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MF-FIRE - A MULTIFREQUENCY RADIATIVE TRANSFER HYDRODYNAMICS CODE

G.A. MOSES, T.J. McCARVILLE and R.R. PETERSON

Nuclear Engineering Department, University of Wisconsin, Madison, WI 53706
PROGRAM SUMMARY

Title of program: MF-FIRE

Catalogue number:

Program obtainable from: CPC Program Library, Queen's University of Belfast,
N. Ireland (see application form in this issue)

Computer for which the program is designed and others on which is it operable:

Computer: Sperry 1100/82; Installation: University of Wisconsin Computing
Center

Operating system or monitor under which the program is executed: Sperry 1180
Time/Sharing EXEC

Programming language used: FORTRAN 66

High speed storage required: 80,000 words

No. of bits in a word: 36

Overlay structure: Yes

No. of magnetic tapes required: None

Other peripherals used: Line printer, ten disk files

No. of cards in combined program and test deck: 13,623

Card punching code: ASCII

CPC Library subprograms used: MIXERG

Reference to other published version of this program:

Keywords: radiation hydrodynamics, x-ray attenuation, high temperature gas
dynamics

Nature of the Physical Problem

Inertial confinement fusion target explosions emit energy in the form of

neutrons, x-rays, and ionic debris. If the explosion is contained in a vessel



filled with gas, the x-rays and ionic debris are stopped in the gas, forming a
microfireball [1]. The MF-FIRE code computes the attenuation of the target x-
rays and debris in this gas and computes the radiation-hydrodynamic response
of the microfireball.

Method of Solution

The deposition of target x-rays into the gas is computed with an expo-
nential attenuation model. A table of x-ray attenuation coefficients for
atoms with atomic numbers ranging from 1 to 100 and x-ray energies ranging
from 0.01 keV to 1 MeV is supplied with this version of the code [2]. The gas
near the target is ionized beyond the level caused by the initial temperature
of the gas so that the photoelectric attenuation coefficient is reduced for
subsequent x-rays. The x-ray deposition model used by the MF-FIRE code ac-
counts for the reduction in the attenuation coefficient with increasing ioni-
zation [3].

The internal energy and momentum transferred from the target debris to
the gas are computed from the results of an ion transport code. The results
of the ion transport code are fit to analytic functions, and these analytic
functions are used to estimate the rates at which internal energy and momentum
are deposited as functions of time and space [3].

The MF-FIRE code simulates the response of a gas confined within a
pressure vessel to the deposition of target x-rays and ions by solving the
one-dimensional equations of radiation hydrodynamics in Lagrangian coordinates
using standard finite difference methods. The radiative transfer is treated
in the non-equilibrium multifrequency diffusion approximation. An earlier
published version of the FIRE code [4] used only a one-temperature approxi-

mation for the radiative transfer. Tabulated equations of state and tabulated



multifrequency mean Planck and Rosseland opacities are computed using the
MIXERG [5] atomic physics code.

Restrictions on the Complexity of Problem

The MF-FIRE code assumes one-dimensional symmetry in computing the inter-
action of the target x-rays and ions with the gas, and also in computing the
gas response. The gas can be divided into a maximum of 50 Lagrangian zones,
and either planar, cylindrical or spherical geometry can be assumed. Up to 20
frequency groups can be used for the radiative transfer calculation.

The gas is assumed to be composed of only one atomic number in computing
the x-ray deposition. At present, the model for computing the reduction in
the photoelectric attenuation coefficient with increasing ionization is only
used if the gas is neon, argon, xenon or nitrogen. To compute the reduction
in the attenuation coefficient for additional gases, the binding energy of the
K, L and M shell electrons of the neutral gas and the number of electrons in
each shell must be added to the subroutine EDATA. Ion stopping data is only
supplied for projectile ions Au, Fe, Si, He, T, D, and H in gases of Ar, Xe,
and He.

Typical Running Time

The CPU time required to compute the deposition of target x-rays and ions
into the gas is minimal compared to the time required to compute the hydrody-
namic response. On the Univac 1100/82, the CPU time required to compute the
gas response is about 2 x 1073 s/zone-<cycle.

Unusual Features of the Program

The MF-FIRE code is written in FORTRAN 66 with two exceptions:
(1) NAMELIST input and (2) the manner in which the COMMON blocks are used.

The COMMON blocks are listed only at the beginning of the program, where they



are equated to INCLUDE statements. Thereafter, the INCLUDE statements are

used to represent the COMMON blocks. The use of INCLUDE statements abbrevi-

ates the listing of a program that uses the same COMMON blocks in many sub-

routines, because an INCLUDE statement occupies only one line, whereas a

COMMON block might occupy many Tines. Most computer systems have a feature

similar to the INCLUDE statement described here and it is recommended that the

user make use of this feature in his system.
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1. Introduction

The FIRE code [1,2] was developed to simulate the response of a gas to
the x-rays and ionic debris emanating from an exploding inertial confinement
fusion target. The code computes target x-ray attenuation and ion slowing
down in gases. It also computes the gas response using a one-dimensional
plasma-hydrodynamics model with the major energy transfer mechanism being
radiative transfer. This radiative transfer can be modeled in three different
ways. The first is a two temperature (2-T) approximation where the plasma and
radiation are characterized by their own unique temperatures, Tp(r,t) and
TR(r,t). The radiation temperature is treated as a "color temperature" for
purposes of the opacity determination, and is not necessarily related to the
fourth root of the radiation energy density [2]. The radiation energy density
is the quantity that is actually transported. The second method is similar to
the first but in this case the temperature is assumed to be the fourth root of
the energy density. This is the standard approximation. To this FIRE code we
have added the third option of treating the radiation in a multifrequency
group approximation (thus the MF-FIRE code) and this will be discussed in this
paper. This paper is very similar to Ref. [1] with the addition of multifre-
quency radiative transfer and a correction to the Lagrangian form of the PdV
work term in the radiation diffusion equation. Although these changes and
additions are straightforward in principle, they are far too complex to
publish as a program adaptation.

2. Target X-Ray Deposition

The time required for the deposition of target x-rays into the cavity gas
(~ 1078 s) is much shorter than the hydrodynamic response time, so the gas is

stationary as the x-rays are deposited. Hence, the thermodynamic state of the



gas after x-ray deposition can be used as an initial condition in computing
the gas response to the exploding target. The code assumes exponential x-ray
attenuation, which should be adequate for most target x-ray spectra [3]. As
the code is presently written, gases composed of only one element can be used
to attenuate the x-rays. A table of attenuation coefficients for elements
with atomic numbers ranging from 1 to 100 and x-ray energies ranging from 0.01
to 1000 keV are provided with the MF-FIRE code [4].

The initial x-rays that are photoabsorbed by the gas reduce the number of
bound electrons available to interact with subsequent x-rays, so the attenu-
ation coefficient decreases as x-rays are deposited. A method of modifying
the photoelectric attenuation coefficient of the gas to account for increasing
jonization has been developed for the MF-FIRE code [3]. By counting the
number of electrons ejected from each electron shell as the x-rays are de-
posited, the contribution to the photoelectric attenuation coefficient from
each shell can be reduced by an amount proportional to the number of missing
electrons. Additionally, the number of electrons lost due to the initial gas
temperature is included even though this effect is usually very small. Al-
though simple, this model does at least give the correct attenuation for the
limiting cases of a completely neutral and completely ionized atom. The accu-
racy of this model at intermediate levels of ionization has not been determined.
In this version of the code, the model for computing the reduction in photo-
electric absorption can only be used with neon, argon, xenon or nitrogen gas.
To extend the model to other gases, the number of electrons in each shell of
the neutral atom and the energies of the K, L, and M shells must be added to

the EDATA subroutine.



The x-ray spectrum emitted by the target can be assumed to be Planckian,
or an arbitrary histogram can be input. In either case, the code divides the
x-ray spectrum into energy groups, giving each group a constant energy width.
The x-rays in each group are then attenuated as if they were monoenergetic.

3. The Equation of Motion

The equations solved by the MF-FIRE code are written in the Lagrangian
coordinate system, i.e. the equations describe a point that moves with the
local fluid velocity. The advantage of this coordinate system is that the
mass flux is zero, so the conservation equations are simplified considerably.
The code can automatically choose a suitable Lagrangian mesh from the vessel
geometry and dimensions input by the user if desired. Either planar, cy-
lindrical, or spherical coordinates can be assumed. The units used by the MF-

FIRE code are

length - cm

time - second

mass - gram

speed - cm/s

energy - Joule
temperature - eV

pressure - J/cm3 = MPa
charge - esu

Figure 1 illustrates the index system used to denote spatial boundaries.

The Lagrangian mass of each zone, m , is defined by integrating

03j-1/2

dr (1)



from boundary j-1 to j, where p is the mass density and r is the spatial co-
ordinate. The symbol & denotes planar (6=1), cylindrical (6=2), or spherical
coordinates (8=3). The Lagrangian mass is a constant for each zone, so it is
a convenient replacement for the product p(r)rS~ldr when writing the conser-
vation equations in finite difference form. The average Lagrangian mass of
two zones, moj, will appear in the finite difference form of the equation of
motion, and is defined as
(mo. Y

j+1/2 j-1/2 . (2)

0. 2
and J

Am =m -m .
i %172 %5172

In Lagrangian coordinates, the equation of motion is

sft' = -y r (P + Q) = V. 3t ’ (3)

where: V is the specific volume of the gas,
Vq 1s the specific volume of the debris,
u is the radial velocity of the gas,
Uqp 1Ts the radial velocity of the debris,
P is the sum of the gas and radiation pressure,
q is the artificial viscosity [5],
and where it has been assumed that Vq > V. The explicit, finite difference

form of Eq. (3) that is solved by the MF-FIRE code is

n+l/2 n-1/2 n,6-1 Ap" n-1/2 n
. -u. . P'. + Aq. AMOM',
3 U} - (ry) [ j 4 ] , 1 ]

s (4)
Ath ame GAm ) — A¢h

J J




where: G =1 for 8=1 (planar coordinates),

G

2n  for 6=2 (cylindrical coordinates),
G = 4v for 6=3 (spherical coordinates),
and AMOMg is the momentum lost by the debris during AtM.
The superscript n is the time index. The terms in brackets are defined as
n _ pn _pN n-1/2 _ n-1/2 _ n-1/2
APj Pj+1/2 Pj-1/2 and qu 4172 " 95-1/2 (5)
The artificial viscosity is a function of the zone specific volume, so to

make Eq. (4) explicit, qu is evaluated at t""1/2, The artificial viscosity

used is
n-1/2 _ ‘n-1/2
95-1/2 ~ 0 for 3-1/2 >0 ,
V2 (un-l/z - uQ:l/z] ‘- e
) j j-1 for V" /2 0
VQ'%?% j-1/2
j-

The quantity V is the time rate of change of the specific volume.

The gas pressure, Pp, is computed from the perfect gas law,

-19 n n n
pl =1.602 x 1007 (1 +2Z0,.,.) * n * T , (7)
Pit1/2 #1250 Py Py
where: Z is the charge state of the gas,
np is the number density of gas atoms,
T, 1is the gas temperature.

p
The radiation pressure, Pp, is computed from the radiation energy density, Ers

by



1 n
Po =7 ()" , (8)
R\].ﬂ/2 3 YR7jtl/2
where the radiation energy density has been assumed to be isotropic. Although
in some instances the radiation field may not be isotropic, the radiation
pressure is very small compared to the gas pressure for the temperature and
densities of interest here, so the assumption of an isotropic radiation field

does not affect the gas motion.
n+l/2

After solving Eq. (4) for uj » the new radii are computed from
r‘g+1 - rg + ur]]+1/2 Atn+1/2 (9)

New specific volumes and other quantities are then computed in preparation for
the next time step.

To evaluate the momentum imparted by the target debris, the debris is as-
sumed to consist of only one element. The initial energy spectrum can be
Maxwellian or Gaussian, or an arbitrary histogram can be input. The code
divides the initial energy spectrum into energy groups that have equally
spaced increments in velocity, and assigns an equal fraction of the debris
mass to each group. The total momentum deposited into a gas zone is the sum
of the contributions from each group. However, to simplify the notation in
the equations that follow, the index denoting the energy group will be

omitted. The momentum imparted by the debris, in finite difference form, is

amoM? = anfl (U2 nelizy (10)
j-1/2



The quantity Amg is the debris mass in zone j-1/2, and is evaluated from
j=1/2
analytic functions that are programmed into the code [3]. The analytic

functions simulate ion transport in the gas. The quantities UQ:I/Z are the
average radial speed of ions in an energy group, so are independent of the
spatial index. Equation (10) can be written in the form evaluated by the code

by noting that at time th+1/2

n

At (11)

du
n+l/2 _ n-1/2 dryn-1/2
Uar = Ugp + dt )

The time derivative Gdr has been written as a total derivative because the
average deceleration of each energy group is independent of the spatial index.
The deceleration is also evaluated from the analytic expressions that are pro-
grammed into the code. Combining Eqs. (10) and (11) gives the expression

evaluated in the code,

n (dudr n-1/2

n
L At . (12)
dj_l/2 dt

amoM” = am

The analytic expressions that are programmed into the MF-FIRE code and
used to evaluate the deceleration and spatial distribution of the debris are
functions of the average radial distance that the debris travel through the

gas, ryq. From the expression

r‘n+l -
n+l/2 _ 'd d (13)
Ygr  ° Ttz

and Eq. (11), the distance the debris have traveled through the gas (in the

Lagrangian reference frame), is



n+l/2 un-l/Z + (

dudr)n-l/Z
dr

dt

- rz + At AtnAtn+1/2 (14)

d

4. The Energy Equations

4.1 Two-Temperature Option

Because of the high temperatures encountered in the gas (up to hundreds
of eV), thermal radiation can be the dominant energy transport mechanism. The
MF-FIRE code uses flux limited diffusion to model radiation transport. The
absorption and emission of thermal radiation are strongly temperature depend-
ent, so the radiation diffusion equation is solved simultaneously with the

plasma temperature equation. The equations solved by the MF-FIRE code are

Mp 3 6.1 Tp, Ppe ;
Cyst ﬁﬁg'(r “p 37 ) " Ty VTp - AV + ugkp = wplp + 5 (157a)
3E 3E .
R_ 3 .61 Ry _ 4 ) B}
v ol ﬁﬁ;’(r Kp 3F_J 3»ERV wRER + wPTP (15-b)

where: C, is the specific heat at constant volume,

kp 1is the gas thermal conductivity,

Kp 1s the radiation thermal conductivity,
wp 1s the radiation absorption coefficient,
wp 1s the radiation emission coefficient,

S is the rate that internal energy is added by the debris.

In writing Eq. (15-a), the thermodynamic identity [6]

BEP . BTP BPP .

oE

was used to replace e

n and PPV with terms involving Tp. To simplify the



notation in the finite difference equations that follow, the time index of
quantities evaluated at tn+1/2 will be omitted. In fully implicit finite

difference form, Egs. (15-a) and (15-b) are

R K
c j-1/2 1/23-1/2 - 1 AR S
V._ n+ m Ar P. P._
j-1/2 At 051/ GE;)j j+1/2 j-1/2
§-1
r. oP
o J-1 (Tn+1 Tn+l ( P) v Tn+1 (
S - - . . 17-a)
(éﬁj‘_ Pj_l/2 Ly Tpl3-1/2 T3-1/2 Pi1/2
Kp’J 1
y n+l n+l n
- q._ V. +w E - w T + S
U2 7312 TR Rayn T Palie Pyerge T2
and
EEH- - Elg r‘(3-1
Vn+l/2 j-1/2 j-1/2 _ 1 [ J (En+1 _ En+1
j-1/2 n+l/2 Am AE R, R._
At 05.1/2 (éfj, . Rj j+l/2 j-1/2
3 Fp,
J
rol .
_ J-1 (En+l En+1 _ En+1 4 v
K . . . -
o Ry 2 Ryare Rj172 3 0712 (17
(?E)j'l iy
Jj-1
"R Epr o
j-1/2 “j-1/2 j-1/2 “j-1/2

The denominators of the terms in square brackets represent the resistance per
unit area to thermal and radiative diffusion between zone centers. For

instance,



Kp”J + - ’ (18)
P KP KP
and so on for (&7) (A" ., and (&1) Equations (17-a) and (17-b) can be
<p3-17 Ny s A
written in matrix form as
gntl N _ ghtl  _ gntl _ ntl  _ .n+l
25-172 o172 7 85-172) = 85 Charge 7 85172 T 25-1 g1y T &5i3e)
(19)

ghtl ghtl
T Yj-172 85-172 T Y5-172 S5-172 t By-1g2

where

Am

a2

G179 =
=j-1/2 t

Vi1/2

e

J

Am ,
. 05-1/2

-up

Am ,

=j-1/2 05-1/2

e eeg)s o
J ) ?
P (e )  + oEp IRy )

j-1/2

10



_ n
U-172 Vj-172 * Sj-1/2

Bs-12 © %5-1/2
0
n+l
Tp,
e"+1 ) j-1/2
and —-j-1/2 =
n+l
ER.
j-1/2

A more compact matrix equation can be written by redefining the coefficients

as follows:

8-172 7 8 >
Bi-1/2 = %5-1/2 * 35 * 351 * Yy-1/2 * Y5172 o
Qj-l/z = 85-1

_ n
Bi-172 = ¢5-172 &5-172 * Bj-1y2
With these redefinitions, Eq. (19) becomes

n+l ntl  _ n+l  _
“Bi-172 854172 t B5-172 85-172 7 S5-172 85-372 T Dj-172 - (20)

If JMAX is the number of zone boundaries, then Eq. (20) represents a JMAX by
JMAX tridiagonal matrix equation that has two by two matrices for elements.

If the coefficients of Eq. (20) are evaluated at t", it can be solved by

11



Gaussian elimination. Solutions can be shown to be of the form [7]

n+l - n+l )
8i-172 % Ej-172 854172 * Ejo1y2 o for 1§ < JMAX
(21)
o = BOUNDARY CONDITIONS for j = JMAX
—JIMAX+1/2 s J

The £ matrix and F vector can be related to known quantities by decreasing the
spatial index of Eq. (21) by one, and substituted into Eq. (20). One finds

that

) i -1
Ei-172 = o172 7 S4-172 * Ej-372) T *F Ajez2 o
and (22)
) i -1
Fi-172 = ®4o172 = C5-172 * Ejezz2) T * Qyo170 + C4m172 * Eyoz2)

for 2 < j < JMAX, and

_ -1
Bz = Bap2) " " Ay

-1
By o) 7

Firz = Y12 >
for j=1. To solve Eq. (21), a sweep is made from the first zone out to the
wall to evaluate £ and F, and then back to the center to evaluate the compo-

+
2" 1 vector.

nents of the
The expression for the thermal conductivity of the plasma, kp, that is
used in the MF-FIRE code is the theoretical expression developed for

electrons' interaction with stationary ions [8]. The theoretical expression

12



includes an experimentally determined constant to prevent kp from diverging as

the average ionization state approaches zero. The expression is

cp = 20 (2)%/? — (23)
/ﬁ; e (Z+4) In A
where: e is the electron charge,
Mg is the electron mass,

In A is the Coulomb logarithm.
To save computational effort, the Coulomb logarithm is computed from a curve
fit that has an accuracy better than 10% for In A greater than 5. In finite

difference form, the thermal conductivities are

2 2 L1/2
1.22 x 10 TP TP

t _ J T jxl/2 (24)

K =
Py W+ 212 Tn Aiym

The Tg terms are evaluated at the zone boundaries rather than the zone centers
to enhance the numerical accuracy of the solution.

The expression for the radiation conductivity that is used in the 2-T
option is a frequency averaged value. If the radiation mean free path is much
smaller than the gradients in the radiation energy density, then the frequency
dependent radiation flux, qgy, is given by [9]

- lv(TP)c BERV

where: %, is the frequency dependent radiation mean free path,
ERy 1s the frequency dependent radiation energy density,

c is the speed of light.

13



The frequency averaged conductivity is obtained by integrating Eq. (25) over
frequency. The frequency dependence of £, is known from theoretical models of
radiation absorption, but in general the frequency dependence of Epy is not
known prior to solving the frequency dependent radiation transport equations.
For the 2-T radiation diffusion model used in the MF-FIRE code, there are two
options for estimating Ep,. In the first option [2] the frequency dependence

of Ep, is assumed to be a dilute Planckian, that is

81rhv3

3

1
E,. = eV
c”  exp (?ﬁ] -1

Rv

’ (26)

where € is a proportionality factor and Tp is the radiation temperature. The
radiation temperature is defined so as to reflect the temperature of the gas
that emitted the radiation occupying the point of interest. The radiation
temperature at a point is evaluated by averaging the temperature of the trans-
ported radiation, the temperature of the emitted radiation, and the tempera-

ture of the radiation already present. In finite difference form, this

average is
W. * Tn+1/2 T Tn+1/2 TR Tn+l/2 PV Tn+1/2
ot b Rieye 2 Rygp 3 Pyaye Y Ry
Ris1/2 W F W, T W, + W, J
J* (27)
where the weighting functions are defined as
§-1
qpr At
W = (S )"fifg if g > 0
0 J j-1/2
(28)
=0 if ar <0
j-1/2

14



W, = 0 if qp >0

j+3/2 :
29)
§~1
Am0 j*+3/2 Rj+3/2
_ n+l/2
Wy = (wPTPAt)j+l/2 (30)
W, = (E )n+1/2 (31)
4 R"j+1/2 -

In the second option the radiation temperature is simply computed as

Eoc
_ R™y1/4
TR - (10 )

3’

where ¢ is the Stefan-Boltzman constant. The frequency averaged radiation
flux across zone boundaries is represented by gg in Eqs. (28) and (29), which

after integrating Eq. (25) over frequency can be written as

Z(TP,TR)C 8ER

qR = - K] 5T > (32)
h 0T = B g ) wte™) (33)
where polp) = =7 wip) — 7 s
4v” o (1 -e ™)
and U(TR) = #2 . (34)

R

Equation (33) defines the Rosseland mean free path (including spontaneous
emission [9]), and is a function of the plasma density, the local plasma
temperature, and the local radiation temperature. From Eq. (32), the fre-

quency averaged radiation conductivity can be written in finite difference

15



+ 10
form as ky,o o= 1077V, / o (35)
R. j*xl/2 Rjtl/2

where o is the Rosseland opacity (cm?/g).
Rjtl/z p Y g9
If the Rosseland mean free path is larger than the spatial zoning, then
radiation may stream from zone to zone without being absorbed. In this case
the diffusion model overestimates the radiation flux, and must be modified
with a flux Timiter. This flux limiter has been included in Eq. (17-b) where
it is referred to as Fp_and Fp .
J j+l
when the radiation intensity of free streaming radiation approaches complete

The maximum radiation flux, cER, occurs

anisotropy. If the radiation intensity is completely isotropic, then the flux
Timit is cEp/4. This latter expression is used in the MF-FIRE code. In

finite difference form, the flux limit is

_ 9 n+l/2 n+l/2 .
Fy=3.75x 10 [(ER]j+1/2 + (ER)j_l/z] 1 < j < JMAX
(36)
_ 9 n+l/2 .
Fawax = 7-5 % 107 (Ep)guax’1/2 J = JMAX

The expression for the absorption coefficient used in the MF-FIRE code
can be obtained by integrating the frequency dependent absorption rate over
frequency. From the definition of the radiation opacity, the frequency de-

pendent absorption rate is

Epv = CERyou(Tp) (37)

“RvERV

Using Eq. (26) to integrate Eq. (37) over frequency results in (including

spontaneous emission)

16



wRER = CEROP(TR’TP) (38)

5 VT au
where pGP(TP,TR) = —I-g 0T R (39)
ZV(TP)(e - 1)
and U(Ty) = #ﬁ ) (40)

Equation (39) defines the nonequilibrium Planck opacity, which is the inverse
of the frequency averaged distance that radiation with a temperature Tp will
travel in a plasma at temperature Tp before being absorbed. The finite

difference form of the absorption coefficient is

wg;iiiz = 3 x 1010 oP(TR,TP)gf{§§ : (41)
The expression for the radiation emission coefficient that is used in the
MF-FIRE code is obtained by assuming that the plasma is in local thermodynamic
equilibrium (LTE) [10]. The plasma is in LTE if the electrons and ions are in
collisional equilibrium with each other. The radiation spectrum emitted by a
plasma in LTE has a Planckian frequency distribution, because the electron-ion
recombination processes are the same as those that occur in a blackbody. Then

the frequency dependent emission rate can be written as

o T o _cV  gmhy’ 1
Pv'P zv(Tp) C3 exp (?2) -1 (42)
P
Averaging Eq. (42) over frequency yields
w Ty = 4oTY o, (T,) (43)
PP P PP ’
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© 3
Us(Tp,) dU

where pGP(TP) = %g‘ ({ U(TP) s (44’)
and U(T,) = #s : (45)

Equation (43) defines the equilibrium Planck opacity, which is the inverse of
the average distance that radiation at a temperature Tp will travel in a
plasma at temperature Tp before being absorbed. The finite difference form of
the emission rate is

n+l/2 _ 5 143 n+l/2
w = 4.12 x 10° [Tp oP(TP)]j_l/2 . (46)

Ps-1/2
An expression for the internal energy deposition rate from target debris
can be obtained by equating the decrease in debris kinetic energy to the in-

crease in the kinetic and internal energy of the gas:

-ﬁ]P=0 s (47)

where uy is the speed of the debris ions, and the quantity in parenthesis is
the acceleration of the gas in the radial direction due to the debris alone,
that is, excluding the pressure forces. From conservation of debris momentum
it is clear that

ou
1 (du _ 1 dr
V'(St)P=0 - Vd ot (48)

Note that ug, < uy if the trajectory of the debris ions is not straight as

they slow down in the plasma (such as when the ions scatter off the plasma
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nuclei). Combining Eqs. (47) and (48) and solving for the internal energy

source term gives

u ou
d + dr

__V v
S = Va'ud i vz-u - - (49)

In finite difference form, Eq. (49) is

Am AKED n+l/2 n
O o V7 e o VA MMM 5-1/2 (50)
j=1/2 & VLR VA T VL VA
j-1/2 j=1/2

where AKE4 is the change in debris kinetic energy during At".  The change in

debris kinetic energy, the change in debris momentum, and the debris mass are
all evaluated from the analytic functions implemented in the MF-FIRE code to

simulate ion transport in the plasma [3].

4.2 Multifrequency Option

In the multifrequency option we have rewritten Eqs. (15-a) and (15-b) as

Mp 5 -1 OTp, Fpe ’
3£ 3gd .
R_ 0D 6-1 g Ry _ 4.9y _ . 9c9 g = -
V.at_ .sm_o(r KR W—) 3-ER v COPER + J g 1,....,G (51-b)

where: C, is the specific heat at constant volume,
kp is the plasma thermal conductivity,
Kg is the radiation conductivity for frequency group g,
J9 is the rate of radiation emitted by the plasma into group g,
S is the rate of internal energy added to the plasma by the debris,

og is the Planck opacity for group g.
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hv

g+l
EJ = |  dhv Eg(r,hv,t) (52)
R h R
Vv
g
9 - ~59 ¢9
A cop Ep (53)
4 X
8nkT g+l 3
39 = 5 3P og T — ;ox = E%— (54)
¢h xg eX -1 P
k9 = €V
R 303 (55)
cg = Rosseland opacity for group g (cm?/g)
G
A = T AS (56)
g=1
G
g=1

This set of G+l equations is not solved simultaneously as in the 2-T model.
Instead the multigroup equations are first solved individually and the terms A
and J are computed. These terms are then explicitly included in the plasma
temperature diffusion equation which is solved next. This different treatment
of the multifrequency equations in no way affects the way that the 2-T method
is solved in MF-FIRE. This leads to a very slight inefficiency in the number
of subroutines but does not affect the execution time. The coding is kept
very concise by doing this.

The multigroup equations are written in finite difference form as
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j-1/2 j-1/2 _ 1 [ J
n+l/2 Am g
it j-1/2 Céﬁ) + fEE
3 Fg 7J
R R
8-1
- "j-1 (Eg,n+1 £g>n+l
aES Rj-172 Rj-3/2
Ar R
i1+ )i
R R
- cof  EPML 4 ggntl
j-1/2
for group g. This is reduced using the notation
l/Z(Eg,n+l _ Eg,n ) - a.(Eg’n+1 _ Elg,n+1 ) _
R -1z eyt 3 Ry Nye12
1 g n+l
Eg ALAE T e + B,
A = V. ath-1/2
where: as_ 172 = Vi_1/2 Am°j—1/2/ t

a. = ra_l/((Ar/Kg)j + AEE /Fg_)

Vi-12 = (4 Vs07073) Mo 172

= cog Am

w.
j-1/2 Pj_1/2

035-1/2
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J+l/2

J 1

R

Eg SN+l )
Ri-1/2

(Eg SN+l

j-1/2

Eg sh+l )
J 3/2
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B. ., =d9 . am

The coefficients o, a, v, w, and B8 should be evaluated at t"+1/2. However,
values at that time are not yet known so they are evaluated at t". These

terms are regrouped in the familiar form

N+ LY N 1 L N LA I (60)
where: Aj-1/2 = aj
Bj-1/2 = ®j-172 + a5+ a5-1 * Vye1/2 * 95-1/2
Cj-1/2 = aj-1
D._ = o Eg’n + B
j-1/2 = %j-1/2 Ri1y2 9 1/2
We then express the solution as
EdMl —gp L x g%l 1< j < JMAX
Ri-1/2 -1z "Ri0 j-1/2
(61)
EE+1 = ER Boundary Condition
JMAX+1/2 BC
Then we can compute
EEj 172 = Aj-1/2/(Bse1/2 = Cyo172 * EEj_3/2) (62)
FFs172 = (Ogerzo * Cionyn * FRyay)/ (Byogyp = Cyopgp * EEjogp)  (63)
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for 2 < j € JMAX and

EEy/2 = A1y2/Biy2 (64)

FF172 = P1/2/B12 (65)
for j = 1.
Once the radiation specific energies have been computed, then the

absorption is computed as

Ad o =cdd  gdntl (66)
j-1/2 Pj-1/2 RJ._l/2
4 g
Aja1y2 = Z Ai1p - (67)
g=1
The source term in the plasma temperature equation is then computed as
_ o,0ld _

j-1/2

where Bglf/z is the value computed in the 2-T description in part 4.1. The

single plasma temperature equation is solved using the same standard implicit
finite difference technique described for the 2-T and multifrequency diffusion
equations.

5. The Equation of State and Opacity Tables

There are six quantities that must be supplied in tabular form by the

user of the MF-FIRE code. These are
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Z(np,Tp) Charge State

Ep(np,Tp) Specific Internal Energy
op(np,Tp,TR) Rosseland Opacity
op(np,Tp,TR) Planck Opacity

og(nP,TP) Multigroup Rosseland Opacity
og(nP,TP) Multigroup Planck Opacity

These tables are generated for MF-FIRE by the MIXERG code [11]. Logarithmic
interpolation is used to interpolate between points in the tables. For
instance, the charge state is stored as log Z(log np,log Tp). In what

follows, the indices associated with the dependent variables are

K=-1log Tp ,
L=-Tog Tp
M - log np

Points in the two-dimensional tables can be represented as a two-dimen-
sional grid, as shown in Fig. 2. The indices with stars denote the location
of a quantity located between points in the table, for instance log Z(L*,M*).

To compute the desired quantity we first interpolate along the M axis:

log Z(L,M*) = Jog Z(L,M)

(69)
log Z(L,M+1) - log Z(L,M) _
* Tog n, (M+I] - Tog np (M) * (log Np Tog nP(M)) >
Tog Z(L+1,M") = Tog Z(L+1,M)
(70)

+ Jog Z(L+1,M+1) - log Z(L+1,M) ,
Tog nP(M+l) - Tog nP(M)

(Tog n, - log ny(M)) ,
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where np is the number density corresponding to log Z(L*,M*). Now interpo-

lating along the L axis,

Tog Z(L*,M*) = 10g (L,M¥)

* * (71)
log Z(L+1,M ) - log Z(L,M )
Tog TP(L+1) - Tog TP(L)

* (log Tp - Tog TP(L)) s

where Tp is the temperature corresponding to log Z(L*,M*).
The grids used to interpolate in the three-dimensional tables are shown
in Fig. 3. First we interpolate for log a(M,K*,L*) and Tog o(M+1,K*,L*) in

the manner prescribed above. Then interpolating in the third dimension,

* * * * *
log o(M ,K ,L ) = log o(M,K ,L )

* * * *
+ log o(M+1,K ,L ) - log o(M,K ,L )
Tog np(M+1) - Tog nP(M)

(Tog nj, - Tog nP(M))

If the plasma temperature computed by solving the energy equations is
less than the lowest temperature in the equation of state tables, then the
code automatically computes Z and Ep by interpolating between the bounds of
the table and the values for a perfect un-ionized gas. This procedure pre-
serves the accuracy of the calculation at low temperatures. The number
density, np, should never exceed the bounds of the tables, or inaccurate
results will be obtained.

The multigroup tables are treated like G two-dimensional tables where G

is the number of groups.
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6. The Energy Conservation Check

At the end of each time step, a check is made to insure that the differ-
ence equations are conserving energy. This is done by integrating the energy

equations over time and space. The two energy equations can be written as

Ep + PRY = Sp ~ Qpg + Opp (74)
where: QPR = wRER - wPTP
. (T, or E,)
_ 9 6-1 P R B
QDx = s T Ky — 57— where x = P or R ,

w
i

p = source of internal energy,

(7]
1]

source of radiation (SR = 0 in this version of the code).

After integration over space and time these equations take the form

n+l ntl _ o 0 n+l n+l _ -n+l _ ,ntl _ .n+l
GAS ep  t T =ep + T + HP + ERP FP wP GR (75)
ntl _ o ntl _ ontl _ -n+l _ ,n+l n+l
RADIATION en = €p + HR ERP FR wR + GR (76)
TOTAL el 4 gl 2 g0 4 70 4yl _pntl _yntl (77)

The physical definitions of each term are:

e, ~- total internal energy of the gas or radiation.

X
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T -- total kinetic energy of the gas.

H, -~ total source of energy to the gas or radiation.

Epp -- total radiation energy exchanged between the gas to the radiation field.
W, =- total work done on the outer boundary by the gas or radiation. These

are zero in the MF-FIRE code because the outer edge of the gas is

stationary.
Fy =-- total energy conducted to the first wall from the gas or radiation.
Gp -- work exchanged between the gas and radiation.

Each of these terms are given in finite difference form as follows:

JMAX

n+l n+l
e = ) (E)). 7, Am (78)
X j=1 x'j-1/2 0i_1/2
2 JIMAX 2
™= L Whlf2)” 4 1 am, (u7H/2) (79)
JMAX=1/2 j=1 j 9
JIMAX
<o a2 T 0
j=1 J j-1/2
JIMAX
n+l n n+l/2 n+l/2
Eoot = Ep, + At L (Qpp)i 1% Am (81)
RP RP 21 RPU-172 05.1/2
n+l _ .n n+1/2 AKX 172, 8-1.n+1/2 ,.n+l/2 n+1/2
GR = GR + At u. (r ). (PR - PR )
j=1 9 J j+1/2 j=1/2
(82)
4 ag*1/2 n+1/2 ( 6-1yn¥1/2 [Pn+l/2 _ pn+l/2 172

JMAX JMAX R R

JMAX+1 JMAX-1
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w2+1 = wz + aghtl/2 (u"+1/2 (p8-1yn+l/2 P”+1/2) (83)

IMAX MAX Px s
5-1
ntl _ .n n+l/2 rr n+l/2 ,.n+l/2 _ n+1/2
Fp = = Fp + ot Camlomax” (Tp Tp ) (84)
(K_) JMAX+1/2 IMAX-1/2
P
PPl En . amtL/2 | ol M2 @ mel/2 L/
R R ary . MERTMAX Ryuaysrzz Romax-1727 (85
L

The calculations made by the MF-FIRE code do not conserve energy exactly be-
cause of the nonlinear equations of state and the finite number of interpo-
lation points in the tables. The calculations usually conserve energy to
within better than 10%.

7. The Time Step Control

After each time step, the next time step is determined from a set of sta-

bility and accuracy constraints. The new time step is determined by

1+3/2 _ Ky K2Atn+l/2 K3Atn+l/2 K4Atn+l/2
At = Max[at . Min(at . R L T )] (86)
1 2 3 4
. phtl _ n+l ntl 1/2,, n+l/2
where: R} Max[(Vj_l/z Pj_llz) /Arj-1/2] (87)
n+l _ ntl _ yn n+l/2
Ry ™ = Max[(Vj_l/z Vj—1/2)/vj-1/2] , (88)
ROYD = max[(E0* - gl )/Entl/2 ] (89)
j-1/2 j-1/2 j-1/2
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RpTE = max[(T0 - ymmil/2 g (90)
j-1/2 j=1/2° "j-1/2
The maximum values of Rys Ry, R3, and R4 are found by sweeping over the zones.
The input parameters Kis Ko, K3, and K; determine the severity of each con-
straint. The default value for Kys Ko and Kgq is 0.05. The default value of
Ky is set to 1.0 x 1035, which in effect removes the radiation energy as a
time step constraint. The radiation diffusion equation is solved using a
fully implicit differencing scheme and is stable for large time steps. The
time step can of course be constrained using the change in radiation energy
density by simply inputting a different value for K3.

8. The Subroutines and Their Functions

The MF-FIRE code is written in FORTRAN 66, and can be run on any main-
frame computer. It is written in a top-down modular style, as shown in Fig.
4, Each subroutine performs a specific function. These functions are briefly

described below:

Subroutine
Name Functon of Subroutine

ABCDEF - computes the A, B, C, D, E, and E matrices and vectors used to
solve the energy transfer equations when using the 2-T option.

ABCPLS - computes A, B, C, D, E, and F coefficients used to solve the
plasma temperature equation when using the multifrequency
radiation option.

ABCRAD - computes A, B, C, D, E, and F coefficients used to solve the
radiation energy equation for a specified frequency group when
using the multifrequency radiation option.

CLEAR - sets all common blocks to zero before the start of a calcu-
Tation.
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CROS -

DISTRB =

DUMP -
DYNDEP -

ECHECK -

EDATA -

EMISSN -

ENERGY =~

E0S,EOSL -
GASDEP -

HYDRO -

INITD -

INITIA -

INIT1 -

INIT2,4,5 -

KAPPA -

LLAM -
MAIN -
MATRIX -

NUMDEN -

searches through the x-ray cross section table and computes
the cross section of the gas.

computes the kinetic energy and momentum lost by the debris in
each zone during a time step.

writes all common blocks on unit 2 at the end of a calculation.

computes the x-ray deposition and the new absorption cross
section of each zone.

computes the integrals used in the energy conservation check.

provides the electron shell structure of the gas for the x-ray
deposition calculation.

computes the frequency dependent radiation emission when using
the multifrequency radiation option.

computes Tp, Ep, and then Tr.
computes the equation of state quantities.
computes the temperature of the gas after x-ray deposition.

solves the equation of motion for the fluid velocity, new zone
radii, Ar's, zone volumes, and specific volumes.

reads LOWEN namelist input and initializes the debris depo-
sition calculation.

reads namelist input and calls other initialization routines.
sets variable default values before reading input.

computes initial conditions and writes a summary of the ini-
tial conditions to unit 6.

computes plasma and radiation thermal conductivity and the
radiation flux 1imit, in the 2-T approximation.

computes log lambda.
calls other routines to form the Toop for one time step.

computes a, &, Y, and w matrices for use in the energy

transfer calculation, in the 2-T approximation.

computes number densities from the specific volume.
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OMEGA -

ouT,ouT1 -
PCOND -

PLSCOF -

POINT,POINT1 -

QUE -
QUIT -

RADCOF -

RADTR -

RCOND -

SHIFT -

SPECFL -

SPECP -

STOPS -

TABLE2,TABLEL -
TABLE3

TEMPBC -

TIMING -

UNREAD -

computes the radiation emission and absorption coefficients,
in the 2-T approximation.

writes output to unit 6 at the end of specified time cycles.

computes the plasma conductivity when using the multifrequency
radiation option.

computes o, v, a, and B coefficients used to solve the plasma
temperature equation when using the multifrequency radiation
option.

finds pointers in the equation of state tables.

computes the artificial viscosity.

wraps up the calculation at the end.

computes a, v, w, a, and B coefficients used to solve the
radiation energy equation for a specified frequency group when
using the multifrequency radiation option.

controls the multifrequency radiation calculation by calling
EMISSN and ABCRAD and then computes the total radiation energy
density and radiation temperature when using the multi-
frequency radiation option.

computes the radiation conductivity for a specified frequency
group when using the multifrequency radiation option.

shifts values of variables at (n+l) to variables at (n) at the
end of a time step.

computes the debris spectrum.
computes the x-ray spectrum.

computes the total kinetic energy and momentum lost by the
debris during each time step.

interpolates in the equation of state tables using the
pointers.

computes the plasma temperature and radiation specific energy
boundary conditions.

computes a new time step and determines whether the calcu-
lation is over.

reads in the common blocks from unit 4 at the beginning of a
restarted calculation,
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WBIN - writes binary output to unit 8 for postprocessing.

ZONER - computes the Lagrangian zoning automatically.

9. Input/Output Units and Storage Requirements

The MF-FIRE code uses ten different I/0 units. These units are listed

below along with their specific function.

Unit # Function

2 MF-FIRE writes all common blocks to this unit at the end of
a calculation to allow a restart.

3 MF-FIRE reads the equation of state tables from this unit.

4 MF-FIRE reads the common blocks from this unit at the
beginning of a restart calculation.

5 MF-FIRE reads the namelist input from this unit.

6 MF-FIRE writes lineprinter output to this unit.

8 MF-FIRE writes binary output to this unit for
postprocessing into plots.

9 MF-FIRE writes the times corresponding to the stored heat
fluxes on this unit.

10 MF-FIRE writes the radiation heat fluxes to the wall on
this unit.

11 MF-FIRE reads target x-ray attenuation cross section data

from this unit.

12 MF-FIRE writes the pellet x-ray spectrum reaching the wall
on this unit.

MF-FIRE requires about 80,000 words of memory storage on a UNIVAC 1100/82
computer and executes at a rate of approximately 2-5 msec/zonescycle.
When adding a variable to the common blocks, the block length (set in

INITIA) must be changed so that DUMP and UNREAD will write and read the cor-
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rect number of words for a restart. Notice that the lengths are measured in
double words. This must be changed to single words if single precision is
used. ATl of the variables should be changed to single precision if a 64 bit
word length computer is used.

10. The Common Blocks

Nearly all of the real variables in the common blocks are in double pre-
cision, giving about 14 decimal places of accuracy on an IBM or UNIVAC com-
puter. All real constants are specified with the "D" scientific notation
(i.e., 1.=1.D0) to insure that all calculations are performed in double pre-
cision. The IBM FORTRAN G and H compilers will not define constants as double
precision unless the "D" notation is used.

For many of the variables, the second to the last letter indicates
whether the variable is at a zone center or zone boundary, and the last letter

denotes the time level. The suffixes are:

1 -- zone boundary
2 -~ zone center

A -- thtl

B —- thtl/2

C --tN

D -- th-1/2

The letter R will appear in a variable name if the quantity is associated with
the radiation field, and N if the quantity is associated with the plasma.
Thus TR2B(J) is the radiation temperature in the center of zone j at time
t"+1/2, and U1D(J) is the fluid velocity on the zone j boundary at time t"'l/z.

The variables are grouped in common blocks so that a subroutine will find most
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of the variables that it needs in fewer than all of the blocks. The common
blocks are listed below along with their meaning and units. A * superscript

denotes mandatory input variables, and a ** superscript denotes a variable

with a default value.
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Common Blocks

COMMON/T IME/

1) TA gn+l times (s)
2) TB th+1/2

3) TC th

4) th-1/2

5) pTB** ath*1/2

6) DTC Ath = (agN*1/2 4 agn-1/2y 7
7) DT at"*3/2 ) the new time step
8) TMAX® Total time for the simulation

9) DTMIN™®  Min allowed time step

10) DTMAX™™  Max allowed time step

COMMON/TEMPER/
1) TN2A (Tp)gfi/z Plasma temperatures (eV)
2) TN2B (Tp) 1172
3) TN2C* (Tp)g_l/2
4) TNIB (T,) 11/
5) TNSQ2B /(Tp)gfi;S (ev)1/2
6) TR2A (TR)gfi/Z Radiation temperatures (eV)
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7) TR2B (1, )n*1/2

R"j~1/2
* n
8) TR2C (TR)j-l/Z
n+l/2
9) TRIB (TR)j
10) TBC™™ temperature boundary condition (eV)
COMMON/CNTROL/
1) CoN** real constants used in FIRE

2) TGROW'™  max percentage that At can increase in one cycle
3) TEDIT™™  time at which output freq. switches from I0(1) to IO(11l) (s)

4) GEOFAC a geometry factor; 1, 2w, 4w

5) TScC*™ Courant condition time step control

6) TSCV*™  AV/V time step control

7) Rl worst case for Courant condition

8) R2 worst case for AV/V

9) R3N worst case for ATp/Tp

10) Ti
11) T2 temporary vectors to be used for any purpose within a
12) T3 subroutine

13) T4
14) IDELTA™ 1 = cartesian 2 = cylindrical 3 = spherical
15) IDELM1 0 = cartesian 1 = cylindrical 2 = spherical

16) NCYCLE time cycle index
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17)  NMAX® max number of time steps

18) JMAX* max number of spatial zones

19) JMAXM1 JMAX-1

20) JMAXP1 JMAX+1 used for indexing
21) JMAXP2 JMAX+2

22) ISW* control switches

23) ILUNIT output units for flux quantities

24) JCOUR zone # of Courant condition worst case

25) JSPVOL zone # of AV/V worst case

26) JINTEMP zone # of ATp/Tp worst case

27) INDEX a vector used for output indexing

28) IZONE zone # of worst case of Courant, AV/V, ATp/Tp

29) ITYPE 1 = Courant 2 = AV/V 3 = AEg/ER 4 = ATp/Tp worst restriction
30) TIITYPE 0 = physical -1 = min At 1 = max At

31) IEDIT™™  intermediate output cycle frequencies
32) 1IZONE zone # of worst case if the At is Atp,, or Aty
33) ICOND principal time step constraint

34) ICOND2 secondary time step constraint if primary is Atg;, or Atp.,

35) NVMAX time step of maximum compression
36) IUNIT cm?, radian-cm, steradian for & = 1, 2, 3
37) JVMAX zone # of maximum compression

38) TSCTN™® ATp/Tp time step control
39) 10% primary output frequency vector
40) I10BIN™™ output frequency of binary output

41) RADIUS** the radius of the first wall (41-47 are for automatic zoning
option)
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42)
43)
44)
45)
46)
47)
48)
49)
50)
51)

52)

PMASS™

*%

RI

*%

RO

RO2

**k

NI
NO**

RATIO
NFG**
R3R
TSCTR™

JRTEMP

*

the
the
the
not
the

the

mass of the pellet

radius of the first zone, #1

inner radius of the last zone, #JMAX

used

number of zones in the inner constant mass region
number of zones in the outer constant mass region

mass ratio between successive zones in transition region

the

number of frequency groups

worst case for AER/Ep

AER/ER time step control

zone # of AEp/Ep worst case
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COMMON/HYDROD/

1) UID ug-l/z
2) u1s** un+1/2
j
n+l/2
3) DR2B artis
n+l
4) DR2A o
n
5) RIC "
6) RIB r2+1/2
7) RIA phtl
j
8) RSI1C (r'JT)‘S'1
9) RSIB (r'J!"l/z)‘S'l
10) RSIA (r?*l)‘s'1
n
11) PR2C (P)1/2
n+l/2
12) PR2B (P 0I105
n+1
13) PR2A (P02
n
14) PN2C (P 1/
n+l/2
15) PN2B (Pp)ST105
n+l
16) PN2A P51/

fluid velocity (cm/s)

zone widths (cm)

radius (cm)

radiation pressure (J/cm3)

gas pressure (J/cmd)
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17) P2C Pg_l/2 total pressure (J/cm3)

n+l
18) P2A Pe1/2
19) vac Vg_l/z specific volume (cm3/g)

n+l/2
20) V2B Gy

n+l
21) V2A Vi
22) VO initial specific volume
23) COMPR VO/V compression
24) VDOT2B ngifg time derivative of sp. volume (cm3/g-s)
25) DMASS2 Am, Lagrangian mass §=1 g/cm?

-1/2 §=2  g/cm-radian
6=3  g/steradian
26) DMASS1 Amo = (Amo + Amo )/2
J j-1/2 j+l/2

27) Q2B q?f%f% artificial viscosity (J/cm3)
28) VMAX max compression
29) TAVMAX time of max compression (s)
30) VoL2B ngifg zone volume (cmd)

n+l/2
31) VOL2A ey
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COMMON/ESCOM/

1) ER2C EE radiation energy density (J/cm3)
j-1/2
2) ENT2B (C )g+i;§ plasma specific heat (J/eV-g)
3) ER2B ER+1/2 radiation energy density (J/cmd)
j-1/2
4) PNT2B (PP)Tnﬂ;2 temperature derivative of gas pressure (J/cm3-eV)
j-1/2
5) ER2A (ER)g+i/2 radiation energy density (J/cm3)
6) EN2A (E P)g+i/2 plasma specific internal energy (J/g)
n+l . 3

7) DE2A (n )J 1/2 electron number density (1/cm)

8) DN2A ("P)g+i/2 ion number density

9) DE2B™* (n )g+i;§ electron number density
10) DN2B” (np)g+i§§ jon number density
11) ATW2B™ Ag+i§§ average ion atomic weight (amu)
12) Z728B 82/8T3+%;§ temperature derivative of average charge (esu/eV)
13) Zz28™* Zg+%;§ average charge (esu)
14) 75Q28B (z 2+15§) average squared charge (esu)?

*% .o s 3

15) VBC specific volume boundary condition (cm°/g)
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16)
17)
18)
19)
20)
21)
22)
23)
24)
25)

26)

27)

COMMON/ESCOM1/

AD
AT
BD
BT

EBC

TN2AL

TR2AL

DN2AL

KEOS

LEOS

MEOS

EPSLON

ZTAB
ENTAB
RMFTAB
ROSTAB
HEADER

coefficients defining the grid for the equations of state

radiation energy density boundary condition

Tog (TE+1 )
j~1/2

log (TE+1 )
j-1/2

log (ng+1 )
j-1/2

vectors used for indexing into the equation of state tables

a parameter that indicates how far out of equilibrium the
radiation energy density is

plasma charge state table

plasma specific internal energy table
Planck opacity table

Rosseland opacity table

character description of EOS tables
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COMMON/COEFF/

1)

2)

3)

4)

10)

11)

12)

13)

14)

15)

R0OSS2B

KANM1B

KANP1B

KARM1B

KARP1B

OMP2B

OMRZ2B

RMFP2B

RMFT2B

SND2B

SHOK2B

LAMNZB

FLIM1B

RFLU1B

SNDI2B

n
$3-1/2

Rosseland opacity (cmz/g)

plasma thermal conductivity (J/cm-eV-s)

radiation thermal conductivity (cm?/s)

plasma emission coefficient (J/eV-g-s)

plasma absorption coefficient (cmS/s-g)

Planck opacity (cm?/g)

Planck opacity for Tp = Tp (cmé/g)

change in debris kinetic energy during At" (ergs)
shock heating (J/gm/s)

Spitzer log A

radiation flux 1imit (J/cmées)

diffusion flux (J/cmlss)

the interal energy source term (J/gm/s)
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COMMON/COEFF1/

1)

2)

4)

7)

8)

9)

10)

11)

12)

BET12B

BET22B

AL112B

AL222B

OM112B

0M2228

GM112B

GM2228B

AA111B

AA221B

OM1228B

O0M2128B

n+l/2
(81)5-175

)n+l/2
By j-1/2

( )n+1/2
*11’ j-1/2

( )n+1/2
%22’ j-1/2

( )n+1/2
“11 j-1/2

( )n+1/2
“22' j~1/2

n+l/2
(1105172

n+l/2
(o) 5-172

(a )q+1/2

n+l/2

(a22)J

( )n+1/2
“12/ 5-1/2

(w )n+1/2
“21' j-1/2

Beta Vector

Diagonal Elements

Diagonal Elements

Diagonal Elements

Diagonal Elements

Off Diagonal Elements of Omega Matrix
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of Gamma Matrix
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COMMON/COEFF2/

1) Ell (E;1)
2) El2 (E1p)

A11 Elements of the "E" Matrix
3) E2l (Epp)
4) E22 (Epp)
5) F1 (Fq)

Both Components of the "F" Vector
6) F2 (Fp)
7) Bll (B11)
8) B12 (By,)

A1l Elements of the "B" Matrix
9) B21 (By1)
10) B22 (Boy)
11) D1 (D7)

Both Elements of the "D" Vector
12) D2 (Dy)

45



COMMON/ECKCOM/

1)

10)

11)

12)

13)

14)

15)

16)

T1A

GGGE2A

HHHR2B

HHHNZ2B

EEEC2A

EEEERO

EEEENO

EEEEER

EEEEEN

TTTTTT

HHHHHR

HHHHHN

EEEEEC

GGGGGE

WWWWWR

WWWWWN

n+l
(T)j

n+l
(6e)5-1/2

n+l/2

n+l/2

(HP)j-1/2
n+l

(Ec)j-l/2

kinetic energy of fluid (J/x)

radiation-gas work (J/x)

radiation source (J/x)

gas source (J/x)

radiation-gas energy exchange (J/x)

total

total

total

total

total

total

total

total

total

total

total

initial radiation internal energy (J/x)

initial gas internal energy (J/x)

radiation internal energy (J/x)

gas internal energy (J/x)

fluid kinetic energy (J/x)

radiation source (J/x)

gas source (J/x)

radiation-gas energy exchanged (J/x)

radiation-gas work (J/x)

work done on radiation (J/x)

work done on gas (J/x)
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17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

FFFFFR

FFFFEN

WWWWR

WWWWN

FFFFR

FFFFN

HHHHR

HHHHN

EEEEC

GGGGE

ENLHS

ETLHS

ERRHS

ENRHS

ETRHS

TTTTNO

(FR)M

(Fp)*l
(Wg )"+
(wp)n+l

(fR)"+1
(Fp)*

(hR)n+l
(hp)n+1

(ec)n+1

(ge)n+l

total
(J/x)

total

total

total

total
(J/x)

total
(J/x)

total

total

total
(J/x)

total
(3/x)

radiation heat lost across outer boundary

gas heat lost across outer boundary (J/x)

work done on radiation on last cycle (J/x)

work done on gas on last cycle (J/x)

radiation lost at outer bd. on last cycle

gas energy lost at outer bd. on last cycle

radiation source on last cycle (J/x)

gas source on last cycle (J/x)

radiation-gas heat exchange on last cycle

work to maintain one fluid on last cycle

left side of gas energy balance equation (J/x)

left side of total energy balance equation (J/x)

right side of radiation energy balance equation (J/x)

right side of gas energy balance equation (J/x)

right side of total energy balance equation (J/x)

initial kinetic energy (J/x)
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33) PMAX
34) TPMAX
35) FMAX
36) TFMAX
37) FSAVE
38) PSAVE
39) TSAVE
40) NPMAX
41) NSAVE
42) NFMAX
43) NDUMMY
where 6=1
6=2
§=3

maximum pressure at the wall (J/cmd)

time of maximum pressure (s)

maximum radiation heat flux at the wall (J/cm?-s)
time of maximum heat flux (s)

heat fluxes at first wall (J/cmé-s)

pressures at first wall (J/cm3)

times of heat fluxes and pressures (s)

time step of max. pressure

index into FSAVE, PSAVE, and TSAVE

time step of max. heat flux

rounds out the common block to an even number of words

X = cm2
X = cm-radian
X = steradian
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COMMON/XRAY /

1) COEF coefficients computed from x-ray cross section tables

2) ELIM a vector used in computing the x-ray cross sections

3) ONEZOA a coefficient used on computing th**e x-ray scattering cross
section

4) JK** the number of energy groups in the x-ray spectra

5) DE the width of the energy groups in the x-ray spectra (keV)

6) KEV™™ the blackbody temperature of a blackbody x-ray spectra (keV)

7)  FLUX™™ the total energy in x-rays input by the user (J)

8) SUMFLU the energy in the x-ray spectra computed by FIRE (J)

9) E the energy of the x-rays in each group (keV)

10) F the energy in each x-ray group (J/keV)

11) NUM a number generated by the code in searching through the x-ray
cross section tables

12) U x-ray attenuation coefficients computed from tables (cmz/g)

13) EDGE the minimum x-ray energy required for absorption by electrons

in each shell (keV)

14) SHELEL the number of electrons in each shell

*%k

15) 1z the atomic number of the plasma

16) KEDGE the number of shells the plasma atoms have

17) TN2ALL Tog (Tg ) logs of the initial gas temperatures
j-1/2

18) DN2AL1 1og (ng ) logs of the initial gas densities
j-1/2

19) LEOS1 an index corresponding to TN2AL1

20) MEOS1 an index corresponding to DN2AL1
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21)  XamMp** the amplitude of an input x-ray spectrum (J/keV)

22) XEHIST™* the energy of the x-rays in each group of the input spectrum
(keV)

23) TOTAL the x-ray energy absorbed by the plasma (Joules)
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COMMON/DRIV2/

1)
2)

3)

4)
5)
6)
7)
8)

9)
10)
11)

12)

13)

14)

15)

16)

FF

VSTAR

*k

AMP

*

NMHIST™

EHIST™™

GAUSIG™
* %

EMN

ISPEC™™

EMIN
EMAX

*k

FL

PROGR
SIGMA

MARK

J1B

SPEMIN

the

number of debris projectiles in each energy group

a constant used in computing the deceleration of each energy
group

the

amplitudes of energy groups in an arbitrary histogram

spectrum (J/keV)

the
the

the

the

number of energy groups in the spectra
kinetic energy of the debris in each energy group (keV)
standard deviation of a Gaussian energy spectrum (keV)
characteristic energy of a Maxwellian energy spectrum (keV)
a Maxwellian spectrum is set up
a Gaussian spectrum is set up
an arbitrary histogram monoenergentic pulse is input
minimum energy of the spectra (keV)
maximum energy of the spectra (keV)
total number of debris projectiles

projected range of the debris in each energy group if the
is stationary (cm)

standard deviation in projected range for each group if the
is stationary (cm)

the energy of a group has become insignificant
the debris in a group has passed into the wall

the kinetic energy and momentum of a group imparted to
the gas are computed

indexes of zones containing the projected ranges of the

debris groups

the

debris speed below which MARK is set to -1 for a group

(cm/s)
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17)
18)
19)
20)

21)
22)
23)
24)
25)

26)

27)
28)
29)

30)
31)

32)

SMASS™™
SPEED
RSAVE
DIS

cl )

€2
C3

C4 W,

SND

DMOM

RP
IRIPT
TIME

DMOM1D

DR2D

SIGMAL

the mass of each debris projectile (amu)
the speed of the debris in each energy group (cm/s)
(rg) the initial positions of the zones (cm)

the distance between the average projected range and the last
zone boundary crossed (cm)

constants used in computing the deceleration and spatial

profile of the debris

the kinetic energy lost by each debris group during a time step
(ergs)

the momentum lost by each debris group during a time step (g-
cm/s)

the average projected range of each debris group (cm)
an element of the vector J1B

the time that the average projected range of each group passes
into the wall (s)

the momentum imparted to each zone during a time step (g/cm/s)

n—1/2)

j-1/2 this vector is used to correct DIS for motion of

Zones

(ar

constants used to compute the range straggling of each group
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COMMON/MFRAD/

11)

ERFD2A
ERFD2C
SRFD2B
SRZB
SP2B
SERZ2B
SREZB
HNU1
HNUZ

REDOUT

REDINT

frequency
frequency
frequency
frequency
frequency
frequency

frequency

dependent radiation specific energy at t"*l (3/9)
dependent radiation specific energy at t" (J/g)
dependent radiation emission term at tn*1/2 (d/ges)

dependent Rosseland opacity (cm™l)

dependent Planck opacity (cm‘l)
integrated radiation absorption (J/ges)

integrated radiation emission term (J/ges)

boundaries of frequency groups (keV)

centers of frequency groups (keV)

frequency

dependent radiation energy flux at first wall on a

given time cycle (J)

time integrated frequency dependent radiation energy flux at
first wall up through a given time cycle (J)
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11. The Input Variables

The MF-FIRE code reads namelist input from I/0 unit 5. The variables
that must appear in the namelist called INPUT are given in Table 1. Real
variables are denoted by RV, and integer variables by IV. The variables with
default values are given in Table 2, and they need not appear in the namelist
unless another value is desired. Table 3 contains the variables used for an
x-ray deposition calculation. Table 4 contains the variables used if the
automatic zoning option is specified. Table 5 contains the variables used to
run a debris deposition calculation. These are the only variables that appear
in the namelist called LOWEN. Table 6 contains definitions of the integer
switches used to control the code. Table 7 lists the real constants used by
the code that can be changed by input. Table 8 gives the intermediate output

vector that allows all internally computed quantities to be output for debug-

ging.
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Table 1. Input Variables

Default
Variable Type Yalue
JMAX (IV) --=
NMAX (I1V) -—
TMAX (RV) -=-
10 (1v) -
DR2B (RV) ---
DN2B (RV) -—=
TN2C (RV) -
TR2C (RV) -==
ATW2B (RV) -—=

Description

Number of spatial zones 3 < JMAX < 53
Maximum number of time steps

Maximum problem time (s)

Output frequencies

I0(1) -- hydrodynamics

10(2) -- energy

I0(3) -- mfp's and # densities

I10(4) -- short edit

I0(5) -- multifrequency radiation

I0(11) -- same as I0(1)-(5) except after
10(12) time TEDIT (see TEDIT description)
10(13)

10(14)

10(15)

Ar of each zone (cm) (DR2B is only input if
automatic zoning is not used)

Plasma number density (cm™3)
Plasma temperature (eV)
Radiation temperature (eV)

Atomic weight (amu)
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Table 2.

Optional Input Variables

Default
Variable Type Value
IDELTA (Iv) 3
DTB (RV) 10-12
DTMIN (RV)  10"1%DTB
DTMAX (RV)  1072*TMAX
TSCC (RV) 5 x 1072
TSCV (RV) 5 x 1072
TSCTR (RV) 1 x 1033
TSCTN (RV) 5 x 1072
TEDIT (Iv) -1
10BIN (Iv) -1
TGROW (RV) 1.5
TBC (RV) 2.5 X 1072
VBC (RV) 0.1
U1B (RV) 0
IRS (Iv) 0
JK (IV) 25
ISW (Iv) ==
CON (Iv) ===

Description

Geometry = 1 planar
2 cylindrical
3

spherical

Initial time step (s)
Minimum time step (s)
Maximum time step (s)

Time Step Controls - Courant

AV/V
MEp/Eq

ATP/TP

If TEDIT # O then before time TEDIT I0(1)-
(4) are used and after IEDIT I10(11)-(14) are
used as output frequencies

Binary output frequency written to unit 8
for postprocessing

Time step is allowed to increase no more
than TGROW*DTB on each successive cycle

Temperature boundary condition (eV)
Specific volume boundary condition (cm3/g)
Initial velocity (cm/s)

Restart calculation flag

= 0 Normal calculation

= 1 Restarted calculation

See Table 3

See Table 6 for definitions of these
switches

See Table 7 for the definitions of these
numerical coefficients
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Default

Variable Type Value
IEDIT (Iv) -1
R0SS2B (RV) -
RMFP2B (RV) ---
RMFT2B (RV) ---
NFG (IV) 0

Description

See Table 8 for the definitions of these
intermediate output frequencies -

Rosseland opacity must be input if ISW(12)=1
or ISW(15)=1

Planck opacity must be input if ISW(12)=1 or
ISW(14)=1

Planck opacity for Tp = Tp must be input if
ISW(12)=1 or ISW(14)=1

Number of frequency groups for a multi-
frequency radiation calculation. If NFG=0
then the 2-T option is used. 0 < NFG < 20.
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Table 3. Input Variables for X-Ray Deposition

Default
Variable Type Value
FLUX (RV) -
JK (1V) 25
1z (1V) ---
KEV (RV) -
XEHIST (RV) -
XAMP (RV) -==

Description

The total energy of a blackbody x-ray
spectrum in Joules

The number of energy groups in the x-ray
spectrum

< 20 for arbitrary histogram

< 100 for a blackbody spectrum

The atomic number of the gas

The blackbody temperature of a blackbody x-
ray spectrum

The bounds of energy groups in an arbitrary
histogram in keV, JK+l1 boundaries, lowest to
highest, equal group widths are required

The amplitude of the groups of an arbitrary
histogram in J/keV, JK amplitudes
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Table 4. Input Variables for Automatic Zoning

Default

Variable Type Yalue Description

NI (1v) -——— Number of zones in the inner, constant mass
region

RI (RV) --- The radius of the first zone (cm)

NO (1V) -— Number of zones in the outer, constant mass
region

RO (RV) -—- The radius of the inner boundary of the
outermost zone (cm)

RADIUS (RV) -— The radius of the first wall (cm)

PMASS (RV) -— The pellet mass (g)
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Table 5.

Input Variables for Ion Deposition

Default
Yariable Type Yalue
ISPEC (IV) ---
NMHIST (IV) ---
AMP (RV) ---
EHIST (RV) --=
EMN (RV) ==
GAUSIG (RV) ---
SMASS (RV) ===
FL _ (RV) -
REFRO (RV) ==
ENGY1 (RY) --=
RP1 (RV) ---
SIGl (RV) -
PATH1 (RV) ---
ENGY (RV) -
RP (RV) ===

Description

The type of energy spectra:
ISPEC=1 - Maxwellian
=2 - Gaussian
=3 - histogram or monoenergetic pulse

The number of energy groups in the histogram
(=1 for a monoenergetic pulse)

The amplitude of energy groups in a histo-
gram (not needed for a monoenergetic pulse;
see EHIST) (J/keV)

The energy of the ions if a monoenergetic
pulse is used (keV)

The characteristic energy if a Maxwellian
energy spectrum is used (keV)

The standard deviation if a Gaussian energy
spectrum is used (keV)

The atomic weight of the debris ions (amu)
The number of debris ions

The reference density for which the para-
meters 11§ted below were computed
(atoms/cm®)

The initial energy of a pulse of debris ions
(keV)

The final, average projected range corre-
sponding to ENGY1 (cm)

The final, standard deviation in average
projected range corresponding to ENGY1l (cm)

The final path length corresponding to ENGY1
(cm)

An intermediate energy of the pulse with
initial energy ENGY1l (keV)

The average projected range at energy ENGY
(cm)
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Default

Variable Type Vatlue
S1G (RV) ---
PATH (RV) -
ENGY2 (RV) ===
RP2 (RV) --=
S1G2 (RV) ---

Description

The standard deviation in average projected
range at energy ENGY (cm)

The path Tength of the pulse at energy ENGY
(cm)

The initial energy of a pulse of debris ions
(keV) (must be other than ENGY1)

The final, average projected range corre-
sponding to ENGY2 (cm)

The final, standard deviation in average
projected range corresponding to ENGY2 (cm)

Listed below are some input parameters for various ions slowing down in argon,

xenon, and helium.

Input parameters for other ion-gas combinations can be

generated using the RASE4 [12] code.
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na-2
na-e
0a-2

0a-2

00°02
00°0¢

00°02

22089°2
2ea89°¢
22089°2
2¢089°¢
22089°¢
22089°¢
22089°2

(A3Y)

ZA9N3

(/)
0Y¥43y

uobuay uL umoq BuLMo|S Suo] J4o0j saniep andup
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ISW

10
11

12

13

14

15

Table 6. Control Switches

Description

1
-
[an]

not used

— o

20

Hon
= O

nu |
- —

inu
et

20/NFG

— O

o
= O

1/4
TR"‘ER

TR ~ dilute Planckian

number of constant time steps used at the beginning
of a calculation

user specifies zoning with DR2B
automatic zoning (see Table XII-4)

frequency of tabulation of overpressure and heat flux
at the first wall

hydrodynamic motion is computed
no hydro motion -- allows a pure temperature dif-
fusion problem

no pellet debris deposition
pellet debris expands into the gas

frequency of time step calculation

X-ray deposition is computed
calculation begins from input temperatures

equation of state tables are used
ideal gas equation of state is used. RMFP2B, RMFT2B,
R0OSS2B, and CON(5) must be input via &INPUT

number of subgroups to divide frequency groups into
when doing the integration

Planck opacity is computed from tables
Planck opacity is computed as a constant

Rosseland opacity is computed from tables
Rosseland opacity is inputted as a constant

*Denotes the default value.
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CON

10
11
12
13
14
15
16
17
18
19
20
21
22

Table 7.

Real Constants Used in MF-FIRE

Default

1.2175 x 102

1 x 1010
0.1

1 x 1076

0

1.37 x 1070
4.12 x 10°
3 x 1010

1.602 x 10719
3 x 1010

1.602 x 10719

2.403 x 10719
2.403 x 10719
1.37 x 1070
0.0

1.0

1.414
3 x 1010

Description

gas thermal conductivity

radiation thermal conductivity

the percentage by which the radiation can be out of
equilibrium before the nonequilibrium mean free
path is used in the absorption term

small term to avoid zero divide in flux 1imited
radiation conduction term AA221B

if non-zero then it is used as a constant value of
log A. Normally log A is computed.

do/c

radiation emission term
radiation absorption term

gas pressure

radiation flux limit

not used

gas pressure derivative

not used

gas specific heat

gas specific internal energy
radiation specific internal energy
up-stream average parameter

ion shock heating term

not used

not used

artificial viscosity coefficient

multifrequency radiation absorption term
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23
24
25
26

6.334918 x 104
1010

3 x 1010

1 x 10720

multifrequency radiation emission term
multifrequency radiation conductivity term
multifrequency radiation flux limit

minimum allowable multifrequency radiation specific

energy
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Table 8. Description of the Intermediate Output Switches in IEDIT

IEDIT Subroutine Variables
1 ABCDEF All, A22, B11, Bl2, B21, B22, Cl1, C22, D1, D2, E1l1,
E12, E21, E22, F1, F2
2 MATRIX AL112B, AL222B
3 MATRIX OM1l2B, OM122B, OM212B, OM222B
4 MATRIX GM112B, GM222B
5 MATRIX AA111B, AA221B
6 MATRIX BET12B, BET22B
10 OMEGA OMR2B, OMP2B
11 KAPPA KARM1B, KARP1B, KANM1B, KANP1B, LAMN2B, FLIMI1B
14 HYDRO UlB, R1A, R1B, DR2A, DR2B, RS1A, RS1B, V2A, V2B,
VDOT2B
15 QUE Q2B
16 TEMPBC T1(1) » T1(9), TR2A (JIMAXP1), TN2A (JMAXP1)
17 RADTR ER2A, ERFD2A
19 NUMDEN DN2B, DE2B, DN2A, DE2A
20 EMISSN SREZB, SRFDZ2B
21 ABCRAD A22, B22, C22, D2, E22, F2
22 RADCOF AL222B
23 RADCOF GM2228B
24 RADCOF AA221B
25 RADCOF BET22B
26 RCOND KARM1B, KARP1B, FLIMIB
27 PLSCOF AL112B
28 PLSCOF GM112B
29 PLSCOF AA111B
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30
31
32
33
80

85

PLSCOF
PCOND
ABCPLS
RADCOF
STOPS

STOPS

BET128B

KANM1B, KANP1B, LAMN2B
All, Bl1, Cl1, D1, Ell, F1
OM2228B

ICOUNT, IRIPT, DTC, TIMLEF, SPEED, DELTAT, DISLEF,
DELTAl, DELTA2, DELTAR, DIS, RP, TA

IRIPT, TIMLEF, SPEED, DELTAT, DISLEF, DELTAl, DELTAZ2,
DELTAR, DIS, RP, TA
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12. Input Data Files

In addition to the NAMELIST input described in Section 11, MF-FIRE re-
quires equation of state data and x-ray deposition data to be read in through
units 3 and 11, respectively. Therefore, before one executes MF-FIRE, one
must create files 3 and 11 and fi11 them with data that is in the proper form.

The x-ray deposition data is the same for all MF-FIRE runs. The source
tape for MF-FIRE includes this file and one must only copy it into file 11
before executing MF-FIRE.

The equation of state data is dependent on the gas species and the range
of densities and temperatures one is considering. One way of creating this
data is to use the computer code MIXERG [11]. The data file created by MIXERG
for the examples quoted in this paper is included on the MF-FIRE source tape.
The files created by MIXERG are not in the proper form for use in MF-FIRE. A
source listing for PREP, a code for converting the output of MIXERG for use in
MF-FIRE, is included on the source tape. To execute this code, one must copy
the file created by MIXERG into file 11 and create a NAMELIST input file
titled INIT which contains the approximate average number density for the MF-
FIRE problem, DENAV. PREP creates a file 10 which contains the equation of
state input for MF-FIRE. The first Tine of file 10 is a heading that one may
change by modifying the source code for PREP. This heading is printed out
during the MF-FIRE run and is usually used to identify the gas species for
which the equation of state information has been calculated. File 10 must
then be copied into file 3.

A sample runstream, which shows by example how to create files 3 and 11,

has also been included on the MF-FIRE source tape.
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13. Examples Calculations Using MF-FIRE

Example 1:

In this example the MF-FIRE code is used to simulate the response of a
gas that fills a 3.0 meter spherical chamber to an ICF target explosion. The
target is assumed to emit 22 MJ of x-rays in a spectrum that is shown in Fig. 5.
The ionic debris is assumed to consist of 0.1 gram of iron ions, each with an
initial energy of 176 keV making a total debris energy of 5 MJ. These values
for x-ray and debris energies are what one might expect for a target with a
yield of 100 MJ. The ambient density of the argon gas is 3.55 x 1017 ¢p3 (10
torr at room temperature) and the ambient temperature is 0.0925 eV. In this
first example, we use the 2-T approximation to radiative transfer. The input
file and some selected output are shown in Fig. 6.

Most of the output from the test run is self explanatory. After the
initial conditions are printed out, the x-ray flux that reaches the first wall
is summarized. Next, some parameters relevant to the deposition of the debris
are printed out. Following that is the output from cyclic calculations of the
gas response. Quantities associated with the radiation field are indicated by
the letter R, such as RTEMP for the radiation temperature; whereas quantities
associated with the gas are indicated by ION, such as ION+R for the net amount
of energy transferred into the radiation field. A summary of the heat flux
and overpressure at the first wall follows the output from cyclic calculations
of the gas response, and the last items printed out are some parameters rele-
vant to the target debris spectra.

The output of the MF-FIRE code can be more easily digested with the aid

of computer graphics. The computer graphics programs that have been written
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to process the output are not provided because they were designed specifically
for a Univac operating system.

R-T plots, and snapshot plots of temperature, pressure, etc. are given in
Figs. 7-13.

Example 2:

This test is the same problem as in Example 1 except that the multi-
frequency radiative transfer option is used. The only two changes that need
be made between this run and the previous one are the inclusion of

NFG=20

10(5)=200
in the input file. The MIXERG code produces both 2-T and multifrequency data
and puts these in the same file. MF-FIRE simply selects the data that is
appropriate for the options that are specified. The input and selected output
for this problem are given in Fig. 14. Graphical output is shown in Figs.
15-21. The reader will note that the results for this calculation with 20
group radiative transfer are significantly different from the results of the
Example 1 calculation. For example, the 20 group calculation predicts that
the radiant energy will arrive at the outside boundary of the gas in a very
short time; in fact, the time axis of Fig. 16 must be logrithmic for the heat
flux curve to be visible. On the other hand, the heat flux at the edge of the
gas reaches a maximum much Tater in the two-temperature calculation, as shown
in Fig. 8. The reasons for this and other differences between the 20 group
and two-temperature calculations are discussed elsewhere [13].
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Figure 2. The indices used to interpolate in a two-dimensional grid.
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Figure 4. The flow diagram of the MF-FIRE code. The dotted lines indicate

conditional routes.
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Figure 5. Spectrum of x-rays emitted by target.
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