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Abstract

Vital to the theoretical study of laser fusion plasmas is the plasma
hydrodynamics computer code. These codes solve the coupled, highly non-linear
equations of plasma hydrodynamics with the inclusion of plasma interaction with
the electromagnetic field of incident laser radiation. Rate equations for
thermonuclear burn and treatment of the thermonuclear reaction product trans-
port may also be included. PHD (version I) is the first in a series of codes
that will be made available for the purpose of laser fusion studies. It
includes a straightforward solution of the plasma hydrodynamics equations in
one dimension with ideal gas equations of state and a treatment of laser-plasma
interaction. This code has purposefully been kept very simple, with no
"bells or whistles." This will allow the user to add his own physics to it
with little difficulty. It is designed to serve as a "test bench" for
detailed studies of individual aspects of laser fusion physics (i.e. thermal

conductivity, suprathermal electron transport, etc.).
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PHD Documentation

I. Introduction

The PHD computer code solves the one fluid-two temperature equations of
plasma hydrodynamics using finite difference techniques. For the equation of
motion, the plasma is treated as a single fluid (electrons and ions move with
the same fluid velocity) hence there is charge neutrality. The energy transfer
processes are computed for a two temperature (electron and ion) plasma, including:
temperature diffusion through the electrons and ions, collisional energy exchange
between the electrons and ions, PdV work on the electrons and ions, bremsstrahlung
radiation loss from the electrons and an electron heat source due to inverse
bremsstrahlung absorption of the external laser radiation. All transport
coefficients are computed from their classical values (Spitzer) and ideal gas
equations of state are used to close this set of hydrodynamic equations. The
equations are posed in the one dimensional (cartesian, cylindrical, or spherical)
Langrangian coordinate form. Artificial viscosity is added to the equation of
motion and the equation is solved using a second order explicit finite difference
technique. The coupled non linear temperature diffusion equations are solved
simultaneously using a second order implicit finite difference scheme that allows
for iteration of the non linear thermal conductivities.

The PHD code is written in standard FORTRAN IV with care taken to insure
that the coding is unambiguous. The program itself contains 800 comment
statements that should allow the user to follow the details of the coding. It
is designed to eXecute on any large computer (IBM 360-370, UNIVAC 1108-1110,

CDC 6600-7600).



PHD(VEROO1) is designed to serve as a "test-bench" for researchers wishing
to study in detail a particular aspect of laser fusion physics. Its strength
(as well as its weakness) lies in its simplicity. The physics embodied 1in this
code is quite straightforward, with no "bells" or "whistles" attached. Although
PHD does not contain sufficient physiecs to quantitatively treat a spherical
pellet compression, it will reproduce the essential features of the laser-~
plasma dynamics and as such can be useful for studying the details of laser
absorption or electron thermal conductivity for instance. Due to the
simplicity of the code, new treatments of these processes (and others) can
be added to the code in a straightforward manner, with a much smaller investment
of time than would be required to develop an entire code. Cartesian or

" geometry calculations can be useful for "model calculations" and

"sla
comparison with analytic results.

In a field that is changing as rapidly as laser-plasma physics, a simple
code that can easily accomodate new additions and changes can be very useful,
particularly to the researcher without access to the more sophisticated codes
at the national laboratories.

Part II of this report describes the methods of solution used by the computer
code. This should be familiar to those acquainted with one fluid-two temperature
Lagrangian plasma hydrodynamics. Part III is a discussion of the PHD code

itself and will be of interest to someone wishing to make alterations or additions

to the code. Part IV is a users manual and describes how to run the code.



II. Method of Solution

Finite Differences

The basic assumption in the numerical solution of partial differential
equations by finite difference techniques is that the dependent variables can

be accurately characterized by their values at a finite number of distinct

points in space and time.
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Derivatives of these functions can be represented by finite differences
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Specifically, we divide a one dimensional space into a finite number of

Zones.
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The zone boundaries or nodes are labelled with integer subscripts while the

zone centers are labelled with half integer subscripts. For cylindrical or spherical

geometry, the inner boundary at J = 0 is a line or a point respectively. For

planar geometry it will be considered an immovable thermally insulated wall,



hence it serves as a reflection plane. Time is indexed with the superscript, n,

and times will be advanced either from tn_l/2 to tn+l/2 o) n n+l.

rt tot

Space is indexed with subscripts j or j + 1/2.
Lagrangian Coordinates

The hydrodynamic description of a fluid can be expressed in two equivalent
forms. 1In the Eulerian approach we center our attention at positions, X, in
a fixed reference frame and observe the change of macrocopic properties at the
position. In other words, the coordinate system is stationary and the fluid
flows through it. In the Lagrangian approach, the coordinate system is tied to
the fluid at time t = 0 and moves with the fluid velocity, u(x,t). We observe
a "cell" of fluid at t = 0 and follow its evolution for t > 0. As will be apparent
later, the Lagrangian formulation is much more adaptable to the numerical
treatment of fluid dynamics where large density changes (expansion or compression)
occur.

In the Lagrangian form, a new independent variable is defined.

dm = prs—ldr

where the units of m are given by

Coordinate System § m, (units)
Cartesian (r) 1 Grams/cm2
Cylindrical (r) 2 Grams/cm-radian
Spherical (r) 3 Grams/Sterradian

It will be seen that the mass within each zone remains the same throughout

the calculation.



Continuity Equation

The conservation of mass is given in one dimension as

oV _ du _ 3 §-1
oc " Vor Tam 0w 1)
where . V= 1/p is the specific volume
. u is the fluid velocity
- m is the new independent Lagrangian variable
Equation of Motion
The conservation of momentum is given by
du _ 0 _ -1 3
Py v 5t (P+q) = - r amo (P+q) (2)
where . P = Pe + Pi is the total fluid pressure
. q is the Von Neumann artificial viscosity
The difference equation used to approximate this P.D.E. is given by
u n+tl/2 _ un—l/?.
] i A T A T VI (3)
At ] N J i
hence
WL B SR a2 0k ) )
J J 3 ] J O.
J
where
n n n n n n
P, =P + P, AP = P, - P,
-2 Tey 40 iy jooi/z 5-1/2
°; j+1/2 j-1/2 J J 3=
AP = (Atn+l/2+ Atn—l/Z)/2



aVn—l/2
n-1/2 i
94-1/2 7 0 gzl~lig > 0 expansion
.n-1/2 n-1/2 n-1/2
n-1/2 e Vi-1/2
q, =2 < 0 compression
j-1/2 ot
Vn—l/2
j-1/2

The equation advances the velocities at the zone boundaries from

n-1/2 ntl/2 . - .
t / to t / - It is an explicit difference equation in that the unknown,

u131+l/2
]

. , . 2
For constant At, this equation is accurate to order Ax and Atz. The numerical

» 1s explicitly expressable in terms of known quantities at earlier times.

stability of this equation away from shocks is insured if

CS At/Ax < 1

where Cs is the maximum sound speed in the system. This is known as the
Courant condition and is derived from purely mathematical arguments, but

has a physical interpretation as well. When this condition is maintained, a
disturbance in the fluid cannot pass through more than one mesh interval in a
time step, thus assuring that it will be resolved by the finite difference

mesh.

n+l/2

Once the velocities of the boundaries at t are known, one can

A n+l
calculate new boundary positions at t .

n+l n n+l/2 n+l/2 n+l n+l n+l
= + . = —_ .
rj rj At u H Arj_l/2 rj rj—l (5)

With new boundary positions, new densities or specific volumes are also calculated.

Cartesian (8§ = 1)

nt+l nt+l

Vi-1/2 T 1510

/ Am (6)
®j-1/2



Cylindrical (§ = 2)

n+l n+1 n+l n+1
L =1/2 (Ar /Am Y, T +r )
Spherical (8§ = 3)
nt+l nt+l n+1 n+l n+1
Vi, = @ am T ) ]
j-1/2 j-1/2 0172 3 Ty 1 ¥ ] -1/2
-+
g 1/2 _ , . n+l ) /At nt+l/2

172 = Y312 7 Vi1

Temperature Equations

Conservation of energy is expressed as

aTe y_ 9 61 8Te
C\% ot r6—1<§; t Ke ! (T T ) - ® )T Bt
~w T +8
Cy, g—:}' - rg—l %; e Ky 'Z% T e BTy, g—‘t]" T8y
Using the Lagrangian variable m this becomes
vy ;;E B %E; ré_l Ke §§%>_ Yei (Te_Ti) - @ )T gz Te - ere * Se
CVi~§§i =<5%;(%6_1 K, 3:1) i (T 1= )T'§E T, + S, —<1%%

where CV and CV_ are the electron and ion specific heats
e i

Ke and Ki are the electron and ion thermal conductivities

wei (Te—Ti) is the electron ion-collisional coupling

(7)

(8)

(9

(10)

(11)

(12)

(13)



(P)_ = 3P /3T
e’ T e e
P Z 9P _ /3T
( i)T i/ i
ere is a radiative loss term

Se and Si are source inputs to the electrons

and ions.

These equations can be posed in a convenient matrix form for the purposes

of numerical solution.

+1 n §-1 n+l n
o" e a. (r . [T + A6
o [ j=1/2 3—1/2] - _1,( )J [ J 1
j=1/2 A n+l/2 2 Am_ * Ar.
t Oj—l/2 J
+1 n
6-1 A" 4 A8
I O W e j-1!
2 j-1 Am * Ar,_l
%3-1/2 3
n+1 n
n+1 n (9. + 0. )
- - -1/2
Cimrra ¥ 050172 = Yyoyyp L2 ael)2 B 1/9
- w. 1/2 J
-
where
T n
n _ i n_ ,n - S
ej—1/2 - T Aej j+1/2 j-1/2 Bj-1/2 < g
©/j-1/2
0
= Vi = i
“-1/2 o ¢, i R, |
e i-1/2 ]
w . - (P.)
" - ei ei ' - 1T
i-1/2 ' 6+ j-1/2 0
el el r

i-1/2

(14)



rearranging we find

nt+l n n+l

o — = n
1-1/72 ®5-1/2 95172 aj(Aej + 48
+1 n
- A"
aj_p BO7T] + 007 ) (15)
1 n +1 n
- W ot + - o
1-1/2C95-172 T 05120751y 0511 * 92172

+ R

j-1/2
where
. B qvl 0 Amoj__l/2
j-1/2 0 C e Atn+1/2
i+1/2
si - qV
= Am
j=1/2 ( S o,
e 5-1/2 j-1/2
§-1
1 (%5 o (r_)j
a5 =3 ir
] 0 K /%5
e ]

1 u)ei _wei )
W, = = Am
i=1/2 2 “Wop Weitw. j-1/2 °j-1/2

(P.) 0 .
Yi-1/2 © %'< ol ' (P ) > Vici/o M
J e’t/3-1/2 I j-1/2

Combining terms in identical values of 8 we finally obtain:
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n+1 n+l n+l

-A, 0. + B . 0 - =
§-1/2 “4+1/2 - j-1/2 "§-1/2 Cj—l/2 6j—3/2 Dj—l/z (16)
her A, =
where §-1/2 aj
B, = Q, + w, + v, + +
j=1/2 7 %-172 T O5-172 T ¥5e12 T3 T 2
Ci1/2 = 351 17)
D - on _ oD _ n !
3-1/2 aj(—-'+1/2 8.1/ aj—1(6j-1/2 05 372
- + - 6"
Oyo12 V9570 7 %a1722C5i172) * By
. . . n+l/2
In the above difference equations, all coefficients are evaluated at t s
_ n+l/2 .
hence aj—l/Z = aj—l/2’ etc. If we assume a solution to Eqn. 16 of the form
n+l n+l
85172 = Byo172%4172 * Fyo1s2 (18)
we find
E = (B -C - E yLooa (19)
§-1/2 j-1/2 j-1/2 i-3/2 j-1/2
F = (B -C - E Lo o +C © F
j=1/2 j~1/2 j-1/2 j=3/2 j-1/2 j-1/2 j=3/2
where the boundar onditions will determine E F and 6n+l At
ye v ¢ ne 59720 “1720 JMAX+1/2°
the inner boundary of the plasma we demand that there be no heat flux:
E . = (B )1 a F = (B, ) D (20)
1/2 1/2 1/2 1/2 1/2 1/2

)
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At the outer boundary we reserve the option of specifying a temperature boundary

condition or a zero heat flux condition. For a temperature boundary condition

en+l _ en+l
JMAX+1/2 = “bhe

For zero heat flux we demand

n+1 n+1

O ax+1/0 = ® Max-1/2

hence we have two equations and two unknowns

en+l _ en+1
IMAX-1/2 = UIMAX+1/2
n+l B n+l
ax-1/2 = Enaax-1/2%c  * Fruax-1/2
Solving for egzl
n+l -1
e = Frnmx-172 ~ T~ Eruax-1/2) (21)

1 . ,
will insure no heat flux across the outer plasma

This specification of 6;2
boundary which is an appropriate condition for a plasma expanding into a
vacuum. Since the boundary is moving in the Lagrangian scheme, it will always
be a plasma-vacuum interface and no heat flux can be conducted across it.

The difference method used here is a backward substitution solution to
the implicit Crank-Nicholson difference scheme. All values of g.are
evaluated at both t" and tn+l hence we cannot express 6n+1 in terms of only
variables at t'. This implicit numerical scheme requires the solution of a
matrix equation. The matrix to be inverted is block tridiagonal with 2 x 2

blocks. For linear equations the Crank-Nicholson scheme is unconditionally

stable and accurate to order (At)2 and (Ax)2 and will generally allow much
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larger time steps for this diffusion equation than an explicit scheme. For
this nonlinear problem, stability problems can arise, however, unless the
time step is restricted as discussed in a later section.

Coefficients in the Temperature Equations

The electron thermal conductivity is given by

372 (kT )2/ 2 es
B e

) B T
K = 20(2) e
e m m1/2e422nA .
e el
_0.43 7
where edn = (3.44 + Z + 0.264n2)

3 kg 3 12 1
. B e, 1
fh . = max{1, &n (263( m_ ) 7

' n_ is the electron number density
The ion thermal conductivity is given by

3/2 (k,1.)° %
B i

2 B
K, = 20(5) (23)
+ m m%/2e4242nA..
i ii
3,3 1/2

3 B i 1
( ) )}0
26372 ™, 172

where + fnl,, = max{1l, 2n(
ii

In finite difference form the thermal conductivities must be evaluated on the
zone boundaries, hence we must use averaged quantities from the adjacent zone

centers. This is done in the following manner.

5.1 T L8-1
r UK 5= — - AT (24)
e or Ar, Ar, ©
141
+ .
K K
e e.
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+
where * Ar, = r, - r,

ClTezTe 1/2
K+ - q q+1/2
ey (i 00k Dy
ClTezT 1/2
S N M 2 Y (25)
ey Gty )0k Dy 1

A similar expression is used for the ions, with

CZT‘zT. 1/2
S 11;}/2
1
Air1/2) e, +1/§( Anhy J+1/2
(26)
C2T_2T, 1/2
- 1j 1j 1/2
i 172,
A 179 l/éﬁznA )i1/2

These expressions will most heavily weight the lowest conductivity in the
zone centered at j+1/2 or j-1/2.

The electron-ion collisional coupling is given by

w ., =06_Vv 27)
el v el
e
where y _ 8(2ﬂ)1/2 ml/2e4N2(§)2 lnAei
© Vei 3 e A'A 372 P
(kBTe)

. NA = 6.023 x 1023 is Avagadros Number

. A is the ion atomic weight
Z is the ion charge

CV_ is the electron specific heat
e
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In finite difference form we have

2
u - cc Zj—l/i) (ol 25-1/2
ei, 8 ve. A y 3/2
j=1/2 j-1/2 "73-1/2 V'—l/Z(Te ) (28)
] i-1/2
The radiation loss term is expressed as
w T
T e
where
AL 1/2 1 1/2 ZSTre6 2 (29)
ve= G G 3 Zmny
B e 3hm3C
and in finite difference form
2 1/2
o = ¢, T2y g% 2 (g P2 (30)
3-1/2 ®j-1/2 J J €

i-1/2

This pure radiation loss approximation is only accurate for thin plasmas
which is not necessarily true for laser driven implosions. 1In fact, the
PHD code normally executes without radiation loss by setting a threshold
temperature below which the plasma will not radiate. This value defaults
to 1000 Kev, thus insuring that the plasma will not radiate. Future versions
of the PHD code will include a more detailed treatment of radiation.

In actual fact there is also an optional electron thermal flux limiter
added to the thermal conduction term to limit the thermal flux to physically

plausible values in zones experiencing strong gradients. This is given by

A K T 1/2
= 33 B e 31
qmax 8 (nekBTe) ( me ) G
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and in terms of the computer code variables

1/2

1/2
Gpax. = C3(n tn_ )1 [ ™YHT @ LT

1 ®i-1/2  S341/2 %5 %5-1/2 ©i+1/2
We average the '"square roots" rather than calculating additional square roots

on zone boundaries. The '"a" matrix element is then calculated as

(rn+l/2)6_l
- ]
499 A e Iz ntl/2 o nkl/2) (33)
J Ti41/2 L i-1/2 , 1Tej+1/2 ej-1/2
K+ K_ qmax,
ej ej ]

Temperature Tteration or Extrapolation

Most of the terms appearing in the temperature equations are non-linear.

For example:

k-1 02
e,i e,i
w , o~ 773/2

el e
w - T—l/Z
r e

The numerical method used to solve the temperature equations requires temperature
values for the time-dependent coefficients at time level (n+1/2). These

temperatures are not available, however, because the temperature equations are

. n ntl n
being advanced fron t to t ; only values up to t are known. To solve
. . nt+l/2
the temperature equations we must estimate values for T | and use these to
b
n n+1 ntl/2
advance from t to t . Then the calculated values at t /

+ +
/2 @™ L /2
e,i e,i e,i

can be compared to the estimated values. New values may then be obtained

Tn+]-./2
e,1i

for , coefficients recalculated, and the temperature equations again
solved. This could continue until convergence is reached. Two possibilities

for the initial estimate are; just using Te 128 the first try, or extrapolating

b
+
T 1/2 using a polynominal fit of previous values of Te .- Both of these

to .
e,i ,1

options are allowed in the PHD hydrodynamics code.
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A single iteration, using TZ 1 to calculate the coefficients gives results
s
that compare well with analytic solutions and remains stable for more
complex problems where no analytic solution is available. This is
certainly not conclusive evidence that the more complex problems are
correctly solved, but the agreement with simple analytic solutions

adds a degree of confidence. This is also appealing because iterating

until convergence can be a costly calculation, so iteration should be

avoided if at all possible.

Equations of State

Ideal gas equations of state are used in PHD at this time. These are

given by the familiar expressions

Pe = nekBTe Pi = n kBT
3 3
Cve Y ZkB/mi CVi 2 kB/m
(34)
I = én k. T /p I, = 3 n k T, /p
e 2 B i 2 1 B1i
(P)J).=nk (P.))._ = n.k
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In finite difference form we have

Pe. - ClOne. Te P =Cn T

j-1/2 j-1/2 “j-1/2 1172 9 1172 1172
Cvej_l/2 - C13“ej_1/2Vj-1/2 Cvij_l/z - Cl4nij_l/zvj—l/2 35)
Iej_l/z - Cl6nej_1/2Tej_l/2Vj—l/2 Iij_l/z = Clsnij_l/zTij_l/zvj—l/Z
(Pe)Tj_l/z - Cllnej_l/z (Pi)Tj_l/z B C12nij_l/2

Laser~Plasma Interaction

The coupling of the coherent laser radiation to the plasma is one of the
most important (and mysterious) aspects of laser fusion. The absorption of
a photon by a free electron in the coulomb field of an ion, inverse
bremsstrahlung, is the "classical" or conventional energy absorption mechanism
of laser plasma interaction. Intense laser radiation may also couple to, and
drive, collective plasma oscillations and hence "anomalous" absorption and
scattering may occur at laser intensities greater than the threshold intensity
necessary to excite plasma instabilities.

The absorption or emission of energy by a free electron in collision with
another particle can be predicted both classically and quantum mechanically.
In a highly ionized plasma this absorption is most probably for an electron
colliding with an ion, hence inverse bremsstrahlung is sometimes called
collisional absorption. While bremsstrahlung and inverse bremsstrahlung play
a role in radiative transport as the emission and absorption terms, our concern
here is with KIB acting as an attenuation coefficient for the coherent incident

laser radiation. 1If ¥ is the laser radiation intensity then
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dax - " Kp ¥ (36)
where one estimate of KIB is
8ﬂe62nAne<Zz> 1 1/2
K_ = ( ) (37)
B sez@om?em r )32 1 2 W2 W2
e Be pe
In finite difference form
2 2
C..An n <77> (A )
20 . i, i—-1/2 i% -
K = e]‘l/z 11—1/2 j-1/ et ] 1/2 (38)
1B, 3/2
i-1/2 T
€j-1/2

where A is the laser wavelength.

Looking at the dispersion relation for plane wave propagation in a uniform

plasma in the absence of magnetic fields we find that

9—: C
k
- _ 2 7.2
V1 - w® Jw
pe
9 41 e2
where = —= is the plasma frequency.
pe m

Evidently the phase velocity is imaginary for w < wpe and the plane wave
will decay rather than propagate. Since the density gradient is negative near
the surface of a laser fusion plasma, there will be an electron density
where w = wpe and the electromagnetic plane wave radiation from the laser will
not propagate beyond this point. Exactly what happens at this resonance point
is still an open question and much theoretical work has been done to predict

the interaction of the intense laser radiation field at this point. For the
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purposes of a hydrodynamics simulation however, this behavior must be modelled
as some simple absorption or reflection of the laser beam. Again, the level
of description is not sufficient to administer a fully consistent calculation
of the laser plasma interaction. Thus the incident intensity at any point up
to the critical electron density (where w = wpe) is given by

r
[ K__(Xlt)dx'
J B ?

V(e =y, (Ve Tba (39)

where tbd is the outer boundary of the plasma, while the reflected intensity

is given by T
c

.\ .\ £. KIB(r',t)dr'

Y (r,t) = U (r_,t)e (40)
where rc is the position of the critical density. The attenuation of the
laser flux across a region of plasma determines the amount of energy deposited
in that region and serves as the source to the electron temperature equation.

A simple attenuation formula is used to calculate the energy absorbed
by the electrons from the incident laser light. Light is allowed to penetrate
to the first overdense zone, where a specified fraction of its energy is
deposited. The remainder is reflected and attenuated on its way back out.

ntl/2 , ntl/2

ntl/2 n+l/2 .

wj T4 exp| KIBj+l/2 Arj+l/2] j = JMAX-1, JCRIT (41)
ntl/2 ., ,

wJMAX is given
L2 a2 ek L2 ArTL/2, j = JCRIT, JMAX (42)
3+l ] 1B j+1/2

j+1/2
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Since wFCRIT—l = wECRIT—l = 0 because the light is effectively reflected
in zone JCRIT-1/2, the energy dumped into zone JCRIT-1/2 is totally specified

by the wvalue we choose for ijRIT' Hence

Yerir = D ¥3cp1r
will effectively dump the fraction f of the unattenuated energy in the first
overdense zone.

The energy/unit mass-unit time inputted to the electrons is given by

n+l/2 ntl/2 | nbl/2 n+l/2 | nHl/2

S - [w_j+l/2 * w+j—1/2 -V j-1/2 ~ w+j+1/2

%-1/2 )

1/(Cxtmo;_y /9

where the value of C is given by

Geometry S c
Cartesian 1 1
Cylindrical 2 2m
Spherical 3 41
This is needed because mOj—l/Z # mj—l/Z where mj-l/2 is the mass of plasma

in a zone. In fact, for cylindrical and cartesian geometry, only mass/unit

length and mass/unit area can be defined.

Thermonuclear Reactions

Thermonuclear reactions and subsequent reaction product transport are
not treated in PHD(Ver00l), but will be treated in detail in PHD(Ver002).
Since this is such a complex calculation in itself, it is appropriate that
PHD(Ver001l) will not be burdened with this overhead.

Energy Conservation

In order to insure that a calculation is proceeding in a consistent manner,
the conservation of energy (kinetic and internal) is checked. This gives a
general idea of how the energy in the system is partitioned among the various

mechanisms. We start by writing the temperature equations as
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U +P v = - R + -

e eV Se ei QDe Qr

where
=w —

Rel ei(T T
9 _ 9 5-1 K 3Te,i

De,i Bmo r e,1 or

=wT
Qr T e

Ue i = internal energy/unit mass-:time
Summing the two equations gives

U+ B =8S+Q)-Q
From Eqn. 1  we have

Jdu §-1 9P 3 2
u = = Ur am = a—t(u /2)
o

Integrating this with respect to m gives

. T _
T = — f MAX u §-1 9P
(0]

where T is the total kinetic energy of the fluid motion.

hand side by parts gives

. T
T = _[urﬁ—lP]JMAX + fJMAX Pd(urd—l)

0

Recall, from the continuity equation

deo = d(uré_l)

(44)

(45)

(46)

(47)

(48)

Integrating the right

(49)

(50)
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hence

Pﬁdmo =T+ [uré_lP] (51)

erMAX
JMAX

]

If we now add and subtract Peé from the ion energy equation we obtain

=S, + + +
U, + P S; * Qpyy t Ry TR (52)

We integrate this, along with the electron energy equation to obtain

JMAX JMAX. JMAX
&+ y = .
&, f Pidm = s +e_, + / Qpdm_ + f P, ¥dm_ (53)
0 0 0
JMAX JMAX.
Y = - - 54
e, + f Pevdm0 Sq €ai + f QDedmo e (54)
0 0
where
JMAX . JMAX
e = f U _.dm e = f Q dmO
e,i e,i o o
JMAX JMAX
s = f S .dm e , = f R ,dm
e,i e,i o ei ei o
o] 0
We know from Eqn. 50 that
JMAX JMAX JMAX
8-1 §-1 §-1
Y = - = - P (55)
f PXVdmO f ng(ur ) [er u]JMAX f ur d .
0O 0] 0O
Substituting into Eqn. 53 and 54
. 5-1 JMAX §-1 JMAX. (56)
- - = + + d 56
&+ Bur ) iy g urt AR = sy e v qpdm
: 51 IMAX JMAX.
e + (Pur ) - ur P =s -e  =-e + [ Qpdm (57)
e e e o

JMAX 5 e e ei r
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Jmax 6-1 BTX 5-1
m = ——— = -
A 4= B T 5 amx = G ) (58)
This substitution gives us
JMAX
. . §~1 5-1 5-1
+ = - -
ST Pihax TS teg m By Dy -/ U ar, (59)
JMAX
. §-1 B . 6-1 §-1
e, + (ur Pe)JMAX =S, e, me. - (fe r )JMAX + £ ur dPe (60)
Adding these together gives
. : §-1 . §-1
e+ T+ (ur P)JMAX s e, (f r )JMAX (61)
We now integrate Eqn. 59 - 61 with respect to time and define
JMAX n+l
T Wy A, (62)
X j=1 i-1/2
ol 1 ntl/2. 2 | 1 OMAX n+1/2
™ = Capppy ) * 51 bmy Cg 'O
JMAX-1/2 j=1 ]
. ntl /2 TAX nHl/2
n
H =~ = s dt =H +At L (5) Dy
% g x * §=1 J=1/2 "T5=1/2
gl _ ftn+le de = E? 4 p HL/2 %MAX(R )n+l/2
ei o ei ei -1 ei’j-1/2 04-1/2
n+l
t JMAX JMAX~1
- + + §-1.n+1/2
™l o g [ w Pdt = GO + At" 1/2 ) B2 O-1ymkl/2
e o o e 3=1 3 J
n+l/2 nt+l/2 nt+l/2 n+l/2 H-1 n+l/2 _
[P - P ] + At UJMAX ( )JMAX [P P 1/2

€5+1/2  %5-1/2 CaMAx+1  CIMAX-1

where X = e or i
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ntl e n ntl/2 JMAX L,

Er - fo erdt = Er + Ac §=l (Qr)j—l/Z Amo._l/2

ntl e 5-1 n 0+1/2, ntl/2, 8-1.n+1/2 . n+l/?
W= fo (ur PX)JMAX dt = W_+ At Upax & Dnax Peomax )
ol _ ftn+l 5N gy < pP g g 0HL/2 nHl/2 A C . e Vo
X 0o X JMAX ble

*MAx  FUMAX+1/2  XIMAX-1/2

The integrated equations then take the form

+ +
e? 1 + TP 1 _ e? + To " H1-1+1 + Enfl _ Fr‘1+l _ w1:1+l _ Gn+l (63)
i i i ei i i e
+
en 1 _ eo + Hn+l _ Enfl B Fn+l _ wn+l + Gn+l _ En+l (64)
e e e ei e e ) r
+
en+l N Tn 1 - eo + To + Hn+l _ Fn+l _ wn+l _ En+l (65)

Equation 63 states that the total internal plus fluid kinetic energy
at a given time (tn+l) must equal

a) the initial internal and kinetic energy plus all source energy up to

this time minus

b) all heat lost across the outer boundary, all work done on the outer
boundary, and all energy lost to radiation up to this time.

The term, Ge, appears because the electrons and ions each have their own
temperature and pressure but are constrained to move together at the same fluid
velocity. This is the total work done by the ions on the electrons to maintain
this constraint.

Time Steps

Due to the nature of these complex hydrodynamics simulations a new time

step size must be estimated for every time cycle. During much of the simulation
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the plasma may be evolving quite slowly while for a very short time it may change
very rapidly. To choose a constant time step for all time that adequately
resolves the large changes would be prohibitively expensive. Thus a time step
must be estimated that will allow the plasma to evolve to some new state that

is not too different from its previous state. Also the Courant condition

must be met. To accomplish this, we use thé formula

nt+3/2 ) nt+l nt+l/2 n+l/2 n+l
At Max[Atmin,Mln(AtmaX,Kl/Rl ,KzAt /R K3 /R Y1 (66)
where
ntl ntl nt+l n+l
Ry - = MAX [vy_q)g Byly/9) /0 ),]
ntl _ nt+l NE n+l/2
AP VP R S DYA SNV (67)
R1;+l - MAX [(Tn+l _ Txn )/T2+1/2 ] x=e,i
] *5-1/2 j~1/2  %3-1/2

and Kl’ K2’ K3 are specified parameters. Good results are usually achieved

for

Values of K3 = .5 can lead to severe accuracy problems and possible instability
in the non~linear temperature equations. These numbers must be treated carefully,
however, since execution time is linearly dependent on the number of time steps
and not their duration. By halving these limits, twice as many time steps are
required to reach the same time limit. A minimum and maximum time step are also
specified as well as a maximum percentage that a time step can increase. It is

found that for a free expanding plasma the above criteria will estimate time

steps that are far too large unless the percentage criteria is used. This is

not generally a problem because this hydrodynamic code is used to study the

implosion of a plasma.
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IIT. PHD Computer Code Structure

ITI-A. Introduction

The structure of the PHD computer code is top~down organized and block
structured where possible. These state of the art programming concepts are
proving to be very valuable in guiding the design and construction of large
computer codes. Not only is it important that large codes give accurate
answers and execute efficiently, but they must also be developed in an efficient
and error free manner. These structuring concepts serve to meet this end and also
serve to produce a code that is easily understood and consequently, easily
modified. The flow diagram in Fig. 1 illustrates the top~down nature of
the subroutine organization.

GOTO less structural programming is nearly impossible to implement using
FORTRAN IV but we find that coding is much less ambiguous if only forward
branches are used. Errors in logic most often arise when a section of in-line
code is executed under varying circumstances that are determined by conditional
branches. When necessary, certain sections of in-line codes have been repeated
in different places to alleviate such logic problems as mentioned above. This
slightly increases the size of the object program but this is usually a small
percentage since more storage is required for variables than for object program.

ITI-B. Subroutines

In this section, all subroutines and functions are desecribed in general.
The many comments in the code listing should provide guidance in understanding
the specific coding. With only a few exceptions, all information is passed

between subroutines through the COMMON blocks.
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MAIN
The main program provides the flow through each time step. It consists of
just 8 subroutine calls and 1 logical function reference.
Called from: N.A.
Calls to: 1INITIA, HYDRO, ENERGY, PRESS, ECHECK, OUT, TIMING, QUIT, SHIFT.

COMMON blocks: N.A.

INITIA

This subroutine is executed only once, at the beginning of a calculation.
It zeroes the COMMON blocks, sets up all of the default value variables, reads
NAMELIST input from unit 5 and initializes all other variables that must be
initialized for the calculation. It then prints out a summary of the inputted
and default information before the calculation starts. If there is a lack of
memory space, this routine could be overlayed at the beginning and then swapped
out of memory for the remainder of the calculation.
Called from: MAIN
Calls to: CLEAR, PRESS, QUE, INTENE
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF, COEFF1, COEFF2,

ECKCOM.

CLEAR

This subroutine sets all of the COMMON blocks to zero. It uses double
precision zeroes (0.D0Q) for all variables so the COMMON blocks must be an
even number of single precision words long.
Called from: INITIA
Calls to: N.A.
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF, COEFF1, COEFF2, ESKCOM#*

*These COMMON blocks are defined as only one double precision vector for each.
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QUIT

This subroutine is called once the calculation is over. It prints
out any information related to the results of the whole simulation. It
calls OUTLST if the last time cycle was not one that was printed out by
OUT. This insures that a summary of the last time cycle is always inclu-
ded in the output. It also calls DUMP to save the COMMON blocks for a
possible restart of the calculation.
Called from: MAIN
Calls to: OUTLST, DUMP
COMMON blocks: CNTROL, HYDROD
OUT, OUTLST

This is the primary output subroutine. It prints out a summary of
information on specified time steps. It also determines the primary and
secondary time step limitations used on the last time cycle. It calls
WBIN on specified time cycles to route out binary information to be used
for post processing. OUTLST is an ENTRY point in OUT.
Called from: MAIN (OUT), QUIT (OUTLST)
Calls to: WBIN
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF, COEFFl, COEFF2,

ECKCOM

HYDRO

This subroutine calculates the fluid velocity at time (n + 1/2). It
then calculates new zone boundary positions (i.e., radii) and zone widths.
It then uses the new zone volumes to calculate specific volumes at times
(n+ 1) and (n + 1/2). It calculates the time rate of change of specific
volume at (n + 1/2) and calls NUMDEN to get the new electron and ion member
densities at (n + 1/2) due to zone volume change. It calls QUE to get the

artificial viscosity to be used on the next time cycle.
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Called from: MAIN
Calls to: NUMDEN, QUE
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD
ENERGY
This subroutine calculates electron and ion temperatures at time (n+ 1)

using the technique described by Richtmyer and Morton, Difference Method for

Initial-Value Problems, (Wiley, 2nd Ed.), p. 200. The "E" and "F" terms are

obtained by calling ABCDEF and temperature boundary conditions at the outer
boundary are obtained by calling TEMPBC. This is also the fundamental
"looping" routine for the iterative solution of these non-linear temperature
diffusion equations. The iteration loop is initialized before the tempera-
ture calculation, and newtemperatures at (n + 1/2) are calculated after the
temperatures at (n + 1) are obtained. A logical function, CONV, is then
invoked to determine whether the temperatures have point-wise converged.
If not, a cycle counter is incremented and the temperature equations are
again solved using the new estimates of temperatures at (n+ 1/2) to cal-
culate the non-linear coefficients.
Called from: MAIN
Calls to: ABCDEF, TEMPBC, CONV
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, COEFF, COEFF1, COEFF2
ECHECK

This subroutine calculates all of the energy contributions and losses
of the plasma and compares them to measure the degree to which the calcu-
lation is conserving energy. This is done for electrons, ions and their

total contribution.
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Called from: MAIN
Calls to: INTENE
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF, COEFF1, ECKCOM
TIMING

This logical function determines whether the calculation should be
terminated because the maximum time or the maximum number of time steps has
been exceeded. 1If neither of these conditions is true, it determines the
time step to be used for the next cycle. To do this it uses the minimum
time step determined from (i) per cent change in electron or ion tempera-
ture, (ii) per cent change in specific volume, or (iii) Courant condition.
This time step value must then fall in a window between a Atmin and Atmax
or else one of these limiting values is used as the "primary" condition but
the physical condition is also saved and printed by OUT as the secondary
condition.
Called from: MAIN
Calls to: N.A,
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD
SHIFT

This subroutine shifts values of variables at (n + 1) or (n + 1/2) back
to (n) or (n - 1/2) at the end of a time cycle in preparation for the next
cycle.
Called from: MAIN
Calls to: N.A.
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD

qQuE

This subroutine calculates the Von Neumann artificial viscosity.
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Called from: HYDRO
Calls to: N.A.
COMMON blocks: CNTROL, HYDROD
DUMP

This subroutine writes out all of the COMMON blocks to unit 2 using
FORTRAN unformatted write statements. The PHD code is designed such that
the COMMON blocks contain all information necessary to the calculation.
Thus, once the COMMON blocks have been saved, the calculation can be re-
started by reading them back into core and starting again as if the calcu-
lation never stopped.
Called from: QUIT
Calls to: N.A.
COMMON blocks: TIME, TEMPER, ECKCOM, HYDROD, CNTROL, ESCOM, COEFF, COEFF1,

COEFF2%

* Each COMMON block is defined as one double precision vector.
TEMPBC

This subroutine calculates the electron and ion temperature boundary
conditions at the outer plasma boundary. It either uses a constant tem-
perature boundary value or a zero flux boundary value.
Called from: ENERGY
Calls to: N.A.
COMMON blocks: TEMPER, CNTROL, COEFF2
CONV

This logical function determines whether the temperature iteration has
converged. If the maximum allowed number of iterations have been exceeded
then it stops the iteration process. If the maximum has not been exceeded

it checks the difference between values of electron temperature at (n + 1/2)
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on this iteration and the previous iteration. If this percentage difference
meets the convergence criterion then it stops the iteration process by re-
turning a TRUE, value.
Called from: ENERGY
Calls to: N.A.
COMMON blocks: TEMPER, CNTROL
ABCDEF

This subroutine calculates the "E" and "F" terms from the "A'", "B", "C",
and "D" terms, in the notation of Richtmyer and Morton. It also assembles
the "B" and "D" terms. In the PHD treatment the "A", "B", "C", and "E"
terms are 2 x 2 matrices apnd the '"D" and "F" terms are 2 component vectors.
It gets the physical quantities that comprise the matrix and vector elements
by calling MATRIX.
Called from: ENERGY
Calls to: MATRIX
COMMON blocks: TEMPER, CNTROL, COEFFl, COEFF2
MATRIX

This subroutine puts together intermediate mattrices and vectors for
use by ABCDEF. The physical coefficients of the problem are the constitu-
ents of these intermediate matrices and vector elements.
Called from: ABCDEF
Calls to: TXTRAP, TDERIV, OMEGAR, OMEGAC, KAPPA, EM, TNBURN, ARBENE
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF, COEFF1l
EOS

This is really just a dummy subroutine for 3 ENTRY points to calculate

pressures, specific heats, and internal energies of electrons and ions.
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PRESS
This ENTRY point calculates electron and ion pressures at (n + 1) using
ideal gas laws.
TDERIV
This ENTRY point calculates specific heats of electrons and ions using
ideal gas relations. It also calculates the temperature derivative of the
pressures using ideal gas relations.
INTENE
This ENTRY point calculates internal energies of electrons and ions
using ideal gas laws.
Called from: MAIN (PRESS), MATRIX (TDERIV), ECHECK (INTENE)
Calls to: NUMDEN (PRESS), PRESBC (PRESS)
COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM
PRESBC
This function returns the time dependent pressure boundary condition
at the outer boundary. It is either a constant or a piece-wise linear
polynomial function of time.
Called from: PRESS
Calls to: N.A.
COMMON blocks: CNTROL, HYDROD
NUMDEN
This subroutine calculates the ion and electron number density at
either (n + 1/2) or (n + 1).
Called from: HYDRO, PRESS
Calls to: N.A.

COMMON blocks: CNTROL, HYDROD, ESCOM, COEFF
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TXTRAP

This subroutine extrapolates electron and ion temperatures to (n + 1/2)
using a quadratic fit to previous values at (n), (m - 1), and (n - 2). It
is called only if the temperature extrapolation option for solving the
temperature diffusion equations is used.
Called from: MATRIX
Calls to: N.A.
COMMON blocks: TIME, TEMPER, CNTROL
OMEGAC

This subroutine calculates the coefficient used in the electron-~ion
coupling terms in the electron and ion temperature equations. It calculates
the non-temperature dependent part of this coefficient only on the first
temperature iteration and saves it for later iterations since it will remain
constant. It then calculates the coefficient by combining the non-
dependent part with the temperature dependent part.
Called from: MATRIX
Calls to: LLAM
COMMON blocks: TEMPER, CNTROL, HYDROD, ESCOM, COEFF
OMEGAR

This subroutine calculates the coefficient for the bremsstrahlung
radiation loss terms in the electron temperature equation. This term is
taken as zero unless the electron termperature exceeds a specified threshold.
This threshold has a default value of 1000 KEV eliminating radiation loss
from the code in the default case.
Called from: MATRIX
Calls to: N.A.

COMMON blocks: TEMPER, CNTROL, HYDROD, ESCOM, COEFF
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KAPPA

This routine calculates the electron and ion thermal conductivities.
If the flux limit option is on, it also calculates the electron thermal
flux limit. It also has a special option that allows PHD to model a slab
with both surfaces treated independently (remember the inner boundary con-
dition is always reflecting). This option sets the thermal conductivity
of the first zone to a specified small value. Then, by making the first
zone a near void, a slab defined in zones 2-JMAX will expand in both direc-
tions.
Called from: MATRIX
Calls to: LLAM
COMMON blocks: TEMPER, CNTROL, HYDROD, ESCOM, COEFF
EM

This subroutine calculates the laser light attenuation coefficient and
laser energy flux as determined by its attenuation and finally it calculates
the energy source to the electrons in each zone as a result of the attenua-
tion. To do this it must get the laser flux at the outer plasma boundary
and then calculate the zone boundary corresponding to the plasma critical
density. The laser flux is attenuated in to this point and then a specified
fraction of the remaining energy is dumped at the critical density and the
remainder is reflected and attenuated on its way back out.
Called from: MATRIX
Calls to: XLIGHT

COMMON blocks: TIME, TEMPER, CNTROL, HYDROD, ESCOM, COEFF
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XLIGHT

This function calculates the time dependent laser light flux at the
outer boundary of the plasma. Three options currently exist for the func-
tion dependence of the flux on time-(i) piece-wise linear polynomial,
(i1) Gaussian, (iii) power dependent rapid rise pulse characteristic of that
necessary for isentropic implosions. Additional options can be added to
this function in order to easily include any functional dependence. Actually,
the light flux is not a correct term because the units of the laser contri-
bution vary dependin gon the geometry option specified.
Called from: EM
Calls to: N.A.
COMMON blocks: COEFF
LLAM

This subroutine calculates Spitzer's log lambda for electron-ion or ion—ion
collisions. This is accomplished using a table look-up procedure in order
to avoid expensive logarithm calculations.
Called from: OMEGAC, KAPPA
Calls to: N.A.
COMMON blocks: CNTROL
TNBURN

This subroutine contains only a RETURN statement but is included for
the purpose of a thermonuclear burn calculation. This is implemented using
a detailed charged particle tramsport calculation in PHD (VER002).
Called from: MATRIX

ARBENE

This subroutine contains only a RETURN statement but is included for
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the purpose of introducing an arbitrary energy source. This is useful
for model calculations that may not exactly conform to physical reality.
Called from: MATRIX

WBIN

This subroutine contains only a RETURN statement but is included to
provide the option to write out binary information into a file on specified
time cycles for the purposes of post~processing using another code (for
example, to generate graphs of density and temperature).

Called from: OUT
UNREAD

This subroutine reads the COMMON blocks from Unit 4 using unformatted

FORTRAN read statements for the purposes of a restart calculation.

Called from: INITIA

Calls to: N.A.

COMMON blocks: TIME, TEMPER, ECKCOM, HYDROD, CNTROL, ESCOM, COEFF, COEFF1,

COEFF2%

*Each COMMON block is defined as one double precision vector.
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ITI-c. PHD Computer Code Variables

All PHD real variables are implicit double precision giving about 14
decimal places of accuracy on an IBM or UNIVAC computer. It is important
to note that all real constants are specified with the "D" scientific notation
(i.e. 1. = 1.D0). This is necessary to insure that all calculations are
performed in double precision since the IBM FORTRAN G and H compilers will not
define constants as double precision unless the "D" notation is used. This
seriously affectscalculations that are expected to be in double precision.

Variable names are designed to correspond to this documentation with the
following conventions used to identify their meanings.

i) The last two letters indicate whether the variable is zone centered or on

a zone boundary and also indicate the time level.

1 -- zone boundary
2 —-- zone center
A —— tn+l

B —— tn+l/2

c— t"

b — n-1/2

E —— tn—l

¥ n-3/2

G - tn—-2

0 - tn—5/2
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ii) The first 4 or less letters indicate the physical quantity being

represented.

E -~ electron quantity

N -- ion quantity

Thus TE2B(J) is the electron temperature in the center of the Jth zone at

+
time t" 1/2, and UlD(J) is the fluid velocity on the Jth zone boundary at time
n-1/2 . , , .
t . All variables necessary to the computation are contained in named common
blocks. The variables are grouped such that a subroutine will find most of the

variables that it needs in fewer than all of the common's. We now list all

of the variables (by common block) along with their meanings and units. All

vectors have dimension of 53 which allows for 50 spatial zones.

COMMON/TIME/

1) TA £ (sh)

2) 18 "2

3) TC t™ (sh)

4) TD 2206y

5) prex A" 2 o)

6) DTC A" = A2 4 Ad™ Y2y 5 (amy
7) o0 A2 (g

8) DTE A" = ™2 4 ac™ 32y 5 (any
9) p1F  At™ 32 (gn)
10) 16 A" 2™ 32 4 A™ 2y /5 (on)
11) otH Ac™ 72 (e

12) DT Atn+3/2, the new time step (sh)

13)
14)
15)

TMAX* Max problem time for the simulation (sh)
DIMIN** Min allowed time step (sh)
DTMAX**Max allowed time step (sh)
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COMMON/TEMPER/
n+l
T
» e @i
n+l/2
2) TN2B (T]_L)j_l/2
3) TN2c*  (T.)"
i’3-1/2
4) TN2E (r Y1 Ion te t (Kev)
i J—'l/z Inpera ures ev
n-2
5 mae apiy,
n-3
6) TN2I (T]_L)j_l/2
7) TNLB (r.)"+1/2
i’3
8) TNSQ2B V(T )2 (geyyt/2
i’§-1/2
n+1
9 TE2A (1T
nt+l/2
10) TE2B (Te)j_l/2
n
*
11) TE2C (Te)j—l/Z Electron temperatures (Kev)
12) TE2E (r YL
e’ j-1/2
13) TE2G (T Y2
e’ j-1/2
n-3
14) TE2I (Te)j_l/2
15) TE1B (r yot1/2
e’ j
16) TESQ2B V(T Y2 (geyl/?

e’j-1/2
17) TBC** temperature boundary condition (Kev)
18)
19)
20)

21)
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COMMON/CNTROL/
1) CON** - real constants used in PHD
2) TGRQW** - max percentage that At can increase in one cycle
3) TEDIT#* - time at which output freq. switches from IEDIT(1l) to IEDIT(2) (sh)
4) GEOFAC - a geometry factor; 1, 2T, 47
5) K1** - Courant condition time step control
6) K2** - AV/V time step control
7) K3**% - AT/T time step control
8) Rl - worst case for courant condition
9) R2 - worst case for AV/V
10) R3E - worst case for ATe/Te

11) R3N - worst case for ATi/Ti

12) 11

13) T2 temporary vectors to be used for any purpose
14) T3 within a subroutine

15) T4

16) IDELTA* - 1 - cartesian 2 = cylindrical 3 - spherical
17) IDELML - 0 = cartesian 1 = cylindrical 2 = spherical
18) NCYCLE -~ time cycle index

19) NMAX* - max number of time steps

20) JMAX- max number of spatial zones

21) JMAXMI* - JMAX-1

22) JMAXP1 - JMAX+1 used for indexing

23) JMAXP2 - JMAX+2



24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)

44)

42—

ISW** — control switches

JCOUR - zone # of Courant condition worst case

JSPVOL - zone # of AV/V worst case

JETEMP - zone # of ATe/Te wWOoTrst case

JNTEMP - zone # of ATi/Te worst case

INDEX ~ a vector used for output indexing

IZONE - zone # of worst case of Courant, AV/V, AT/T

ITYPE - 1 = constant 2 = AV/V 3 = AT/T worst restriction
IITYPE - 0 = physical -1 = minAt 1 = maxAt

IEDIT** - output cycle frequencies

LASER** - chooses laser pulse option

ITN** - chooses thermonuclear burn option (not operational)
ITIZONE - zone # of worst case if the At is Atmax or Atmin
ICOND - principle time step constraint

ICOND2 - secondary time step constraint if primary is Atmin or AtmaX
JTSTEP - max zone # to assess when calculating new time step

ITERA - temperature iteration counter

ITERMX** - max number of temperature iterations

JVVOM - zone # of maximum compression

NVVOM - time cycle of maximum compression

IUNIT - cmz, radian-cm, sterradian for § =1, 2, 3
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COMMON/HYDROD/
-1/2
1) Ul U? /2 f1uid velocity (cm/sh)
2) UlBx* ytl/2
J
n
%
3) DR2C Arj—l/Z
+
4) DR2B Ar?_ifi zone widths (cm)
n+1
5) DR2A Arj—l/Z
6) RLC r
J
+
7) R1B r? 1/2 radius (cm)
8) R1A P
J
9) RS1C R
3
10) RS1B (r?+1/2)5-1
+ -
11) RS1A (r? 1y6-1
n
12) PE2C (Pe>j_l/2
+
13) PE2B (P )? 1/2 electron pressure (JK/cm3)
e’ j-1/2
n+1
14) PE2A ® )11/
n
15) PN2C (Pi)j_l/2
16) PN2B (Pi>?fi;§ ion pressure (JK/Cm3)
n+l
17) PN2A (Pi)j—l/Z
n 3
18) P2C Pj—l/2 total pressure (JK/cm™)
n+1
19) P2A 12

3
20) PBCP** pressure and time points to make up (JK/cm™)
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21) PBCT** piece wise linear pressure boundary condition (sh)

22) V2D ?:i;g
23) vac v?_l/z
24) V2B ?fi;;
25) V2A V;fijg
26) VO initial specific volume

27) VvO VO/V compression

‘n+l/2

28) VDOT2B Vj—l/2 time derivative of sp. volume (cmB/g—sh)

29) DMASS2 A Lagrangian mass

m
05-1/2

30) DMASS1 fmo . = (Amg. 1,0+ Ao s41 /2072

31) Q2D q?:ijg artificial viscosity (JK/cm3)
nt+l/2
32) @28 qly);

33) VVOMIN max compression
34) TEVVOM electron temperature at max compression (Kev)
35) TNVVOM ion temperature at max compression (Kev)

36) TAVVOM time of max compression (sh)
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COMMON/ESCOM/
+
1) EET2B —(CV)n 1/2 electron specific heat (JK/Kev-g)
®5-1/2
+
2) ENT2B - (C, yor /2 specific heat (JK/Kev-g)
i §-1/2
n+l/2 . ] 3
3) PET2B - (Pe)T i-1/2 temperature derivative of electron pressure (JK/cm -Kev)
n+l/2 . . . 2
4) PNT2B - (Pi)T j-1/2 temperature derivative of ion pressure (JK/cm“-Kev)
n+l .
5) EE2A - (Ue)j_l/2 electron internal energy (JK/g- ()
6) EN2A - (U’)Il+l ion internal ring (JK/g- 7 )
173-1/2
7) DE2A - (ne)?ti/z electron number density (l/cm3)
n+1l . .
8) DN2A - (ni)j—l/Z ion number density
nt+l/2 .
% _
9) DE2B (ne)j-l/Z electron number density
n+1/2 | ,
% _
10) DN2B (ni)j—l/z ion number density
11) ATW2B* - A?tiji average ion atomic weight (AMU)
+
12) Z2B* - A?_i;g average charge (ESU)
2 2
13) ZSQ2B - (Z?tijg) average squared charge (ESU)
+ 1/2
14) ATWQ2B - vA" 172 ()L

i-1/2
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COMMON/COEFF/
nt+l/2
1) KIB2B - (K ) 1;2 inverse bremsstrahlung attenuation (cm )
-.n+l/2
2) KANMIB - (Ki)? / ion thermal conductivity (JK/cm-Kev-sh)
+
3) KANPIB - (kT)y21/2
i’j
+1/2
4) 1/ electron thermal conductivity (JK/cm-Kev-sh)

5)

6)

7)

8)
9)
10)
11)
12)
13)

14)

15)

16)

17)

18)

19)
20)
21)

22)

23)

KAEMIB - (K )
e’j

KAEP1B - (K:)§+1/2

OMC2B - (w )rl i;; collision coupling coefficient (JK/Kev-g-sh)
n+l/2
OMRZ2B - (w ) _1/2 bremsstrahlung radiation coefficient (JK/Kev-g-sh)

SNTN2B - ion source from thermonuclear energy (JK/g-sh)

FLUXF** - laser power and times for piece wise (JK/O-sh)
FLUXT#** - linear laser source (sh)

SETN2B - electron source from thermonuclear reactions (JK/g~sh)
SEL2B - electron source from laser absorption (JK/g-sh)

SHOK2B - ion source from shock heating (JK/g-sh)

n+l/2

PSIM1B - (w ) inward laser power for flux (JK/AJ- sh)

+ n+l/2

PSIB1B -~ (Y )j outward laser power or flux (JKAJ-sh)

3
CRITD - LI plasma critical demsity (1/cm”)

+
OMCC2B - non-temperature dependent part of (w )? i;g

+
OMRC2B - non-temperature dependent part of (w )? i;g

FLIMIB - electron thermal flux limit (JK/cm -sh)

FLD1B - diffusion flux w/o fluid limit (JK/cmB—sh)

LAME - (4n A )n+;;§ Spitzer log A

n+l/2

LAMN - (4n A ) j=1/2

WAVEL** - laser wavelength (cm)



COMMON/COEFF 1/
1) BET12B - (8 )"+1/2
ty-1/2
2) BET22B - (B )™T1/2
¢ j-1/2
n+l/2
3) AL112B (ocll)j_l/2
n+l/2
4) A1222B (o¢22)j_l/2
nt+l/2
5) OM112B Oy
n+l/2
6) OM222B (w22)j—1/2
n+l/2
7) GM112B (yll)j_l/2
n+l/2
8) GM222B (Y22)j—1/2
9) AALLLB - (a, )"Fi/2
1173
n+l/2
10) AA221B (a22)j
ntl/2
11) OM122B (mu)j_l/2
nt+l /2
12) OM212B (m21)j_1/2
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Beta Vector

Diagonal Elements

Diagonal Elements

Diagonal Elements

Diagonal Elements

OFF Diagonal Elements of Omega Matrix

of Alpha Matrix

of Omega Matrix

of Gamma Matrix

of "A" Matrix
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COMMON/COEFF2/
1 -

) El11 (Ell)

All Elements of the "E" Matrix

2) E12 - (ElZ)
3) E21 - (E21)
4) E22 - (EZZ)
5) F1 - (Fl) Both Components of the "F" Vector
6) F2 - (F2)
7) Bll - (Bll) All Elements of the "B" Matrix

8) Bl12 - (B..)

12
9) B21 - (BZI)
10) B22 - (B,,)
11) D1 -~ (Dl) Both Elements of the "D" Vector

12) D2 - (DZ)

13) EXTRA - An extra vector to make this common block long enough to store the

information that must be used in order to do a binary write.



COMMON/ECKCOM/
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+1
1) TIA - (T)? kinetic energy of fluid (JK/3)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

GGGE2A -

HHHE2B -

HHHN2B -

EEEC2A -

EEER2A -

EEEEEO -

EEEENO -

EEEEEE -

EEEEEN -

TTTTTTT -

HHHHHE

HHHHHN

EEEEEC

GGGGGE

EEEEER

WWWWWE -

WWWWWN

FFFFE - (F )
e

FFFFFN -

n+l

(G ),_1/2 electron-ion work to maintain charge neutrality (JK/Z3)

e’

N
CRY
()T
nt+l

(£

E total
e

E, total
i

o
(Ee)n+l
(Ei)n+l
(T)n+l
(He)n+l
(Hi)n+l
(Ec)n+1
(Ge)n+l

n+1
()

n+1
(We)
n+1
W)

n+1

n+1
(Fi)

/2

/2 electron heat source (JK/O1)

/2

/2 ion

heat source (JK/iIZI)

/2 electron ion collisional energy exchange (JK/i1)

/2 electron energy lost to radiation (JK/J)

total

total

total

total

total

total

total

total

total

total

initial electron internal energy (JK/LJ)

initial ion internal energy (JK/L1)

electron internal energy (JK/3J)
ion internal energy (JK/[3J)

fluid kinetic energy (JK/J)

electron heat source (JK/{J)

ion heat source (JK/3)

electron-ion energy exchanged (JK/Z)
work done to maintain neutrality (JK/[J)
energy lost to radiation (JK/J

work done on electrons (JK/iZJ)

work done on ions (JK/f3)

2
total electron heat flux across outer boundary (JK/cm -sh)

total

2
ion heat flux across outer boundary (JK/cm -sh)



21) EEEER -

22) WWWWE -

23) WWWWN -

24) FFFFE -

25) FFFFN -

26) HHHHE -~

27) HHHHN -

28) EEEEC -

29) GGGGE -

30) ENLHS ~
31) ETLHS -~
32) EERHS -
33) ENRHS -

34) ETRHS -

where []

n+l
(£)

n+1
(fi)

n+1
(he)

n+l
(hi)

(e )n+l

c

(ge)n+l

left side of ion energy balance equation (JK/.}

total

total

total

total

total

total

total

total

total
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energy lost to radiation on last cycle (JK/iD)

work done on electrons on last cycle (JK/ 1)

work done on ions on last cycle (JK//7]

electron flux at outer bd. on last cycele (JK/cmz—sh)
ion flux at outer bd. on last cycle (JK/cmZ—sh)
electron heat source on last cycle (JK/.])

ion heat source on last cycle (JK/[1)

electron-ion heat exchange on last cycle (JK/[1)

work to maintain neutrality on last cycle (JK/I1)

R

left side of total energy balance equation (JK/I"1)

right side of electron energy balance equation (JK/[})

right side of ion energy balance equation (JK/I})

is

w N = O

-

2

cm

cm—radian

sterradian

where * means mandatory input variable

*% means input variable with a default value
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ITI-D. List of Namelist Input Variables

1) IDELTA 25) CON

2) JMAXM1 26) LASER

3) NMAX 27) FLUXT

4) TMAX 28) FLUXF

5) DTB 29) WAVEL

6) DE2B 30) U1B

7) DN2B 31) ITN

8) DR2C 32) JTSTEP
9) ATW2B 33) ITERMX
10) TE2C 34) 1ISW
11) TN2C 35) 1IRS

12) IEDIT(1),(2),(3)

13) Z2B (1)-(13) are required as input.

14) TEDIT(20), (14)-(34) have present default values which

may be changed if they are included as input.

15) DTMIN

16) DTMAX

17) X1

18) k2

19) K3

20) PBCT

21) PBCP

22) TBC

23) TEDIT

24) TGROW
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ITI-E. Adding a Subroutine to PHD

A subroutine can easily be added to PHD almost anywhere but should contain
an implicit double precision statement at the beginning to insure that all
floating point variables are double precision.

IMPLICIT REAL*8 (A-H, 0-Z)

IIT-F. Adding a Variable to PHD

To add a variable to PHD requires changing several subroutines.

(1) The variable should preferably be added to the end of one of the named
common blocks. If the variable is an integer, then one should keep in mind that
the common blocks should be an even number of words long so that CLEAR can set
them to zero by using double precision zeroes.

(2) The common block length in CLEAR should be changed so that the new variable
will be zeroed at the beginning.

(3) The common block length in DUMP should be changed so that the new
variable will be dumped at the end of the PHD calculation for the purposes of
a possible restart.

(4) If it is an inputted variable, it must be added to the NAMELIST

statement in INITIA.
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IV. Users Manual

IV-A. Implementing the PHD Code

PHD uses a modest amount of memory and CPU time as compared to more
sophisticated hydrodynamics codes. It uses 11000 words for variable storage
and about an equal amount for object code, depending on the particular computer.
In a typical pellet implosion calculation, it executed at the rate of .0028 CPU
seconds/zone-cycle on a UNIVAC 1110 computer. These are well within the computer
budgets of most university researchers.

For Input/Output PHD reads NAMELIST input from logical I/® unit 5 and
writes BCD output to logical unit 6. DUMP does a binary write using unformatted
FORTRAN write statements to logical I/@ unit 2. This is read back into the
common blocks by INITIA from logical I/@ unit 4 using FORTRAN unformatted read.
Units 2 and 4 must accomodate a record length as long as the longest common
block, 3228 words.

There should be no language compatibility problems but the implicit double
precision statements should be removed from all subroutines and the lengths of
the common blocks must be adjusted when using a CDC6600 or 7600. The code was
developed on a IBM/370/68 and a UNIVAC 1110, using the IBM FORTRAN G and H
compiler and the UNIVAC FORTRAN V compiler. PHD includes approximately 3300

card images.

IV-B. Using the PHD Code

Units
The PHD code uses a modified CGS system of units. They are summarized in the

following table.

length centimeter
time shake = 10“8 seconds
mass gram

) 16
energy jerk = 10 ergs
temperature Kev
kp 11602 x 1072* Jerks/Kev

The input for PHD (VEROOl) is quite simple. It is in the FORTRAN NAMELIST
form and the user should be familiar with this format before proceeding. The
NAMELIST name is INPUT. The input variables follow, with their FORTRAN type and

default values.



NAMELIST INPUT DESCRIPTION &INPUT

1-

IDELTA (I*4) Default -none

Selects the type of geometry option

= 1 planar
= 2 cylindrical
=3 spherical

JMAXM1 (I*4) Default - none

Number of spatial zones 3 $ JMAXM1 < 50

NMAX (I%*4) Default - none
Maximum number of time steps

TMAX (R*8) Default - none

, . . . . R 1 A=8
Maximum time limit of simulation units — Shakes = 10

DTB (R*8) Default - none
Initial time step
Units - Shake
DR2C (R*8 vector) Default - none
Ar for each spatial zone
units -~ centimeter
DN2B (R*8 vectors) Default - none
DE2B
Ton and electron number density for each zone
units - cm_3
Z2B (R*8 wvector) Default - none
Effective charge in each zone
units - electron charge unit
ATW2B (R*8 wvector) Default - none

Effective atomic weight of ions in each zone

units -~ amu

seconds
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10- TN2C (R*8 vectors) Default - none
TE2C
Ion and electron temperature in each zone
units - Kev
11-  TIEDIT (1), (2), (3), (I*4) Default - none
Output frequency for BCD output before time TEDIT, output frequency for BCD
output after time TEDIT, and output frequency for binary output.
12- DIMIN (R*8) Default = 10  "xDTB
Minimum allowable time step.

units - shake

13- DTMAX (R*8) Default = 106*DTB
Maximum allowable time step.
units - shake
14~ PBCT (R*8 vectors) Default PBCP(1) = -10 1%

PBCP
Pressure boundary condition. If PBCP(1) < 0O then - PBCP(1l) will be used
as a constant pressure boundary condition throughout the calculation.
Otherwise PBCT and PBCP can be used to set a piecewise linear pressure
profile as a function of time where (PBCT(J), PBCP(J)) are sets of time-
pressure points. Each of these vectors is 10 elements long.
-units - Jerks/cm3
15- TBC (R*8) Default = 0
Temperature boundary condition. If TBC = 0. then oT/dr = 0. 1is the
boundary condition maintained by the code. If TBC # 0. then TBC is the con-
stant temperature boundary condition used throughout the calculation.

units - Kev
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16- K1 K2 K3 (R*8) Default .5

Multipliers for time step controls governing the Courant condition, change
in specific volume, and change in temperature respectively.
17- TEDIT (R*8) Default - 0.
Before time TEDIT, IEDIT(1l) is the BCD output cycle frequency and after
time TEDIT, IEDIT(2) is the output frequency.
units - shakes
18- TGROW (R*8) Default - 1.5
At is allowed to increase by no more than this factor for any time
step cycle.

19 - LASER (I*4) Default - 0

A switch to specify laser input. LASER = 0 means no laser input.

LASER = 1 means piece-wise linear laser pulse profile
LASER = 2 means Gaussian laser pulse profile
LASER = 3 means isentropic implosion pulse profile (see 20 for the laser

pulse parameters).

20 - FLUXT (R*8) Default - 0
FLUXF
20 element vectors to specify the laser pulse parameters
for LASER = 1
FLUXT and FLUXF are time and power pairs making up a piece-wise profile
FLUXT(1) must be 0.DO.
units FLUXT (Jerks/cmz—shake)planar
FLUXF (Jerks/cm-Shake) cylindrical
(Jerks/Shake) spherical

for LASER = 2 e -t )2
P(t) = y(o)e =
4 20
FLUXT(1) = t
%9
FLUXT(2) = 20
FLUXF(1) = ¥ (o)

for LASER = 3

¥(E) = ¥(e) - e/t )T
FLUXT(1) ¢t

FLUXT(2) P
FLUXF(1) ¥ (0)
FLUXF(2) Y,

The pulse is turned off after a maximum power or intensity given by FLUXF(2)
has been exceeded.
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21 - WAVEL (R*8) Default - 1.06 D-4
Laser wavelength

units - centimeters
22— ITN (I%*4) Default - 0O
Switch to control thermonuclear burn calculation
= 0 off = 1 on.
(Thermonuclear burn has not been implemented yet).
23- UlB (R*8 vector) Default - 0.
The plasma's initial fluid velocity profile.
units - cm/shake
24— TITERMX (I%4) Default - 1
Maximum number of temperature iterations to perform. For ITERMX = 0
the temperature extrapolation procedure is used.
25- JTSTEP (I*4) Default (JMAX)
Maximum zone number to apply the time step control to. In some situations
one wants to exclude the outer zones from this determination of the next
time step.
26—~ TIEDIT(20).n (I*4 vector) Default ~ -1
Output frequencies for intermediate variables.
IEDIT(20) Output frequency of All, A22, B11l, B1l2, B21, B22, Cl1, C22, DI,
D2, El11, E12, E21, E22, Fl, F2 in ABCDEF

TEDIT(21) Output frequency of AL112B, AL222B in MATRIX

IEDIT(22) " " " OM112B, OM122B, OM212B, OM222B in MATRIX
TIEDIT(23) " " " GM112B, GM222B in MATRIX

IEDIT (24) " " " AA111B, AA221B in MATRIX

IEDIT(25) " " " BET12B, BET22B in MATRIX

TEDIT(26) " " " PET2B, PNT2B, EET2B, ENT2B in TDERIV
IEDIT(27) " " " TE2B, TN2B in TXTRAP

IEDIT(28) " " " OMC2B, LAME in OMEGAC



IEDIT(29)

IEDIT(30)

TEDIT(31)
IEDIT(32)

TEDIT(33)

IEDIT(34)
IEDIT(35)

IEDIT(36)

TEDIT(37)
TEDIT(38)
27- CON (R*8
Constants
CON(1)
CON(2)
CON(3)

CON(4)

CON(5)
CON(6)
CON(7)
CON(8)

CON(9)
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Output frequency of OMR2B in OMEGAR
13 " "
in KAPPA

" " " Y, EPS, EABS in EM

" " " TE, TE2A, TE2C in CONV

KAEM1B, KAEP1B, KANM1B, KANP1B, LAME, LAMN

" " " ULB, R1A, R1B, DR2A, DR2B, RSIA, RSIB, V24,

V2B, VDOT2B in HYDRO
not currently used

" " " Q2B in QUE

" " 1" Tl(l) - Tl(9), TEZA(JMAXP]_), TNZA(JMAXPl)

in TEMPBC
" " " DE2B, DN2B in NUMDEN
" " "' DE2A, DN2A in NUMDEN
vector) Default - see below
used in the PHD code.
Coefficient for KANM1B, KANP1B
" " KAEM1B, KAEP1B
" " FLIMLB

Lower temperature limit for allowed brem.
radiation loss

1nA = CON(5) if # 0.
Value of KAEM1B(2), KANM1B(2) if ISW(7) = 1
Coefficient for OMR2B

" " OMC2B

" L PN2A

Default
2.444D-5
4.923D-4

. 3445D-24

1,000.D0
0.D0
1.D-50
2.42D-48
605.9D0

.1602D-24
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Constants used in the PHD code Default
CON(10) Coefficient for PE2A .1602D-24
CON(11) " " PET2B "
CON(12) " " PNT2B "
CON(13) " " EET2B .2403D-24
CON(14) " " ENT2B "
CON(15) " " EN2A "
CON(16) " " EE2A "
CON(17) Convergence criteria for temperature iteration .05D0
CON(18) Coefficient for ion shock heating 1.D0
CON(19) Fraction of laser energy dumped into first

overdense zone 1.D0
CON(20) Coefficient for KIB2B 1.34D-34
CON(21) " " Q2B 1.414D0

28- 1ISW (I*4 vector) Default - see below

A vector of control switches that determine calculational options used in

PHD.

ISW(1) = 0% Cv,; Cvi are constant , # 0 not constant

ISW(2) Number of constant time steps at the beginning of the simulation = 10%

IsW(3) Treatment of laser absorption at the critical density = 1% dump the
fraction, CON(19), in the first overdense zone and reflect the re-
maining light.

ISW(4) = 0% No electron thermal flux limit
= 1 Use conventional flux limit

ISW(5) Maximum zone # to look for maximum compression = 10%

ISW(6) = 0* Hydro motion is calculated =1 No hydro motion
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ISW(7) = 0% Normal = 1 Always set KAEMIB(2) = KANMIB(2) = CON(6) for
the purposes of simulating the back side of a slab.
(*) means the default value.
29 - IRS (I*4) Default - 0
For IRS = 1 we do a Restart calculation. INITIA reads the COMMON blocks
back into core from UNIT 4 before reading NAMELIST input. See next

section for an example.
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List of NAMELIST Input Variables

(1) IDELTA (21) PBCP
(2) JIMAXM1L (22) TBC
(3) NMAX (23) TEDIT
(4) TMAX (24) TGROW
(5) DTB (25) CON
(6) DE2B (26) LASER
(7) DN2B (27) FLUXT
(8) DR2C (28) FLUXF
(9) ATW2B (29) WAVEL
(10) z2B (30) UIB
(11) TE2C (31) ITN
(12) TN2C (32) JTSTEP
(13) IEDIT(1), (2), (3) (33) ITERMX
(14) TIEDIT(20),n (34) 1Isw
(15) DTMIN (35) IRS
(16) DTMAX

(17) K1

(18) K2

(19) K3

(20) PBCT
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Running the PHD Code

To run the PHD code, the NAMELIST input typically takes the following

form:

GINPUT ITELTA=3v JMAXMI=50, NMAX=500, TMAX=3.00y DTE=1, 15,
DERE=40%4 81840220 5% 6370209 5% 1« 927020 »
S40KA L BLEANR2 v 5XG 6370209 5KL « 927020 s
SOX2.500s Z2R=50K1 .00
20=50%. 000100 TN2C=50%. 000110 y
DRZC=. 011850031y ,0022y,00175.001454,00135.00115,00115.0005.0009,
+0008y,0008y.,00079.00075.00075.00065 00067y 00065 + 000670006y
+0005y . 0005y .0005y,00045 00055 .00055,.0004y,00045.00055.0004 ,
+00045,00045.0004y,00047.00045 00045 .0003y,00045.0003y.0003,
20127940083y, 00665.00555,0048y,01105 0180y ,0128y.0104y 0089,
TEDIT=10051005100
LASER=3y WAVEL=2,D~4,
FLUXT(1)=2,929292900, FLUXT(2)=2.110
FLUXF(1)=1,01-7y FLUXF (2)=8,[1~3y
SENID , L

To restart a PHD calculation, use the following input form:
(i) Presumably the previous calculation has stored the COMMON blocks in
a file or tape attached to I/@® unit 2. This file must now be attached to unit 4
and another file attached to unit 2. PHD reads this information from unit 4.
(ii) The BCD input read from unit 5 should be
&INPUT IRS = 1, &END
&INPUT NMAX = 800, TMAX = 5.DO, . . ., &END
INITIA will read the first NAMELIST input and will see that this is a restart
calculation so it will call UNREAD to read the COMMON blocks from unit 4. Then
it will do the second NAMELIST read from unit 5 to get the updated input values.
Either NMAX or TMAX must be updated since at least one of these was exceeded
on the previous calculation thus causing its termination.

Sample output takes the following form:
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The first 8 descriptions are for the summary of the input.

(1) Indicate the geometry option and reminds the user that energy is measured
per sterradian.

(2) Summarizes the number of spatial zones, time steps, initial time step, and
other time step limiting parameters.

(3) Summarizes the outer boundary conditions for pressure and temperature.

(4) Summarizes the laser pulse option and the parameters for this pulse

shape.

(5) Summarizes the cycle frequency of the primary output summaries and also the
frequencies for intermediate variable output.

(6) Gives the values for the initial hydrodynamic variables and the finite
difference mesh. Note that mass is measured in grams/sterradian.

(7) Gives the values of the physics constants used to calculate transport
parameters, equations of state, etc. This is the CON vector.

(8) Summarizes the calculational options used. Except for '"NO. OF TEMP
ITERATIONS" this is the ISW vector.

(9) This is the cyecle number to which this output pertains.

(10) This is the instantaneous time at the end of this cycle measured in shakes.
(11) This is the time step used on this cycle measured in shakes.

(12) This is the condition and zone limiting the time step on this cycle. This
can be COUR AT/T, AV/V, MAX, or MIN.

(13) If the first constraint given in (12) was MAX or MIN, then this will give
the most severe physical condition limiting the time step.

(14) This is the radius of the Langrangian zone boundaries on this cycle
measured in centimeters.

(15) This is the zone width of the Lagrangian zones on this cycle measured

in centimeters.



(16)
17)

(18)

(19)
(20)
(21)
(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)
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.. ‘e . 3
This is the specific volume of each zone measured in cm™/gram.
This is the compression of each zone as compared to its initial density.
This is the fluid velocity of each zone boundary measured in centimeters/
shake.
This is the electron temperature in each zone measured in KEV.
This is the ion temperature in each zone measured in KEV.
L. . . 3
This is the electron pressure in each zone measured in Jerks/em”.
R , . ; 3
This is the ion pressure in each zone measured in Jerks/cm™.
This is the Von Neumann artificial viscosity in each zone measured in
3
Jerks/cm .
This is the electron internal energy in each zone measured in Jerks/sterrandian
for this spherical example problem.*
This is the ion internal energy in each zone measured in Jerks/sterradian.*
This is the kinetic energy due to fluid motion for each zone boundary
measured in Jerks/sterradian.
This is the energy source to the electrons in each zone measured in
Jerks/ster.*
This is the energy source to the ions in each zone measured in Jerks/ster.*
This is the energy exchanged between electrons and ions in each zone
measured in Jerks/ster.*
A . . . -3
This is the electron number density in each zone measured in cm ~.
c . . . . . -3
This is the ion number density in each zone measured in cm ~.
This is the electron heat flux across each zone boundary measured in
2
Jerks/cm” /Shake.
This is the electron heat flux limit on each zone boundary measured in

Jerks/cmZ/Shake.
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(34) This is the inward directed laser power on each zone boundary measured
in Jerks/Shake for this spherical example problem.*%*

(35) This is the reflected, outward directed, laser power on each zone boundary
measured in Jerks/Shake.#**

(36) This is the inverse bremsstrahlung attenuation coefficient for each zone
measured in inverse centimeters.

(37) This is the total internal energy of electrons/ions at this time measured in
Jerks/ster for this spherical example problem.*

(38) This is the total source to electrons/ions up to this time measured in
Jerks/ster.*

(39) This is the total work done by the electrons/ions on the outer boundary up
to this time measured in Jerks/ster.* Since the pressure boundary
condition is very small there is very little work done.

(40) This is the total electron/ion energy lost by their heat flux across the
outer boundary up to this time, measured in Jerks/ster.*

(41) This is the bremsstrahlung radiation energy lost by the electrons up
to this time and the work done on the electrons by the ions to maintain
the one fluid approximation. Both are measured in Jerks/ster.*

(42) This is the total energy exchanged between electrons and ions up to this
time and the total fluid kinetic energy at this time. Both are measured
in Jerks/ster.

(43) This is the electron/ion source on this cycle measured in Jerks/ster.*

(44) This is the electron/ion work on the outer boundary on this cycle
measured in Jerks/ster.*

(45) This is the electron/ion energy lost across the outer boundary on this cycle

measured in Jerks/ster.*



(46)

(47)

(48)

(49)
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This is the bremsstrahlung loss and electron-ion energy exchange on this
cycle measured in Jerks/ster.*

This is the work done on electrons by the ions to maintain charge neutrality
on this cycle measured in Jerks/ster.#*

This is the initial internal energy of electron/ion measured in Jerks/ster.
This is the energy balance for electrons, ions and their sum. For proper
energy conservation, the left and right numbers should be equal. They are

measured in Jerks/ster.*

2
* For planar geometry these units are Jerks/cm

For cylindrical geometry these units are Jerks/cm-radian

** For planar geometry these units are Jerks/cmz'Shake

For cylindrical geometry these units are Jerks/cm:Shake
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EXAMPLE PROBLEM #1 - COMPRESSION OF SOLID SPHERE OF DT

The first example is the compression of a 400 um radius solid sphere
of DT. This example demonstrates the ability of PHD(VER0OOl) to simulate the
essential features of a laser driven compression. The maximim compression was
8879 times solid density and occurred at 29.239 nsec with a central ion temperature
of 5.5997 Kev. Approximately 40% of the pellet mass remained in the compressed
core and the total laser energy delivered was 82.4 kilojoules. The pellet
initial conditions are summarized in the following table.

Pellet Initial Conditions

Region 1 11 11T

Radii (pm) 0-405 405-784 784-1395
Density (cm_3) 4.8184x1022 9.637xlO20 1.927x1020
Temperature (Kev) 10_4 10_4 10_4
Atomic Wt. (AMU) 2.5 2.5 2.5

Charge 1 1 1

The characteristic "isentropic implosion' laser pulse parameters are given in the
following table.

Laser Pulse Parameters

<
~
T
~
Il

-P
VO - t/e]

10_7Jerks/Shake = 10—2 Terawatts

=
~~
iy
(=
~
]

t = 2.9293 Shakes = 29.293 nanoseconds

Y(MAX) = 8 x 10_3 Jerks/Shake = 800 Terawatts

The laser power is cut off after the specified maximum power is reached. The

actual input for this problem is reported on the next page.
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STNFUT IDELTA=3y JMAXMI=00y NMAX =500y TMAX=3,10> DTR=1 DUy
UE2E$40*4.8184U22v5*9.637U2075*1.927H209
DN2B340*4.8184U22v5*?.é37ﬁ2075*1.927D20y
ATWZE=50%2 500 Z2B=00X1 .00y
TE2C=50%. 000100 TN2C=50%, 000110y

URQCﬁ.Olle.OOBly.0022v.0017:.0014r.00137.00111.00111.00097.0009:

00008900008700007100007900007!00006!00006!00006!00006!00006!
.00057.OOOSv.00057.00047.00051.00057..0004v.00047.0005v.0004y
.OOO4;.OOO4:.OOO4v.00047.00047.0004;.00037.0004;.0003v.00037
.0127;.00837.00669.0055:.0048y001107.01801.0128;.01047.0089v
TEDIT=100s1005100y
LASER=3y WAVEL=2.,0-4y

FLUXT(1)=2.9292929005 FLUXT(2)=2.110y
FLUXF (1) =1.01-7y FLUXF(2)=8.D-3y
SEND

The output of selected cycles follows.
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Example Problem #2 - Pure Temperature Diffusion

Analytic solutions to relevant problems in nonlinear hydrodynamics are
difficult to find. One particular equation that can be solved exactly,

however, is the following nonlinear temperature diffusion equation:

o1 _ 3 KT
pCV 9t  9x  9ox T Q18(1)8(x)
where K = K T5/2 nd we defi —-59 d Q=0qQ"'/pC
o a W efine o = oC and Q = Q' /p v

v
For constant density the equation becomes

5/2
oT _ad T 9T
t 9x ox T QO(E)6(x).

The solution to this equation is

215 A2/9 ,\2/5
T(x,t) = <%§> <§E> (l - ) Pt

=0 §>1

5/2.,2/9

where § = x/(aQ )

We solve this equation using PHD(VERQQOLl) for Q@ = .1 Kev—cm and a = .443 which
corresponds to ne = lOZlcm_B, CV = .0579, &nA = 4.4. To do this we turn

e
off the hydrodynamic motion, turn off electron-ion coupling and start the

problem with an initial electron temperature distribution which is the same
as the solution of this model equation at 10_15 seconds. The code specifications
are given in the following table:

30 spatial zones

Ax = 10—3 cm.

T_ initial - 9.3, 9.1, 8.7, 8.1, 7.1, 5.5, 10 20, 10720, . |
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PHD input -
&INPUT IDELTA=1, JMAXM1=30, NMAX=2000,
TMAX=35.D-6, DTB=1.D-9,
DE2B=30*1.D21, DN2B=30%*1.D21,
DR2C=30%*.001D0, ATW2B=30%2.5D0, Z2B=30%1.DO,
TE2C=9.3D0, 9.1DO, 8.7DO, 8.1D0O, 7.1DO, 5.5DO, 24%1.D-20,
IN2C=30*1.D-20,
IEDIT=100,100, 100,
CON(2)=2.34D-3, CON(5)=4.4D0, ISW(6)=1,
CON(8)=0.D0, CON(11)=0.DO, CON(12)=0.DO,

&END
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