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1. INTRODUCTION

In the first report in this sequence’ we presented results of
numerical calculations in which we simulated shock propagation in a
three-dimensional, face-centered-cubic (FCC) lattice. The details of
the calculation were not discussed in order that the reader not be lost
in a welter of detail, superfluous to understanding the significance of
the results. In this report we describe more fully the calculations
undertaken and the computer program used. The material herein is in-
tended primarily for those who may wish to perform similar calculations.

- We begin in Section 2 by describing the lattice used in the cal-
culations. Included in the description are the labeling convention used
to identify a particular atom, the method for finding its nearest
neighbors, the method for calculating its potential interaction with
other atoms in the lattice, and the method for calculating the lattice
constant. In Section 3, we discuss how initial conditions of the lattice
(prior to shock compression) are determined and how the shock wave affects
the assumed periodicity of the lattice. The differential equations of
motion satisfied by the atoms are also written down. In Section 4, we
describe the thermodynamic variables (pressure, temperature, flow veloc-
ity, and density) calculated in the program and explain how th’ r calcu-
lation is carried out. The Appendix discusses the computer program used
and provides a listing.

2. DESCRIPTION OF ThE LATTICE

The model for the simulations consists of an infinite, three-dimen-
sional, FCC lattice constructed of cells such as that shown in Figure 1.
The cube edge, %, is hereafter referred to as the lattice constant.
Prior to compression, the crystal is assumed to obey periodic boundary
conditions in all three Cartesian directions. Therefore, if a particle
is located at point (x,y,z), there is a corresponding particle at the V

position (x + LL
~
a0, y + m L

1%, 
z + n L

~~0
) where L

~. 
L~ and L

~ 
are

positive integers which define the periodicity of the lattice in the
three directions, and £ , m, n are arbitrary integers. Furthermore,
for any function F which depends on the particles’ velocities and their
displacements from equilibrium, we have

F(x+ LL
~
a0, y+mL1

60, z+nL~%) 
F(x,y,z) . (2.1)

p 
_ _ _ _ _ _ _ _ _

1. J.D. Powell and J.H. Batteh, “Shock Propagation in the Three-
Dimensional Lattice. I. Model and Results”, BRL Report (to
be published concurrently with this report).

t
. 
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It is obvious from Eq. (2.1) that , if the lattice is periodic, it is
completely spec ified by the displacements and velocities of all atoms
within a given period . We will henceforth refer to the period made up
of atoms whose equilibrium positions satisfy the relations

O~~~x< L
~
a0

:: >: 
~:: 

(2.2)

as the “pr imary” lattice.

2.1 Location of Equilibrium Positions and Labeling Convention.

The crystal axes will be assumed to be coincident with the coordi-
nate system. If the lattice is at equilibrium , then , it is evident
that a plane of atoms located at :~na0, where n is an integer , is on-

ented with respect to the x and v axes as shown in Figure 2a; a plane
located at (n+’~)a , on the other hand, is oriented as shown in

Figure 2b. For purposes of calculation it is most convenient to label
each atom by a single set of indices (i ,j,k) and to do so we adopt the
following convention: Atoms in the first plane , located at z-O , whose
x and y components are integral multiples of a0 will be labeled by k°1; p

those whose x and y components are half- integral multiples of a0 will
be labeled by k=2; atoms in the second plane , located at z.a0/2, whose x
components are half-integral multiples of a0 and whose y components are
integral multiples of a0, wil l be labeled by k.3; those whose x components

are integral multiples of a0 and whose y components are half-integral

multiples of a0 are labeled by k°4. The process is then repeated so

that atoms in the third plane, located at z=a0, whose x and v components

are integral multiples of a are labeled by k=S and so forth. Thus, in

general , the plane in which particle (i,j,k) lies is given by

= [!~J_] + ~ (2.3)

where the brackets denote ~~~~~~ division and the number of atoms Insuch a plane of the primary lattice is 2LXLY
. The value of i for ~

particle located at x~O or x~a0/2 is unity and values increase along

the positive x axis. Similar considerations apply for the index j.
This convention is not the only conceivable one, but does appear to be

_ 
_  

- -

- V ~~~~~~~~~~~ - - ~~~~~~~~~~~~~
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the most convenient for the problem at hand. Figures 2a and 2b illustrate
the labeling scheme for the planes located at :~na0 and

respectively. —

If we employ the above convention , it can be shown that the equili-
brium position of particle (i,j,k), normalized by a0, is given by

=i- l ~ 
[
~~D~~+~~D k ~4)4]

~ijk 
=j -l + ~� I MOD (k-l,2)J (2.4)

= ‘~ 
[
~
.
~]e+~~ + 8 (k).

In this equation MOD (I,J) is the remainder of I divided by J and the
funct ions 6~ are given by

0~ (k) I f or k > O

= 0 for k~~~O
and (2.5)

r 0 (k) = I for k ~ 0

= 0 fork> 0 -

Equation (2.4) can also be inverted to yield i ,j ,  and k in terms of the
particle coordinates. The algebra is rather tedious but ultimately
yields the result

= 
2X? .~ +l. t

~~
D(2X?Jk _ l

~
2)
~

2Y°. +1+ I MOD(21°. -1 ,2)1
V 

= 2 
ijk - 

(2.6)

K = 4Z
~ j k+l+ MOD(2Y?J k, 2)L

2.2 Relative Coordinates of Neighbors.

For all reasonable interatomic-force models, the force exerted on a
particular atom by the remaining atoms in the lattice decreases rapidly
with increasing separation distance. Consequently, when computing
forces, it is necessary to consider only atoms in the limnediate vicinity
of the atom in question. Therefore, given an atom (i,j,k), it is

10
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necessary to determine the values (ji, j 1 
, k’) for all its significant

neighbors in order to know which particles exert an appreciable force
on the atom.

The simplest method for determining an atom ’.~~-~eighbors is to note
that , in the equilibrium lattice, the relat ive coordinates from atom
(i ,i. k) to one of i ts nei ghbors are independen t of i .j ,  and k since the
lattice possesses translationa l svmeetrv . For convenience , then , we
consider atom (0,0,1) and note from Eq. (2.4) that the relative coor-
dinates to atom (j! ,~~

‘ ,k’ ) are given by

~\X° = i’ + 1[
~~n(4+~~D(k’ ,4),4) ]

= j’ + ‘
~ 

MO D(k ’ — 1 ,4) (2. •‘)

-\ :° = ~ ~~t..l] 0 (K ’ ) + ~ 
~~~~~~~~~~~~ 

8 
- ~k’ 1 -

By l e t t i n g  V . j ’ ,k’ v ary over several val ues near i ,j , and k ( say ,  from
-10 to 10) one can then use Eq. ~~~~ to dete rmine the re la t ive  coor-
dinates  to various nei ghbo rs.

A short computer progr am has been wr i t t en  which  perfo rm s the above
ca l cu la t io n and the results for the f i rs t  f ive sets of nearest neighbors
are shown in  Table 1. The fi rs t column in the table indicates which set
of neighbors is being considered and the last column the number of atoms
contai ned w i t h i n  the set (obtained by taking a l l  possible combinations
of si gn fo r the re la t ive  coordinates).  Column S indicates the distance
between the two atoms g iven by

0 ~LUST = (~xo r + ( \ \ °r + (A: )~ 12.8)

Once i .i and K are given and the relat ive coordinates determined , values
of i’ .j 1 

, and K’ ca n then be found from Eq. (2 .b) ,

2.3 I nteratomic Potential  and Lattice Constan t.

I n al l  our calculations we wi l l  assume that the atoms in the lattice
interact through a Morse-type potential .  Therefore , for a pa ir of
i solated atoms the potential energy, normal ized by the di ssociation
energy , D , of the pai r , is given by

-
- . I -R(r / r  -1) 1

= e ~~ -iJ - 
. (2.9)

11
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In th is  expression r is the separation distance of the pair , r0 the
separation at the minimum of the potential , and R is a dimensionless
parameter which is indicative of the nonlinearity of the potential.

TABLE I. Relative Coordinates of Neighbors of a Particular Atom in the
FCC Lattice .

Neighbors AX° ~~~O 
01ST Number

1st nearest ± ‘~ 0 12

0 ±½
0 ±

1
2 ±

1~

2nd nearest ~l 0 0 1 6
o ± 1 0 

0~

o 0 ± 1

3rd nearest ±1 ±~ ±~ 24

± 1 ±~2

±1

4th nearest 0 ± 1 ±1 12
± 1 0 ±1
±1 ± 1 0

5th nearest ±3/2 ±~ 0 24
±3 / 2 0 ±~

0 ±3/ 2

0 ±¼ ± 3/2
±3/2 0

±~ 0 ±3/2

When the atom pair is contained within a lattice the situation is
more complicated because the atoms interact not only with one another,
but al so with the remaining atoms of the lattice. As noted previously,
for purposes of computation it is most convenient to neglect the
potential interaction for atoms sufficiently separated that their

— forces of interaction are negligible. Therefore, for a lattice in
which all atoms are at rest In their equilibrium positions, we have

V 12

- _____________ 

~ -~~- 
V.

- - .~~~~~~ = - Li_r ~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V - - - -

for the potential energy of atom (i,j,k)

• k = ~/2 ~
‘ 

le ~~~~~~~ /ro~1) 1  2 

- (2.10)
t,m,n J

In Eq. (2.10) the prime indicates that the sum runs only over atoms
(& ,m ,n) which are close enough to atom (i ,j , k) to contribute signifi-
cantly to the force and denotes the equilibrium position of atom
(i , j , k ) .  The factor one-half is included so as not to count interac-
tions twice when computing the total potential of the lattice.

I f we define a nondimensional position vector according to 
V

~?jk r S J K /  (2.11)

the expression becomes

‘ I -R(A I~~~k~~ 
(- 1) 1 2

= 1/2 
~~ 

0 1) 

~ -1 ( (2.12)
t ,m ,n L  J V

where

A0 = cL /r0 (2.13)

is the lattice constant normalized by the equilibrium separation for
two isolated particles. The data in Table I can then be used to cal-
cu late the pot ential of particle (i , j , k) assuming up to fi fth-nearest-
neighbor interactions.

In order to generalize Eq. (2. 12) to include the case in which
the atoms are not in their equilibrium positions, we define a critical
radi us such that interactions between atoms separated by a distance
greater than are negligible. The appropriate expression for the 

—

potential then becomes

F -R ( A  j~~~
.. -

~~~ 1-1) 12
0i k  1/2 ~ le ° 35)k Lmn -l

9 ,m ,nL J (2.14)

i jk~~Lmn h <  Rc
where the sum extends over all neighbors which lie within a sphere of
radius R~ centered at atom (i , j , k) .  The zero superscripts have been
removed from and cmn to denote that these vectors do not neces-

sarily refer to the equilibrium positions of the atoms.

13
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Equation (2 . 12 )  can be used to calculate the nondimen slon a l  l a t t i ce
constant A0 In terms of Il by noting that in the equilibrium configura-
tion the lattice will readjust itself so as to minimi z e the potential
with respect to A0. Therefore, we must have

d
~jIk - R -

~~~ I -2R(A~~~?~~ - 

~~mn l - I )
JA0 ijk tmn V

.R(A I!Jk - 

~~mn h -1) 1 (2. 15)
C J O  .

A computer program has been written which solves this equation numeric-
ally for A ) as a function of R and the number of neighbors taken in
the sum . Results are shown in Table 11. The values of N listed across
the to p row ind i ca te  that  the sum In Fq. (2.15) inc luded all atoms
through Nth nearest nei ghbors and va l ues of K are listed in the f i r s t
column .

TABLE I I .  Values of the Lattice Constant 1) as a Function of K and
Number of Nei ghbors .

~~ N 
V

1 2 3 4 (, 8 9 10
.5 1.4 142 1.2350 .9416 .S 15 •~~‘3$ .7 4 2 .t 4b 5  .~~~ . 5905 .St~ 2

1.0 1.414 2 1.262 9 .9775 .90oS .8070 .7810 .6764 .6671 .6186 .5933

2.0 1.4142 1.3138 l.082~ 1 .0158 .9204 .8960 . 875 . 7773 .~ 2SS . i97S

3.0 1.4 14 2 1.3522 1.2Y’ O l .l~~8 1 .122 ’ 1.1099 1.0523 1.046 ’ Lo2~r 1.0066
1.0 1.4 142 1.377-I l .31’2  1.3034 1.2898 l.28 4 1.2796 1. 2T ~9l 1.27~2 1.2764
5.0 1.4142 1.3927 1.368 1 1 . 3640 1.36 10 1.3606 1.3596 1.3596 1.3594 1.3594

~.0 1.4142 1.4016 1.3916 1.390-I 1.3897 1.38% 1.3895 1.3895 1.3895 1.3894

7.0 1.4142 1.4068 L.402 ’ 1.4023 1.4021 1.4021 1.4021 1.4021 1.4021 1.4021

From the table i, t is evident that for small values of R the po—
tent ial is extremely long-range. For example, for R less than about
3.0, A has not converged even though all atoms through tenth-
nearest neighbors were employed in the calculation . Clearly the range
of the potential extends beyond this point. As R increases, however,
the range of the potential decreases significantly. For example , when
K 6.0, A0 has nearly converged to its asymptotic value when third-nearest neighbors are employed in the calculation. Obviously, the

— 
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higher-order neighbors contribute negligibly to the force. As R -.
~~,A0 approaches J7 b cause, in that case, the distance between nearest

neighbors is r~ and from Table I
1/ ~17 (2.16)

orA 0 
.y’7

3. GENERATION OF SHOCK WAVE

3.1 Initial Conditions and Method of Co~~ression.

Before the lattice described in the previous section can be sub-
jected to shock compression, the initial displacements and velocities
of the atoms in the primary lattice must be specified. In this sub-
section, we will discuss the method for determining these initial
conditions.

The most reasonable assumption for the initial state of the lattice
is that it Is in thermal equilibrium at temperature 1. Therefore the
velocities of the atoms within the lattice must be distributed accord-
ing to a Maxwellian distribution.

Let us denote by the velocity of particle (i ,j,k), normalized

to vISTh , where 1) is the dissociation energy for an isolated pair of
atoms and m is the mass of the particle. Then the probability that

the csth Cartesian component of lies between V and V+dV is given

by the distribution function
3 / 1  1
‘ —yV~/2

f . .
i ( ~~~~~~

_ )  e dv. (3.1)

In Equation (3.1), y is the ratio of the dissociation energy to the
thermal energy, vi:.,

(3 .2)

where I is the absolute temperature and kB Is toltzmann ’s constant.

motion and , if the lattice were harmonic, would be given by 3nk81
- 

~ Furthermore, the total energy within the lattice is a constant of the

where ii is the total number of atoms in the lattice.
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We now consider the 3
th plane assumed to be located in the first

segment. Before the shock front reaches this plane, the motion of a
particular atom contained within It is the same as the motion of the
corresponding atom in the ~421 th plane. The identical motion results

because those atoms had the same initial conditions and were acted
upon by the same forces. Working our way backwards from the ~th plane,

V we locate the first plane whose motion differs appreciably from that
of the corresponding plane in the second segment. Thereby, we determine
precisely the location of the shock front at any time. Furthermore,

until the shock reaches the 21~ th plane, it is necessary to solve the
equations of motion for only particles in the first two segments since
the particles in all the remaining segments will have trajectories
identical to the corresponding particles in the second segment . When

the shock front nears the 2L th plane, particles in the third segment

are included in the computation . The shock front is located in the
same manner as before and the process repeated as often as necessary to
complete the calculation . It is therefore necessary to monitor at most
4L planes of particles ahead of the shock front at any time , the last
2L, representing equilibrium conditions ahead of the shock .

3.2 I~guat ions of Motion.

The preceding subsection contains a qualitative description of how
the lattice is subjected to shock compression. In this subsection the
equations of motion to be solved numerically for each atom in the
lattice will be determined . As has been observed before, it will be
most convenient to use nondimensional variables in all calculations.
Fo r convenience , Table I I I  l i s t s  the normalizing factor for various
quantities of interest. Hereafter, reference to these quantities will
imply their  nondim ensiona l values . 

V

The force exerted on particle (i,j,k) by the remaining particles
in the lattIce can be determined from the gradient of Eq. (2.14) with
respect to I

~ijk• 
If we normalize the force by 2RD/r0 (see Table III)

and employ nondimenslonal units for the time and for i
~jjk~ 

the equa-

tion of motion for the particle becomes

~ijk 
= 2A 0R ~ijk 

(3.5)

— 2. We are indebted to D.H. Tsai for suggesting this method of calcu-

3’ lation to us. V 
-
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TABLE III. Normalizing Factors.

Quantity Symbol Normalizing Factor

Velocity of particle (l ,j , k)
Nondimensional lattice constant A0 r0
Position of particle (i , j , k) 

~i jk  do 
p

Potential energy of particle (i,j,k) 1jk D

Kinetic energy of particle (i ,j,k) D
Density p p0
Force exerted on particle (i,j,k) 

~ijk 
2P.D/

Time
Element of stress tensor 0 8 4D/a3

Compression velocity

Temperature o D/kB
Dissociation energy D
Mass of particle m
Equilibrium spacing for isolated

pa ir of atoms r0
Lattice constant

Initial density ahead of shock p0

Here , 
~ijk 

is the nondimensional force exerted on the particle given

explicitly by

•

~i k ~ 
[e

_2 1 (A0 k~~tmn h 
_ 1) _ R( Ao Ili jk

_
~tmn I .4

)]
t,a,n

h h i jk 1tan h < R~ (3.6)

x ~ iJk ~~~tmn
11ijk~~tanh
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and each dot represents differentiation with respect to the dimension-
less time , r , related to the real time, t, by

t 
. (3.7)

The sum in Eq. (3.6) runs only over values of t ,m, and n such that

~~ijk~~Lmn h < Rc~
For purposes of computation it is most convenient to convert

Eqs. (3.5) into a set of first-order equations. This transformation
can be accomplished by noting that the velocity of particle (i,j,k) is
just the time derivative of the displacement. Equation (3.5) becomes,
therefore,

V ~~ki j k  “o” • ijk

(3.8)
+K . .  = V .  -ijk ijk

We have, of course, twice the original number of equations.

L 
For the equilibrium lattice, Eqs. (3.8) apply to every particle

in the lattice. For the lattice undergoing shock compression , however ,
particles in the first plane are not acted on by any net force in the
z direction. Therefore, we have

1 •4 \
~~iik) 

= 0
k = 1, 2 (3.9)( 

~ijk) 
=

where is the constant compression velocity and the subscript

denotes the component In the z direction. For the remaining particles
in the lattice , Eqs. (3.8) apply.

In order to solve Eqs. (3.8) and (3.9), we employed a fourth-order

V I - Runge-Kutta technique3. To check the accuracy of the code and the appro—
V priateness of the step size used we calculated the work done on the

3. B. Carnahan, HA. Luther, and J.O. Wilkes , App~lied NumericalMethods (W iley, NY , 1969), Chap. 6.
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lattice by the compression force and compared it at various times with
the increase in the total energy of the lattice. For most calculations,
a step size of the order .05/R was found to be acceptable.

— 4. THERMODYNAMI C VARIABLE S

Once Eqs. (3.8) have been solved numerically to determine 
~ijk

and Rijk~ 
the results can be used to calculate macroscopic quantities

of interest in the lattice. These thermodynamic quantities vary with
position and therefore the averages from which they are calculated are
taken only over finite regions of the crystal. Hereafter, we will re-
for to such regions as “thermodynamic regions”. We will assume that
the regions are sufficiently small that the variable of interest varies
negligibly throughout the region, and yet sufficiently large that the
averages are meaningful and boundary effects negligible. For all -‘
thermodynamic variables, standard statistical-mechanical definitions
will be employed and ensemble averages will be replaced by spatial
averages. In the following discussion, we will assume that the tiler-
modynamic region over which the average is taken begins j ust before
some odd-numbered plane (normal to the z axis) and ends just before a
later odd-numbered plane. Respective values of k are k . and k

- . . mm max
In the y and z directions the region is defined by the same bounds as
the primary lattice. Therefore, in calculating averages in a thermo-
dynamic region we include those particles whose indices lie within

l < i~~~Lx
l~~~J~~~ L~ (4.1)

k .  ~ k~~~kmm max

The total number of atoms which satisfy conditions (4.1) is given by

= (kmax - kmin + 1) 
~~~~ 

(4.2)

4.1 Aver~ge Velocity.

The shock will induce a flow in the direction of its propagation V

and , thus , it is necessary to calculate the average velocity as a V

function of position in the lattice. For the thermodynamic region
specified by Eq. (4.1) the appropriate expression is

L~ Ly kmax
+ 1 e r ~‘ 1 ~‘+< V > N ~~- L 1. L V

i4 k ~~~~~
_

~ 
L V j.k (4 . 3)

R i= 1 jzl kakmin ~ R R
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where ~ is a short-hand representation indicating that the sum extends
R

only over the atoms contained in the reg ion. One would expect that only
<V> would be nonzero.

4.2 DensIty.

Prior to the time the lattice is compressed by the shock wave , its
3 -density is a constant and equal to 4/a0. This value can be obtained

from Figure 1 if we note that one-eighth of each particle at the corners
of the cube and one-half of each particle at the faces of the cube are
contained within the volume of the cube. Compression by the shock does
not affect the average separation between atoms in the x and y direc-

V tions, but obviously does in the z direction. Thus, the final density,
normalized by the original density, can be obtained by calculating the
final separation along the axis of planes associated with kmin and

kmax and dividing by their equilibrium separation. In the dynamic case,

the coordinate of a plane will be defined as the mean z component of
the atoms within it. Consequently, from Eq. (2.3) the initial separa-
tion of the planes defining the region in question is

~z j = 0.5{[k
m~~~i] - [km~n~~]} , ( 4 . 4 )

and the final separation is

L L
1 ~

~Zf ~~~~ ~ ~~ i j k  + i j k  .4
— 

x y i= l  j  =1 max max 
V

(4.5)

- 
I
~
ji kmjn 

- i~ J~ k . + l }

The final density, therefore, is

p ~~~~~— - (4.6)
-f

4.3 Temperature.

The usual definition of temperature, norma l ized by the fac tor
fl/kB. is given by the expression V

= 

* ~ 
- <~~ >]2 . (4.7)
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It is also convenient to define a “component” of the temperature in
each Cartesian direction. A reasonable definition is

a 

~~~~~~~~ 

~~ [(vIJk) 
- < V >]~ . (4.8)

4.4 Stress.

The ~i8 component of the stress tensor in a solid is defined as the
~th component of the force acting per unit area on a plane normal to
the 8 direction. Such forces arise both from the interactions acting
across the plane as well as from transfer of momentum due to fluctua-
tions in the velocity of the atoms about the mean velocity. For dilute
gases, the latter term is dominant and represents the pressure tensor.
For solids or dense gases, however , the potential contribution must be
accounted for. V

Irving and Kirkwood4 have derived an expression for the ensemble-
averaged pressure tensor for a system in which the potential energy is
not negligible. For purposes of computer-molecular-dynamic calculations ,
we assume that the ensemble average can be approximated by a spatial
average over the appropriate thermodynamic region. Provided, then , that
the range of the interatomic forces is much less than the dimensions of
the region in question, the kinetic and potential contributions to the
pressure tensor become (see Reference 4, Eqs. (5.13) and (5.14)]

(4.9)
R R

and

a 

~~~~ ~~i jk~~tmn~ ~ijk; tmn 
(4.10) P

where 
~i j k ;L mn is the force exerted on particle (i,j,k) by particle

(t ,m,n). In transcribing the equations from Reference 4, we have em-
ployed our nondimensional units and normalized the stress by the fac-

tor 4D/a.~ (see Table III). The total stress, of course, is given by

(4.11)

4. J.H. Irving and J.G. Kirkwooct, “The Statistical Mechanical Theory
of Transport Processes. IV. The Equations of Hydrodynamics”, J.
Chem. Phys. 18, 817 (1950).
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APP ENDIX

in this appendix we briefly describe the computer program which
performs the calculations described previously. The description is
followed by a list of the major symbols used in the code, their defini-
tions , and the corresponding symbol used in the text . In Section A. 2
we describe the function of each of the sixteen subprograms in the
program. Finally, a complete listing of the code is presented in
Sect ion A.3 .

The program consists of a main routine and sixteen subprograms which L
will be discussed in the following section. It is capable of calculating
a set of initial conditions for the primary lattice prior to shock con-
pression and of performing the shock-wave calculation . At the end of
each run the velocities and positions of each atom as well as the time
are written on a tape. Thus, by using these values as input data, a
succeeding calculation can begin where a previous one was terminated .

The execution time for the program is approximately - 
X l0~~ seconds

per particle per t ime step on a CDC 7600.

The basic function of the program is to solve numerical ly the
classical equations of motion for every atom in the lattice and , from
thei r solution , to calculate  a number of quant i t ies  of interest .  Includ-
ed in the possible output are the moan displacements and velocit ies of
planes of atoms normal to the z axis at a particular time; the velocity-
time trajectories of individual planes; the velocity distribution
function and various thermodynamic quantities calculated in macroscopi-
callv small , microscopically large regions of the lattice (referred to -~~~

as thermodynamic regions); and the velocity and displacement of each
atom in the lattice at a given time.

A number of input data must be supplied to the main routine . These
data are listed and described as follows :

— LX (statement 10) - one-half the total number of planes , norma l to the
x axis, of the primary lattice

Li (statement 10) - one-half the total number of planes , normal to the
y axis , of the primary lattice

LZ (statement 10) - one-half the total number of planes , normal to the
- 

V : axis, whose atomic equations of motion must be so lved in the
current calculation

NMAX ~statement 14) - the f ina l  set of equilibrium nearest neighbors to
a particle which are scanned to determine whether they lie within
the critical radius of potential interaction.

V NMIN (statement 14) - the last set of equilibrium nearest neighbors to
a particle which are assumed to lie within the critical radius of
potential interaction. Therefore, if NMIN*2 and NM~X=3, for example,
all particles which are first- or second-nearest neighbors to a
particular particle when the lattice i.~ in equilibrium are assumed
to lie within the critical radius in the dynamic lattice; those

S — ‘
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which are fourth-  or hi gher-nearest neighbors in equilibrium are
assumed to be outside the critical radius ; those which are th i rd-
nearest neighbors are tested to determine whether they are wi th in
the critical radius.

RCR IT (statement 14) - the radius of the imaginary sphere drawn about
each particle whose equations of motion are solved . Atoms lying V

wi th in  the sphere are assumed to exert a force on the given atom;
those outside do not.

H(statement 15) - the time stop employed in the Runge-Kutta scheme for
numerically solving the equations .

TAIJ4AX (statement 15) - the time at which present calculation is to stop.

IP RIN T (statement 16) - the frequency of printout of all output data
except velocity-time trajectories of specific planes. That is ,
IPRINT time steps are executed between printouts.

R (statement 17) - anharmonicity factor in the Morse potential

RE (statement j )  - lattice constant, a0, normal ized by single-pair, V

equilibrium separation constant, r0.

GA?’~4A (statement 18) - ratio of dissociation energy, D, in Morse potential
and thermal energy, kBT, of lattice. 

V

ICALC (statement 21) - i n~ x which determines which of three calcula-
tions is to be performed by the code. For ICALC—l , the program
will calculate random initial conditions for the atoms in the pri-
mary lattice prior to shock compression; for ICALC—2 , the program
reads this initial data from TAPE 7 and performs the first shock-
wave calculation; for ICALCa3 , the program reads from TAPE 7 the
positions and velocities of all atoms in the lattice as well as
the time at the end of the last shock-wave calculation, and extends
the shock-wave calculation to TAUMAX .

K21 (statement 22) - the number of planes , normal to the z axis , which V

make up a thermodyn amic reg ion. Thus if K2l = 8 , for instance, thermo-
dynamic properties of the lattice will be calculated for planes
1-8 , 9- 16 , etc.

The remaining parameters are input data only for ICALC$l:

LZLAST (statement 56) - one-half the number of planes, normal to the
z axis, contained in the previous calculation. This will differ
from LZ if one must increase the size of the lattice to perform
the present shock-wave calculation (see discussion Section 3.1).

LZSEG (statement 56) - one-half the number of planes, normal to the
z axis, contained in the primary lattice.

NSEG (statement 56) - the number of segments equal in size to the pri-
mary lattice which must be added to the lattice of the previous
calculation to carry out the current calculation, i.e., LZRLZLAST
+ NSEG*LZSEG.
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UP (statement 57) - compression velocity (normalized by v~7i~ ).
NPMAX (statement 58) - the total number of planes whose velocity-time

trajectories are to be printed.

KPRINT (statement 58) - frequency of printout for velocity-time tra-
jectories of particular planes

NUMPL (I) (statement 61) - number of particular plane whose velocity-time
trajectory is to be printed out (1 ~ I ~ NPMAX).

DE LT(I)  (statement 61) - the time interval , beginning at time TAUI(I).
for which the velocity-time trajectory of plane number NUMPL(I) is
printed .

TAUI(I) (statement 61) - time at which printout of trajectory of plane
NUMPL(I) is begun.

A.1. List of Variables.

This section contains in tabular form, a list of important symbols
employed in the code, their definitions, and the corresponding symbol
used in the text.

TABLE A.l. Variables in Computer Program.

Symbol Symbol
in Code Definition in Text

DELT(I) Time interval for trajectory printout of plane
NUMP L(I)

DENS Particle density in thermodynamic region of p
lattice

DV Velocity interval in calculation of distribution
function

DXAV Average x component of displacement of particles
in a plane

DYAV Average y component of displacement of particles
in a plane

DZAV Average z component of displacement of particles
V in a plane

ECHECK Sum of initial energy in lattice and total work done

EINIT Initial energy in primary lattice

EP Potential energy of a single particle

V 
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TABLE A. 1. (Continued)

Symbol Symbo l
in Code Definition in Text

I~PAV Average potential energy of single particle
in thermodynamic region of lattice

EPOT Total potential energy in thermodynamic region
of lattice

ET1-JER M Therma l (kinetic) energy in thermodynamic region
of lattice

ETOT Total energy in lattice

F.TRANS Translational (kinetic) energy in thermodynamic
region of lattice

FX x component of force exerted on a particle (Fi.k)

FY y component of force exerted on a particle (Fijk)y

FZ component of force exerted on a particle (Fijk)~
GAMMA Ratio of dissociation to thermal energy in y

lattice

H Time step

ICALC Index to determine which calculation code is
to perform

IPRINT Index to determine printout frequency for output

K21 Number of planes (normal to z axis) contained
within a thermodynamic region

LX One-half the number of planes of atoms in the L
lattice normal to the x axis X

LY One-half the number of planes of atoms normal I
to the y axis y

LZ One-half the number of planes of atoms normal
to the z axis

LZLAST One-half the number of planes of atoms, normal
to the z axis, in the previous calculation

LZSEG One-half the number of planes of atoms, normal L
to the z axis, in the primary lattice

NK1K2 Total number of atoms in thermodynamic region 
~RNMA X Largest set of equilibrium nearest neighbors

scanned
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TABI F A. 1. (Continued )

Symbo 1 
V 

SyTflbO I
in Code Definition in Text

NMIN Largest set of equilibrium nearest neighbors V

as sumed to be within RCRIT
NP Number of particles per piano normal to the

z axis in primary lattice

NPLANE Number of plane norma l to the axis n
1~

NPMA X Total number of planes whose t rajectories
are p rinted

NSEG Nu mber of segments , equal in size to the
pri mary l a t t i c e ,  added to lattice of previous V
ca lcu l ation , i . e .  L2~LZLAST+NSE~ *L2SFG

NTOT Total number of par t ic les  in l a t t i ce
N L IM P I . ( l )  One of NPMAX planes whose trajectories are

pr in t ed

PKX\ xx component of kinetic contribut ion to
k xxpressure tensor

F’EYY yv component of kinetic contribution to V k
)
~.~pressure tensor . V

component of kinetic contribution to
pressure tensor

PVX X xx component of potential contribution (~ ,
) 

-

to pressure tensor ‘ ~x

PVu i vy component of po ten t i a l  contr ibut ion (~~ I
to pressure tensor

PV~~ component of potential contr ibut ion - .
to pressure tensor

LXX xx component of pressure tensor

yy component of pressure tensor

P Z  component of pressure tensor

V 
R Anharmonicity factor In Morse potential R

RE Lattice constant , a0, normali:ed by single- A0
pair equi l ibrium separation , r0, in Morse
potential

V 

I Temperature in thermodynamic region of lattice 0
TM.l T ime t
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TABLE A.l. (Continued) V

Symbol Symbol
in Code Definition in Text

TAUI( I )  Time at wh ich printout of trajectory of plan e
NUMPL( I ) is begun —

TAIZ4AX Maximum time for which calculation is carried out

TX x component of temperature in thermodynamic region 8x
VI y component of temperature in thermodynamic region 0y
iz z component of temperature in thermodynamic region O~
LiP Compression velocity

VX(I ,J IK) x component of velocity of particle (i j,k) (Vjjk)x
VY( l ,J ,K) y component of velocity of particle (i,j,k) (Vjjk)y
v:(l ,J ,K) z component of velocity of particle (i,j k) (Vjjk)z
VXAV Average x component of velocity of particles

in a plane normal to the z axis

VYAV Average y component of velocity of particles
in a plane normal to the z axis

V A V  Average z component of velocity of particles
in a plane normal to the z axis

X (l ,J ,k) x component of position of particle (i,j k) Xijk
Y( l ,J ,K) y component of position of particle (i,j,k) Yi.k

L 

Z(t ,J ,k) z component of position of particle (i,j,k) Z~~1~

A .2 .  Description of Subpro~grams.

Th is section contains a list of the sixteen subprograms with a
basic description of the function of each of the routines. The list
(alphabetical) is as follows:

CALDIST - The subroutine calculates the components of the distance
between two particles whose potential energy or force of inter-
action is being computed. The purpose is to determine whether
one particle lies within the critical radius of the other.

CONVERT - The subroutine converts integers (L,m n), identifying a
particle outside the primary lattice to the corresponding atom
inside the primary lattice identified by indices (LEQJ MEQ,NEQ) .

DISTFN - The subroutine calculates the velocity distribution function
in thermodynamic regions of the lattice. More precisely, it

30
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determines the fractional number of atoms whose velocity at any
time has components lying between VX and VX+DV, VY and VY+DV ,
and VZ and VZ+DV.

FORCE - The subroutine calculates the components of the force exerted
on one par~- ..cle by another, the distance between the atom being
provided by CALDIST.

NABORS - The subroutine calculates the differences I-L , J-M , and K-N
for any particle (l ,J ,K) and its neighbor (L,M,N). The values
are stored in an array for future use in the program.

NRAN31 - The subroutine generates random numbers, consistent with a
Gaussian distribution , for assigning velocities to atoms of the
primary lattice.

OEJT P LVJT - The subroutine prints the single - particle displacements and
velocities for every atom whose equations of motion are solved .
Also printed are the total sums of x,y, and ~ components of
velocities .

PLANEAV - The subroutine averages the x,y, and z components of dis-
placements and velocity for every atom in a single plane and
prints the results. Also printed are the total sums of the
components for all atoms in the lattice.

POTFOR - The subroutine calculates the potential energy of a single
particle and the contribution to the potential part of the
stress tensor from that particle.

SAVE - The subroutine saves current values of position for each atom
in the vector (XS(l ,J ,K), YS(I ,J,K), ZS(I,J,K)).

SCAN - The subroutine determines which neighbors between NMIN and
NMA X lie within the critical radius of a given particle and V

calls the subroutines which calculate the potential of the
particle as well as the force exerted on it. For the first
iteration of the Runge-Kutta scheme, the nearest neighbors

— are calculated and are written on TAPE 8; for subsequent
iterations atoms within the critical radius are assumed not
to change.

SOLVE - The subroutine uses a fourth-order Runge-Kutta scheme to
numerically solve the equations of motion for each atom in
the lattice. It also calculates the work done on the lattice
by the external driving force in a particular time interval .

SORT - The subroutine (used in conjunction with DISTFN) counts the
number of atoms lying in each velocity interval.

START - The subroutine assigns atoms to their initial equilibrium
positions and generates their initial velocities consistent with
a Maxwellian distribution.
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THERMO - The subroutine calculates th. temperature, density pressuretensor and mean velocity, averaged over thermodynamic regions ofthe lattice.

URAN3 1 - This function subprogram is called from NRAN3I and used togenerate random numbers for initial conditions in the primarylattice.

32
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A.3. Listing of Computer Program .

The fina l section of this appendix contains a complete listing of
the main program and each of the sixteen subprograms.

PROGRAM BaTTcNuN puT ,oUTpuT ,yApts .INpuy, TApC6~oUyPuT ,TApC7 ,TApEs I
0002: COMM ON/VCL/V ON ,ON, 300* ,VY *ON.ON ,300) .VZ IUN ,ON ,300)
0003: COMMON/POSIT3.’~ Sl 0N.0N.300 .YS*0N ,0~ .3O 0I .ZS (ON ,ON.5001
000N$ COMM0N/PUSZT/*l0’I ,0N.300* .Y~ 01$,0N,5U0I ,i (0N,U~ ,300)
0005* COMNON/NNBORS!I*IG ,SN ,2) ,IYlG.aN ,2),IzIA,2N ,2~ ,NuM ~s*

CONMON /SEARCH/NNA * .NM IN ,NN ,RCRIT ,RCRITS
0007* CONMOI4/SIZC/LX.LY ,Ll ,NP.NTOT ,LZN ,LZSESN
000S2 CONMoN ,MISc~ 6AMMA ,TAU ,H ,Fx, FY,Fl,*,RC.CP, IcALc ,CcI4ccK
0001; DIMENSION NUM PLI2O,,IIIa0I,T AU IUOi,OEt.T 20* .TAU ZI2O *
0010t RCaO*s ,tO0 I.K,(.Y ,LZ
OOlfl C LX ,LY ,AN O LL ARC D MLNS IONS TpI~S cALcuLAT IoN. LX .LY. AND LZLAST ARC

— - 0012$ C DIMEN SIONS OF LAST CALCULATION . LX,I.Y . AND LZSCG A RC O*MI:N SIONS FOR A
0015: C UNIT SEGMLNT.
OO1N * READIS ,101) NMAX .NMIN,R CMIT
0015: RCAO IS.1 0Z) H ITAUMA X

RtAO (5,1931 IPRINT
0017* REAO I5.IONI R,RE
ouje: RCAO (5 ,105) GAMMA
0011* C ICALCU&,2,0R3 FOR INITIAL-CONO ITION CA LCULAT ION ,INITIA& . SHOCK -WAVE
ooao : C CALCULA TION ,ON SUBSEQUENT SHOCK-WAVE CALCULAT ION S,RCSPCCTIVCLY.
0021* RtAO (S,ZOa I ZCALC
0022: RCAO (5 ,1071 1121
0023* C 1121 IS THE NUMBER OF PLANE S OVER WHICH THE DISTRIBUT ION PUNCT1ON Is
002N C CALCULATED.
0025$ NINTIZ.LZ/K21
002e* NPsaq.X SLY
0027:
ooas: NTOTaI~psLZ~ /a
0031$ RCRITZ .RCRITSSS
0010$ IFUCALC .CQ. II LZSC0~LZ
0031* IF(ICALC sEQ. 1) LZS (GNI~l*LZStGoosas wR1TC~~.10I ) L*.LY.LZ
0033* wRITr~G ,10~ I NMAX ,NML N ,RCR(T
003N * WRITE *G ,110) H ITAUM A X
00351 W R ITCtG ,111) R.Rt —

ooaG z WRI T (IA,1t2P GAMMA
oosi : CALL NABORS
0030* IFUCALC iNC. 1) 60 TO 10
0031$ CALL START
OQNO C CALCULATE ZCRO .POINY POTENTiAl . ENERGY.
DO N1 * CALL 3AVE
00NZ$ CALL SC*NlLX ,LY.LZN .3,1)
00N3 REWIND B

(PTOT,EPSFl.OATINTOT)
00N5: C CALCULATE INITIAL KINETIC ENERGY IN LATTICE ,
OONB * (IITOTsO .0 V

• 00~ 7* DO N I’I,LX
00~ S$ 00 N j.1.LY

00 N Ktl ,LZN
0010$ N CKTOTsEKTOT ,0e5**VXII. J ,K).S2•VYU,J ,K)S02•VZ (I,J ,KISSZI
0051$ CCHECK.CIITOT.EPTOT

wR *TCI G ,113) EPVOT,EKTOT ,CCHECK
0053: TAU.0.0
OosN : 60 TO ~S
0055$ C BEGIN SEOUENCE F OR PCRF0HM ING INIT IAL SHOCK-WAVE CM.CUL.At!ON .
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0096$ 10 REAU(5 ,IIN) l.ZLAST,l..Z$t$.NIU
0057 * *IAOIS,1151 UP
5050* RCAO ;3.120) NPMAX,KPRINT
00511 IF (NPMAX itO. 0) 10 70 13
00608 00 12 l.Ls1,NPM*X
.0618 R(A015,IZIINUMPI.*LU .OtLT1t,L) .TAUIIU.)
ooaa: ZIELL)aB
0063* 12 TAUIILI.l.0.0
SOANI 13 WRITCIB .116l UP
5065$ WR11C 6.111) LZSLG,LZL*ST
•06~ * LZLASN$LZLAST SN
0067: l.lSCGN .LZ$EG~N
0061* DO 13 I’l.L*
0060* 00 15 J*1,LY
00702 00 15 lCS1.LZLASN
0071* 15 REAO (7) XII,J ,K) ,Y(I ,J ,K ),ZlI,J ,K).VX**,J ,KhVYlI ,J,Kl ,VZ (I,J,Nl
0072* IFIICALC s EQ. 3) GO TO NO
00132 REWIND 7
U 07N$ 7*050,0
00,5* 00 25 I1~ 1.NSE$
001*: 00 20 I’I.LX

V 0071* DO 30 J~ 1,LY
0070: 00 20 K’1sLZSE6~V 

~Q7, KPsIl.l.LSCGN+K
0000* Xl1 ,J ,KPISX*L ,J ,$)
0001* T(I,J,KP )sYdI ,J,K)
0013* Z$I,J ,KP)SllI ,J ,K)+O ,SSPLOATIIKP— *)/l).,BSFLOATI(K.1)i’l)
0065* VXII ,J ,KP)SVXtI ,J ,Kl
000N$ VYII.j ,KPI*VT(I,J,lC I
00651 20 VZ II,J ,KP)SVZ (I,J ,KP

— 0086$ 25 CONTINUE
0007: 00 50 I~1,l.X
0000 * 00 30 JS1,l.Y
00$,: VZ~I.J,1)~ UP
0010$ 30 VZU,.g,2)aUP
SO1%$ C CALCULATE INITIAL ENERRY IN LATT IC(.
OOIV (11701.0,0
00,5* (P701.0.0
.014: 00 33 1*1,8.11
00~ 58 DO 35 Ja1iLY
00,68 00 33 Ks 1.LZ N
00~ 7* LKTOTs(IITOT+O.S .IVXIZ .J.K)sS2+VY8Z,J,Kl..2.VZII,J,K)..1)
00168 CALL SAVE

CALL SCANII.J,K ,2.1l
01002 35 EPTOT.EPTOT.CP
0101$ REWIND S
0102* (CHCCK.LPTOT.CKTOT
0103$ WAITE I6.117) TAU .tC14tC11 -V

010N * CALL PLANEAV - ;
91033 SO TO 65
0106$ 40 R (*047) T*U .ECH (CK,ET011
01078 REWIND 7
01061 IPINSEI iCe. 0) GO TO 60
010,2 00 50 I1~1.NSCS
0110* 00 43 1*1.8.11

I
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0111* 00 43 Jul. y
0112* 00 NS K~ 1.LZSEGN
9113* KPSL3) ASN,Uj-1)SLZSESN .K
011N8 KPP*8.3L*SN .LZS(SN ,K
0113$ X~ I,J,KP).X8I.J,KPP )
0116* Y (I,J,KP P sT(I.JsKPP)
01171 ZlI .J .KP)sZlI.J,KPP), •.5SPLOATI8KP .1)IU-o.SeFLOATIIKPP—1)/Z
oils: VXU ,J ,KP).VXlI.J .KPP) . V

011~~: V 2II ,J.KPPSVY *I.J.K PP )
- 0120* NS V Z41.~~.11~~3 .VZlI.J.KPP)
0121: 50 CONTINU~0122 8 C CALCULATE ENERGY IN LATTICE.
0123* (KT0T.~ .O
012N 8 (P107.0.0
01252 DO 53 IS1 ,LX
0126* 00 55 J$1.t.Y
0127* 00 53 K*t ,LZN
oias: CKTOTa(KTOTIO.5**V 1111 ,J ,k)e$Z4VYII,J,K8e*S4VLtI,J ,K*S.*)

CALL SAVE
0130* CALL SCANII ,J.K ,2 ,1)
0131: 55 (PTOT u(PTOT 4EP
0132$ REWIND S
0133: (CH (C11.LCHLCK• (PTOT+LKTOT-ETOTI
015N $ 60 CONTINUE
0139: WRZT (l*,117) T*U .(CHECK
0156* CALL P8.*N (AV
0131 * 63 M’O
01388 10 M~M 4L013~ t IFITAU .GC. TAUMAX .H/2 ,O) SO To ~0
0140: CALL SOLVE
OIN I8 IFfN PNAX .EQ. 0) SO TO 15 V

0142$ DO 74 LL*i ,NPMAX
01N3 8 IF(TAU .LT.TAUI*l.L) 60 TO 74
0144: I1(U.)uI1(Ll.)’1
01S5I TAUIILL)’TAUlILL)•H
0146 8 IF~ TAU1lLL) .GT.D(LTlLL)) .0 TO 74
SIN7 $ IF(IIILL) .NE ,KPRI NT) GO TO 74

K11*NUMPl.ILL)
11112*2.1111

0130* 11112111*2.1111-1
01518 V ZAVR O.O
0132 8 VXAV ’O.O
01932 VT*V~ 0.U 

V

015N 2 00 72 1*1,8.11
0155* 00 72 ,.I* .LY
013*8 V X AV s V X AV .VX I,J.11112),VXU,4,IcKZM1 ) V

0157: VYAV UVYAV ,V YlI ,J ,KK2) ,V YlI ,J ,KKZM II
72 VZAV *VZAV .V ZU ,J .111121 ,vZlI.J.11112M1)

01512 VZAVRVZAV IFL.O*T INP I
0160* VXAV IVX*V #FLO*T IMP )
0161* V YAV RVY AV /FLO ATINP )
0162* VAV ISURT (V ZRV..2 .VYAV.52 ,VZAVS .2I
0163$ WRIT (I6 ,1221 KK ,VZAV ,T*U ,V *AV. V YAV.V AV
01641 I1fl.L )u0
01632 74 CONTINUE

1~
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0166: 73 UIM .ME . IPHINT I SO TO 70
0161: CTOTSI.9
0166: MSO
016~~ WRIT( ia ,117) TAU .(CHCCK
0110$ IFUCA8.C .ME . 1) 60 TO 60 V

0171: CALL OUTPUT
01728 CALL OUTPUT
0173$ SO CALL PLANL*V
0114* 00 65 1uI,NZNT
0173$ 11l.II.1)SK11SI
0176* 112*1.1121 V

0117* CALL QISTFNIK1 ,K2,0.1)
0176$ SS CALL IHERMO (K1,K2 ,ETOT )
01,11 W* IT(~ 6,11SI (TOT
0180* 00 67 1.1.8.11
oiei : 00 Ii J ’ l.LY V

0162 * 00 $7 Ku1,LZN
0163$ 67 WRI TCI 7I XI1 ,J ,K),Y II ,J ,KI ,iIL ,J.RI.VX II.J.K),VY II ,J ,Kb ,V l(I ,J ,K)
0164 8 WRI TCI7 ) T*U~CCHEC11.(TOT
0103$ REW iND 7
0*662 $0 TO 70
0167* ~0 STOPOIIU 100 PORMAT (313)
01812 101 PO* MAT II3.13.F7.3)
01~ 0 10* FORM*TllF~ .5)
01~ 1* 103 FORM*T IIN)
01~*8 104 FORMAT~ 2F~ .Sl
01538 103 FO*MA7IF~~.3)
01~ N : 106 FORMAT II3 )
01151 1.7 FOR AT IZSI-
01,6: 1.5 FORNAT(21.S$ XSU,15,lX,St .Y R$,I3,$X,6Ll u$,I3,
01,7* 1O~ FO*NATIIX,$NNAX.a,I* ,3X,INMINSS,1l ,311,IRCRITSS.C14.6I
0115* 110 FORMATI1*.SH*S (1N.6.311.ITAUMAXUS,(IN.a)
01~ 1$ 111 FORNATI1X .5R’S.E14.6.3X,$R(uS,EIN.$)
0200* 112 PORMATI1* ,SSAMMA *S,C1N.6l
0201* 113 FORMAT (/1X.SZCRO-POINT POT(NTIAI.sI,(14.$,311,SINITIA8. KINETIC ENERS
0202* 2V.I,(14.6.311.ICCN(C11al,CIN.6)
0*038 114 FORNA TI3IN)
0204* 113 FORMATI FS.S)
0205* 116 FORNATI1X.SUP.S,C1N.6)
0206$ 117 FORNATI1HI,STA)j.a ,(1N .6,311,S(CH(CK.s,(IN.$)
0301* 11$ FORMA TI1K.S (TOTII,(IN ,6)
020S: 11~ FORMAT (1X,SLZSE$S$,13 ,311,SLZLASTuS,I3)
020~ 1 120 FORMATOZI3 )
0210: 122 F~~ M *TI1X,IPL syM as.I3.5z.py4AvuS. (1N.6.SX,,IT*U.S,(1N.6.5*t
02113 ISVOV .S,EIN .6.SI,$VYAVUS,ftN .~~j2X,SVAVU5 ,C3~ .I)
p212* 121 FORMAT(I3 ,2F~ .S) 

V
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0001 8 SUBROUTINE CALOISTII.,M ,N .LEQ,MC0,NEQ.1,JsK) V 
-

00028 COMMON~3TR(SS/0ISTX ,DISTY ,oISTZ,OIST.OIST2 .C1 .PV*X,PVYY ,PVZZ
000s: COMMON,POSITS,XION,0N .300).Y104 .ON .3001 ,Z (SNSON .300)
000N* IFII.,(0.LLQ)SO TO aDS
0005: IPP*MU0 (N ,N)
0006* 1PuMOOIN (9,N)/2 MOD (N~ IPP,4)#3ooo~: 01$T*a*I1 ,J,K).XIL(Q,NCQ,NEQI+ .SSFLOATI2SLEQ 2*LSIPI 

V 

-

00008 60 TO 206
000s: 205 DISTX .XII,J.11)-*IL (Q,M (Q,NCQ)
0010* 206 IFIM.C0.MEQ)GO TO 213
0011: IPZMOUIN (Q—1 .2)-IABSIMOOIN.1s2))
0012* DISTYzY I I,J .K)—YIt (0,ME Q.N(Ql .,5.FLOATI2.M (Q—3.M,Ip)
00138 SO TO 216
001N: 215 OESTY.Y (I,J,K)-Y (L (Q,M (Q,NEQI
0015* 216 IF(NEQ.CO.N)6O TO 220
00168 IFIN.GT .0)IPZ(N—1)/2
09178 IFIN ,LE ,0)IPZIN-2)/2
001e: OISTZ .Zl1.J.K)-Z(LEQ,MLQ,N (Ql~~.5SFL0AT (lNE04bfll..SSFLOAT I IP)
001~~: GO TO 221ooao: 220 OISTZ.ZII,J.K) 21LE0,M (Q,NCo)
0021 8 221 OIST2.OISTX ..2,OISTY*S2,D1STZS.2
002V RETURN -

0023: (MD

37
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00018 SUSR0UT&Nt CONVER1 8)..11.N ,LtS,ME0.NtO)
000*1 C0M$ONISIZEI8.* .1.7.2.2 .NP,NTOT .8.24 .USE$N
00032 CONNON,STR(SS/O1STK.DI$TY.OI$Tl ,DIST.OiST1,C1,PV11*,PVT15~~ 12
50048 C SUSROUTINC CONVERTS 8..M,ANO N INTO EQUIVALENT VALUES P~R pERIODIC
•oss: C BOUNDARY CONDITIONS AND FINDS DISTANCE FROM SCANN(O TO TESTED PARTiCLE

V ••9$ $ C DETERMINE LEQ
0007* IF(L .5C. 1 •AND.L.LE. 8.11) 00 TO 103
$0061 IFII..2.T,1) $0 TO 15*
0095* L(OaMOD (L 1.LX).1
601,1 SO TO jjl
SOlU 102 1N*141A65ft.)/L*
001*1 LtS*IN.t.K.IASSII.’
00132 $0 TO 110
0014* *05 LE0*L
0013* C DV(R$IN( REQ
0016$ III IFIM .G (.*,ANU ,N.LC.LY) $0 70 116
00*78 IFIM4T .1) SO 10 *11
00168 ME9R*O0IM-1,LY~ $1
D0*,2 SO TO 120
00*08 112 IN .1.IASS$N)/8.!
0021$ MC0 .INSLY-I*BS (M)
0022$ $0 TO 120
0023* 116 MEOSM
0024$ C DETERMINE sca
0025* 120 IF4N,$C.1,ANO.N .LC.LZ,) $0 70 125
0036* 1015.8.7 .1) SO TO IU
0027* NCS*MOO(N 1 .8.24) .j.LZN-LZSE$
003s $0 TO 139
50311 1*2 1N.1.JA$SIN)~ LZN

- 
- 0030* NCSIIN .UN .IARSIN)

0031 * 40 10 13*
003*1 1*6 NE5*N
0033* 130 CONTINUE
0034* *CTURN
0035 8 END

38
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I
0001* SUBROUTINE OISTFN *K1.K2 ,UV )
00028 C CALCULATES DISTRIBUTION FUNCTION FOR VX , Vy. AND VZ WITH INTERVAL
oocs: C DV IN THE REGION Ø(TW ((N ANO INCLUDINS PLANES Ill AND 112.
0004: CONMON/SIZE/L X.LY ,LZ .NP ,NTOT ,LZN ,LZS(GN
0003* COMN ON /VCL /VXIDN ,ON .300),VY (ON.ON ,300hVZ ION ,ON .300)
0006* COMMON/D IST/NIRI100) .NILI100) .N IMAX
0007: 00 1 ja1.100
ooos: NIL IJISO

j  NIRIJ).0
00102 C CALCU LATE TOTAL NUMBER OF PARTICLES BETWEEN 111 AND 112
0011: LKsK3.K141
0012* NM1RZ.LKSNP

RNKLK3SFI .OAT (NKIK2I
9014* WRIT (t6.~~~)
0013* WSITC$6,100)k1.11*.N111112 .DV
0016* C ess Vg OISTRISUTION S..

•117* wSI TEi6.101)
OIIE WRITtl~~.l02)
501~ 8 N15** .1
00201 LZIU*.111—1
00218 L12u2.112 V

0022$ DO 2 N*LZ1.L22
oozs: oo a Js1.LV
0024 * 00 2 1*1.8.11
0029* V SVXII ,J.II )
0026* 2 CALL . SOR1IV ,OV I
0027: 00 3 l~ 1 .N INAX
0028; VRZ .5.OVSFLOATIZSI—1)
002~ * VL S .5.OVSF LOATI 1—2 .1)
ooso: RNR*FLOAT IN IRII))/RN 111112
0031* RNL$FLOAT (NILI I) )/RN 111112
0032: 3 WRITE(6 ,103)VR ,RNR.VL.RNL
0035$ C •$* VT DISTRIBUTION V
0039: 00 4 1~ 1.100
ooss: NIL (I)s0
0036: N NIR (*)IO
0037: NIMAX.1
ease: oo s 1138.21.8.12 V 

-

ooss: DO 5 js l,i.y
0040: DO 5 IS1,LX
ooN1: V ZVY ( 1 ,J .K )
0042: 3 CALL SORT IV .DV )
0093: WRI TES 6.104)
004’.: WRITEI6 ,102)
0045: 00 6 1.1,NIMAX
0046: vRz .5.DVSFLOATI2*I.1)
0097: VL *.5.DVSFLOAT (1 2.II
00468 RNRSFLOAT IN IRII)) /RNK IK2

RNLZFLOAT IN ILII ))/RN IIIK2
0050* 6 WR ITEIS ,103)VR ,RNR ,VL ,RNL
00511 C .5. V~ DISTRIBUTION SeS
0052: DO 7 1*1.100

• 00338 NIL IIps O
0054: 7 NIR(I)50
0053$ NIMAX u1

p 

-
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uo 6 KSLZ1.LZ2
oos~: oo • jsl,LY
0056* 00 8 I~ 1.LX
ooss:
ooso: 6 CALL SOR TIV ,OV )
0061: WRLTCL6 ,105)
0062: WRI T ELG,102
0053$ DO 9 Ia1,NIMAX V

006’.: VRz .SsOV * FLOATI2S I—1 )
ooes : VL s.5.OVSFLOAT (1—2 .I)
00668 RNR ZPLOATIN IHII))/RN111112

RNL .F8.OAT INILII))/RNK1K2
0066$ I WR ITCI6.*03)VR .RNR ,VL ,RNL
006,: 9~ FORM ATI/////211 ,00ATA FROM SUBROUTINE DISTFNS)
0070* 100 FORMAT I2X .OOISTRIBUTION FUNCTION FOR PARTICLES BETWEEN PLANLSI.I5
0071: 2,8 AND a.I3/ax .aNuMacR OF PARTICLES IN SAMPLE $ •~0072: 315.5X.OOV * a,F13 .6)
0073: *01 FORMATI2X,S..S VK DISTRIBUTiON S’~~8007’.: 102 FORMAT (u.OVAVS8.3x .ONrnT0TO ,Nx.BVAVG..3x ..N,NT0T8)
0075: 103 FORMAT I1X.2F7.’ .,3x ,2FT .a,)
007 s: 104 FOR MAT (2X.a ass VY DISTRIBUTION ...a*
0o77: ios FORMATI2 X,ae.. VZ DIS TRISU TION ...a~00768 RETURN
0079: (NO

40
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00012 SUBROUTINE FORCE
00028 COMMON/M ISC/$AMMA,TAU,H,FX,FY,FZ,R,Rt,Ep.ICALC,ECH(CN
0003* C0M$ON/N1SC2~F0RCE11 .FONCEY .FORCEZ
00041 COMMON /STR (SS/OISTX.DISTY ,OISTZ ,DIST .OIST3,Ct.PVXK,PVYY ,PVZZ
0009* C2UClseZ
0006$ IPIC1.CQ .0.0lGO TO 1
00071 PORCCXsIC2—C1)SD ISTK/D IST
00008 FORCCYuICa-C1).DISTY~D1ST
00098 FORC (ZuICa—C1)SDISTZ/DIST
0010* SO TO a

• 0011$ 1 FORCCX*0 .0
001a: FORC (Y .O.0
0013$ FORC (jaO.0 V

00*41 2 FXuFX .FORC (X
0015 8 FYuFY .FORCCY
0016: FZuFZ,FORC (Z
0017$ RETURN
001*$ (NO

II
11

I

4 ’ 

Li
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09018 SUBROUTINE NABOR S
0002* C FOR ANY PARTICLE II.J.K) SUBROUTINE CAL .CULATES 1•L .J-M , AND 11-N WH (RE
0005*  Cl8..M ,N) IS A NEIGHBOR. VALUES ARE STORED IN ARRAYS IX( I .J.Il .XX(1,J ,2 1
000N CIYII.J.1 ) ETC. WHERE 1 HERE DENOTES UST .2N0. 3RD ETC. AND J THE
ooos: C PARTICULAR UNE OF THE NEIGHBORS. TWO LXPRESSIONS ARE USED TO
0005$ C CALCULATE 1X ,IY . AND U DEPENDING ON THE VALUE OF K OF THE SCANNED
ooo i: C PART ICLE , AND THE 3110 INDEx DETERMINES WHICH ExPRESSION 1$ USED.
0006$ COMMON/S (AK C8$/N MAX ,N M IN.N N ,RC RIT.RC RIT2
00018 C0MMON~ NNB0 RS/ IX I f , ,2 ’ $ .2) ,Jy l6 .2 N,2 ) . IZ l5 ,* N .2) , NUM l6 )
00 101 00 50 1*1.6
00*1* 50 NUM II)*0
0012: DO 100 LL’1.21
0013: 00 100 MM u 1 ,2 %

00 100 NNNu1.21
0015: LSLL-11
0016*
ooii: N*NNN— 11
oo ie: IZ L*•2 .M•S2,N552,LSN,L5M,M.N
0O1~~ IFII •GT.  NM AX) GO TO 100
00 201 NUMII) .NUMII IS 1
0021: zRxasL ,s
00222 IRY2SL.N
0023 8 IRL2UN+N
002 98 KINUM I I)
o oas : I x l I , i c , 11 . ( 11111 2— 1, IA G$ I MOO U RXZ—i . 2 1 I ) 12
0026 : I X 1 1 . K , 2 ) * ( 1 1 1X 2 , IA O S I M O D I I R X 2 . 2 ) ) l / 2
Goal: 1Y(I,11,l?.1lRV2—2 .lA85~mOO4lRV2—1,2) *8/200 26: Z Y ( I , K . 2 ) . U R Y 2 . IA B S I M O D I 2 RY 2 , 2 ) ) ) , 2
00218 lZ l I .K ,1) .2SI RZ2SIAB S IM O D I I RY 2 , 2 ) )
0030: IZ l I . K . 2 ) 5 25 1 R12 1, IAOSI MO DURY2 .1 .2) )
00318 100 CONTINUE Li
0052: RETU RN
903 3* (NO

~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~

-:-  V Y ~VV - 
-
- ~~~~~~~~~



- ~-~~~~~~~ •••~•~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

p

~~~~V V V~~~~~~~~~~~~~~~~~~~~~~~~

0001* SUBROUTINE NRAN3I(X1.X2 .I)
0002* COMNON/MISC/GAMMA .TAU.H ,FX,FY,Fi .R .RE .EP,ICAI.C ,ECH (CK
0005* 1135S0*T1—Z.OSALO$(URANSIL I)))
0004: X4s~ ,~ 031653072.URAN31lI)
000s: **s113.$INIKN)
00058 x15X3.CO$lX4)

- 00071 X2sX2~$GP.T4$AMMA)
00008 Xl aXj /SQRT IGA MMA ) V

000~ RETURN
-0010* (NO

It
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0001* SUBROUTINE OUTPUT
00022 C SUBROUTINE PRINTS SINGL (.PARTICLC DISPLACEMENTS AND VELOCITIES
ooôs: CONMON/SIZCILX.LY ,I.Z,NP ,NTOT.LZN.LZSCGO
000N 8 COMNONIVCLIV*ION,ON ,300 ) ,VY(04 .0N,300hVZ I ON ,0N,300)
0005: COMMON ,POSITIXION ,0N.300) ,Y (0N ,ON ,300) .Z40Ie.04 .300
00058 COMMON/MISCIGAMMA.TAU .H .P*,FY.U .R,RC ,CP.ICALC ,(CH (CK
0001* WR IT (45,1O1)
00068 SUMV*sO.
000~ 1 SUMVYsO .
uoio: SUMVZzO.
0011: WRIT (16,102)
oo ia : 00 5 KS1.LZN
00*3* 00 S Jul.LY
00142 00 5 I~ 1.LX
00151 0*2XII.J,K) .FLOATII)+1.— .SSPLOAT (MOOIK.N)12)

OY aYII.J ,K)—FLOAT IJ)+1 ...5.FLOATIMOOIK .t,2))
0017: OZSZII .J ,11)—0 .SSFLOATI (11—1)12)
0016* SUMV *.SUNVX+VXlI.J .K)

SUMVY sSUNVYSVYII .J ,K)
0020$ SUNVZsSUMVZSVZII.J.K )
0021 8 NPLANE IIK-1)/2+1
0023 1 5 WRIT (I5.103)NPLANE ,1.J.K.Dx.OY ,OZ.Vx (I.J,11) ,VY (1.J,K) .VZII.J.K)
0023~ WRITE I5,104)SUMVX ,SURVY .SUMVZ
00241 101 FORM*Tl///l/211.IOATA FROM SUBROUTINE OUTPUTO )
0025: *02 FOfiNATl2x.0PLI.5*.$I0.~ X .LiS.~ X ,0KS.1X,0DX8.*2X ,8OY9 .13X ,80i9.13X
0035* a.SvXe.1311.IVYS.1311,OVZS)
0027* 103 FORMAT (l*,N (IN.311) .61t13.N,3*))
00202 104 FORMAT(IX .$$UNVX • I.(1N ,5.311,OSUMVy • S,(jN.6 .3X .ISUMVZ I S,E14.
002~ 26)
0030$ RCTURN
0031* (NO-

44
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0001$ SUBROUTINE PLANEAV 
V

oooa: C SUBROUTINE CALCULATES AVERAGE VALUES OF POSITION AND VELOCITY FUR
0003 C PARTICLES IN A GIVEN PLANE.
00042 COMNON/SIl(/LX.LY.LZ.NP.NTOT ,LZN.LZ$EGN
0005* COMR QN/VCL/VX(04 ,04,300) .VYIO4,D4.300) .VZ I ON ,ON.300)
0006: COMMON /POSITIXION,04. 300) ,y ION ,O N ,300),ZIOIe,0N .300)
000 7 8 WRITE(6 ,100)
ooos: W RIT E(5 , 101)
000~oo io : SUMVYZO.

• 0011: SUMDX.0 .0
0012* SUMDYa0.0
0013: SUNVZ zO.
0014: 00 30 K~ 1,LZ9.2
0015 8 DZAV’O.
oois: OYAV IO .0
00 118 DX AV O.0
0018: VXAV *0 .
00*98 VYAV :0 . 

V

0020 VZAV * 0.
0021 00 20 J*1.LY
00228 00 20 I*1.LX
00238 OZAV*OZAV .Z (I,J ,KRZ(I,J,K ,1)-.5.FLOAT ( (11 1)/2P ,5.FLOAT (K/2)
002’.: DXAV 3UX AV +X(I,..J ,K)4XII,J,K ,1)—2.OSFLO*TII).2 .0
0025$ 2 .O.5.FLOAT (MODIK+1,N)/2)-0.SSPl_OAT (MOD (R ,4)/2 )

DYAV IDYAV .Y(I,J.K).YII .J.K ,1)—2 .OSFLOAT (J),2.0
0027$ 2-0.5SFLOAT (MOD1K,2)).0.SSFLOATINOD (K.1,2)) V

0026: VXAV ZV XAV ,VX * I ,J ,K) ,VX1I.J ,K,1)
ooa~: VY AV s VY A V ~ VY ( I . J ’ K ) .V T( I ,J ,11+1)
0030* 20 VZAV’YZAV+VZ(I.1.K3.VZ I1.J.K.I?
0031: SUMVX*SUMVX+VXAV
00328 SUMVY aSUMVY •VYAV
0053: SUMDX :SUNDX ,OXAV
0039 $ $UMDY u$UMDY+OYAV
0035: SUNV ZSSUMVZ+VZAV
0036: DZAV*DZAV /FL .OAT INP)
0031: VXAV *VXAV /FLOA T (NP )
00362 VYAV RV YAV /FLOAT (NP )
003~ VZAV *VZAV /FLOAT INP
00408 DXAV ZOXAV IFLOAT (NP )
00N1 OTAV a DYAV / F LOAT ( NP)
004 2: NPLAN(u(K- 1)/2 ,1
DoNS: 30 W RITEI6 ,102)  N P L A N E, O Z A V .V Z A V . V X A V ,V Y A V . DX A V , O Y A V
0099: WRITEIS .103) SUMVZ .SUMVX .SUMVY .SUMDX ,SUMDT
oo ’ .s : 103 P0RNAT(//211.asuMsa,T2’.,E14,6.3x,t14.6,3x.E1N .6,311.t14.s,Sx .E14.6)
0045* 100 FORNAT (// / / / 2X,6DATA FROM SUBROUTINE PLAN CAVO )
0047: 101 FORMAT (111,OPLB ,9X ,GDZAVB ,1311 ,6VZAV S.13X,GVXAVG ,1311 .SVYAVO .1311,
0040 8 2BOXAV C .1511.BOYAVO)
00Nl~ 102 FORMAT (jK ,!3,3x.E1N,6.311,E1N.6,311.(14.6,311,E1N. 6,311,(IN.5.5K.
0050$ 2(14.6)
0051: RETURN
oos a : END

S
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00018 SUBROUTINE PQTPQR(N ,ISCAN I)
00028 CONMON ,MISC*IPORC(K,FO*CCY ,FORCU
0003* CONNON ,$TN(SSIOISTX,OISTY.DISTZ,OI$T.DEST1,C1 ,PV**,PVYT.PVU
0004$ CONNON,NISC/$AMMA ,TAU ,N.r11,PY .U,R,Rt.EP,ICALC,CCH(CK
0005* OISTS$SRTIOIST*)
00061 C1u(Xp (—Rs(R (SOIST.1.I)P
00078 IF (ICALC.N (.1.ANO .N.LT.1) d .O.D
oio.s IFUSCANI,cQ .*) $0 TO 135
000~ CALL FORCE
00*5* IF(I$CANI,NC .3 ) $0 TO INI
0011* PV**.PVXX4OIST*SFORC CX
0012$ PVYTRPVYT ,DISTYSPORC (Y
0013* PVZZSPVZZ.DISTZSFORCU
00148 135 d c l
0015$ IFIICALC ,NE.1.AND.N.I.T.1) C•0.I
00*61 (P.LP.O.5~9.SS ( C—1.OP øs *
00171 141 CONTINUE
00161 RETUR N
00111 (NO

F

I 
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0001$ SUBROUTINE SAVE
00028 C SUBROUTINE SAVES CURRENT VALUES OP POSITION IN VECTOR MS FOR USE IN
0005$ C SUOROUTINC SCAN

— 90048 CONMON/SIZEILX.1.Y.U,NP.NToT .LZS.LZSCS4
- 00.5$ COMNONIPOSIT/*ION.S4,SOI),y(14.I4,310) .2(04.14.300)

00063 COMNON/POSJT$l*$lI4,O ,300 .T$I04.S4,310) .ZS(IN,O4.311)V. 0007$ 00 ISO k*1,LZN
000s: DO 100 Ja1.LY
0009* 00 lii 1*1.8.11

- 

_
•,1S$ *S(I.J,K)*X(I,J.K)
0011: YS(I~ j,K)*YII,J,K)
00123 100 Z$(I,j.K)’Z(I.J.K*
0.13$ RETURN
0014* (ND

I

I
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00011 SUBROuTINE SC*N*I.J.K.ISCAN*,ISCAN*,05023 C IF ISC*N1s1. SUSMOUyl,i~ DETERMINES THE MEANEsT NLISHSOR$ TO PARTICLEosss~ c *i,.j. ~~~i • IF IsCaN*~*, NEAREST NCISHBORS LR( ASSUMED TO SE THOI(0004$ C CALCULATED AT SOME PREV IOUS 71st, $F I3CA$t*t, TH( FORCE EXERTED ON0105* C PARTICLE (I.J,K$ ST ITS N(IS*ISORS II RETURNED TO THE COLLINS P0USMA~.oeos : C IF I$C0N1.*. TUE POTENTIAL (NIRSY 1$ A(fl*1ICO, IF tSCAN~.3, DOTS ARCooon C RETURNED oso CONTRISUTIONS TO THE PRESSURE TENSOR CALCULATED.0001: COMMONISUC ,UI ,LY .LZ.Np.NyOy .LZ4 .LZ$E$4000u COMMO$/STRES$IOISTX.UISTY,D*$TZ.OI$TID*ST* C1 PVX* PVYY PVZZ0010$ COMMONIPQSITS/X (SN,SN .)•1) ,V(I4,I4 ,35g~ lI$4 $~.$Ø~~0011* COM$0MIMISC/SAMR~. TAUSH,F*,py,p2.M.M(,(p, ICALC,(CHCCK0012$ CON5ON/5tARCps,5sA~ .NNZN.NN ,RCRIT,*CM1T*00138 COMMONINN 0$3/1X(5,*4,J, .IYIS.14.2b .12(6,34,1) .NUN(60014* OIMENSION NURNN (04,I4.JOII
0013* FXaO,o
05151 FY*0,~1117$ ~~~~~Ill.: tp’o.
Sills PVX*uQ,O
0*10* PVVYSQ,5

PVZZ.0.0
1121$ KM a NO o(K .4 ), 1
00*3* $0 TO (S,5,7,0),11K
0.248 5 1N3*.~95153 ZN3Y*~0016* IN3Z.a
50173 60 TO ~0036$ 6 IN3Xs~0019* IN3Y*1
11311 1532*1
1131* SO TO I
0532* 7 1NU.~SI33~ 1$3Y.~0034$ 1N3Z.~ V06331 00 TO I
‘036* $ 1S3Xa~10311 INIY.$
10311 IN$1e~V 0531$ I CONTINUE
5040$ *F(N$~~ ,ce. 0* 50 TO 1310041* 1.0 00 *50 L*’l.NMIN
0043$ 51N0**5UNft.1)
0043* DC 19~ 51*1.M1$A~0049*
0045*
0096:
00~ T$ CALL CONVUTIL,M ,N ,L(0.NE0.NL.I

CALL CALDI$TIL.M;N.L O.Mcg,scg,I,J,N,Il4~ $ ~ALL POTFOR(N ,I3C051)
•OSO* 14~ CONTINUE0031* 130 CON1 1~~ lJ(

0532* 131 CONTINUE
005)3 ZF(NNAX,C$,N$IN) $0 To 5000054* IFII$C*Nl .(g.i* $0 TO 900
5035* 200 NUNNN (I.J,K)so
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0036* NMINP1.NMIN41
00572 00 350 LIINM&NP1.NMA*
0050* N1N*X~NUM(L1 )
0I5~~ 00 393 M1ul,Ss1s*x
0060* L*I,IX(L1 .Ml ,INSXI
00611 M$4.IY (Ll ,M1 ,INSY)
00621 NIk.&1(t.1,M1,3N32)
00638 CALL CONV(RTIL.M.N .LEO.M (Q .N(B)
0054* CALL CALOIST (L ,M ,N.LE0.NtB,NEO.1.JIK1
00631 IF$01$T2 •$T, RCRITZ •OR . DESTI ,I(. *,St-10) 00 TO 34~

• 0056* NUMNNII.J,K1’NUMNNIZ .J.R) l

0067* WRITC IS) L,M.N .UO,REG ,NEQ
0058: CALL pOTFOR (N ,jSGAN1S
005,2 39~ CONTINUE
00702 350 CONTINUE
0071* SO TO Gil
ooia: 400 Nl.js*NUMNN(I.J,K)

00732 IF(NIJ K •C0. 0) 00 TO 300
0074* 00 450 8.1*1.51*

— os is : READ(S) L,N.N.LE0.M(0.N(9
0016$ CALL. CALD1STIL,N .N.I.Ei.MEO.NEO .1.J.M)
00771 CALL POTFORIN.ISCANI)
0010* 450 CONTINUE
007~ 500 CONTINUE
0060* RETURN
0001$ (NO

It 
-
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0001* SUBROUTINE SOLVE
00022 C SUBROUTINE SOLVES (BUATIONS OF NOTION TO OBTAIN VALUES OF THE
09032 C POSITION AND VEL OCITY AT TINE TAU • H SIVCN THEIR VALUES AT TINE
0009* C TAU . THE PROCEDURE IS VIA A FOiJRTH.OMOCR RUNI(-I(UTT* NETHOO.
0003$ CONMON,SIZ(/L*.LT,LZ,NP,NTOT,Lj4,LZS ($4
000s: CQRNON/VCL/Vx (04.04,300),vYISN .04,300),VZ(I9,14.SSI)
9007$ CONMON#POSIT/11104,ON.3l0b,Y (IN .04.350).Z(04,l4,311)
000$: COMNON ,POSITSIXS(09,04,$S0) ,YS (04.08,500) .2$*54,09.)Sl )
000, COMMON ,S(ARCH/NMAX ,NMIN,NN .RCRIT,RCRIT,
0010$ COMMO$/RISC/GANNA .TAU .H,fX .FY ,yj,R ,Rt ,Ep,ICAl,(,(CH(CK 

- 
-

0011$ COMMONIOUMNYIPXI04.04 .300I ,PY DN,04,300) ,Pz ( D4,14,30l) .PVX(S4.IN .
00128 2300),PVY (09,04.300).PV2104.04.500I,KI(14,S4.$I5),TI(04,04,500),

32fl04,09.300) ,VXHON .04,300) ,Vyt (14.04,300) .VZI(lN.14.300)
0019$ LEVEL a.Px ,PY.PZ,PVX ,PVv .PVZ.xI.TI,zI.VXI .VYI,V2I
oois: DIMENSION P21(54.04.02)
0016$ C SAVE VALUES OF POSITION AND VELOCITY AT BESINNINO OP INTERVAL. IN
0017$ C VtCTORS RI AND Vi AND INITIALIZE P5S.
00101 00 50 1*1.8.11
001~~: DO 50 a*1.LY
0020* 00 50 M*1.LZN
00218 XIII ,J ,Kl$XII,J ,K)
0022$ YI II.J ,K)aY (1.J.K )
00238 ZI(I,J.K)*l(I.i.11)
0024* VXIII, J ,k)*VXII.J .11)
00258 VYI (I.J.K)IVY(1 .J.K1
0016* V21 (I.4.K)IVZ (I.J.K)
00272
00208 PY(I ,J,K)*l,O
0029: PZ(I,J,K)aO,0
00302 PV*(I,J.R)s0.0
0051* PVYII,J.k).0,0
00312 50 PVZ(Z,J.K)IO.0
00332 C END SAVE AND INITIALIZATION SEQUENCE.
0034* 00 959 M*1 ,9
00351 C S~ VE CURRENT VALUES OF POSITION IN RS,
00351 CALL SAVE
0037$ C 5(615 3(OUE NCE FOR SOLVING EQUATIONS.
0036: REW IN Q I 

-
- -

003~ * DO 200 Ku l.LZ N P
OONO2 DO 200 J11.LY
0041: 00 200 1*1.8.11
00N28 IFIN .NE. 1) SO TO 60
00N3 CALL SCAN(1.J.K,1.1)
00442 00 TO 51
0045* 60 CALL SCAN (I.i.I(.1.2)
00958 C SCAN RETURNS VALUES OP FX ,FY . AND P2. THE COMPONENTS Op FORCES ACTINI
0047$ C ON THE PARTICLE SLIMS SCANNED.
0040* 61 F*s2,QSR(.MeFx
004~ S FYI2.0eR(SRSFT
0030$ F2a2.oeR (.R.FZ VV 0051$ IFIK ,(Q. 1 •ANO. N .(Q, 1) FZI(I,J,1)*.U
oosas IFIK ,(Q. 2 •ANO . N .t9. 1) Fj 2(I.J,2 )s. FZ
0053$ IF (ICALC .ME , 1 sAND. K .(o. 1) FLsO ,0
0034* IF(1CA8.C .ME . i sAND. 11 .(o. 2) P2*0.0
0055$ GO TO (l0S.110.llS.120).N

V

-

V 
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0054: 105 PV 11II,J,11)RPVK( *,4.11),FK/6.0
0057$ PVYII,J ,11)UPVY ( I .J,11).PY/6.0
00352 PVZ ( I.J.fl)~ PVZ*I,J.K),FZ,6.0oos~~: Px* I . J ,11)UPX( I .J .K ) .VX( I ,J ,11)/ 6 .0
0050$ PY (I,J.K)IPYII.J ,R)•VY (I,J ,K)/6e0
0051$ PZ(I,4.K)*PZ (I,J.K).VZII,J ,11)/6.O
00628 XII,J,K)*KI(I.J.K).H*VX(I.J ,11),2 ,0
0063: Y 1 I . J ,K )SY I ( I ,J ,K ) .HSVY I I . J , 11 ),2 .0
0064$ ZII.J,K)*ZI (L.J ,K)+HSVZ (I,J ,K)/2 .0
00651 v11 (&,j,K)sVK1( I,4,K).5SF1112.0

• 00661 VY (I,J.11)*VYI(I ,J.K) .H*FY~3.0
006 7$ VZt I . J ,k )*VZ I( I . J .K )S HS PZ/ 2 .0  —V ooss: SO TO 200
006~ 2 110 PVXl I ,J , 11)~~PVXI I ,J ,K ) ,FX /3 .0
0070: PVY ( I,J .11)IPVY( I,J,11),FY/3.0
00712 PVZ (I,J .K)sPVZ ( I.J.K),FZ/3.0
0072* PX I . i ,K) ’ PxU.~J .K .Vx t I .J .K)/3 .0
0073: PY ( $.I,11).PY ( I.J.11)•VY II,J ,k)/3.0
00788 PZ (I,J,11)$PZ (I,J.KI~ VZ(E ,J.11),3.O
0075 1 *( I,J ,K)IX I(I.J ,K).HSV*(I.J.K)/2.0
0076:
0077: Z ( I ,J , K )~~Z I( I,~h K ) , HSVZ ( I , j ,K )/ 2 .0
0075~ VXI1 ..I,K)*VXI( I.J,K)~ H*FXl2,0
0079$ VY (I.J .11)IVY I I I.hK)+H.FY/2.0
00608 VZII.I,K)IVZI (I,J ,K)•HSFZ/3,0
ooei: GO TO 200
oosa : 115 PVX (I,.J ,K)aPVX(I,.I,K).FX/3.0
0003: PVYII,.J .K)SPVY(I.J ,K)’.Fy13 ,0
0054$ PVZ(I,JsK)IPVZII. ,J ,11),FZ/3.0
00.5$ PX(L ,d ,KIsPX (I,J,KI.V* (I,J,K)/3.0
ooes : PT (I.J.11)aPY(I ,~I.K .VY (I,J,11 ,3.0 V

9057$ Pi (I,J,KI.PZtI.,I,11).VZI1.4.K)/3.O
0081$ XII .J,K)*XIII.J.K).HSV* (1.J ,)I)
00098 TII.J,11)~ YI(I.J.11).HSVY(I ,J,K)

ZII.J.K)~ ZIII .hK ,HsvZII.j ,K
00918 VXU ,J .K)IVX I(I ,J .K)4H*FX
00,2: VY (I.,J ,K)SVYI(I .J ,K)•HsFY - -

00~38 VZ (I,J,11)IVZIII,J,K)+H.FZ
0094$ SO TO 200
00~5 120 PVKII ,J .K)IPVX (I,J ,11),PX ,’6,O
00961 PVY (i,J.K)*PVYI i.J,11)SFV/6.0
00~7$ PVZI I.J,11)IPVZII.J,K),FZ/6.0
00~58 P* (1.J,II).PX,I .J.K).VXII,J,11),5.0
00~ 9Z PY(I .J .IU .PY (I.4.K)+VY (I.J,K)/6.0
oioo: PZII..J,11)sPZII,J.K) ,VZU,.I,K ,6.0
01018 XIi..l.K)IXI(I.J.K).H*P* (I,J.K)
0102: Y (I.J,K)’YI(I ..l.KP,H*PY (I.J,K) P
01058 Z (1,J ,K)SZIII,J,11),H*PZ(I,J,K)
01048 VX( I ,J ,K)IVXI(I ,J ,M)+HSPVX( I,J ,$)
01051 VY (1.J,11)*VYI (I,J,K)4H .PVYII,J,111
0106: VZ(I.J .11)IVZI (I,J ,K)+H .PVZ (I,J,K
01078 200 CONTINUE

• 01008 ~00 CONTINUE
D10~~: REWIND $
01108 C CALCULATE WORK DONE IN INTERVAL.

I 
_ _  
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01*11 CALL SAVE
0113* WOR N .5.0 —

01138 DO ‘10 J’l.LY
0114: 00 ‘10 II1,L*
0115$ CALL SCANII,J ,1.l .2)
0115$ FZs-2,OSRESRSF2
011~~ ~10 WORMSWORRSO .5e1F11 (I.J .1 .pL).(2(I.J.1).ZI(I.j,l))
0111$ 00 ~~~ J~ l.LY011l 00 ~~~ I~ 1.La0120$ CALL SCAN(I.J,l,1,21 

V0121* FZ..2.OSRESRSFZ
oiaa: Ii, WORKIWORK•0.5S4FZI(I.J,2),pZ).(Z(I,J.l).ZI(I,J,2))
0123$ LCH(CK*(CHECM•WORK
01342 NCWI ND~.60125$ 920 TAU$TAU.H
0125: RETURN
0127$ (ND

.
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0001$ SUBROUTINE SORT4V ,OV I
0002$ COMMON/DIST/N1RIII0),N1L (1,s) .NINAX
0003* 00 1 ,i*1.105
0004$ V1sDV .FLOAT(J~1l
00032 Vl*OVeFLOATIJ)
9005* IF (V1,LC .V.AND .V ,L? .V2 ) GO TO 2
0007* V1N DVSF8.00T$1.J)
00058 V1N.OV.FLOATI-.j
000~: *F (VIN .LC.V.ANO.V,LT.V1N) •O TO 3
9010* 1 CONTINUE
00*1: GO TO N
0011* 2 NIR%J).NIRIJ),1
0013: IFIJ .GT ,NINAX)NINAX.J
0014$ SO TO N

0015* 5 NIL.( J)$N ILIJISI
00161 IF (J.;T.NINAuNINAX.J
0017* 4 CONTINUE 

- 
-

0010$ RETURN
0Il~ $ END

I
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0001* SUBROUT INE START

0002: C SUBROUTINE ASSIGNS PARTICLES TO INITIAL pOSlYlONS AND ASSIGNS THEN

0005: C RANDOM VELOCITIES ACCORD ING TO A MARWELLIAN UISTPI ISUTION WI T H NtAN ZERO

0004$ C AND ~y*N0*RD DEV IATION • 1/SQRT(GA MMA I.
0005* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0005$ COMRON ,VEL ,VXI 04,04,500).~

Y t 04 0413*D* V
~~

000fl CONNON ,P0S1T 104.04~
300) 0N ON

~
S*°* .jION .ON.500)

oooa: CO$SMON/M1SCI6~MM A TAU.H.F*.F1

00092 C CALCULATE INITIAL pOSITIONS

0010: DO 7 N*1.LZ4

00118 00 1 j.1.LY

0013* 00 7 i~ 1~ L~
00138 *II.J.K)*FLOAT (I)_1.040,5 L.0*T OO

~~~~
)

00148 TtI .J ,N)*FL.OAT )_ 1bO40 ,5sFL0AT IMOO (

0015* ~
0015 2 C ASS IGN IN ITIAL VELOCiTIES

oO l7:
00168 NSCALL~O

QO1~ 
SUNV XSO.

0020 $ SUMVY$0.

00118 SUMVZ :O .

ooza: SUMVZ*0.
00251 ~O S s.

.1.LZ4

0924$ DO S
00 5 1*1,8.11

0026* CALL NRAN31IX1 ,*2 .1~~~~
00271 VX(I ,~~’11~’111

002S8
00292 CALL. NRAN31IX1.Xl11~~

N)

0030$
SUMVX.SUNVX V XI1~~

tK )

00322 SUMV1.SUMVY VTtI ~ J.~~ 

- --

0033$ S SUMVZsSUMVZ +V2(1~ J~~~
0034* C ADO VELOCITY INCREMENTS TO INSURE NO NET MOMENTUM 

V

0055* OVX$.SURVX/FL.0ATffiTOT* 

V

0055* 0~y~ .$IJNVY ~FLOATINTOT )

00372 DVZa.SUMVZ/PLO AT (MTOT b

0050* Cal.
005~~8 I CONTINUE

00 10 Kz1,L.Z N
0041$ 00 10 J*1,LY

00422 00 10 1*1,1.11
0043$ VXII ,J.KI*C *V11 5~~

,
~~~ OV*

00448
0045* VZ ( I ,J ,N)* C i .j,

~~~~
DVZ 

V.

0046: susv*a3uNvX4V**1~Jt’~
09472 SUM VY *SUMVT 4 h1~ Je~~
90452 SUNVZ$SUMV2 V Z11*J~’U

0*412 • 10 SUMV2*SUMV2,V11 (1,j, **2 ,Vhh1 J1 2
~~~~~~

I*

0030$ IFIKSCAL(.GT.°lS° To 11

0051* C SCALE VELOCITIES 123 GIVE SUMVZ S6.NTOT /GAMNA

0032* C*6.*FLOAT (MTOT )FIGANMA .SUMV2 )

0053$ C*SQRT (C~
KSCALE*1

0053* OV*’0.

54
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0056* OVYIO.
0037$ UVZSO .
005S8 $UMV*a0 .
005~~2 SUNVY .0.
00601 $UNVZ .0.
0061* $UMV*.9,
0062 8 SO TO ~
0063* 11 (*NIT.$UMVU3.
00648 WRITE(5 ,1l)
0055 8 WR ITC (5.13)EIN IT ,$UNVX ,SUNVY .SUMV Z

r 00662 12 FORMA T ISX ,10AT A FROM SUBROUTIN E STARTS )
0067* 13 FORMAT IUsIIN ITLAL. VALUES OF KINETIC ENERSY AND NET VLL0C1TIE~I.
00608 24C14,6)
0049* RETURN
0070 8 END
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0001* SUBROUTINE THEANOIK1.K1.EIOT)
0002$ C CALCULATES AVLNANE VALUE S OF PLOW VARIASLES BETWEEN PLANES Xl AND RI 

V

0003* CONMON/POSIT/.104,14,311) ,Y (04.08.300) .2114,04,800 )
0004$ CONMON/POSITS,XS(04.04.300) .YS(04.04 ,S00).Z$(04.04.300)

CONNON/STRESS/OISTX ,OISTY .Ot$TZ,OIST,OISTI,Cl,PVXX,PVYY ,PVZZ
0006* CONMON/SIZE/LX,LY ,Ll ,NP ,NTOT ,L14,L15L54
0O0~~ COMMONIV (L/V*104.04s300hVT (14,04.SOO) .V2154,08,300)
000$l CONNON/NISC/SA NNA .TAU. H,PX.FT.VZ ,R.RE,CP, ICALC.ECHECK
0O0~ * C CALCULATION OF DENSITY NORMALIZED TO URO-TENPCRATURE VALUE .
0010$ OCNS.0.
0511$ LKISO.
001fl ZNIaO .
00131 Li1a2sK1~ I
00148 LZI’2.Ml
0013* 00 1 j*I,L.Y

— oots: DO 1 1*1,8.11
0011: ZK1.ZIil.Z( 1.1.8.21 )•Z(I,J,LZ1•1)
0010* 1 ZKZUZKZ•ZU ,J .L22)421I ,J,LZl—I)
001~ DZ .(ZKS-ZKI)/FLOAT (NP )
0020$ T1..5.PLOATI II2-K1)
0021$ DCNSUTI/OZ
00221 C CALCULATION OF AVERAGE VELOCITY.
0023* VA V b~O. L
0029: NK1K2aNPS (K2 K1+1)
0025* 00 2 K*LZI ,LZ2
0026: 00 2 Jst.LY
0021$ 00 2 1.1.1.11
0925* 2 VAV .VAV .V ZII .J,K)
002~ 8 VAV .VAV /FLOAT (NKIK2) V

V 
0030: ETRANS.FLOAT (NKIK2 )SVAVS.2/2.

- - 0031* C CALCULATION Of TLMPE.RATURLs .
0032* TX*0.
0031$ TY.0.
0034* TZ.o.
0035$ 7.0,
00361 DO 3 KaL.Z1 ,LZ2
0037: 00 3 JU 1sLY
0030* DO 3 5.1,8.11
0039$ TX*TX.VXII ,J ,K)e*2
0040$ T Y UTY ,V Y ( I ,J , K ) S S 2

— 0041* VZ 1$V Z(I .J ,K)—VAV
00428 • 3 TZ.TZ.VZIIS2
0045* ETHERMUITX ,TY +TZ)/2.
00841 T11.T11/FLOAT (NKIR2S3)
0045* TY.TY~FL0AT (NK1K2.3)
0045 * TZ .TZ/PLOAT (N111K2s5)
0047* T•T*,TY4TZ
0040* C CALCULATE KINETIC CONTRIBUTION TO PAE$SUR ( TENSOR
004~ PKXXAV 13.OSDE NS,TX
0050: PKYYAV13,0.OENSSTY
00512 PKZZAV RS.0SO(NSITZ
00522 C CALCULATE AVERAGE POTENTIAL. ENERGY AND POTENTIAL CONTRIBUTION 70
0053$ C PRESSURE TENSOR
0054$ EPAV sU .

-L 0055$ PVXX AVsO.

/

So
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0055 $ PVYYAV* U .
00572 PV Z ZAV WO .
00568 CA LL SAV E
00592 00 8 )(aLZl,LZ2
0060* 00 8 jaI,LY
0061 00 4 ~s 1,LX
0062$ CALL SCAN II ,J ,K ,3,1) V

0063$ PVX XAVs PV*XAV ,R SRE SOENS SPVKX /FLOAT (NRIK2 ) V

0064* PVYT A V. PVY Y AV , RSREeU ENS .PVYT / F L O* T ( NKI K 2 )
0065* PVZIAV*PVZZAV ,R.R (.OENS.PVZZ/FL.OAT (NK1KI)
0066* 1$ EPAVSEPAV .(P
0067* REWIND B
00618 EPOT*LPAV
00692 ETOT .LTOT ,LTRANS+ (THLRN ,CPOT
00708 EPAV.(PAV#F LOAT INK 1K2)
0071: PXX AV a PR *XAV4PV XXAV
0072: PYYA V * PK YYA V 4 PVY Y AV
0073: PZZAV .PKZZAVIPVZZAV
00 781 WR ITE I6 ,99 )
0015$ W I2IT (16 ,100)K1 ,K2.NR1K2
00762 WRIT ((6,101)OCNS ,VAV ,(PAV
00711 WRI7E (6,102)CTRANS ,(TH (RM ,(POT
0O7$ WR ITC (6,103) TX ,PKXXAV ,PV *XAV.PXX AV
007~~* WR ITE (5 , * 04 )  TY ,PKYYAV ,PVYYAV ,PYYAV
00608 WRj T C( 6 .105 )  TZ . P K Z Z AV , PVZ Z AV.PZZAV
OOS1* WR IT ( (5 ,106*  T
00128 9~ FORNAT (I////2X ,lO*TA FROM SUBROUTINE TH (RNO .VALUC$ AVERAGED S€TW (
00538 2(5 PLANES RI AND RIO )
0064 : 100 FORMAT (IHQ ,IKI.1.14,ax,e*c2.e,14,3*.eN*a.cs.I,14D
0065* 101 FORNA TISX,00ENSITY .I,E13,6,3* , IVZAV GuG,E13.6.311,ICpAV G.S.E13.5)
00161 *02 FORMAT (611,IETRANS*B,L 13.6,211,IETH(RNSI,E13.6,411,SEpOT.l ,C13.5)
00678 103 FOR$AT (3X,OT*a0,E13.6 .311.$p$XXsI ,E13.&,311.IPV*X.l ,E13.6. 1X.lPXX.$
0050* 2.(l3.6)
O05~ * 104 FORNAT 43X .ITYsO,L13.6,311,IpKYYSI.(lS,5,311.OPVYY .I,(13,6,311,UPYY .l
00~ 0* 2.E13.5)
0091* 105 FORNAT (3K,OTZSI,C13.6,3X ,OPKZZ.I,E13.6,311 ,IPVZZUS,E13.6,U,IPZZ.I
0092: 2.C15.6
00~ 3* 106 FORMAT (311,lTtO ,E13.61
00~ 4 8 RETURN
00~5$ (ND
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00018 FUNCTION URAN I1IX )
0002* IFII )10.lI,I0
0003* 11 1*11111111
0004 8 10 J*1
0005: J*4S25
00068 J*J— (,frS7l06164)e57101154
0007: J*JS55
0000* J*J-1J157l0$$54 *457115164
000~ $ JSJS5
00101 dad— (3/67100164) *671 06064
0011* AI1J
OOla* lad
0015$ URANI*aA1#67l11064,
00141 RETURN
0015* END

4
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