDENT 
Y  • NAME,DEPENDENT VARIABLE VALUE TABLE (MUST BE SINGLE SUBSCRIPT) 
N  - WAX INDEX CF T TABLE ( t A ) I 

VALUE X» XO, OX, Nl 
REAL X, XO« 0X1 
INTEGER Nl 
ARRAY YtOJ» 
BEGIN 

INTEGER If 
REAL S> 
I» ENTIER(SMX"XO)/DX)l 
IF S"I THEN 

LAG«' T(!l 
ELSE 

LAG*(YtI*n"Ytn)«(S-!5*Ymi 
END LAS» 

COMMENT DOLLAR OR DOUBLE DOLLAR CARD GOES HERE «•»•«♦•»»•♦»•*****♦••♦•* 
TIMCITCGEIDI 
REAO(READER,/« R)l 
REAO(READER«/« NPHI, APPRCXOS)» 
REAO(READER«/, N>» 
REAO(READER«/« EPS)» 
REAO(PASSKAPPA,*« BT, DT, ET)» 

COHMENT TEHPS AT NHICH KAPPALT IS GIVFN» 
READ(PASSKAPPA<*, NLAHBDA)» 
REAO(PA$SKAPPA, NLAHSUA*!, ALAMBDAt*])! 
REAO(READER«/« NR« FOR IR* 0 STEP 1 UNTIL NR DO TCIRJ)» 
MRITE(OEIL« RRI» NR, FOR IH* 0 STEP I UNTIL N" "0 Ttlfll)» 
FOR ILAMBOA* 1 STEf I UNTIL NLAMBDA DO 

ALAMBDAtILAMBOA)* ALAMBOACILAMBOA]x»-A» 
NT*(ET-BT)/OT» 
FOR IT» 0 STEP 1 UNTIL NT 00 

BEGIN 
READCPASSKAPPA,*, FOR ILAMBOA« 1 STEP 1 UNTIL NLAMHD» 00 KAPPA 
(ILAMBOA, IT))» 

e-' 

LAG 7 
LAG 3 
LAS A 
LAG 5 
LAG A 
LAG 7 
LAG A 
LAG A 
LAG 9 
LAG 10 
LAG 10 
LAG 1? 
LAG 17 
LAG 1? 
LAG 17 

LAG  tA 
nooooooo 
onoooooo 



fNO OF IT LOOP) 
HE»1(PASSGf 301. St»))) 
IF FALSE TH:N 

HEGIN 
INLAM8DA* TIMEU)» 
FO" IT* 0 STEP 1 UNTIL 300 no 

BEGIN 
X» IT/101 
S(IT)» ROMBEHG(.000000001» \,i/tribiitH,   6. THfTA» rXP(- 
X/(TEMP» S!N(THETA)))xTtMP) 

END OF IT LOOP» 
1NLAM8DA* TIME<2)-INLAM90A) 
l*RITE{GEILr OCLOCK- ;• i.AM»OA/«0)) 
KHITECPASSOf 301. H*!)) 
WRITEtGEIL. OUTG. FOR IT* 0 STtP 1 UNTIL 300 OOCIT, itlTll)) 

ENO) 
DPMI* 3.M1S926S36/NPHI) 
IF FALSE THEN 

BEGIN        , 
NRlTEtGEIL. TITLEKAPPA)) 
FOR ILAMBOA* 1 STEP 1 UNTIL NLAHBOA 00 

NHITECGEIL. PRINTKAPPAt ALAMBDACILAMBOA]> FOR TT* 0 STFP 1 
UNTIL NT 00 KAPPAtlLAMHDA. IT])) 

NRITtfaEIL« LÄN90AAL0NE. FOR LAMBOA» 1 STEP 1 UNTIL NLANflOA on 
ALAMBOAdLANBDAD) 
HRITEmiL. TT. BT. DT. ET)) 

ENO) 
NRITECGEILIOSL])) 
FOR ILAMBOA* 2 STEP 1 UNTIL NLAMBO'. DU 

OLAMBOAt ILAMBOA I* ALAMBOAC II.AMRC4 I'ALAMt'OAC ILAMBOA«!!) 
OLAMBDAtl]* OLAMBDAC?]) 
REAO(REAOER>/. FOR I* 0 STEP 10   . 21 DO AR [ [ 1] HNEXTPI] I 

NEXTRII 
CLOSECREAOER. RELEASE)) 
NRI* I-1J 
FOR I* 0 STEP 1 UNTIL NR! DO 

aceiN 
RI* ARICII) 
COUNTS* 0) 
INLAMBOA* INS* INTHETA* INPHI* 0) 
NRITECSAVENHtl. !<*]< INODTI. H.   RI. NPHD) 
NRITt(SA»ENRCI. 2<*]> IN0UT2, APPROXDS. NLAMBOA. 1.   CI-j)J 
SUMF*  01 
IF RI'l   THEN 

.1 

n 

LPHI*   J.5T0r96326e*DPHI/2 
ELSE 

LPHI*  0PH1/2) 
MPMI*   3.1«15926S3«-DPHI».«) 
INPHI*  INfHI-TIHE(2)) 
FOR  PHI* LPHI   STEP  DPHI   U«.IL   MPHI   DO 

BEGIN 
TAN2PHI*tTANPHl*(SINPHI*   SINCPHi))/COSPHI*  C0S(PHt))»2| 
SUM*  Ot 
CaSALPH*(RI/RxTAN2Pm>SaRT(l*TAN2PHIx(l«(RI/R)<2) ))/(!* 

TAN2PHI)) 
S1NALPH*  S8RT(1-C0SALPH*2)) 
IF A8$t$INALPM/tC0SALPH-RI/'»)-TANPHI)>,000000t THEN 

BEGIN 
C0SALPH*(Rl/BxTAN2PHI+SaHTtt«TAN2PHIx(l-(RI/R)*2)) 
- )/<l*TAN2PHn) 
SINALPH* SaRT(l-CnSALPH*2)) 

ENO) 
INTHETA* 1I»THETA-TIME«2)) 
LENGTH* SINALPHäR/SINP^'I) 
FOR ILAMBOA* 1 STEP 1  NTIL NLAMBDA DO 

EXPARGIILAMBOA]* 0) 
IF NOS* fNTIER(LENGTH/APPROXDS)*l<N T'^EN 

OS* LENGTH/NDS 
ELSE 

OS* LENGTH/N) 
LS* OS/2) 
MS* LENOTH-LSx.S) 
VM* 0) 
INS* INS-TIMEt2)) 
.'OR S* LS STEP OS UNTIL MS 00 

BEGIN 
COUNTS* COUNTS+1) 
RSMXT* S8RT(iRI*S«C0SPHI)*2*(SxSINPHn»2)) 
TM* LAG(RSMXr. 0. R/NR» T- NR)) 
IBM* 1,44022/TM) 
ZM* 0) 
INLAMBOA* INLAMB0A-TIME(2)) 
FOR ILAMBOA* 1 STEP 1 UNTIL NLAMBOA 00 

BEGIN 
LAMBDA* ALAMBDAIILA IBOA)) 
KLM* LAG(TM( ST. DT, KAPPAtILAMRDA,*3. MT)I 
IBB* 1,1 925P-12/C LAMBDA'S« (EXP(THfVLAMBri(i)-l 
))' 

EXPAROIILAMBDA]* TEMP* XLMxOS+EXPABGtIL«MHn« 

, ! 

i I 

e-2 



NEXTRJYI 

)l 
If TEM^«JO THEN 

REGt"* 
YMT» KL»<«!«B«L»GtTEMPt 0» .1, S. ?001t 
ft*   ZM+rMT«0LAHH0«tIL»^HnS)l 

ENO TEMMOI 
END OF L»M«0* LOOPI 

1NLAM90»* INL»«BD»*TIME(2)> 
VM» VM»7M) 

ENO OF S LOOPJ 

INS* INS«TIMe(7)l 
SUM* LUM+VMKOS) 
INTHETA* INTHETt+TtMFtS)» 
sut*r* siJMr*sut«xco!PHi» 

ENO Of PHI LOOP» 
INPHI* INPHI*TIME(2)I 
SUMr*-SUMFii4xOPHII 
NRITCCSAVEMRCI« 0,*]» RESULT» SUMDI 
MRITL(S*VENRCI> 3»*1. TIMEL. TNLAMBOA/60}I 
HRITECSAVENRtI, *>*], TIMER, TI>4E(2)/«0)I 
NRITECSAVEltRd» S«*l> TIMEIO» TIME(3)/60>I 

ENO OF ft! LOOPI 
FOR I* 0 STEP I UNTIL NRI 00 

BESIN 
NRITE(SEli.:*1S£])t 
FOR J* 0 STEP 1 UNTIL 5 00 

HRITtCGEIL» 15. SAVENRd. J.»]1» 
END OF I LOOPI 
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