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Preface

SIS Sy

This thesis is the result of my attempt to create a useful computer
code for the Simulation Branch of the Techmology Division, Air Force
Weapons Laboratory. While the theory on which this code is based is not
new, I found very little in the way of published results of calculations
like those performed here. Consequently, I ended up doing much more
application of theory than critical evaluation of results, either mine
or others', There is something lacking in theory which remains untested,
r so hopefully more careful evaluation of these calculations can come at a
; later date.

In the meantime, I would like to thank all of the people in the Sim-
ulation Branch with whom I had contact during my very enjoyable stay there,
é Particularly, I am indebted to the individuals I worked most closely with:
3 Tom McCann, Bill Baker, and Pete Turchi. Also, I want to thank Steve

Patterson for his numerous critical inquiries and Cliff Rhoades for his

: time when time was growing short.

3 R. W. Boyd
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S(z,p). .
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X(z,p,q). .

Y(z,q,p).

x(z,P). . . .

Notation

1

surface area of the plasma, in m?,

spontaneous radiative transition probability for the tran-
sition I(z,q) > I(z,p), in sec~!,

recombination coefficient for recombination of I(z+l,g)
to I(z,p), in sec~!,

total thermal energy of the electroms, i.e., Ee= ENeTe,
in eV. 2

- total thermal energy of the ions, i.e., Ey= 3¥;Ty, in eV,

total potential energy of the ioms, in eV.

energy of radiation, i.e., E.= hv where v is the frequency
of the radiation, in eV,

ion or atom of charge z in state p (g for ground state).
total number of I(z,p) in the plasma.

number density of I(z,p), in cm 3,

number of free electrons in the plasma,

number density of free electrons, in cm™3.

number of atoms and ions, i.e., Ni= ZN(z,p).

number density of atoms and ions, inzcm"3.

total power radiated by the plasma, in ev .,

collisional ionization coefficient for :zgization of I(z,p)
to I(a+l,g), in sec™!,

electron ikinetic temperature, in eV,

ion kinetic temperature, in eV,

volume of +he plasma, in end,

coefficient for execirzixor of I(z,r) to I(z,q), in sec”!.

coefficient for <:excizati» £ 1(z,q) to I(z,p), in sec”!,

ioni=zation pot.ntial of I(z,p), in eV.
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Abstract

TORCH, a computer code which calculates the spectrum arising from the
radiation of a metallic plasma, is described. The population of each ionic
species is deterwmined from a time-dependent corona model which includes
three-body recombination., Both time-resolved and time-integrated spectra
are obtained, showing the contributions from bremsstrahlung, recombination
radiation, and line radiation. Ion and electron temperatures are allowed
to differ, with radiative losses causing continuous electron cooling.
Energy may be added to the electrons and/or ions at arbitrary rates, for
arbitrary times, and TORCH will compute the temperatures based on the rates
of radiation, ionization, and electron-ion energy exchange. Calculations
are included for aluminum plasmas with electron densities of 1018 to 102}/cm?
and glectron teuperatures of 10 eV to several KeV, Also included are cal-

culations of radiation from & deuterium plasma with 57 aluminum impurities.

vii
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THEORETICAL CALCULATION OF X RADIATION FROM

NON-EQUILIBRIUM ALUMINUM PLASMAS

I. Introduction

The calculation of the radiation emitted by a metallic plasma is a
very complex problem if handled in its entirety. The first part of chis
work is conceined primarily with identifying aspects of the problem which
can be eliminated without seriously hdruing the credibility of the results.
There are two fundamental assumptions which are made at the outset to limit
the scope of the problem. It is assumed that the plasma 1s optically thin
tc its own radiatior., that is, all radiation originating within the plasma
escapes without further interaction with the plasma volume., Also, it is
assumed that the electrons and ions can be described by a Maxwellian veloc-
ity distribution furction at all times, There are many other assumptions
vhich must be made, the validity and applicability of which are examined
in some detall in what follows,

This wodel is fairly easily applied to any metal, and aluminum is used
here because of the availability of atomic data as well as interest in
this specific metallic plasma. The model has been programmed into a code
called TORCH which computes the ionic species populations, species ecnergies,

and the radiation spectrum,
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II. The Atomic Model

In order to calculate the radiation emitted by a metallic plasma, one
must determine which ionic species are present and in what proportionms.
This, in turn, specifies the number of electrons present, both of which
are import .ut inputs to the calculation of the overall distribution of
energy auv.ng the plasma particles. This energy distribution is, of course,
needed to determine the kinetic temperatures of the particles which, when
combined with all of the other data, enable one to calculate the radiation

emitted by the plasma., Finclly, the radiative power loss is a major factor

affecting the overall plasma energy distribution.

Populations of Ionic Species

The first step necessary in specifying the ionic species populations
is to select the atomic processes that are likely to be important in the
icnization and recombination of the various ions, The model implied by
these processes may then be used to predict which ions are being produced,
which are being lost, and at what rate this is occuring. From such a model,
and sufficient initial conditions, the population of each species can be
calculated at future times by simply integrating the rate equations of

the model.

Atomic Processes Considered. There are some atomic processes which

are probably not important in any plasma of interest in the production of
radiation., For example, collisional ionization cross sections depend on
the velocity, as opposed to the energy, of the colliding particle. For

a plasma in which ion and electron energies are similar, ionization by ion

collision is generally negligible in comparison with ilonization by electron

collision, Also, there are processes which are not allowed under the
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assumption of optical thinness. These include photoionization and stim-
ulated emission, both of which could greatly affect the microscopic nature
of an optically thick plasma. Finally, there are processes which may or
may not be important in a given plasma, depending on the range of number
density and temperature that is considered.

Plasmas of interest in the present work typically have electron tem-
peratures of from 100 eV to 2000 eV and electron densities of about 102!
/em3, For high-Z plasmas in these ranges, there are two main questions
to be answered in developing a suitable model, One is that of the rel-
ative importance of collisional and radiative processes in the recombi-
nation; the other concerns the handling of ions in excited states,

Collisional recombination, in which an ion combines with two electrons
(the second electron being necessary for energy and momentum conservation),

is represented by:
e+e+ I(z,g) +» I(z-1,p) + e (1)

and 1s clearly proportional to Ng. Radiative recombination (in which a
photon is e itted to conserve momentum and energy), however, is proportional

to N :
e

-+ I(z,8) = I(z-1,p) + photon (2)

Because of the extra puwer of N, in the rate of the collisional process,
the radiative process only beromes important at low electron densities,
Bates, Kingston, und McWhirter have shown, however, that even at the high
electron densitles of interest here, radiative recombination is important
due to the temperatures and high-Z materials considered (Ref 3). Their

criteria will be presented in Section V, but the result is that, while
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radiative recombination is probably dominant, ‘three-body recombination is

important also., For this reason, both processes are considered in the ‘

present model,

The effect of the above is that processes (1) and (2) combine to give

a total recombination coefficient &(z,p), in sec~!, such that:

;: 1
¢ \ .
NeN(zt+l,8)a(z,p) sec~l , 3

. . \ ' !
is the number of recombinations occuring per second from I(z+l,g) to

I(z,p). !

H f f
The ionization process inclqded'in the model is pdllisional ionization:

e + I(z,p) = ~I(z;l,g) +e+e . (4)

with ionization coefficient S(z,p), in sec‘l, such that: !

'
| ! !

N;N(z,p)s(z,é) sec”} ‘ | . (5)

!
!

. 1 '
is the number of ionizations occuring per second from I(z,p) to I(z+l,g).

Treatment of Excited States in Ions. In general, the population of
an excited state of an ion is determined by the processes:of collisional
excitation and spontaneous radiative decay.as well as collisional deexci-

tation. That is:

i

e + I(z,g) + + I(z,p) +e (6)

and

ORIV

I(z,p) -+ I(zbg) + photon (7)

Prccess (6) has rate cocefficients X(z,g,p) and Y(z,p,g) for the forwerd

3
and reverse reactions, respectively, and rrocess (7) has transition
4
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i
| i

probability A(z,p,g), with all three coefficients in units of §ec'1. These
. thtee processes lead *o a very complicated model if many excited states are
. considered for each ion. For the present work, one excited state is allowed

for each ion (with certain exceptions discussed in Section III), but even

. : this doubles the number of equations necessary to describe the ionization

]
G and excitation state of the plasma.

Fortunately, considerdble simplification of the atomic model can be

s = achieved if the following statements are true about these. excited states

. (1) Spontaneous radiative decay is: a much more important

il g

b

proceés than collisional deexcitation,

Cate iy

e

(2) Compared with the groun¢ state, only negligible numbers

i of lons are in their excited states.
' !

.+ (3) The time to esthlish excited-level populations is |,

g

much shorter than the intrinsic relaxation time for the

T

il et

plasma to approach steady state.

The vali@it& of the first statement is determined by straightforward

evaluation of the rates of the two processes. In gereral, the radiative
b ; .

PYY PRTTTT WI EeRy

process 1s important at low electron densities’; the collisional process
1 .

| being dominant for high densities. 'ﬁcWhirter (Ref lO)'gives an analytic
lexPression for determiniog the minimum density necessary to insure that
collisional deexcitation dominates. This will be presented in Section V
and will show, as will other data discussed there, that statement (1) is
true for the most important transitions considered in this work.

The second statement is really only true for those levels which have
excitation energies much greater than the mean thermal energy of the plasma.

Thus, it is probably valid for the high energy (>1 KeV) transitions but not

for the low energy transitions. .n Section V, it will be argued that the
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effect of assuming statement (2) to be true for all excited states most
likely does not detract from the calculations made here. By assuming the
excited-level populations are small, however, one can ignore processes
involving these excited states, such as ionization and recowbination from
and to excited states, as well as transitions that do not involve the
ground state,

Statement (3) leads to the greatest simplification of all. If it is
also true, then one need never be concerned with the actual populations of
excited states, The effect of the third statement is that at any time the
rate at which an excited level is being populated is exactly balanced by
the rate at which it is being depleted. This will be the case regardless
of the actual population of the state, but if this population is small,

the rate of population of excited level I(z,p) 1s given by:

N.N(z,8)X(z,8,p)  sec! (8)

where N{z,g) may be taken to be the sum of all ions of charge z, The
validity of the third statement is addressed by McWhirter (Ref 10), as
will be shown in Section V,

Rate Equations. Based on the preceding remarks, it is only necessary

to calculate the total number of each ionic species as a function of time,
Since all ions are considered to be in their ground states, the only pro-
cesses included are collirional ionization from the ground state, three-
body recombination to the ground state, and radiative recombination to the
ground state, The rate of change of N(z,g) is then given by:

dN(z,8) = N {N(z-1,2)8(z-1,8) + N(z+l,g)a(z+1,8)}
dt

- NN(z,g){S(z,g) + a{z,g)} (9)
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For aluminum, which has atomic number 13, there are fourteen of these
equations to be solved simultaneously. Together with them the energy and

radiation equations developed below must be solved,

Radiation Equations

There are two reasons for considering radiation in the model. The
first is to predict the spectrum being emitted by the plasma, which is the
main goal of this work., The second reason is the importance of the total
radiative power loss, particularly its effect on the plasma temperature.

The total power being radiated can be easily obtained by integrating over
the spectrum, so it is the spectrum'which the model must supply, not simply
the total radiative loss.,

The radiation calculations performed here consider only atomic processes,
that is, those due to transitions involving bound or free states of ions or
atoms, Nonatomic mechanisms, such as cyclotron or synchrotron radiation,
are not treated by the model. All of these radiative processes are discussed
in detail in the literature so will only be described in brief here (Ref 5,

14,15 for example).

Bremsstrahlung. Bremsstrahlung is the radiation which sometimes occurs

with the scattering of a free electron by a heavy charge centev, typically
an lon, Stratton (Ref 15:388) gives the irtensity of bremsstrahlung per
cubic centimeter per second, in a unit frequency interval, due to ny ions/

cmd of effective charge Zy in a plasma with electron temperature T,, in eV,

as:
def

= 1,7x107*0ngn; 28Vxy/Te gegexp[-hv/T,] erg
dv cm (10)

where Xy is the hydrogen lonization potential and Bef is the free-free
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Gaunt factor representing the departure of the quantum-mechanical calcula-
tion from the classical result (the handling of Gaunt factors is discussed
in Section IV).

Converting this to intensity in watts per unit energy range of radia-
tion, and summing over all ionic species, gives:

dp
r « IN( g)z2  watt (11)
p4 eV

where V is the volume of the plasma in cubic centimeters.
]

Recombination Radiation, Recombination radiation is the radiatrion that

sometimes accompanies the capture of a free electron into a bound state of
an ion. The radiation due to recombination to I(z,g) is of energy E. = E,
+ x(z,8), where E, is the kinetic energy of the electron b.:fore capture and
x(z,8) 1s the ionization potential of I(z,g). This radiation is continuous
above x(z,g) and clearly must be zero below X(z,g). Stratton (Ref 15:388)

gives the intensity of radiation per cubic centimeter per second, in a unit

frequency interval, due to recombination into shell n of a hydrogenlike ion

of charge z as:

dP
bf -
— - 1.7x1074% n(2+1,8) VX /T T° (x(2,8)/xy)2
by
« — g, cexp[{x(z,g)-hv"/T ] er 12)
. bf e EE§

where Cn is the number of places in shell n which can be occiupied by the
captured electron and 8ys 15 the bound-free Gaunt factor., Of course, this
expression only applies for frequencies greater than ¥x(z,g)/h. It 1is assumed
here, and generally elsewhere, that this expression is reasonably valid for

other than hydrogenlike ions, although the cross sections are not well known.
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Again, conversion to intensity in watts per unit energy range of radia-

tion and summing over all ions yields:

dpP
bf -
— - 4.11x10733V Ne/{xy/T T g, ¢ HIx(z,8)-E ]
r 5. (2)
. ZN(z+l,g)(x(z,g)/xu)2—3———exp[{x(z,g)-Er}/te] watt  (13)
z n(z) eV
where:

0 ford>0
H(d) = {
1ford=so0

1 ]
Line Radiation. The calculation of line radiation involves consider-

ation of the intensities of the lines on the one hand and of spectral line
shapes on the other. Calculation of the former follows in a very straight-
forward manner from the model for excitation described above. The broaden-
ing of a spectral line, however, is a very complicated function of the inter-
action of the radiating atom or ion with its environment. The main need

for detailed line broadening calculations is not in predicting spectra,
howevei, but in analyzing experimentally obtained spectra to determine
particle densities and temperatures. Consequently, only limited line
broadening calculations are performed in this work,

Under the assumptions discussed above, the rate at which transitions
occur from ions in excited state I(z,p) to their ground state I(z,g) is
equal to the rate at which transitions are occuring in the opposite direc-
tion, This rate is given by Eq. (8) which, when multiplied by the energy
of the transition, gives the total rate at which energy is being radiated
by this transition. The power radiated in the line 1s then:

NeN(z,g)X(z,g,p) [X(Z,g) = X(Z,P)] E_V__ (14)
" sec
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and is, of course, all radiated at the erergy of the transition if there

is no line broadening. In nearly all plasmas, however, there is consid-
erable line broadening, the two major causes of which are the Doppler effect
and the interatomic Stark effect. This broadening does not change the total
power radiated by a given transition, but only causes the radiation to be
emitted over a range of frequencies.

Doppler broadening results from the random motions of the radiating

particles toward or away from the observer. The randomness of the particle

motions leads to a Gaussian line shape which Wiese (Ref 16:268) gives as:

dp, P

—= t exp[-{(} - A°)/AAD}2] watt (15)
ar Vi by A

where Pt is the total power radiated by the line, A° is the unshifted wave-

length, and AAp 1s the Doppler width, given by:

My = (v/e)re R (16)
where:
v = ¢2RT17m (17)

is the most probable velocity of the radiating ions. Here, R is the gas
constant, m the atomic weight, and Ti the ion temperature. Converting
Eq. (15) to intensity in watts per unit energy range of radiation gives:

dPy 6.996x103P

= exp{-{1.24x10% (1/E, ~ 1/E°)/AAD}2] watt (18)

dEr E AAD eV

N

where E° is the unshifted energy of the radiatien, that is, the energy of

the transition.

10
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Unlike Doppler broadening, Stark broadening requires detailed analysis
of the interaction of the radiating ion with the other particles in the
plasma. While this effect is probably large for the densities of interest
here, there is no suitable theory whbich can be readily applied to all tran-
sitions in all ions. It is worth mentioning, however, that Baranger (Ref 2)
glves a detailed discussion of the theory involved in Stark broadening and
Wiese (Ref 16) concerns himself mainly with the use of available data.
Calculations have been made for a number of transitions (Ref 5:445-529),
but tabulated data are generally only available for neutral and singly-
ionized species which are unimportamt here. The exclusion of any Stark
broadening from these calculations affects the line shapes, but, as men-
tioned above, the energy radiated in the lines is generally not changed.

The radiation equations presented above can now be used to calculate
the total intensity resulting from the three processes considered, By
calculating this intensity for a range of radiation energies, the spectrum
is produced from which the total radiative energy loss may be obtained by
integration. The next step, then, is to examine the effect of this energy

loss on the plasma.

Distribution of Energy

One requirement of a theoretical model for a plasma is that it not only
conserve the internal energy of the plasma, but that it describe how that
energy 1s distributed among the various energy modes throughout the plasma.
The present model assumes the plasma energy to exist in the following
forms: potential energy of the ious, thermal energy of the ions, ard
thermal energy of the electrons.

Ionization, Excitation, and Radiation. The potential energy of the

11
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ions refers to the total ionization energy of the plasﬁa, that is, the
amount of energy that has been used in removing the free electrons. This
is given in terms of the ground state ionizaticn poteﬁtigls by:
z-1 | '

E = IN(z,8)}x(,e) (19)

pot i=1 :
Since it is assumed that the populations of excited state$s are small,energy.
which has been used in populating these states 1s not accounted for.i
However, the radiation that results from excitation‘and subsequent radia-
tive decay must certainly be removed from the plasma, so the model sub-

\ ' :

tracts it from the thermal energy of the electrons, since it is primarily

the free electrons which give up energy in the exciting collisions.

Electron-Ion Energy Exchange. The thermal energies of the ions and

electrons are given by the ideal gas law as:
2
and
E, = _g_ NoTe @)

respectively. In the model, it is the energies which are integrated in

time, so Eqs. (20) and (21) are actually useu in the reverse sense to cal-

culate the temperatures at specific times. Since the ior ntial energy
can be readily calculated from the species populationc 9), it is
only uecessary to have expressions for the derivativ. ion and

elactron thermal energies,

The rat. at which the ions and electrons are exchanging thermal energy

may be or cten as:

12
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dE

1.3
—_—=2(Tg = Ty)v (22)
dt 2 el

'
where Vi is the total electron-ion energy exchange rate and is developed

below,

Now, since Ni is constant in time by the requirement of mass conser-

vation, from Eq. (20) one can write:

dEg 3 dTi

 — =2y (23)
dt 2 dt

From the Fokker-Planck equation, Spitzer (Ref 14:135) derives:

= (24)
t
eq

where teq is the temperature equipartition time, due to electron-ion col-

l dt

lisions.' Eq. (23) thus becomes:

dE T, -4
i
‘ , —=3y 21 (25)
dt 2 teq
with
5.87 AgAq
teq'™ — 57— AT /A, + Ty /017 (26)
niZi lnAi

where, here only, T, and T, are in °K. Folding the N; in Eq. (25) into

teqr summing over all ionic species, and converting T, and Ty to eV, gives:
ZNZ(;,g)z2 1nhA,
z

\) =
el

(27)

1.08x10% V(T /A; + T{/A{)°

where in all of these equations, the A's are the atomic weights. Spitzer

(Ref 14:127) also gives the following expression for Az:

13
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-~

Ay = > /3T, + win[1, /4. X10°7T, ] (28)
2ze3
with e=4,803x10"!0%.s,u., k=1.38x10"16erg/°K, and where T, is again in °K,

Removing the constants and allowing for the temperature in eV yields:

10
A, = 22410 /13/n, -« minll, V36.27T, ] {29)

Z

This completes the description of the variables used in Eq. (22).
For the scme reason as was given for line radiation, the loss due to
Bremsstrahlung may be considered to remove energy .rom the electrons only.
v
Recombination radiation, however, removes energy from both the electrons

and the potential energy of the ions. Therefore, in the absence of any

external processes adding energy to the system,

dEg
8 (BgtEpoe) = - Prag - — (30)
dt dt
dEy
vhere Prad is the total radiative power loss and —= is given by Eq.(22),
dt
Rewriting this as:
dE dE dE
i
—%= _py -— -P¢ (31)
dt dt dt

and noting that, by Eq. (19):

dE

z-1
POt .. ZdNéz'g’ 7x(,8) (32)

dt z 3=1
the derivative of the electron thermal energy is easily evaluated,
In summary, the species rate equations and energy enuations described
above constitute a self-consistent model for following in time the varjables
that define the radiation from a metallic plasma, Of course, the simul-

taneous solution of these equations requires a considerable amount of

14
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information which has not yet been discussed, In particular, one must
have some fundamental atomic data abour the pairticulay metallic plasma

of interest. Also, the various rate ccei:icicuts must be available,
preferably through analytic formulae. In th¢ next sectioms, these zopics
will be presented and adjustments will be made 12 the model to account

for some special cases.

15
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III, Corona Model Applied to Aluminum

The equations developed in the previous section to describe the rate
of ionization are generally known as the corona model equations. The
only important difference is the inclusion of three-body recombination
in this work. The difference is a minor one, both in the mechanics of
adding it to the model and in the change it makes in the results. Cer-
tainly, one could proceed from here to apply this model to a specific
problem and material without making any changes. Kolb and McWhirter,
though, point out the necessity of handling meta:table states and low-
lying states in some ions a bit more carefully than they would be treated
in the normal corona model (Ref 7). The only ions requiring modified
treatment here are the heliumlike Al XII ion and the Lithiumlike Al XI

ion. All other ions are described by the equations developed in the

previous section.

Heliumlike Al XTI

For the heliumlike Al XII ion (z=11), a more complete model is used
to describe the ionization and radiation processes. The reason for this
is the existence o the 23S metastable level, Since this level can not
radiatively decay to the ground level very rapidly, a significant popu-
lation could be produced. It might be mentioned that this does not seem
to happen, however. For the combinations of parameters considered in this
work, only about 17 (and at most 10%) of the Al XII ions are in the meta-
stable state,

Since the corona model ignores several processes on the assumption of

small excited-level populations, it is necessary to consider some of these

16
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for the Al XII ion. They are illus-
PN

trated schematically in Fig. 1 and
are numbered there according to the
following scheme:

(1) Collisional ionization from

METASTABLE
the ground level, iy

(2) Collisional-radiative recom-

bination to the ground level. IS GROUND LEVEL

{3) Collisional excitation from

Fig., 1. Schematic representation
the ground level to the 2!P exciteds of the collisional and radiative

processes included in the ioni-
level. zation and radiation models for
the Al XII ion (From Ref 7:522).
(4) Radiative decay of the 2P level.
(5) Radiative decay of the 23S metastable level via the 23P level.
(6) Collisional excitation of the 23S level.
(7) Collisional deexcitation of the 23S level.
(8) Collisional ionization of the 23S level.
(9) Collisional-radiative recombination to the 23S level.
(10) Collisional excitation of the 23P level from the 23S metastable
level, .
(11) Radiative decay of the 23P level to the 235 level.
To account for these processes, the population of the metastable 235 level
is explicitly calculated in time, just as the ground states of other ions
are. The 2!P level is handled the same as excited levels in other ions,
that 1s, under the assumption of small level population. Lastly, the 23P
level is assumed to have approximately the same population as the 23S level.

The rate equations which result from the inclusion of the above are

glven here for the ground state, I(ll,g), and the metastable state, I(11,m).

17
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They are: ' |
an(ii,g) : ’ .
———— = N(10,)N_S(10,g) :
at - \ 1
' !
- N(11,8)N,[S(11,g)+X(11,g,m)+a(11,8)]
+ N(ll,m)[A(11,23P,g)+NeY(ll,m,g)f
+ N(12,g)N o (12,8) (33)
and
dN(11,m)
———— = N(12,8)N 0(12,m)
dt . v
+ N(11,g)NX(11,g,m) |
- N(11,m)[A(11,2°P,g)+N {Y(11,m,g)+5(11,m)}] (34)

Because the metastable state is cons;dered to be interacting with the
ground state of the Al XIII ilon (2=12), thé rate equation for that ion
must also be changed from that given by Eq. (9). The equatlion then

* )
becomes:

dN(12,8)
———— = N(11,g)N S(11,g8)

dt

+ N(ll,m)NeS(ll,m)

- N(12,g)N_[5(12,8)+a(12,8)Ha(12,m)]

+ N(13,8)N_a(13,8)

i

(35)

The singling out of the heliumlike icn for more detailed treatment is

possibly of questionable value, Increasing the accdracy of an isolated

segment of a model seldom leads to the same increase in the accuracy

18
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of the entire model. In'this\instance, however, it happens that this
particular ion is nearly always the mostlhighly‘populafed ion in calcu-
lations for plasmas of interest in X ray production, Because of'thi§
fact, the more sophisticated model appears‘éo be justified, |

Lithiumlike Al XI

In the lithiumlike Al XI ion '(2=10), the 2P level has ‘an éxcitation
potehtial‘of only 22.3 eV above the 25 ground level, This is much lower
than the ionization poténtiai of this species which is 2C85.5 eV, Because

this first-excited, level is so low 1§ing,'the Al XI ion is likely to be a

ver§ efficient radiator. Also, step-wise excitation, in which an icn

undergoes andther exciting collision before radiatively decaying, is rel-

atively more important here than in other ionic species. To account for

some of these proEesses, the model is modified somewhat, although notably

less than for the Al XII ion.

! !
Because the radiative lifetimc of the 2P state is short, it is assumed
that the population of the 2P iev:. is given by the steady-state value,
This 13 defined by the processes which affect this level. They are:

i ¢

e + I(10,g) <« - I(10,2P) +e (36)

and

1(10,2P) -+ 1(10,g) + photon (37)
The rate equation for the population of the 2P level is then:

dN(10, 2P) .
—_— = Ne[N(lo,g)X(lO,g,2P)—N(lO;ZP)Y(lO,ZP,g)]
dc

- N(10,2P)A(10,2P,g) (38)

19
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For the steady-state value, the left side of Eq. (38) is zero and:

N(10,2P) K ,X(10,8,2P)

= (39)
N(10,g8)  N¥(10,2P,g) + A(10,2P,g)

i1s the ratio of the 2P excited level population to the ground level
population.

For purposes of solving the ionization rate equations, it is assumed
that all of the ions are in the ground state, The error introduced by
this should be negligible because of the small excitation potential, even
if the 2P level is fairly highly populated. Only in calculating the line
radiation from tae ion is it necessary to separate the population of the
2P state from that of the ground state.

The Al XI ion is considered to have five energy levels (four excited
levels and the ground level) which give rise to the emission of four
spectral lines, The transitions inciuded in the model are listed in
Appendix A, along with the remainder of the atomic data used bel: ; for

aluminqm.

20
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IV. TORCH: A Time-Dependent Corona Model Computer Code

In this section, the method used to apply the model discussed above
is presented. The computer code resulting from this work has been des-
ignated TORCH and is listed in Appendix B. Although the model must ob-
viously be used as a whole, it is convenient to separate the integration

of the rate equations from the consideration of the energy equationms.

Integration of the Rate Equations

The integration of the rate equations is certainly a very straight-
forward process. The equations are'coupled through the ionic species
populations, but there are very adequate standard programs available to
handle this, Some attention must be given to the conservation of heavy
particles (ions and atoms) as well as the calculation of the number of
electrons, but these are at most minor problems. The major difficulty

arises in choosing the atomic rate coefficients,

Rate Coefficients., The rate coefficients used here are those used

by Kolb and McWhirter (Ref 7:524). The exact choice of which coefficients
to use 1s made somewhat arbitrarily due to the lack of any good comparison
between experiment and theory in this area. Throughout the literature,
Seaton's (Ref 13:374) ionization and excitation cross sections are gener-
ally accepted, and are the basis of the coefficients used here. All of
these coefficients have reportedly been adjusted to give the best agreement
with measured data or other theoretical calculations. The uncertainties
in these expressions will be discussed in Section V,

The jonization coefficient is the result of integrating the expression
given by Seaton for the excitation cross :>ction of an ion, over a Maxwel-

lian electron velocity distribution. The analytical expression this gives
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is the following:

S(z,p) = _L:64107° ouply(z,p)/T,] sect) (40)

x(z,p) VT V
This equation neglects the detailed behavior of the ionization cross sec-
tion near the threshold, so the dependence on the temperature is probably
not very accurate,
The formula used for the recombination coefficient includes the con-
tributions of both radiative and three-body recombination. The radiative
portion is due to Seaton and the three-body coefficient is that used by

Bristow, et al. (Ref 4), The total'coefficient used here is:

-1y
a(z,p) = 3:21077"2 R | 4ogt Spnre.469/VR]
v
1.4x10731N R? .
+ exp[R] sec” (41)
V 26

where

R = x(z-1,p)/T, (42)

This expression was obtained specifically for recombination of an eleétron
with an fon to form a hydrogenlike ion, but is used here for all ions as
is generally done elsewhere. The first term is the coefficient for radiative
recombiration and the second is the collisional term.

The same expression which was used to give the ionization coefficient
has been used to derive a value for the excitation coefficient. If f£(z,8,p)

1s the absorption oscillator strength of the transition, the excitation

coefficient is:

-6 -
X(z,g,p) = 6.0¥10 °f(z,8,p) exp[-Xo(z,8,P)/Te] sec™! (43)
Xe(z,8,P)
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where

Xe(2,8,P) = x(z,8) - x(z,p) (44)

is the excitation potential of level p above the ground level.

The deexcitation coefficienrt is obvained by the principle of detailed

balance of inverse processes and is:
¥(z,p,8) = 28 X(z,g,p) expl xo(z,8,p)/T,] sec-] 45)
w(p)
where the w's are the statistical weights of the levels.

For those lines which did not have transition probabilities available

in the literature, the following formula was used (Ref 7:525):
A8 = 4IRS (g, odegp)  sec”) (46)

This completes the coefficients required to integrate the ionization

equations.

Conservation of Ions. If the coefficients were all perfect, or their
errors were properly correlated, the number of heavy particles would be
constant in the absence of any external effect acting on the plasma to
change this number, Because of the cumulative nature of this lack of
particle conservation, substantial numbers of ions can be created or
destroyed simply due to error in the coefficients. TORCH prevents this

as follows, If the rate equations are written as:

dN(z,g)

= JB(z,3)N(,8) (47)
dt ]

then the total number of ions, ZN(z,g), will remain constant if it is
z

required that ZB(z,j) = 0 for all j. TORCH does this by defining the
Z
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diagonal of the B matrix by:

B(3,2) = -1B(K,3) for all j (48)
k#J

If the ions are conserved in this manner, a consistent number of

electrons may be :alculated simply as:

N, = ;N(z,g)z (49)

DFEQ: A Differential Equation Solver. To integrate the ionizaticn

equations, as well as the necessary energy equations, a subreoutine called
DFEQ was obtained from the Computer'Science Center at Wright-Patterson
AFB, Ohio, The routine was written by P.J. Nikolai and has two entry
points, SET and STEP., SET is called once with the initial conditions,

in order to define various control variables and begin the integrationm.
STEP is then called each time another step is to be integrated, STEP
integrates three steps using a classical Runge-Kutta method, For the

initial value prohlem:
dy _ =
Foll f(x,y) with  y(xg) = yg (50)

the method gives:

y(xth) = y(x) +% [k, + 2k, + 2k, + K, ] (51)
where
k, = £l x, yx ]
k, = f[ x+ ;., y(x) + %kl ] (52)
. h h
Ry = f[ x+ 5 y(x) + Ykz ]

k, = f[x~-

—
-

y ¥(x) + hky ]

24
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The fifth and succeeding points are determined by a four point Adams-
Bashforth - Adams-Moulton predictor-corrector method. The predicted

value is given by:

v, = yGm) + 2o (s8] 5| 4ar ) 3

24 dx |3h dx |2h dx lh IO

and the corrected value by:

h dy dy
4h) = 3h) + — |9 — +19—
¥ (4h) y(3n) + - ( y

s sy (e
X |4h dx |3n dx h

oh dx
The variable step size is then adjusted depending on the relative error,

ERR, which is determined by: !

BRR = max (lyo g - ypi(x)|/14 max[XSIG,y 4 (x)]) (55)

where XSIG is some specified fraction of the total number of particles,
The effect of this parameter is to ignore the error introduced in species
with very small populations. In a typical calculation, Ny is about 1017
and XSIG is set at 102. Running the same problem with XSIG set to unity
(as in the original DFEQ) makes no noticeable difference in the populations
of the more highly populated ions, but significantly reduces the run time.
Another modification i1s made to DFEQ to help maintain physical reality
and also to decrease the numerical noise. This change prohibits the ionic
species populations from being negative, Again, the overall effect is not
detrimental to the results for the more populous species, but does help
to avoid large oscillc-ions about zero in the populations of the ions which
are not very highly populated. Besides the species equations, DFEQ is used
to integrate the electron and ion thermal energies as described above,
Also, the power radiated in each energy range of interest is integrated

in time to give the total energy radiated in that range.
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Energy Equations

The radiation and temperature equations haQe all been presented above.
TORCH goes a bit beyond these equations in some cases, either for the sake
of speed, accuracy, or experiment. An example of the latter is in the use
of Gaunt factors to make classical radiation qalculaéions agree with ‘the
quantum-mechanical results, \ '

1

Radiation Calculations. Karzas and Latter (Ref 6) give a great .deal

of graphical and tabular data for free-free and bound--free Gaunt factors.
Some of this data has been put into more useable.form for inclusioﬁ in
TORCH. The graphical data for température-averaged free-free Gaunt factors
are given in Appendix C in a form suitable for use with a two;dimensional
table look-up routine., Also in Appendix C are the results of integrating
the bound-free Gaunt factors over a Maxwellian electron energy distribution,
to give averaged factors for recombination intc anv of 'the first four
shells., These results are also suitable for use wifh a table l;ok—up
routine. In general, the free-free Gaunt factors exhibit a greater range
of values than do the bound-free Gaunt factors. Tﬂe use of the free-free
Gaunt factors, however, made no detectable difference in the overall re-
sults., Consequently, bound-free Gaunt factors were simply set equal to
unity for all calculations,

In an attempt to appvoximate the effect of optical thickness on the
radiation, the spectrum is at all energies\limited to that of a blackbody
with the same temperature and surface area as the plasma, At every radi-~
ation energy, the computed intensity is compared to the intensity of a

blackbody which is given by Reif as (Ref 12:388):

dPy, ho? .
= (exp[hw/kT] - l) joule (56)
dw 4n2cl m?
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Converting this to intensity in watts per unit energy range of radiation
giﬁes:

. dP,, 2nAE§
: = 5 (exp[Er/Te] - 1)'1 watt (57)

+ dE ; c?h eV
r

where A is the surface area of the plasma n r‘, If the radiation inten-
sity exceeds this blackbody limit, the intensity is equated to that of
the blaékbody’and TORCH proceeds to calculate the radiation at the next
energy. A
It should be stated that any time this procedure substantially changes
the radiation spectrum, a éreat dea} of uncertainty is added to the results.
| ~Indeed, such a situation probably indicates that the particular plasma under
| consideratidn is not adequately described by the optically thin corona model,
As will be shown by the results obtained in Section VI, only under conditions
Iof high number density and relatively low temperature does this occur. For
higher-temperature plasmas, even though the density may be very high, the
assunption of optical thinness appears to be justified by the results
3 obtained.
Aft;r the specirum is developed by adding the intensities due to line
radiation, recombination radiation, and bremsstrahlung, it is necessary
1 to obtain the tot;1 power loss by integrating across the spectrum. TORCH
does a very simple trapezoidal rule integration. To save time, however,
: ‘the radiation energies at ‘the high end of the spectrum (>3KeV) are spaced
very far apart since there is usually little radiation at these energies,
This creates problems in integrating past the last energy with nonzero
intensity. Consequently, the assumption is made that since there are no

lines present at these energies, the continuum radiation is given by:
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P
S—- = I°exp[ - (Er-E°)/Te] watt (58)

dEr eV

where I° is the last nonzero intensity and occurs at energy E°, The total

power radiated at energies greater than E° is then given by :

= I° - (E_~E°)/T_]JE
P , exp[ - (E~E°)/TJJE. watt (59)

1~ 8

which results in
P = I°Te watt (60)

TORCH simply stops the numerical insegration with E° and adds the factor
I°Te to complete the total radiative power loss.

Finally, TORCH computes, and continually updates, the time integrated
spectrum, At each time, the time resolved spectrum is multiplied by the
time step length, thus assuming the spectrum to be constant over a step
length, This 1s certainly a crude approximation, but the time steps are
usually very short and, more importantly, this spectrum is only used for
graphical display where the resolution is probably more limiting than the
error introduced here,

Temperature Calculations. In order to increase the utility of the code,

TORCH has the capability of adding energy to the electrons, ions, or both
at arbitrary power levels for arbitrary times, It 1is accomplished by simply

changing Eq. (22) to read:

dEi 3
= = (Te = Tq)vey *+ P, (61)

dt 2

where Pi 1S power input to the ions from an external source, in eV/sec.

Equation (31) must be similarly modified so that:
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dEe ( dEi ) dEPot
3 -—— = =P -{— -P - + P (62)
rad
; dt de 1 dt €
E
§
3 where Pe is analogous to Py.
1 A feature added to TORCH to speed up the code is the capability to

change to a one-temperature mcdel under some circumstances. If the two

temperatures satisfy the condition:
|t, - 7;| < .01 min[T,,T,,100] (63)

and there are nc external energy sources, it 1s assumed that the temper-

]
atures are equal and no net flow of energy is occuring between the electrons
and the lons, Under these conditions, it is reasonable to expect that the
electron and ion temperatures are changing at the same rate. Thus, there

are two equations to be satisfied:

dT, dTy
—_ = (64)
dt dt
and
d(Ee+Ei+Epot)
= - Prad (65)
dt
Upon substituting for the temperatures in Eq. (64), one finds:
dEg Ny dEg  NyEo dN,
_ = -— (66)
dt Ne dt Ng dt
Equation (65) then becomes:
dE, Ne NyE; dNg jEpot
— = (-p__ .+ - ) (67)
rad 2
dt Ny N2 dt dt
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and these two equations are the ones used in TORCH under the conditions
specified. Ouce again, this feature does not alter the results appreci-
ably, but does allow DFEQ to take larger time steps, thus shortening the
run time,

Finally, it might be pointed out that nowhere in TORCH is the total
plasma energy explicitly conserved. The reason for this is that it was
discovered that such a constraint tends to introduce numerical noise into
the results, The approach used in TORCH is to iuntegrate the total energy
in time and compare it to the sum of its parts throughout the run. The
difference between the two has nevet been within ten orders of magnitude
of the total energy, so obviously, energy conservation is handled by the

code implicitly to an adequate degree,
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V. Validity Requirements

A very important aspect of this work is the ability to quantitatively
discuss criteriz which must be met in order to be within the area where
reasonable results may be expected. The limits of this area arise pri-
marily from two sources. The first of these is the set of processes which
constitute the corona model as discussed in Section II, The second is the
computer code TORCH, in that the rate coefficients used can only be expected

to give good results within certain temperature ranges.

Requirements of the Corona Model

The question of radiative versus three-body recombination is not too
important here since both processes have been included in the model. Bates,
Kingston, and McWhirter (Ref 3:307-310) have performed ex*easive calcula-
tions of the recombination coefficient for the formation hydrogenlike
ions. The results are in terms of theilr reduced values of v e electron

temperature and aumber density, defined as:

0 = Te/z2 °K and n = ne/z7 cm™3 (68)

By comparing their collisional-radiative recombination coefficient (their
table 6.4) for different values of n with the value for the 1limit as n
approaches zero, a pattern is observed. As O increases, n must be ever
larger to cause the same percentage increase in the recombination coef-
ficient over the value as n approaches zero. This illustrates that higher
electron densities are needed to cause significant three-body recombination
at higher temperatures. Picking the value c¢f n at which the coe.ficient

L/

has increased by about 207%, the following expression fits the points
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reasonably weil,

- 102tos,[20/10%] -

.

n (69)

For z = 13 at 1 KeV (1." «<10* %), this says that thé maximum n, to cause

less than a 20% contricution fro: the collisionai process is aboug ].251022
cm™3,

} It is more instructive, however, to look at tﬁe populatiph levels

f predicted by the steady-state corona model eéuations:‘ !

LRy

N(z,8)/N(z+1,g) = a(z+i,8)/S(z,8) (70)

* i
Figure 2 shows the populations, normalized to unity, versus the total

plasma energy per ion. The inclusion of three-body recombination makes

S uaaa N escilcaia bl s ol

almost no difference for temperatures above about 100 eV, but the same
is not true for lower temperatures.
McWhirter (Ref 10:205-206) givés a criterion for determining how low

the electron density can be before radiaFive decay will cause 10% of the'

R

transitions of an excited state to the ground state. Changing his expression

to give the reverse information results in:

e -
% i
3 If this is satisfied, less than 10%Z of the transitions will be due to

ng < 1.6x1010 /T x(z,p,g)  cm”3 (71)

collisional deexcitation, This must be evaluated for every tramsition
under consideration to determine whether or not radiative decay does
indeed dominate. For example, with n, = 1021em™3 and Te = 1KeV, only
transitions with excitation energies below about 1,2 KeV will have more

than 107% of the transitions be collisional.
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By looking at the coefficients used in TORCH, for almost all conditions
of interest the transitions above 1 KeV are dominated by radiative decay.
This being the case, neglecting collisional deexcitation can only make the
results pessimistic as far as X ray production is concerned. By neglecting
the collisional process, the low energy lines will have their intensities
overestimated, thus leading to a colder plasma with less X radiation.

The assumption that ions are mainly found in the ground state is admit-
tedly bad., However, the same comments as were made for the previous question
apply here also. That is, as long as the excitation potential is somewhat
greater than the mean thermal energy of the plasma, the assumption is good.
For the lower-energy transitions, this is severely violated, but the result
should be a tendency to overestimate low-energy radiation and coasequently
underestimate the X radiation.

This, of course, does depend on the premise that the excited levels
attain steady-state populations in times much shorter than other times of
interest in the plasma., McWhirter (Ref 10:216) concludes that tine atomic

relaxation time for a ccrona model plasma is given, to an order of magni-

tude, by:

T = 101%/n, sec (72)

By comparing this with the inverse of the spontaneous radiative transition
probabilities, one finds that even for n, as great as lOZlcm‘3, only a
very few transitions have lifetimes within an order of magnitude of T.

Even the low energy transitions have lifetimes which are in the range

of <10~10 gec.
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Requirements of TORCH

For all of the atomic coefficients presented in Section IV, the

accepted range of validity is about .1 <{Te/x}< 10. While this appears

to be somewhat restrictive for aluminum, for example, which has ionization

coefficients from about 6 eV to 2.3 KeV, it actually is not. If some ions

have populations five or ten orders of magnitude below the total number

il

density, it does not matter if the rate coefficients are not valid for

those jons at that particular moment,

For the more highly populated ions,{Te/z}i .5, almost always. Even

Lo e bbb iy A b

allowing for the time-dependence of the ionization, the temperature require-

ments should generally be met. In any event, it is doubtful how accurate

o 200 i Fue

the coefficients are - even in the specified range. Both the ionization

SR

and deexcitation coefficients are claimed to agree with the Coulomb-Born

TRy s

approximation to within a factor of three to ten. The recombination

coefficient is probably good to within 50% for hydrogenlike ions, but
a factor of five is probably the best that can be expected in using it

for other ions.
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VI. Results

There are three different problems to which TORCH has already been
applied. All are experiments oriented toward the production of soft X rays

from metallic plasmas, but they diffexr in the manner-through-wiieh-erergy——-—=

is deposited in the plasma, While it is not the purpose of this work to

analyze the experiments, brief descriptions of their natures are included
here. Although no detailed attempt has yet been made tc compare any of
these results with experimental data, in the SHIVA experiment the calcu-
lations have been used to guide the diagnosticians by providing them with
detailed expected radiation spectra. Because TORCH contains no hydrody-
namics, it was necessary to approximate the actual experimental plasmas
by using appropriate constant-volume configurations. This may well be
where the greatest uncertainty lies in these results, but since the cal-
culations only extend over times on the order of temns of nanoseconds, an

approximation of no hydrodynamic expansion may bz very reasonable,

] SHIVA Project
The first problem examined was the SHIVA project. This is an exper-
iment in which a thin (=.5u), cylindrical, aluminum foil is used to join

s two electrodes that are attached to a high-energy capacitor bank, When

T

the bank is discharged, the current flows longitudinally through the foil
cylinder creating azimuthal magnetic fields. The 3 x E force points ra-
dially inward, causing the cylinder to collapse. Hydrodynamic calculations
indicate that immediately before the plasma collides with itself, it has

250 KJ of kinetic energy and is at a temperature of 30 eV, TORCH computes

the steady-state species populations based on the 30 eV temperature and
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assumes that at the time of total collapse (t=0), all of the kinetic energy
is converted to ion thermal energy. This results in an ion temperature of
5.53 KeV while the electron temperature is still 30 eV,

The hydrodynamic calculations also indicate that the 3 x ﬁ force is
sufficient to yield a diameter of =1 cm for the cylindrical plasma which
has a length of 1 cm - the separation of the electrodes. Since Ny is
1.89x1020, ny becomes 2.4x10%2%m=3, Table I gives a breakdown of the
radiation output, and Fig. 3 illustrates selected spectra computed by
TORCH as well as a temperature vs, time plot,

It is interesting to note the short time (=.l nsec) necessary for
the electron and ion temperatures to become equal in this instance. This
typifies many of the calculations made but not included here, although,
as expected, this time lengthens appreciably as the density is lowered.

A somewhat disturbing aspect of the results for this problem is the fact
that at later times, when the temperature has fallen to about 100 eV, the
spectrum is severely limited by the »lackbody curve, This would seem to
indicate that the plasma is not optically thin under these conditions and

requires a more complete model to describe it properly.

Laser-Heating Experiment

TR

The second problem illustrates the capability of heating the electrons
with some external source of power. A number of experiments are currently

underway to heat plasmas with medium-to-high-powered lasers, The config-

urations range from focusing the laser on a solid target, such as a metal
foil, to the heating of a plasma formed by some other means. While it is

beyond the scope of this work to discuss the details of the absorption

mechanisms, the wmost commonly assumed one appears to be that of inverse
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bremsstrahlung. This being the case, and for 1.06 u light, an electron
density of about 102lem™3 is desired to provide optimum absorption (Ref 8:4).

The problem begins with the temperatures at 10 eV and a spherical plasma
of radius 107%cm. For n; equal to 102%cm™3, there are 4.19x10!"* total ioms.
At time zero, TORCH begins inputting a square power pulse so that 50 joules
of energy are added to the electrons in 30 nanoseconds. After the pulse
has been applied for about 1 nsec., the temperature has increased to the
point (=500 eV) that the radiative power loss just balances the input power
s0 that the temperature remains constant. After 30 nsec.,, the pulse 1is
switched off. Table II presents the radiation output data and Fig., 4
contains some of the calculated spectra and a temperature plot,

There are a number of comments which can be made concerning this cal-
culation. First, there seems to be no problem with violating the optical
thinness assumption., The results, however, indicate extremely high effic~
iency of conversion of the laser energy to X rays. The optimism of these
results probably comes from two sources - the lack of accounting for the
energy required for hydrodynamic expansion and the assumption that all of

the incident energy is absorbed by the plasma,

Impurity Radiation

The importance of impurity radiation as a source of plasma cooling has
long been known to individuvals engaged in controlled fusion research. This
effect likely occurs in nearly any laboratory plasma, although the resuvits
may very often be unimportant. In the operation of the dense plasma focus,
researchers have had to account for the radiation due to impurities in the
plasma, particularly those resulting from degradation of the walls of the

device., More recently, metal targets have been used in attempts to enhance
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the radiation production from these machines. Although copper or tungsten

: 3 are commonly used, the same types of effects ars to be expected as are ob-
f~‘ 3 tained in the aluminum calculations performed here., The parameter; chosen
‘ for the plasma are once again based on hydrodynamic considerat'ions and seem
to be reasonably descriptive of what actually occurs. |

The problem considers a spherical plasma of volume 10%2cm3, 'There are
a total of 1017 ions, of which 5% are aluminum and the rest are deuterium,
?; ‘ Initially, the temperatures are both 100 eV, but'50 joules of energy are
added to the ions at time zero, raising the ion temperature to 2,18 Kev,
It is assumed that the deuterium is alwéys f;lly ionized which 1is certainly
; 3 very reasonable since the electron temperature is never lower than the in-
; f itial 100 eV, The main effect of the deuterium, then, is its contribution |
R to the bremsstrahlung, although it is also important in electron-ion energy
| exchange.

ko Table III and Fig. 5 present the usual output data, and they indicate

that fairly high coaversion efficiences might be obtained.

>,
e
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Total input = 2,7x10% Joules

Table 1

SHIVA Radiation Cutput

Spectral Output Output Output
Range (KeV) (Joules) as 7 of Input as % of Output
<.5 7.81x10" 28.5 44,13

.5-1.0 7.15x104 26.1 40,45
1.0-1.4 6.20x103 2.26 3.5
1.4-1.8 7.00x103 2.56 3.96

-1.8 1.41x10% 5.15 7.96

Total 1.77x10% 64.57 100.00

Table II
Laser-Heating Radiation OQutput
Total input = 50 Joules
Spectral Output Output Output
Range (KeV) (Joules) as % of Input as % of Output

<.5 11.68 23.36 23.4
'.5-1.0 42 .84 .85
1.0-1.4 .12 .24 .25
1.4-1.8 21,64 43.28 43,5

>1.8 15.93 31.96 32,

Total 49.97 99,58 100.00

Table III
Impurity Radiation Output
. Total input = 57.6 Joules
Spectral Output Output Output
Range (KeV) (Joules) as % of Input as % of Output

<.5 11.34 19.73 41.3

.5-1.0 .07 A2 27
1.0-1.4 .03 .05 .13
1.4-1.8 12.63 21.97 46.1

>1.8 3.35 5.84 12.2

Total 27.42 47.71 100.00
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N T O WA

3 VII. Conclusions and Recommendations

Thelr are very few definite conclusions which can be made at this
time. An obvious need exists for a code such as TORCH which can be used
to guide the experiwentalist toward the optimum parameters to use in the
laboratory. Hopefully, closer ties between the theorist and the experi-
mentalist can lead to significant advances in the field of X ray produc-
tion.

While there do not appear to be any major discrepancies in the results

of the corona model, in general, and TORCH, in particular, there is cer-

o

tainly a great deal of work which remains to be completed. There are two
main directions which can be taken, One is to stop building on TORCH and
1 attempt a detailed comparison of experimental and theoretical data. The
other is to continue modifying the code to eliminate some of the less
justifiable assumptions. The latter is probably preferable in the long
run, but will definitely require the coupling of TORCH to a new or exist-
ing hydrodynawics che in order to provide flexibility of application.
One of the first changes should be the replacement of the blackbody
radiation limit with a more realistic, albeit more complex, method of
accounting for optical thickness in the plasma., Also, improvement could
very well result from the addition of more excited states in the highly
charged ions as they are usually the most populated species, Stark broad-
ening may also be an interesting effect to include - particularly since a
significant amount of the radiated energy often results from the bound-

bound transitions that occur.
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Appendix A

Atomic Data
The transitions used are due to Allen and are the transitions from the
configuration that includes the ground level to the nearest configuration
of opposite parity that leads to single electron jump transitions without
change of multiplicity (Ref 1:50). The values for A,; and fj) are irom

Weise, et al. (Ref 17).

Table IV
Ion Transition X4 Xk Apg fiy
(x10%sec™?) 1
1 3p - 4s 5.984 2.984 1.47 .115
i1 3s2-3s3p 18.82 11.82 14.6 1.84
III 3s - 3p 28,44 21.44 5.64 .875
v 2p5-2p°3s 119.96 42,96 170. .2
v 2p5-2s2pb 153.77 109.77 320. 12
VI 2p*-2s2p5 199.42 150.42 140, .21
Vil 2p3-2s2p" 241.93 206.93 41, .24
VIIL 2p2-2s2p3 285,13 253,13 350. .11
IX 2p -2s2p? 330.1 298.1 160. .2
X 252-2s2p 398.5 361.5 57. .287
X1 2s - 2p 441,9 419.9 8.35 .116
2s - 3p 441,9 186.9 3140. .330
2p - 3s 419.9 189.9 o, .02
Zp - 3d 419.9 184.9 9suu., 672
X1I 1ls-2lp 2085.5 485.5 2.78x10° .752
11s-23F 2085.5 505.5 96, 10-5
23s-23p 595.5 505.5 910. .1
XIII 1s - 2p 2299, 579. 2.1x106 .55
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§< 3 Appendix B ’

£ Listing of TORCH !

S ' a ' .
.j ~ A listing of the computer code TORCH follows. The program is set up
; i to execute on the Air Force Weapons Laboratory CDC 6600 ‘computer. The

f N‘j; only difficulties which might be encountered in running on another machine
?' ? should be the references to some of the library plot routines.,

I ! .

;3

- .
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APEA=SUFFACT 0F BLASHMA ~o TN Me¥2
PART=TQTAL "L™S=K CF ICHS ANC BTCHS
ALEFAC=FRAACTION CF IGMS WHICH ASZ ALUNMINUM
ANA=ALMEBER OF ALUMINUM ICAS AN ATCVS

NCTE =- AN-z3{FZAC®cART :

NOTE -= THE MCA=ALUMIMUM ICNS 2RS CCASICESFN IC EF QELTERILK

L RN Syt

£

ced {rof
Reprofatat)

TEATOET?

SaX Ay

L
¥ q
L q
L 2 L)
. »
L »
L L)
L »
L ] 3
» »
L J L)
L L]
] »
L 4 »
¥ L}
L 4
*  INITIAL CONCITIONS,,, »
: ¢ TIN=ILITIZL TEYSESATUPE LSED TC CALCULATE INITIAL SEECTES FCFUL BTICNS ’
s -- IN FV ' ¥
. ENEFGISFALFAY T FZ AFDER TC ICAS == IN UCULES ’
» ENFRGE=ENERGY TC ©°F APCEN TC ELECTRCHS == IN JCULES v
#  NQTE == ENERCI ANT ZMEOGE ARE ACCED A7 TIME=C BUT AFTER CALCULATIBF THE v
* INITIAL SPFCIES PGPULOTIGNS .
¥ L)
¥ )
L ] ]
& L 2
L »
8 ¥
» ¥
L .
L4 ¥
L L
L 3
» L
* L}

CONTRCL VARTATLES, ., ' )
KENT=NIIMFER GF STCFS FETWEEN ERINTING PCINTS
NOFTEA=NUMESE CF CALLS TO SUSFOLTINEZ F BSTWEEN FAQIATICM CALCULATICNS,
F IS COLLTN ABCUT TWIFE PTR CTZIF, .
NFT=KULMEES gF 'SCINTS TO L PEINTSC
MCTE == (2*KETNTANFTI/LOFTEN IS THE NLMEED OF RANTATICN CALCULATICMS
FEFFORNFT, THE RATE IS AGCLT 27 SACIATIEN CALCULATICANS PES CFU MINLTE,
NN= 2 MEARNS RCAC -IN TMITIAL SPECIZS PCOLLATICNS
1 MEANS STCF
2 MFANS CALCULATE INITIAL SF I S FPRULATICNS

".!"0!.'!!!!!lll“!.'lllt;!!viiti!'!ll'l“!‘Ci!l'&!l"lbll!l'!.!'i.l‘tl'l&!ll
\ . COMMQN/OLKEI/T™, 7T, xr(*u 5)
! cevrCh /Clk*/FC‘r(i),. :EN
‘ COMVOL /RLKR/PPrT(14), "‘.an.rcrch !
3 . COVMCN/ELKE/CU(Z2) " L. »<EM1,CLALOY
COFMMCN/ELKT/ZRINT (L | *,OnLIN(17,4),Y022E,Y14C
COMMOR/BLKF/NNSE
‘ COMMCH/TLKE " (13,5,2)
3 COMMCM/ELRY , N °L0l91f) “‘(fua) SEFC(240,2),V0L,2%5A
. COMMCR /=L L1/ CCUNT, NCFTEN
3 ¢ CCPY """ 17/9%X,BL"TAC
g . nIM 0 v(Z™)
' DIM «° M FLLI(ZLIP),FL2(Z1 ), ,FT(L2E)
ODIMLEWHICN FLICCLT)
. CIMENSTCN T7EL (WM ), TIFL(LII)XFLILTL) -,
. DIFENSICN TR (L™ 4) 4 IFE (L")
EGUIVALENCS (BLL1) PT(4),SFIC(1,41))
LCGICAL w(ro A7cE
] EXTFRNAL F
S voL=
AREA=
PART=
, ALFRAC=
ANT=ALFELC*336T
TIN=
ENERGF=
FNFEGI=
KPQAT:
NNFTEN:
NPTz
NPLT=z2 "
hD-c J
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GEP/PH/72-1

CCC NNSP=,TFUE,

€9

€60d

€9

96

169

111

urco

NPIr=4
NFIC=NFT/LFETL

NOCSF=.FALSt,
MCOUNT=NCFTIA
IF(NCSEY fC T0 £0
CALL FLCTIN (. ag e syly™y7)
CALL FLCT(I Ga9ilySL)
CONTINIE
ENEFLC(3) =1

no € 1=1,2"¢
ENSFLC(T421)=ENCCLC(TI+CET)
FNMY=ENFFLCINFLT)
PPINT 9

PRINT 12,€1°FLE

DG 1Ci) I=4,1%
TFC(TalZel3) ENLTN(T1) =l ES(XI(TI 1) ~YI (I,
Y(Iy=-
ENLINCGLI1,2) =2 3S(¥YTM24,1)=-XT(31,4)Y
EMLIN(LIL,3)=80S(XT(211,2)=-XT(11,7))
FALTN (A4, =82S IXT(21.2)=-X1(11,5))
ENLIN(12,2)=A7S(XI(22423)=XT(12,7))
ENLIN(2Z2,30=A3(¥T(12,1)=X1{12,4))
ENLIN(L2,4)=89S(XI(12,2)=-XT(12,2))
EMERC=C,

REAM 14kN

FCRMAT(IT)

TF(MNGLELD) G TO LX°

IF(MNGECLL) GG TC 7777

TE=TIMN

Y(IR)=S (7,170 0 (14,1)
Y(14)Y=S(12,1) 70L0K(13,4)
PAT=1.4Y (L) ¥ (1,4Y(15))

Y{i3)="

nn ec r=z,12

J=14-1

Y(J)=S{J=1,4i) 7PLFR (U, 1)
RAT=1.+Y (0 )*R4T

Y(1)=AN" /52T

00 26 I=2,12

Y(I)=Y(T)¥Y(I=-1)

YL =Y (1) *y (12)

YIE) =Y (§1¢)*Y (1)

X=9

0 10 1t

CONTINUE

REBT 7,¥,1E4T1,Y

CONTINUE

N=2?¢

FCT(1)=¥1(1,1)

TOTFOT="

ANz

00 4203 J=2415

ARNSAN+Y (J)

IF(Jel™0l1) EQTIN=FINT(J=1) ¥ (Jy 1)
IFGJ.EN, 22y SCT(LIT)=FOT (i) 4T (te, )
IFCJeEN L3 FAT(LIZ) =R T (23) =X 122,2)
IFGJetfolbl) FCTHLWI=FENT (4 ) e[ (27,1)
TJOTRECT=TCTFNT+Y(J)*FOT (J-1)

CONTTINUT

ANzON+Y (1)

ANZAN/ZALCSED

CALL ELFror(X,Y,15)

IF{MJLELL)Y 77 70 J¢Q

CCC CALCULAT: Sre3CY/ICN TH FU.ea0 MASS TN KG

ENERI=1,5%T7N
TI=2./77.%°0751

CCC NOMW GEY FrIS(Y CF ICNS TMh EV

ENERT =1 C¥INSTT4ONTEQT /L, F" 2310

FAUSTS SYPASS OF ALL FACTIATICN CALCULATICNS

CALCOMF
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Y(2?)=FNeR]

CCC NEXT «so ELECTREAN FATRRY
ENERPE =] G*ENPTC+ENEFGE/1,€02E-19
Y1) =ENERE

CCC KOW TCTAL ZAEOCY
ENERC=EAERI+CNETESTCTFNT
FIQCTEN=ENERN
Y(1€)=ENTRC
TE=2o/7*TNTRF/EN
TIzCe724%527ST/AN

S€9 CONTIHUF
XC=%
PRINT 8,F0T
8 FOSMAT(® FCTeee®y/92(7F15,2/7))
PRINT 12,8ALTN
12 FORMAT(*3%,4(17F12,2/))
FOIAT ©
NIS=1.,6-7
MOCE=+FBL<E,
DX=1.E~15
CXMAX=1 ,E=C
OXMIN=",
ENZFC=Y (1€)
TEVAX=TE
TIvax=T]
THIN=AMINE(TE,TD)
TEFL (1) =TF
TIFL() =71
XPL{1)=¥
PRINT 24X b DX T Ny (Y(T)yI=1,41E),T1
FRINT 7,Y(:s3),TCTI7NT
3 FORMAT(® EP.S0=*,C15,5,*% TCTEAT=z¥,E1F.5)
CALL SZV (RoX oY oCX 3 T, ¥00E,"YMAX,YMIN)
OIFF=Y(1R)=(Y (1) +Y (I2)+TCTONT)
' FRINT 24Xy fNy WX, T2y CIFF  (OZ(1),I52,3E),71
KK=1
20Q CONTINUE
Lo 231 T=21,xF2NT
OXTE¥F=Cx
CALL STEF(MyX Y oOXgFyNTC,MCOZ,CxMAX,TYMIN)
ENERU="(1¢€) .
ENERZ:Y (19)
ENF&I=Y(22)
IF(XelTLEXTIVFY K=Y
201 CONTINUE
CIFF=Y(16)=(Y(1°)+V (2N +[CTCT)
IF(MCL(KY Y MNELLY D TO 3L
IF(NDST) CC T~ (4
PRINT t1,v(L11),v11R,v142P
11 FOGMAT(*ILI-LIKE,, *FLG.C* GRCUNC <TATE., *E1%5,5*% €Fes *E15.F)
YTJ=(FITSTIN-V (1E)) *1,6.28-5¢
! PRINT L7,Y(L7) oY Iy (Y(T),121€,31) ‘

33 FORMAT(¥Z (o0 = (o6 VOV, *L10,3% JrLLES, EMERCY LCST oo ¥
1‘ JCULFCQ Ce3 =~ 1,7 V‘V...':i'.?' JCULFS"/';la“loQ K‘V on'
2% JCULFS, Dol =148 KEV 44, *Fluel® JCLLES ™)

FRINT 12,61nT
PRINT 12,(°7(I1,1-211,420)
Fl=1,.f_2¢-17
E1=TNERT¥FL
E2=ENLRI*Fy
FRECS=FSEr1/an
, FREC=FREC/ A%
C1=0C(cz)*'F
PRINT 14, F e T2, LRLAMFRINY,FTI0,0
14 FOSMAT(®CFMTSez ¥021,4% JOLLTS oo EMEIT= *ERL.L% JCULESH
1 /7% LA(LAvVPrOY )z scgr, T FRIC(F=T1)= *L10",3% ¢ FOEN(FS)= *F1", 3%
2 CUENFET)7CT= #7810, 0)
Ty CONTIMUE
KPBACE=KK /942




st

AR

R
L)
[}
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FRINTY H,KFpLT
€ FOIMAT(® 17 ,F X,*CAGF*,TT)
%4 CONTINUF
PRIAT ?'Y’L‘I'CX'TE’PIFF, (V(I),I=1)16)’TI
KKzKK+¢1 .
TEFL(KK)Y=TF
TIFL(K¥) =TT
XPL(KK) =X
IF(TELCT TEvEXY TEMAX=TE
TF(TT.CT T IVA) TIMAX=TT
TFETELLTLTNMINGC S T LT.TMIN) THIN=DNMIN(TE,TD)
¥¢q9 CONTIMLE
IF (KK GENETY RC TR L, ¢
TG8 IF(FCP KK GPZTIT)Fr,7) GO TO 4LET
GC T 2.5
2 FORPAT(? "THE=¥,C16,8,% SICeeesENZ¥,F18,9,% 4as CYZ¥,516,8,% ., T
1E=%,F16,3,% ., FIFFz %,615,9,/2(/5C1F,5) % ENERC= 7,E15.8,
2% 11s *%5i°,2/)
4o CONTTALS
IF(NZSE) FC T0 445
CCC FLOT TIME INT-CSATFC SPECTRULM
XLB8=17KENEFAY A “XLZ=1kEY
ALO=7RTINME =
BLE=1{HEN"FrY =
CLA=I{RTEMFTSATLS SCLE=13MHE =
YLB=1THRACIATICA
YL2=1 . HIN JOLLES/
YL2=47HEY
ENERG=Y(1£)*1 ,#7PF-i0
YMIN='T,
Max=],
00 3.4 I=f,v=01
JECFLI(T) (CT YvaX) YMAX=FLI(D)
Ity CONTINMUF
YMIN=YPAY?],E=7
CALL GRIFC (TN Y 7 g YMAX,YMINGXT,X3,YT,Y3,N0, 0, 1,3,XL2,12,YL3,21,
1 ALE 73X y"L 410 9ENERCYCLE,14,TE)
YMAX=ALCGL " (AS(YT))
YMIN=ELCC17 (8 S (YE))
B0 7?28 I=1,%PL1T
PLICI)=FLI(T)
IF(FL2(T) LT, Y3 ELI(I)=YE
3(8 PLA(I)=OLCCIC(23S(PLI(T)))
CALL LINFLY{ENZELr,CLT, HBLT,ENYY,F, ,YVFAX,YNIN)
TL=ENECLC(NTLT+1)
T2=ENEFLC(APLT43)
XAX=E,
ENZFLC(NCLT+1) =",
ENSFLCINFLT#2) sENVX/XRY
CALL FLET( .y 0y D)
CALL BXIS(Ley. e9XLWy=12yXAXy 20 JENCEFLOINFLT+4),ENEPLC(NELT42),™)
YAX=7,
YD=8,/7Y8Y
PLU(NFLT#+1) =Y NI
PLIINFLT ) =Y
CALL FLCTC oy ™4y )
CALL FIXFSP“(XAX,YAX)
CALL LAYIC (4.5 Y "422,Y8X%,C" 4, YVIN,YT,0UM)
CALL FLCTHL 44 ey ™
CALL LTRE(OAE UL ,,SL Ty NPLT, 4, 2, CLY)
ENFFLCO(N"LTs1) =T
ENEFLC(NFL T =T
CALL FLCYUYAYMT , 4 7,,=T)
CALL FLCTIML o4 tey ™y i)
CCC FLOY TIke 7 ECLvel S20C0T0UuV
YMAY=®
CO "¢ TI=g.vFLY
TRCSEEC Iy ) e VoY auX) YHAXZSHER(T,?)
A2 CNNTTAUF

CALCCFHF
CALCONF
CALCONMF
CALCCHMF
CALCONMF
CALCG~F
CALCONF
CALCCHF
CALCOMF
CALCONF
CALCOMP
CALCONMP
CALCONF
CALCOw®
CALCCMF
CALTOYF
CALCONMF
CALCONF
CALCONF
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YHINSYMAX Y] E-?
ENZEG=Y (16)%1,¢ 2c-ta

YLA2 [HINTENSTTY “YL231TRIN WATTS/C TYL3= 1My

CaLL 6=ICC(ChPYoE-'Y“ﬂX1YPI“‘¥7,YE,VT,Y",NR
1 BLE 74Xy 0L WL IPERR,CL Ty 1U,TE)

YNAYZALCS17 (AmS (Y)Y
YNIN=ALNCE (425 (Yn))

0C 2,2 I=1,N6LY
FL2(T)=ccec(1,2)
IF(FLS(TY (LT, Y™ S L2(T)zyn
PL2LI)=8LLEYL, (125 (M 2( 1))

()
(=]
[~}

CALL LILFLT(‘\'FLC.fL”,hFLYth“x,d..YPAX.YPIB)

TI=ENEFLCIMTL T+
T22ENFELCINEL T42)
XAX=F,
ENEFLCI(NFLT+1) =",
ENEFLC(NELT+Z) =NV /XY

CaLL AXIS((.'.oyXL7,-12,XA¥,T.,=\cFLClN°LT+1),EhE°L((IF11+2)'”)

YAx=7,

YO=8,/7Y%%
PLZ(NELT+ 1) =y qT™
PLEZ(NFLT42) =2y

caLL FLCT ey "ey )
CALL FIXF2Av(YAx,Y1Y)

CALL LAVIQ(..v'-,YL”,E?,YAY,Q'.,YFIN,YC,CUV)

CALL PLCT(Csy 4y ™)

cait LINE(ENEFLC,ELE NFLT 8,2,V

ENESLC(NEL1+10 2T
ENEFLCINFLT+2)="o

CALL FLCT(YAY+E,, , =3}

CALL FLOTM (L, 9%ey 2y y12)
XHIN=

YMIN=F

XVAX:)FL(KR)/!’.

ITEFE=ALCCT (XvAX)

TE(ITEvr LTary "Y2uczTONEaL

NYCIU:INT(X°L(KK)'?'."(-ITE“F))*J

NFACT=¢

IF(NXCIVLLL.97) MFACT=L
IF(NXETIV L, L) MEArT=2
IFANXCTV.LF.Z.) MEAPT=4
NXOTIV=(hXCIVHNFAr T2y /A FACT
XMAX=NFACTENXPTys )~ #¥TTCwe

XL2=1 kTTNE Tu gk TXLZ=1.FCCNRS

ALB=1"RTINITTAY vC
BLAO=1 MINTTZAL 1Y
CCC FLOT T1F yS 1IvE - LIVEAF = INF AP
YLO=1 HELFrTaCN T SYLZ=1meENM
ITEVE=ALCGI (TZvr
NYCIV=INT (T maxsy E¥(-TTEVP))
YHAX=LYRTYRL (ssyTup
NYCTu=2%hYC Ty
CALL GRICC(YMAK, YVIF,YPEX Y™ Tp
1 YLF,?&’ALryi 1YECL{1)yQLE'1:’
CaLL LINFLI(XEL,TT2L,KK,y xvav, ¥
X8x=6,
YAX=?.
CAaLL cCﬁLf(XFL,YAY,VK,i)
CALL SCALFQYITCL,YaY,Xv,1)
CALL FIXE3iv(xaAx,vAy)
CALL F*I‘(’-o -)YL’O°1r,YﬁX,?o
CALL FLCT(Meyfyy )
CALL AXTS( ey e0YL7,26,vaY,0],
CALL FLCT( uy oo
CALL L!\c‘)1L'T-rL’VK'1|;'~U")
caLL FLCT (vaxee,, ,,=-7)
CALL FLPTCC oy vy y D)
CCC FLOT TI vE TIvs .. LINEAR-LINTAF
yLo=g"4 LN S

FERATLFF SYLI=IrH IN EV

+1

,YT.XE,YT,YJ,AYDIV,WYCIV,l:Z’YLFy1'1
TIFL L) ,CUP,CLP,CLM)
MINyYMAX,YMIN)Y

1XPLAYY +1) ,¥EL (kK4 2), )

1 VEEL(KK1),TECL (KK4Z), 1)

64

s vy ipE,XLfyIE,YLapEI,

CALCOrF
CALCONMF
CALCONF
CALCovr
CALCOrF
CALCOPMF
CALCO~P
CALCONF
caLcore
CALCGNMF
CALCONMF
CALCGIF
caLceore
CALCO~F
CALCOre
CALcorpP
CALCOVF
caLcore

CALCOrP
CALCCHE
CaLcore
CALCCHr
CaLcgrs
caLcorre
cALCONE
raLceve
CALCCHIF
caLCorr
CALCOrF
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ITEYF=ALCCIZ(TIMAY)

NYJIV=TMT(TIMAX® )" #3 (TTRUP)) 44

YMAXSPYCIV*1n ,*5T7Tor0

NYJIv=2*rY"lv .

CaLL CDICC(Y“JV,Y"IL,Y“fX,YW]”.YY,Yr,VT,Y“,hXOIV,NYFIv,1,2,YLQ,1?,
1 YLF’ZGvflﬁyi"TrcL'l)pﬁLayt"yszL(i)’GUP’PL”,CUV)

CALL LIRFLT(XFL,yTIPL KKy XHAY, ¥YIN, YSAX, YNTN)

CALL SCALTHUTIFLLYAY,KK,3) CALCONF
CALL FIXESLv(xaY,vav) CALCOMP
CALL AYTIS( .,..,XLT,-15,XBV,C.,XCL(KVOI‘,XrL(KK02),‘) CALCONrF
CALL FLCT(I4y7 ey ™) CALCOovE
CALL AXTS(7,, oo YLy OBy YAXCLe yTIPLUIKK+L) g TIFLUKK42) 40 CALCONMF
CALL FLPAT( ey ea ™} CALCONF
CALL LINSUYPL,TIFL,K¥,1,2,CU~) CALrCKFF
CALL FLPRTU(YAY4E, 7, ,=3) CALfONF
CALL FLOTC( 4y o9ly g™y
CCC RLOT 717 APC T{ 4§ TIMC o LQA~LINZA%
' YLa=iCpTevEEgATLSE TYLZ=1.HE TN £V
. YHIN=TMIN

YHMAXZAMAXY Y (TEVLX , TIAY)
CALL (?]TC(XFAY,Y“IP,Y“éX,YFIh,XT,XC,YT,Y",hXDIv,L,1,2,YLQ,15,
1 YL2,17,8LF,1 YTEFLULY G FLO, 1, TIFL (1) ,3UM, 5LV, fUV)
YVAX=ALCGLL(DZS(YT))
YMINZALCCT (BFS(VE))
DC 444 T=1,4k
TEP2(I)=ALCCY “(™r2 LI
by TIC2(T)=A1C31 "(TTEL(])Y
N CALL LIMFLIIXTL TERE KV XMAX X% IN, YFAX, YFIN)
CALL LINFLT(YFL,TTOP KKy XNBX 4 ¥V IN Y FAX, Y MTY)
CALL LIRELT(XEL,TICZ 0K, XVBX  XMIN,YNAX, YMIN)

TETZ K 4112 TA CALCONMF
TEFCIKK+Z)S(YMAXaVMINY/YAX CALCONF
’ TIF2(KK+2)2TTC2(kKet) caLCor:
TIPZ(VK+ZI=TTE2 (K4 ) CALCONE
CaLL FIVFRLV(XAX,Y4Y) CALrCvE
catt AYIS(f.,u..YLi.-lﬂyxAx,I.,XPL(VV‘i),YFL(KK*?),q) CALCONE
CaLll FLCT (. iy ssT) CALCGOVMF
’ CALL LAXTIS( o1—.,VLF117qYAXo97',TEF?(KK*l),TEPZ(KKGZ)vCLV) CALCOMF
CALL FLCT( oy "y T} CALCOvE
CALL LINT(NCL G 1282,KKy1,0,2) CaLcerE
CALL FLCT(f,y 4™ CALCOMP
CALL LINEUXSL,TIRZ,x¥ 1,17, ,4) CALCCFF
CALL FLCT (¥ 'X4E,,",,~2) CALCONr:

CALL FLCTC U ey cguyly12)
PRINY 7,4x%,7¢,7]
445 CONTIMUE
IF(KKL LT NFTY €7 19 271
’ PRINT g4nC) KW
5 FORMAT(¥1¢,5NETz¥,Ir,* gx=v, 7o)
PRINT 2 X g PNy TT Lvy (2201, T21,1€),T]
7 FOQPA*(‘Y,E_lb.°,9(/1x,f£15o?))
PRINT @ .
9 FCOMAT(®43)
PRINT 74X,15,77,v
50 70 ¢,
7777 1IF(NCSF)Y SYnF
CALL EXIT
STCF
ENEC

[ 1]
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SUICUTINE FINgY,Y, Y}
B R LI R R Ty Ny Yy Ry Y Yy R R Y R PR R Y

» »
* THTS SLERCLTINT ZVALUATES THT CLITVATTIVES OF THE TCNIC SFECICS (4FTER v
. CALLING ALFERS) A€ WILL £S Thke TFRIVATIVES OF TwEI ICAN FATFGY ANC THE .
. ELECTACH EMzRCY, THE PACIATICH LNIS IS HFLD CONSTANT FETHELN TINES QAC IS*
® CALLFC. ’
» »
B AU IR E RN I NN I N RN F S AN NS BN NP AB NNAIN U NS A NS E R RN IS F I NN NI IS IS SN F SIS IRIINI NS 4N

COMMCH/ZZLKL/ZTZ ZfTT4XT(14,5)
CCYNMCHh /ELNL/CCIF(LF42F),EN
COMNCN /LK3/FCY (14)4ThFSC, "Ny TCTRCT
COMMCP/TILKFIONLZID) 4FRT N FREN 1y TLLAY
COFVYCN/OLKIT/SNIFLCIZL7) 9y 02(E7C) 4 SFeC(217,2),VCL,ACZA
COVYCH/PLKII/NCOLAT JNCFTEN
CCYM{rZELKISZOXJALERAS
DIMENCSTICY Y(Z™) ,"Y (D)
' CALL ELECTt{X,Y,1S)
ENERN=Y (1F)
ENETEzY (19)
ENERI=V (Z7)
TE=24/2 4%t =RI/EN
TI=2e/77*FNERT/EN
IF(TELLEL.o) 7T TC TCIC
CALL hrmFNS
00 177 I=2,1€
. oY(I=
D0 4.7 u=i.1F
4909 DY(I)=2Y(I)+CrZF (I, NH*Y(J)Y/VCL
Co(T)=ry()
10617 CONTINUF
’ CCC FCHERE BANM CCWEST ARE OOKIR TANFUTS TC THz ELECTRCAS AONC ICAS
FOMERE="
POMERI=C
IF(ACCUNTLTAACRTEN) GO TO ©F
CALL FAC(X,Y,fY(1%))
* NCCUNTI="
RADLOS=rY (1R
€9 NCAUNT=rACLY Tt
DY (18)=CACLCS+(FONFTE+FOWERTYI/Z I 0% CE=10
CCC INTERGATF The TIvD IMTEIGRATEC SFfTRLM CNZ MORE STEP
[O €& NF=1,21"
68 SPEC(NF 1) =SRan (NS, 8 +CRPM(NF,2)*(X
TOTECT="
pPCT=",
DNE=30
‘ K=1
DO 2200 J=2.1F
TOTFCY=TCYFOT+Y () *FOT(J-1)
DPCT=CECTHIY (U *FCT (Y-1)
- IF(J.(‘:‘.]E) K=? .
2=J-X
CAS=NAE4CY (J) *2
2nen CONTINNE
IF(FORERE NLe " oo PP, CONEFTLNFL"4Y GC TC FAC°
IF(AAS(T =" ) T AVIRLI (T TI,17 3, fL) RO 7C €°.3
CCH DC THIC INSTCAT FF LATIF CALMULATIZCN CF "(ZNERIV/CT IF TEMES 8BRS CLCSE
PNED-AN®Y (17) 7 (TNET ) *r0S
. DY(18)=FN/ AN+ )2 (FY(L0) 471 E2-TDCT)
BY(22y=BN/sEr -, v10) =000
CLALAY ="
FOER L=
FREr=®
60 TQ 7C.0
EFCY CONTINLSE
CCH ANOW CALCLLATT CoRIVATIVE CF FUERI IN fyysee
K=1
SUv=y,
CHECK=RART (36,2775
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: CHECK=APTN (L, ,FHICK)
T DLAML= §,5LF] 3CCIT(Tr**3/20/VSL) PCHFCK
E DO Sf.y T27%,15
n‘ IF(IO"-'CIs' ¥z? .
S 7=1-¢
B BLAP=PLANY /7
s - OULNLAF=ALFO(CLAV)
S SUV=SUMeY (1) 2747800 LAVEY(T)
A €300 CONTINLS
k. CLALAM=BLCLICLAYT)
B FPECEIZCUM/ 1, 235 /(TE%1P36,4T]1/26,C0) %% 6
y: FRECL=F rC1/vyCL
4 CCC NCW ATD MARZ SELTIC CCNTRTIYTINN
E AL =ALFRAC* b
. FREC=FICS141,7C1Fat AR SOIT(TE)R8L/VIL
E . ] A2z (1,-80LC2r) #an IMPLRITY
b CLAPT=ALCE (ML A M 1) IMoLEITY
3 FRECZFAFCH (Lo70, =tsTLAVE/(TOF18TE,4TI/2,)%84,542,(SI~8¥SORT(TEY)  IMOUOTY
/I , 1 sAFELZIVOL IMFLRITY
;. . DY (22} =2, /2, ¥ (TE-TI)*#E0I 4COnERI/1.£0 251
4 7 DY (12)=rY(12)=CY{Z2)~0FNT
e 7940 CONTIMUF
4 ] D0(26)=CY (L5,
; 3 £N(18)=rY (13
E 00(Z2)=TY(Z?)
- RETURN
.. LI CONTINUS
3 3 . PRINT 1,(Y(1),121F,00),T1
R 1 FCRIMAT(*L*1 517, 4)
PRINT 24X TN T 020 (Y(I) 121,15}
A 2 FCRMAT(®.TTMEz5 015, @,8 70, ,, 0=, 2
2 16z *,E16.E8,% ooy ANz * r*,.a,//’(==1r.
R ", ' PRINT 347NF=C,TrTE0T
: 4 3 FORMAT(* chTRCz*, 310, R, % TNTFCT=%,E45,5)
. STCF 777
k- ENP

» iopredieiope coot:
: o .

IMPURITY

0
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5 vee T
57))

TH SUSRQUYINE L FraN(T,0%,*)
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BN s L]

‘, * ¢ Y R R R R R A Y PR N P Y Y PN P N Y R N P Y Y F N PN F RSN R RNSNE Y PY R LY

: * CCFFCN /FLK4/FLTF (18,481 ,5N

: . COMVEN/PLKEZRCTILL) 4 MFr 0,45, TCTECT

oy CC¥MCH/mLKE L/ X AL TAC

s 3 DTFARSICh TN(Z))

E 53 EN="

l 1 Kv=1

3 PO SIf Tzt

K . IF (T4 N="Y Kz

;2 558 ENSZA+PA (1) % (T=kK)

T ENZENS (L, =0 Cn(}erN

RETUN

Ene

3

67




;. ' GEP/PH/72-1

= ? ' SUBCCUTINE NmENS
. [ R XX Y RS E X ER R R RE R SRR RY R R R RY-PY R RRRE R R R RS R R R R R N R RS R E R R R R R R Y RN R R R NSRS R YRR RRR RN EY )

Ld ¥
° THIS SLEPCULYINE COLOCULATES TR CRFFETCTIENTS FCG ESCOLCTICN (CS LASET) OF »
. EACH JCANIC S3FRECIFS, THD CCIFFICIZINTS 42 IN UNITS CF CM*®2/8EC SO THAT
4 . L]
. SUM CVFR J(CCFFF(T423%Y (J)/VCL) N
¥ ¥
¥ GIVES. THI CCRIVATIVE GF Y(D), »
L4 »
[ XX RS R RS R YRR RS R AR R RS P R SRR R RS R R R AR 2L R R R R R Y R R R S S R R RS R RS S R R R R RS X 2
COMNMCR/BLYL/Te,TI,YT(16,5)
: COVMON /BLVE/E {13,240/ 71 KT/ (14,F)
] COMFCM /3LK4/PLTF (LR, 16 ,5N
i CCMMOL/ELYE/ A(17,5,2)

COFMCRZFLKA N /FNERLN(ELT) 30T (2 C)9SCZ0(211,42)yVCLHASFA
’ 00 597 T1=1,415

Nno €It Jy=t,2¢

LR

3 3 , 1 S0 CPEF(T,J)="
3 4 COEC(L,1)==Tn " (S(*, 1) +2LPH(1,1))
SRS . COEF(1,7)=EN¥ALERE2,1)

PO 1.7 NzE.8C :
3 COEF(Fyh=1)2ENBS(N=1,1)
h 3 CCEFH-,M=-":P\‘(S(\,1)+FL"-‘-(,’-,1))
T 16F0 CCEF(NyN41)=EN®A(CH (M41,1)
- 3 . N=12 T
a CCEF(NSIC)=rNEFIN, L2)-EM¥XX(12,1,2)
3 ] : "COEF (N, 24 =0Cre(n, s
1 - CCEF( L,y 1) =VOL*A(L12,3,1)+5%2YY(12,%,1)
I N=12
3 COEF (N, 12) 2FN¥XY (17,1,2)
. CORFIN,y 12 ==CAP(YY(212,292)4S03C,2))=VCL*B(12,2,41)
3 COEF (N, 14)=IN*ALFPH(15,42)
E N=1b
B COEF (K, 23) = Frec(il,*)
o3 CCEF{N,13)s T0¥7{17,2)
. . COFFI(M 1) z=EN*(CS(LI 3 HALFY(1T7,1)48LFH(17,2))
i " 7 COZF (NG IS =IN PR (10L,!)
,), . ¥ N=15
COSF (N 18I =TNYS (33, 1)
B CCEF (Mg 1R) z=20 AL H (1L, D)
- . CLC ADJUST THL FCIFFINTYNT ~CLTXITUTING TC THT LCSS CF FATH SFECIES SC THAT
T ccc ICKS ASE FCASFRVED
; 00 2°."7 ¥=31,1%
k. K2:=K=-?
¥ K§=w02 Reproduced from %
" KK=VAX (KZ,1) best available copy. @y
] JUFINL (KD, 18)
CCEF(X,v)=(
PC 2C(, J=kK,uJ
! ) : IF(KoNT LUy FRCF(K,KIzONFF Ky K)=CRCF (JyK)
S v 2403 CCANYTIUF
£ . i RETL2N
3 ENO

o
s

TR R AP
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3 SUSRCLTINE 287 (X,Y,rCM
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» »
d THIS SULFICUTINE CALCULATES Tur E€CUER CACTAT=) PAY FACH LINF, AMD, £FTER ¢
* CALLING SEFTRv, SITUANS ThI ECLLCWINC .4, .
. * CCC{1)=TITEL L7SC PUF TC FATTATICM .
3 e CEO(E)=LCSS FROY ., TC W& VEY .
X . v
. v

. »

. *

] )

24 s vl SO

-4 CAP(L)Y=LReS B¢ 6 Tr  f, KEy
: 3 FOC(CY=LISS FOCY L4 TC 1.4 KEV
3 3 COC(B)ZLNSE €PC” 1,4 TN 1,8 KEV
* \ I X R R R SRR PR ERR SRR RERERSRRRY RR RS R AR R RR N R R R R RS R RS R R R R R R RR R R R RS R RS RS R XX RRJ
. 3 COMMCM/3LVI/TT " T, VT (14,5)
- COMMON/ELKL/FCES (15,150, SN
A COVMOMZELXT/TINT L1 an) g SNL TR L7440 ,Y142%,Y11R
TR CCMFLN/ELKE, ARED
& 3 . COMVCH/TLKE/ A(417,5,2)
b COMPCM/RLKL, JENERLN (240 ) ,0Z (E7C),SEEC(210,P) ,VCL AREA
4 : ' LCGICPL ACET
3 ; CIMTASTAN YIZZ)
3 . NIFENSTCN 70 (7)
E IF(NDSF) ~C "€ 27,
g ¢ 00 13U} F=8,1°
] 1300 PINT(T 1) zENYY (T * "L IR (T 4)*XX(1,1,2)
E ) RINT(LT4 1) zOR*Y (LW > LTN(1T,1)%X% (13,1,2)
. . ATEWEZA(11,2, )" vCL
E 3 Y1120y (1105 (4.7 C{ATOHPAINREYY (11,2,4) )/ (TNOYX(21,2,2)%404)
E 5 . Y11C=Y(11)-v1126
E: 3 RINT(I1,1) Y116 *Z9¥FNLTA(L241) XY (£1,1,2)
; RINT(31,2)=Y12C PIUYEANLTAN (1L ,2)%XY (11,1,
~ RINT(11,7)2Y1 3CRoChLTN(12,7)*XX (11,2,7)
: ' RINT(11,4)=v{426%FuaENLIN(1L,6) ¥XX(11,42,5)
& * RINT(12,2)= .~
S RINT(12,2)3Y (17)%¥3(12, 7, 1)~ IN(12,2)%VCL
2 RINT(1Z,3YzY (12)*2MBCRL TR (12, T)IXC (12,5 L)
3 3 PINT(12,4)zY (L2)*TURONLIN(I2 6 ¥ XX (12,2, 7)
E . CCC CNNVEST Zy*Cr/s7C Tr LATTS
E- PO 302 Tz1,17
: i PO 712 Jz1,b
) RINT(IJ)=CINT (I, ) %2, 602E~16/VCL
o 3r2 CONTTIMLE
B g . CALL SECTEM(Y NFLASTY -~
A LAST=NELAST~1 Reproduced from e
V. 3 poc(1)=" best availab\e copY-
S NC D" NF=1,LAST
SR 400Y COC(L)=""C (LN = (SFIN(ME, ") 4QELF (NF41,2)) *C7 (AF)
. CAO(1)2CT0 (1) =" #QAC0(NFLAST,2) *TC
¥ ’ CCCU1)=,537 M 0 (1) /1,F 20 =18
A ‘ . CDQ(?)=.'
- O S.i0 L=i 113
T SGC) NCC(E)=PLL (M) s (TFLr(L,2)+SOFC(L41,2))%r7 (L)
9::, 4 - D0 (2)=.CL M ()
T 060 (4) =",
M ‘ * nO E»'{A =:!Qt‘?3
L €107 COCIL) =TT (a) o (S0 (L,2)+S8FCIL41,2))%C (L)
A 000 (%) =,5*CLCt4)
> . DOC(5Y= ",
e 3 RO 750 L=1°4,180
E.. 4 7300 POC(H)=rLC (™) 4 {SEIr L ,2)4SEFC(L+1,89)%C% (L)
Fo o S . NCC(S)=z,>7CC(F)
.' ~:\ prn(ny=",

PC o.(. L=z3Fu,yt7”
EGCY COC(AI=T 0 B+ (SPIN(L,2)+SPTCIL+L, 20007 (L)
COC(RY=4u "l D (R)
RETUI
N 360 CONTIMLE

00 .7 J=1t,€

' ¢CCy POCth =
RETU-H
ENT
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s SURGCLTIN® €reTam (Y NFLAST)

“a 4 00"'.5#..'0.0""#"".‘!l"‘{'l.'-l"‘6!6!.4"00'Ql.‘l‘.@!l!!"..'l‘".Jif‘ll'lll.‘!ll'll

3 ] ¥

2 ¥ FOO0M TRE ECWE> TAPTATIA MY £LFU LINI SUFSLTEC 3Y S0, THIC €UPSCUTINE *

- M CALTULATES THI SFICTRUY L7 TC FEFCMEINATICN, SECMSSTRAMLUNG, ANC THE '

S » LYNES == 21L LIMITER 7Y Tr® AFCSECESIATE PLACKSSCY SCECTSUM, *
e L . L

SIVBIISBFIINIRI SRV ¥R lilllllll-‘!"ll.‘lUUl.l!.“'l‘C‘l.'.l'!"..!!!v AR R L REN)

COMYON/ZLKA/TE T XT (1L, 5
COMMCA/BLMU/OCTE (L,,15). 72,
COMNON /RLKS/ERT(1%) 4FrFnT, AN, TCT 0T
CC"“Ch/ﬁLK7/:"’(1:,L)o:hLIh(lE.Q)pV!!2c¢Y11C
COMYCh/BLK ! /:N’rLJfﬂi")’“7(3”0),$F’C(213,2),VC‘,AQ:A
CCulMCr /sELVviZy NELE) S TREX(18), TR ¢ (&)
CCMMCN/OLKIT/ONLLLTREC
BIVYENSICN ¥ (™)

. CIMENSICN Y(ZZ)
H=21,24F0
XH=12,6¢c
SPFC(141)=r,

>, ' SPEC(i,y2) =1,

. GPF=z1,

K Ty 0C 1€ Nf=i,21.

E X=ENEFLA (M)

N IF(Y,Lf,.4) £C "0 17 0

. cce GFT AP SESCTIUM TN W/FV GYVEN E IN FV

b FACT1=Xx/T¢

o ' IF(FACTL.6T,1 ~0) ar Tr €7,y

Y , BRSEErzL, (TLETPAPTARY X EY /(i XE(FACTL1)~1,)%3, 14180
3 SPEF(KF,2)=",

b ) -',' XN=2,

- : . cce GFT GFOCVe ave AFEM TN W/EV FIVEN E TN £y

N0 40l. ¥=1,1°7
FART?2=(ATAT(XT(X,1)s,8)=X) /¢
IF(FANT2,CT..0) "C T1C & ~¢

J=k+i
. rL=x
IF(K LTy fC 1M 4y g
DEL=x-2
XN=2,
IF(KoLF411) € 10 43,r
J=K+2
DEL=x-11
xXw=1,

41C4 SCEC(hc.3)=3F‘”(NC,?)+VlJ)‘YI(K,l)'X}((.1\'CEL'CQF'CXF(FACT2)/Xh
45uNn CONTINCE
. FACT2=(AINT(XT({Z,2)4,8)-Xx)/T2
IF(FACTR, "7, ") RC “0 4rny
SPEt(L:.E):QFT”(NC,?)éY(lh)‘)I(12,2)'YIli’,?)'C‘F'EXF(ESCTZ?
44P1 CONTINUT
! SEZC(NES2)=SF (v, 2) ITF
- K:i
Suv=9,
XA(3Y=FACTy
CO 400 T=2,15
IF(T.€Z,13) k=7
7=1=-X
XB{Z)z=7%2%y0y 1z
GFE=TPLACC (1, 'y T27Y, T20 Y, 00, %%)
' 10') SUM=Q'|V‘V(7)I701-Ftr
SPEC(PR 2Nz R " (NG, )+ L MoYnoE X (ay 7T0)
SPEC (Y 240 ) =S8 T (1m ) 8L 11 =T /yS 27 /S 2CT (XRPTE)

XA(2) =yt IMEUR ] Y
GFFSTELACA 1y TASY Y4 ¥ nd, v IMPUR]TY
SPSF(AC,E)zr:’”(P:.?)‘L.!"-’*"\'C‘r'ih'c"il(XF/I‘) IMNPLO Y Y
N 1 MO LEES VA R A I N LR 1iopelTy
IF(SFCm(Ns ™y, T,3ncsmry e ove 3, 1
ccc GET PELATENTAS TN /0N “Ty-n 319" It 4

N0 é3 . T=1,1°
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€119
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o U BV R U RN

€0 <€ © L=1,4
IF(IIT(T, L L5 &) RC TO 2107

TFESALIN(T, L) W LTaLe) o0 T2 270 .
XLASHC/ZENL TR LI 1)

DXC=3e"7E=-FPXLARC"TT(TT)

FACT=z (LES(XLN~FC/Y) /OXCY 22

IF(FACT,."Tetlu "y 32 TN 77 2

TEMEF IAT (T )%, 26/ X/X/TXIREXC(FECTY
SPELINF ) 2SS A {LF ") #TTVF

TF(SCLCINF,T) ,FT,329PEC) GC 10 27 CF

CoNTI*UZ

6o 7C 1 .T
SEEF{(bF,7)=RCF
CCATTNLE

RETHAY

NFLAST =NF=-1

CO FG . I=tP,21°
SPEC(T,2)=.
RETURA

ENT

BLOCK CeTA
COMMON/ZELKA/TE 7T, Y7 (14,5)
COMMON/RLKE/E (L7 4 2,0) /0 vI/H (14,5)
COMMPR/OLKSY A (L3,7,00
COMNMCH /BLXA1 78NN (22 0) )7 LE €)W SFTC(2L.,7)yVCL,ARFA
COVYYCA /LMY 2/ APy TALX{1R),TARY (EQ)
FPATA NAZY ,F/

DATE TEGXZ oty ordy oty Loy Sey $70y 20ay Tuay ey clBay
001) 01’ 1.9 :,.' 1 X Ler? /
CATE TACY/ H,o%25, hedy “48y 2423y Coly 2478y 2euy CoC8y 247y CeFy
148y $4%y 1€, L40C, 1.7, 17 1.3, 102y 497, 1418,
1-209 1050 1.:11 1.\51 0)25' n’“o io'ny Telly, 10—70, 1.137,
0191 ofc) n:7y 1.1” :..Qy 1..“, 0291 o*c, '°“’ 1.31,
1,09y §4.65y o2by 7By J7TFy 207Cy 2. 95, 1408, o413y .27,
'ES, WCly 140, %, £y olUy at?y -CEy ’R’ 1.2’ i.12 /
DATA XI/5.034,20°.97,28 La,ilCaCry2C3,77,145,,0L2,74%1,¢7,
RS B BRI P TR R e F AL LRI T I LSS M TS FL LR PR N
LG 77 418 WUy R TRy e 1T 30 201 T8 b1, G,"C8 T E7C,,11%2,
1!9.°,E'i.9'1¢' O’:.‘OCQLR5'E|;A"l,13“0511'\1,
DATA f/=2* q.11’,1.‘h,.’“T,.E,'izy.Fl'.“hy.:l,.:,.2°7;.11€,.7..€‘,
2“‘;’1‘;.5‘41!’,.“3"1,‘:5‘,'11,.72’ ’7‘:,«‘72,?'./
DATA ¥/Cas o scortorlos®agleayCagfoniny ovlegcey ’20'10150]30y2.':0’
b - I S O N S S LY A SPLINPSCIN. - SUPL P S
CATA A/713% 3, a5, 0,5F72,6,20670, 1,701 (I 0817 ,300780,4,129,7,6%1,
231 0FC 46 T 8, TR0, 2, Tl 1 EIL, LR T,0,R02C,11%0,3 24512,
2781, 8 Ly W URTLL,Q, 071 HEURT,C 01,20y
DATE r=y Siflan ! X} :'3;, 2‘1" ?o’ ety ?‘:o, ﬁoy .E)) 909
1., 5., 1509 1%y Say 15900 354y Gey Les 174, 1%, 1(.1 ey 7%,
E" 101 noo ho’ ?'icp 3.; 1a-) 9-’ :cy Sny :O:E" 9., :., 509
TRIR .y 1€,y Sy YFey 1854y iy ley 13y TRIC.y 114y %Sy 46,
,10, 2?4' 11u:€', 15"
Qo’ ?'!ny “oc o .9 L‘i"t 30, ﬂ.’cv “" 2"" 6" 2'10! “09
FI%8 0y Ly %Ly Loy TEL oy L3, 5'5.', POay ey ?1?., 14y
1(11’ ho7ﬂ5“0 G'ﬂlLb/
ENT
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FUNCTICY S(L,v)
CCC ICNIZ2ATIC CCIFFI7T ST Iy Cw¥*3/3¢C FCR TCNIZ7ATICH FRCM ICM L (L=1 MEANS
cer NELTEAL,L=1% ~TARS FULLY STRIGEET), LEVEL M
COMPCM/ELXIZTE T TyXT(14,3) '
TF{LeleeNCT TC 8"
YE(XI(L,y¥)oeLEL VGO TD ©F
STl bLERRENE (SXT(LyM)/TE)/(XT(Ly¥M)IECET(TE))
RETUOH
€y §=2
RETLRNA
FNO

FUNCTICN A=k AL,")
CCC RFCCYMPINATICY FrEeFINTIFNT TN CV¥¥3/SEC FCS PECCMSINATICM T1C ICN L, LEVEL ¥

! cce FECP THE ASCLA™ L TVFL CF IFN L41
CCMNERZELNE/TE, "I, X1 (14,5)
) COMMEI /BLYL/SC T (15,16, 5N LU2IN
COMNCN/ZELVE "/ ehTELC12Y )25 (2.C) 4 SEFC (215 42) 5 VCL, ARF S LU IN
. ITEST=
Go 1 17
ENTRY ALFt+ca(C
IT5¢T=1

15 IF(LeLZel) ~C TC &
' IF(MYI(L =1 ™) L7 ")IRr TN Er
2=L-1
IF(L.GC.ZE) ?=L'?
XLAV=YT(L=2,V)/TF
XLAM22SC3T (YL oY)
ALPR=C  ZT=20® 28X LAY (442344 SPALCC (LAY +,LECS/XLANE)

. IF(ITEST EC, 1) "CTU~N
CCC BOC 2-F(lY FEACHRTAATTAN LURIN
PRIF K=, LunIN
ALFFzELEA 41,6 = 1008 (TR TN J2)0¥EN (YI(L=1,F)/TE)%E LUSTA
1 REXT(XI(L=14)/(FRIMING1,)%%2/TF)/7V0L LURIH
. RETURN
53 ALFH="
RETURA
ENC

FUNCTICN XY (L ¢™y)
CCC EXCITAYTCN CCFFEINIENT I CM*®3/STC Fre IYCITATICN FECP LEVEL M TC M
rce IN ICKN
. COYNMCR/TLRIZTIF T, YI(14L,3)
COMNMCNZFLKI/E (174246 /70LK2/0(4447)
YEzQ2S (XTI (Lyv)=YT (L))
IF(X..LF,7)GC 1 &0
! FACT1=Xx7/1¢
IF(FACTS.7T.2 1,) i T 5
XXZ€obFmE¥F (L, Yy N)YTXP (=CACTL)/ (XS¥SOCRT(TE))
RETLRY
XX=|
RETULA
ENC

n
[

FUNCTICH YY(L N ™)

CCC CE-ENCITATICN CCTFFTIAITNT TN (N#8/Q20 F(G2 GE-FYCTITATICN FRCM LFV L A TC ¥
CONMVYEN/ LY /T 4TI XS (6,5
COMMCN/TLXC/E (LT, Ty F)/PLKT/H (14, %)
IF(RIL MY L™ " C " ¢

. XEZACS (YT (L) =XT (L,
IFtXE L, )70 Y0 ¢en
VY SO JCmm Bl g VY RE (1 0 2 ) 7 (X *SIET(TIT) R (L,A))
RETLUGH
€J Yvy="
REYLRA
END
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? k.
2 3 SUOFAUTIAE SET(N X, Y, "X FynL1S,¥C07, " YPAX OX ¥ IN) ’ B L
S COMMCh /7LKR/ZECT (1) ,FuESC AN, TCTECT
3 DIMCACIrY Y (N) DFEC, (¢
3 E CTMENSTCN F(€",), W(A",5) ) CFEC, ue
- CIMENSICN wil(l7)
: . EXTCRMAL F CFEC. 4®
S LCGTRAL v ot BFEC. Cue
kM CATE AMAY/C CFEC. 75"
. S CATA LPF/Y ~ o/ CFFC, .51
3 ] NATA QOXc/2,/7 OFEC. .52
3 2 XSIG=2 (** (IFIX(ELOGL. (%) av2,))
; A HzN ' , . CFER,"53
T IF (%oLTot.0R,v,6T,008%) Gn 10 2, CFEQ. F5L
A PA=CTS ‘ OFEC, "5S¢
¢ A £enTzvere OFEC, (C¢
b & HMAX=rY Ay CFEL.(R?
o ' HMINZFXPIN CFCC, 58
. . Resrcf CFEC, "S¢
R K RETASCXE CFECL e
.- =1 ; cFec, .51
7P * K2=" CFER, "FC
: 9 00 1C I-1,¥ CFEC. IF3
i Y IFY(DYaLEe o) YEI¥=",
i 17 W(I,1)=v(I) \ CFEC, "€
1] . CALL F(MyX,Y,f(5,%)) ‘ CFEC, "€t
; RETUON e " NFEC.TER
B . €0 PRINT 7r . CFrCl 87
A 20 FOSMATU(FSHITUTSCUTING SCT FAS ARGU-FNT CUT-CF-SANGE. SFE LISTING,)OFEC, 80
3 £ CALL SYSTINM(Z .,1L ) ' CFEC, “¢¢
T RETLEN ‘ BFER, 70
3 1 ENTFY <TEF ‘ NFECeu?t
] ) 4C  XC=X CFEC, 72
o H=Cx 1 CFEr, "7
L IF (XM€Y IF (K=?) §_,87,11, ‘ ©OFER, .70
3 XF=%( NFZC, 7€
e A DC 4% I=1,v ' CFEC. 7+
h:, 3 . 4 HITI,5)=k(],1) CFEC."??
SE §3 Kizl-K DFEC, .72
- 9 00 79 I=1,» CFEC, " 7¢
- 5 N0 AP U=kt ,4 CFFC, .°.
S €Y C(I,d)=r(l,J+1) CFEC. .81 .
4 ; NI E)=he (T, 4) OFFC, (92
72 RIDy 1) =h(T,0)0.5%u0(1,2) CFEC. 722
E: >, . IF(k(I,I)OLrlAO) W(T,1)=3. .
b L ¢ Y(D=w(I,n OFEC. oL
. X=XC4,5%n grEC, r ot
8 . CALL FUvaxyv,0(i,9)) CFEC, ~a¢
U 00 80 I=t,w , CFEC.%s7
s ‘ NI, ?)=+*F (],9) . CFEC, "9¢
3 Ry ) ahtI ) 4,78 (0 (T, ) e (I, 2)) OFEC, :8¢
SO ) IFh (I, 1) al™e ) wtl, 1),
P 3 * 8L  Y(D=veT,1) NFEC, et
F o CALL FUrM,X,Y,"(4,€)) CFEC. LS
A €0 <C I=t,v OFEC, {92
E W1, 4) k%0 (T,7) CFEC, Q3
3 HADy 1) =k (T, 2) e (1, 8) =, 8% (], 3) CFEC. "4
5 IF(H(I,;)![‘-'.‘) k(]gl)t.o )
90 YDy zW(I, OFEC, "at
. X=XF4h DFEC, "o¢
CALL F(v,¥,v,c(1,6)) "FEC, LS7
ro 127 vzi,v CTEC, T¢*
u(1.1>=k<r,:»-n(1,4)o.:Veee*ﬂﬂ‘=f‘¢f7'(w(r,z)os.'(a(r,evowxx,a))oucrqc.'9?
1%C(T,5 1) o Ll R Rl
IF(RCT, 00ty 0) R, 1) =27,
137 Y(D=v(1,1) CFFC. 171
N K=¢e1 OFECea 2
Ki:=x CFFC, 103
catL FUY X 4Y eyl (2,5 OFEC 18
REIIUI 0;:(‘.1“:
110 €O 177 1z4,~ i OFEC.17¢€
H(Iy;):‘\(‘\‘i) C"FC.!.7
00 127 g=1,4 CFEC, 1c@
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I
i12n

130

14¢€

155

i6¢

17¢

i18r
1496

23¢

21¢

D(IQJ):r(I"‘1) s
H(I¢1)=k(7.))*.51‘3‘56F5€€56‘7§°1'F‘(53.'P(1,“)'59o'c(I,?)*E?c'f(ICFEC.lii
152)-9,%C(7,2))
IF("(I”)QL:' o) H(T")=?o

Y(I 2w (],7) . ’
X=XC4p .
CALL FMyX4Vy"(2,%))

DO 14" I=3'V

H(I'1)=hfl'1)‘.“1%5c%5“5§5‘€7:-1'ﬁ'(9.'C(l,5)01€.‘F(I,h)

i-5«'C(T,"4"(L.T))
IF(V(IQI)ILrQ.o) k(I'1)=..

Y(Iy=

CALL

W(I,*)
FMeX,aV,y," (1,801

IF (CACT) FoTLSA
g26=3,
PC 180 TI=¢,v

EPRzAMAYL (£ 2%, A8 (N (T,1) =4 (T,
CCATINLF
IF (£

K1="

ERGGE3N) TE (MMIN=-ASS(F))

!

1€3,1%5,15%

IF [RO®EORLLTL4) TF (MMAX=R3S(H)) 4E6,488,7040

K2=

RETLEN

IF (K1.,RE,%) e Tr 8¢
PO 17, I=1,¥
H{I,1)=k(1,%)
C(I,;):F{T'C)

X=Xxc

60 70 2.7

€0 '1er I=1,v
H{Ty1)=0(1,2)
D(I,5)="(T,0)

X=xr
K=
Kez'

DX=STCN(AVMAXL LATS () /ETu M TIN) 4 M)
GO TC 4-°
K2zK741
IF (KZ.LT.€) S-TURM

K=n

0X=°IGh(ﬁ;IN1(A1°(N)'RETA,PH3Y),U)

K2="

RETLEN

EMD

SUSFCLTINE <X17

CatL
ENO

FLOTUX,X4b")

SUS~ALTIAT SIXFCAMEIXAX,YAY)

RE 8L

MATY:

FACY,r2E0
o7

A

catt
CaLt
CaLL
CALL
cati
caLt
caLt

FLCT (Ley"ee D
rl\_(“l(-"‘\‘l‘-\-’ﬂ'"‘)
FLOTUM I VAsT  amane 0y
rLC'()ﬂVO"J:E,VAY$FA97.E\
fLCY(-“‘?I,VJV‘V‘T”,?\
FLET (= amv,amacy, )

FLETC oy 0yi)

RETL RN

ErC

74

NN/ 1L *AMEYL (BBS (K (T,1)),XSI%)Y)

FFFC,I.¢
CFEC.111

CFer,it2
OFEC, 112
CFEC.11&
NFEQ. 11°F
CFECl.11¢
CFEN, 117

CFeEC. 118
DFEC. 11¢
OFEG. 3ér
CFeC. 121
CFEC. 322

OFEC. 124
CFFC.12¢
CFEC.12¢
OFFQ,127
CFER. 128
NFEG.12¢
CFEC,17¢
DFEQ. 131
CFFC.137
CFEC. 122
DFEC. 120
DFEQ.12¢
CFEC. 1€
CFEC. 177
OFFC. 128
CFREN.13¢
OFECQJQE
CFFCe 141
CFEC.147
OFEG. 142
OFEC. 144
CFEC. 14¢
CFEC, 14E
CF¥Ce 147
PFEC. 14°
CFEC. 14c

CALCONMF
CALCONE
CALCONP

CALCONF
CALCrF
CALCCHF
CALCONF
CALCCHF
CALCO~T
CALCON~F
CaLcovre
CALCONMF
CALCOwE
CALCOMF
caLccvr
caLcore
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£ ] Appendix C

Gaunt Factors

The free-free Gaunt factors have been extracted from the graphical

presentation of Karzas and Latter (Ref 6:172-174),.

Table V

Free-Free Gaunt Factors

; v¢ = 221/ Te
; Uzhv/T, 1072 10! 100 101 102 103
E .001 4.25 4.1 3.8 3.25 2.7 2.05
i .01 3.0 2.98 2.7 2.25 1.8 1.5
;\ 1 1.9 1.95 1.8 1.5 1.3 1.2
%, 1. .97 1.18 1.29 1.2 1.11 1.05
%‘ 5. .525 74 1.08 1.14 1.078 1.037
S” 10. .39 .59 .97 1.13 1.08 1.04
gs’ 20. .29 45 .84 1.11 1.09 1.045
?;? 30. .24 38 .76 1.09 1.095 1.05
%5 100. 18 .37 .63 .94 1.15 1.08
200. .14 .22 .53 .8 1.2 1.12

The bound-free Gaunt factors have been integrated over a Maxwellian

energy distribution to eliminate the dependence of gpf on the electron

energy. Karzas and Latter give a table for:

N

g,el E/2%x, , n ]

H

for recombination into the nth shell of an ion.

(73)
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Now,

1
dn, = — exp[ -E,/T, ] dE, (74)

Te

but one can define the following parameters:
2 = zsz/Te and U 2 E./2%xy (75)
such that:
YZ

dn, = A expl -Uy? ] dEg (76)

From Eq. (75), it may be seen that:
= 72
dE, 22y, dU (77)
and consequently one finds:
dn, = v2 exp| ~Uy2 ] du (78)

Finally, the bound-free Gaunt factor, averaged over a Maxwellian electron

energy distribution is given by:

<g g (n,v?)> = é 8, ¢(n,U) v? exp[ -Uy? ] dU (79)

Equation (79) was integrated numerically to give the results shown

in Table VI on page 77.
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Table VI

Bound~Free Gaunt Factors

2 =

Y

2
YA XH/Te

102

10!

109

10!

102

103

.67896
.6809

.6816

.9624
1.0064
1.0174

1.0216

.93121
1.0359
1.0703

1.0858

.88476
.99364
1.0425

1.0704

.8872
.97936
1.0189

1,0426

.90033
.98985
1.0257

1.0457
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