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I. Introduction

The accurate estimation of the range and damage distribution of primary
knockon atoms or injected jons in materials is critical to the successful
interpretation of radiation effects in nuclear reactors. Recent measurements
of the ranges and damage of ions in material show that there are large differ-
ences between theory and experiment.*

In this work, a three-dimensional Monte Carlo model, HERAD, has been
developed to study the range and the damage distribution of ions injected in
materials. The model incorporates the options to use a large number of
nuclear and electronic stopping models. The HERAD code takes into account the
presence of cavities on the range and ion distribution. The results of the
HERAD model are compared to the other current computational models, and the
effect of cavities on the range as well as the distribution of damage is
studied. The HERAD code yields a closer agreement between experiments and
theory than other computational models. The code is also shown to be less
expensive to run and more versatile than present Monte Carlo codes for
radiation damage calculations.

The next section of this report, Section II, describes the computational
model used in HERAD. Section III describes the input of the code, and Section
IV gives an example for a test case. Finally, Section V shows how to obtain

the code and run it.

* For a summary, see: H. Attaya, Ph.D. Thesis, University of Wisconsin, 1981.



II.

The Computational Model

IT.1

Introduction

To study the effect of the microstructure on the range and damage of

implanted ions in the materials, a three-dimensional Monte Carlo code called

HERAD (Heterogeneous Radiation Damage) was developed which is capable of pre-

dicting the range and the damage in homogeneous or inhomogeneous materials,

e.g.

I1.2

materials which contain voids, precipitates or bubbles.

Assumptions

(a)

(b)

(c)

(d)
(e)

(f)

I1.3

The model is based on the following assumptions:

the moving particle interacts with one atom at a time, i.e. the elastic
binary collision approximation is assumed;

the target is assumed amorphous, i.e. we neglect any periodic lattice
effects;

the moving particle loses energy to electrons continuously while it
travels between successive collisions;

the magic formula of Lindhard(l) is used to evaluate the scattering angle;
the steps between successive collisions are assumed to be exponentially
distributed (see Eq. 35), i.e. the mean free path assumption is taken;
the moving particle is assumed to be stopped when its energy falls below
a cutoff energy (~ 25 eV).

Calculation Procedure

11.3.

1 Nuclear Energy Loss in a Scattering Event

The universal differential scattering cross section given by Lindhard et

a].(l) is

1 2 t—3/2

do = 7 ma 1/2

f(t*'7) dt (1)



where a is the screening length given by

k
a = 0.8853 . (2
a, §TZITZET )

ay is the Bohr radius = .529 x 10°8 cm, and 9(Z1,Z,) is obtained either from

Lindhard's formula
_ 2/3 2/3,1/2
or from Firsov's formula
_ o172 L ,17242/3
9(21’22) (Z1 + Z1 ) . (4)

The factor k in Eq. (2) is introduced to study the effect of the screening
length on the calculation results. t1/2 is given by tl/2 = ¢ sin 6/2, where ©
is the CM scattering angle, € is the reduced energy

M,

M, + M
1 2 leze

a_ (5)

e = E >

My and Z; are the mass and the atomic number of the moving particle, M, and Z,
are the mass and the atomic number of the target atom, E is the energy of the
moving particle and e is the electronic charge. f(tl/z) is given by

winterbon(Z) as

£(£1/2) = agl/2M [ 4 (2agl-may-l/a (6)



which is valid for 0.001 < t1/2 < 10, and approaches a simple analytical form

for small values of t1/2, For large values of t1/2 (1:1/2 > 10), we use the

expression

1/2 -1/2

fU(t ) = 0.5t R (8)
which corresponds to Rutherford scattering.(3) The three different regions
for f(tl/z) are shown in Fig. 1 for the Thomas-Fermi and Moliere potentials.
For very low energies where the screening effect is excessive, we use the
Born-Mayer potential. The function f(tl/z) of the Born-Mayer potential is

given by Sigmund(4) as
172, _ 1/2
fBM(t ) = 24t . (9)

The differential cross section is given by

172
_ 2, (24t77'°%)
do = (TTaBM) W—“ dt ’ (10)

where apy equals 0.219 A. Sigmund(4) estimated a 1imiting energy Egy given by

2
My + My a;p.3  Z37pe

M.

0.0234
2 M a2

|- (11)

Egm = kgy [

below which Eq. (10) can be used. ajp is the screening length for the
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colliding atoms given by Eq. (2) and we introduce the factor kg to allow for

the change of Egy. Alternatively, Egy can be assigned an input value.

Another choice for very low energy scattering is assuming isotropic

scattering in the cm(5) system with

ag
do = Eﬂ-sin 6 do ,

where o is the total effective cross section given by

O N

where 2PC is the average distance between the target atoms.
The total scattering cross section is given by

1/2
tm7x

Oy = do ,
T (172
min

(12)

(13)

(14)

where do is given by either Eq. (1) together with Eqs. (6), (7), and (8), Eq.

(10), or Eq. (12), depending on the energy of the particle, the

choice of the potential and the value of ti{ﬁ,
172 _ .
tip = € sin (emin/Z)’
1/2 _
thax = €

and Opin s the minimum angle of scattering which can be calculated from

Eqs. (A.6)-(A.9), or assigned a constant value (~ 2°).

The scattering angle is determined from the expression



1/2

{/2 d°/°T =p (15)
min

t
t

where p is a random number uniformly distributed from O to 1. The actual
value of the scattering angle, 6, is then evaluated from the value of t1/2

which satisfies Eq. (15) via

1/2
o =2sint (1) . (16)
The nuclear energy loss is given by
AT = yE sin2 g- , (17)

where y = 4M{M,/(M; + M2)2, and E is the energy of the particle before col-
lision.
The polar scattering angle of the scattered particle in the laboratory,

V1, can be obtained from the familiar relation

A sin 6

tan ¥, = T3 coe 5T (18)
where A = My/M;. The corresponding angle of the struck particle is
by - (19)

Since the scattering in the azimuthal plane is isotropic, the azimuthal scat-

tering angle 6 is uniformly distributed from O to =, and is determined from



$ = 2mp . (20)

where p is another random number.

The directions of the scattered particle and the target atom (the scat-
terer) after any collision can be determined from the above quantites as
described below. Consider that the particle moves along the vector W (see
Fig. 2) before the collision and has direction cosines aj, by, and cy. If no
scattering event occurs, the particle will continue to move along H. Suppose
that the particle at any point P along H suffers a collision which results in
a deflection of its path with respect to H by the angle Y1 given by Eq. (18),
and suppose that the particle continues to travel a unit length S. The end
point of S, due to the fact that the scattering can happen in any plane con-
taining H, may be at any point along the perimeter of the base of a cone whose
altitude is the extension of H.

The altitude of the cone L and its base radius will be

—
|

= cos ¥
and (21)

R = sin wl s

respectively. The coordinates of the center of the cone base Xos Yos and z,

with respect to the point of collision P are given by

X =1L « a;

0
Yo=Lby (22)
z, = L . Cq

8



Figure 2 Coordinate systems used to locate the point of
collision.



A new coordinate system is used with axes X', Y', Z' chosen such that the

X'Y' plane contains the base of the cone, and Z' coincides with H, i.e.
azi = a; bZ' =b, , and Csi =Cp (23)

Since the X' axis is arbitrary, it is chosen to be the line of the inter-
section of the plane of the base with the plane Y = Yo- The equation of the
cone base in terms of the direction cosines of the normal to it (H), and a

point in the plane (xg,y,,z,) is then
agx + bly +cyz - (alx0 + bly0 + clzo) =0 . (24)

Note that the collision point P is considered as the origin of the original

coordinate system XYZ. The line of intersection of the base with the plane

Y = Yo is
ayx + ¢z - (alxo + clzo) =0 , (25)
which Teads to an equation for the line of the intersection (X'), given by
a ay 26
z = (- EIJX + (EIJXO +7 . (26)

Therefore, the direction cosines of the X' axis with respect to the original

axes are

10



cos (arctan (-al/cl)) s

cos (w/2) =0 ,

Cyi = COS (arctan (—cl/al))

The direction cosines of the Y' axis, knowing that of X' and Z' are

aY| = bzich )
bYl = CZ|aX| - CXIaZI s
CYI = _axlbzl

The azimuthal angle ¢ is chosen with respect to the X' axis by Eq. (20).

the coordinates of the point N (Fig. 2) in the X'Y'Z' system are

xﬁ = Rcos ¢
yﬁ = Rsin ¢
zﬁ =0 ,

(27)

(28)

Then

(29)

which can be transformed back to the original system XYZ, whose origin is the

point P, to give

- 1 1
e T T
- ! 1

11
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Finally the new direction cosines of the scattered particle are

a, = Xn/D R bn = yn/D s Cp = zn/D R (31)
- 2 2 2,1/2
where D = (xN Yyt ZN) (32)

The direction cosines of the scatterer are obtained by solving the vector

equations
S . Pi = COs Yy, .
s+ Py =cos (y +y,) (33)
and (Fi X Pé) e s=0 .

where Pi is a unit vector in the direction of the moving particle before col-
lision, Pé is a unit vector in the direction of the particle after collision,
s is a unit vector in the direction of the displaced atom, y1 is the labora-
tory scattering angle given by Eq. (18), and y, is the Taboratory scattering
angle of the scatterer and is given by Eq. (19). Figure 3 shows the direc-
tional relations among the three vectors.

Equation (33) can be put in the following form

asa1 + bsb1 + csc1 = CO0S wl
aa, + bst t ey = cos(w1 + wz) (34)
as(blc2 - clbz) + bs(cla2 - alcz) + cs(alb2 - blaz) =0

12



Figure 3 Schematic diagram showing the directions of the moving
particle before collison P1, after collsion P2 and

the direction of the recoil atom s.

13




where (a;,b;,cq) are the direction cosines of P;, (ap,by,cp) are the direction
cosines of P,, and (a3,b3,c3) are the direction cosines of s.

[1.3.2 Step Length Between Two Successive Collisions and the Electronic

Energy Loss
The step length, %, between two successive nuclear collisions is assumed

to be exponentially distributed, i.e.

p(e) = ?_lmexp (- c_iﬁ) , (35)

where N is the atomic density of the target, and or is the total scattering
cross section which is obtained from Eq. (14). The value of % is then evalu-

ated from
2= - 1n (p) (36)
NO,T [¢] ’

where p is a random number uniformly distributed between 0 and 1.0.

A truncated exponential distribution, which Timits the minimum step
and/or the maximum step, can also be used. Another constraint on the step
Tength is made such that the electronic energy loss of the particle along the
step does not exceed some fraction (~ 5%) of the energy of the particle at the
beginning of the step. Such a constraint was also used by Biersack.(6)

The electronic energy loss is assumed to be continuous along the path of
the particle. If the step length is 2 and the energy of the particle is E; at
the beginning of the step, then the energy of the particle, Ef, at the end of
the step 2 is given by

14



and for the first order approximation one gets

- (%—i—)e (E; )2

™m
]
rm

The Lindhard(7) or Firsov(8) formulas, can be used for (dE/dz)e

is the atomic density. The LSS formula for Se 1s given by

2

Se = 8ne aoae(ZlZZ/Z)v/vo ,
where 22/3 = Zf/3 + 22/3 R
1/6
and Ee w Z1 .

and the Firsov formula is
_ 2
Se = 7.51(3n ha0/32)(Z1 + Zz)v1 .

The Brice(g) formula for Se can be used also, and is given by

(37)

(38)

= SeN, where N

(39)

(40)

2
S = Mzy + 1) (U2 (B2 53+ 21Dy g0y 4 1yarctanut/?)] ,  (a1)

(3 + 3U°)

0.60961 x 10'15 eV cmz/atom,

where: A =
U= E/(2PgE)),
El = 99,20 KeV

15



fo(U) = [1 + (422 2'2 y)n/27-1,
and Z, a', and n are the three parameters for projectile target combination.

11.3.3 The Displacement Model

The computer program HERAD is designed to study the range distribution as
well as the damage distribution of ions in materials. In the first case, only
the incident ions are followed. An approximate estimate of the damage energy,
i.e. the amount of energy that results in displacement and defect production,
can be made. If AT is the energy loss by the incident ion upon a collision
with a target atom, E4 is the threshold energy of the displacement, and AT is
Tess than Ey, AT is assumed to be dissipated into phonons, i.e. heat. If AT is
greater than Ed, AT is partitioned according to Lindhard(lo) to a damage ener-
gy Tp which ultimately goes to displacement and electronic energy T which is

lTost to electrons. T and Te are given by

T

aT/(1 + kg(x)) ,

and ° (42)
T =aT-T, :

where k = (0.1334 223 l/% | (43)
x = a7/(0.02693 7)/3) (44)

and(11) g(x) = x + 0.4024 x3/% + 3.4008 x1/¢ . (45)

The damage energy Tp is supposed to be deposited at the point of collision,
such that the spatial distribution of Tp will not include the recoil effect.

The number of defects, v, according to the Kinchin and Pease displacement

16



mode]‘lz) is

T
v = -ZE— N (46)
d

which is based on the hard sphere potential. For more realistic potentials,

Eq. (46) becomes(11)

Tp
V=N, (47)
d
where n (~ 80%) is the displacement efficiency which is a function of the
interatomic potential.

A more precise estimate of the damage can be made by following the
primary knock atoms. In this case, Ty given by Eq. (42) is deposited at the
end of the PKA trajectory when its energy is less than 2Ed, i.e. no longer
able to produce further displacements. Finally, the defect distribution can
be estimated by following every atom in the cascade capable of displacing a
target atom. Figure 4 shows and explains the displacement model adopted in
the calculations. The cutoff energy Ec may be either Ey or 2E4 and in both
cases a binding energy Ubin may be optionally included to account for the
amount of energy the recoil atom may expend in breaking its bonds in the
lattice. The value of the cutoff energy Ec can also take any pre-assigned
value which allows us to compare our results with other calculations that
employ different values for Ecs E4> and Ubin'

I1.4 Inhomogeneous Target

In dealing with an inhomogeneous material, i.e. a material containing

voids or bubbles, we assume that the cavities are randomly distributed in the

17
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. material with known distributions of the number density and the average
diameter, or the distributions of the void fraction of the cavities. It is

known(14'16) that

v, =L , (48)

where Vy is the volume fraction of the second phase, and L is the Tineal
fraction, i.e. the length of 1ineal intercepts per unit length of a random
test line.

This fact has been used by Odette et al.(17) to estimate the effect of
voids on the range and damage of ions in materials, but in that work no dif-
ference was made between the path of the ion and its projected range. In our
calculations the steps between collisions, Eq. (36), were increased according

to Eq. (48) by

AL =8 oe Ny, (49)

and the particle energy remains the same as it transverses the void. Thus, in
this model the actual path of the moving particles will be affected by the
presence of the cavities, rather than the projected range as in the model of
Odette et a].(17)

I1.5 The Computer Code HERAD

Figure 5 shows a block diagram of the computer program HERAD. The name
"HERAD" stands for "Heterogeneous Radiation Damage". The following is a brief

description of the code and the function of the procedures used in it.

19
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MAIN. MAIN is the starting procedure. It calls ZCRAYF, AINITIAL, and AMAINX.

ZCRAYF. ZCRAYF handles the input/output files according to the computer
environment, i.e. if the program is to be run on a CRAY-1 or CDC-7600
machine.

AINITIAL. This subroutine is called twice, first by MAIN to set the physical
constants needed in the calculations, and second by AMAINX to set some of
the input data to their default values and read the input data. AINITIAL
calls POTEN, ROPN1@, ZBXST, ASTPRM, and CSTST.

AMAINX. This is the main controller of the program. AMAINX follows the inci-
dent ions only, and it calls ZAPKA to follow the PKAs if that is re-
quested.

POTEN. POTEN is used to set the potential constants, used in the calculation

of the cross section, A, m, and q in Eq. (6).

ROPN1@. ROPN1@ is an entry point in the subroutine ENTRYS, and is called to
read the CDF of the potential which resides in an input file produced by
the program POTSET.

ASTPRM. ASTPRM calculates most of the parameters and constants used in other

procedures. Also, it calls the setting entry points BEAMST and EODST.
BEAM. BEAM provides the energy of the incident beam of ions. Three different
distributions may be used for the incident beam, mono-energetic, Gaussian,
or Maxwellian. In the case of the Gaussian distribution the function
EGAUSD is used, and in the case of a Maxwellian distribution the function
EMXWD is used. In both cases a call to BXER is made to record the energy.
EGAUSD. The function EGAUSD uses the Monte Carlo method to sample a Gaussian
distribution knowing its mean and its standard deviation. The method

employed is known as the sine-cosine method.(18>19)

21



EMXWD. This function also uses the Monte Carlo method to sample a Maxwellian
distribution.(ls)

BXER. BXER is used to record a variable into its associated histogram.
CSTPSE. This procedure outputs the step length between two collisions and the
electronic energy loss of the particle along this step. It calls XSTOT,
the random number generator RANF, and in case that the Brice formula is

used for the electronic energy loss it calls SECALC.

SECALC. SECALC calculates the electronic energy loss according to the Brice
formula (Eq. 41).

XSTOT. XSTOT calculates the total scattering cross section and the scattering

angle.

LOCIR, LOCPOS. LOCDIR determines the direction cosines of the scattered

particle after scattering knowing the angle of scattering. LOCPOS deter-
mines the coordinates of the next collision of the particle giving the
step length and the direction cosines.

ZSEBXP. ZSEBXP is used to record the electronic energy loss in a histogram.

COLLIDE. Calculates the laboratory scattering angle and the nuclear energy
loss in the collision.

ZAPKA. This routine follows the PKAs if requested.

SNBXR. Records the nuclear energy loss of the incident ions in the collisions
with respect to the space.

BCKSC. Records the energy of the backscattered particles.

DEEFF. Calculates the partition of the PKA energy into electronic and nuclear

energy according to Lindhard, Eqs. (42)-(44).

22



ENTRYS. It has the entry points, ROPN1@ which was mentioned before, GETIOS,
and GETIOM. GETIOS and GETIOM return the values of CDF and the PDF of the
scattering cross section.

SPUTT. Calculates the energy distribution of sputtered atoms.

EMEDIAN. Returns the median of a distribution.

FUNEM. Calculates the minimum angle of scattering.

MOMENT. Calculates the average, the standard deviation, the skewness, and the
kortosis of a distribution.

RANGE. Calculates the vector range, the projected range, the spread, and the
total path at the end of a history and calls BXER to record all the above
quantities in their histograms. At the end of all histories the energy
points, RANGEX is called to print out these histograms, to call MOMENT,
and to print the statistics.

RUTH, XLOW. Calculates the upper and the Tower limit of the scattering
function, respectively.

SEARCHZ2. Searches for the value of tl/2 which satisfies Eq. (15).

ZADJUST. Is called by any scoring routine when the score is out of the limit
of the histogram; it then doubles the histogram interval and adjusts the
scores in the histogram.

ZBXD. Calculates the distribution of the damage energy transported by the
PKAs and the statistics of this distribution.

ZLCASK. This routine is called from ZAPKA if all the displaced atoms are to be
followed. It follows a displaced atom by a PKA. During the slowing down
of this atom, the secondary, ZCASK stores the coordinates, the direction
cosines, and the energy of any displaced atom capable of producing more

displacements. After the energy of the moving atom falls below the cutoff

23



energy, ZCASK retrieves the latest stored coordinates, directions, and
energy and starts another branch in the cascade. This is done until all
the stored information is processed.

ZDISMDL. This routine is called by ZAPKA and ZCASK. It employs the displace-
ment model in the collisions and scores the resulting defects by calling
ZDFCTBX.

ZPKADIR. Calculates the direction of a recoil atom in a collision.

OUTNET. This is the main output routine. It calculates and prints out a com-
plete energy partition, different energy distribution, collision distri-
bution, and defect distributions. If plotting is requested, OUTNET writes
the desired information on an output file to be processed by the plotting
programs.

HERAD can be compiled to include graphic routines which help one to watch
the paths of the moving particles, projected on any plane, on a display termi-
nal. This was mainly used as a debugging tool instead of having a huge amount
of print output describing the trajectories of the particles at each col-

lision. An example of this output is shown in Fig. 6.
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a)

h -'.’
! & Lp———

i VLA |
Rl P 1

Figure 6 Display output from HERAD: a) 10 histories of 2 keV Cu-Ni;

b) trajectories of PKAs produced by one history of 2 keV Cu

ion on Ni; c) the complete cascade developed by one history
of 2 keV Cu ion in Ni.
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IIT1. Input Description

ITI.1 Introduction

The input to the HERAD code is simple. Only two records are required: a
title card at the beginning, then a namelist record which sets the values of
some or all of the input variables. There is an optional control card which
contains either the word "NEW" to start a new case, or the word "END" to
terminate the program.

The file which contains these input records, after being read for the
first time by the program, would have an additional record at its beginning.
The record is an integer number of ..#@ in I3 FORMAT. Al1 the output files
will be named using this number. The number will be incremented by 1 every
time the file is read by HERAD. See Section V.3 for the naming convention
used by HERAD. In the following is a description of each record.

I1I1.2 Title Card

This record contains up to 80 ASCII characters used as a title to the
problem and will appear on the top of every output section. If no title is

required, this record should be Teft blank. An important restriction on this

record is that the first three characters of this card should not contain any
integer number.

II1.3 First Namelist Input Record

ALAT. Default (none): is the cube root of the volume of the unit cell of the
target materials. Note only mono-component targets are allowed in this
version of HERAD. ALAT together with NFORM are used to calculate the
atomic density of the target (see ALATA and ALATD for other alternatives).

NFORM. Default (@): this is the number of atoms in the unit cell (used only

if ALAT is used).
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ALATD. Default (§.9): the gram density (gm/cm3) of the target, and is an
alternative to ALAT and ALATA.

ALATA. Default (@.8): the atomic density (atoms/cm) of the target, and is
an alternative to ALAT and ALATD. Note: only one of the three variables
(ALAT, ALATD, and ALATA) should be used, and the other two should be set
to zeros.

PT. Default (0.0): the atomic mass (amu) of the target atoms.

IT. Default (@.@): the atomic number of the target atoms.

ED. Default (25.): the average displacement energy of the target atoms in eV.

-P—_.

—

Default (@.0): the atomic mass (amu) of the incident ion.

ZI. Default (@.@): the atomic number of the incident ion.

EION. Default (@.8): the energy of the incident ions in keV.

EDIM. Default (25.): the cutoff energy of the incident ion, i.e. an ion's
history is ended when ion's energy has a value < EDIM.

ACI. Default (9.0): the direction cosine of the angle between the incident
direction of the ion and the x-axis.

BCI. Default (#.8): the direction cosine of the angle between the incident
direction of the ion and the y-axis.

CCI. Default (1.): the direction cosine of the angle between the incident

direction of the ion and the z-axis.

X00. Default (6.0): }_ the cartesian coordinates of the point of jon

injection (it could be inside the target)

Y00. Default (¢.9):
200. Default (9.9):

LMONO. Default (.TRUE.): to use monoenergetic beam.
LGAUS. Default (.FALSE.): if set to .TRUE. the program will sample Gaussian
energy distribution for the incident beam with EION as the average energy

of the distribution and ESIGMA as its standard deviation.
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ESIGMA. Default (@.@): the standard deviation of the Gaussian energy distri-
bution (in keV) of the beam and used if LGAUS is set to .TRUE. .

LMAXW. Default (.FALSE.): if a Maxwellian energy distribution of the inci-
dent beam is required this variable should be set to .TRUE. and the vari-
able EKT should be set to the maximum energy (in keV) of the distribution.

EKT. Default (@.9): see above.

SEFRM(1). Default ("LSS"): this variable sets the electronic energy law used
for the incident ion in the target. Other choices are: "FIRSOV", "BRICE",
and "EXPR". If SEFRM(1) = "BRICE", the user should supply the three para-
meters for Brice formu]a,(g) which uses SETA(1), ALP(1), and EN(1) (see
below). If SEFRM = "EXPR", the user should include in the input the
values of NEXP(1) and CSE(1) (see below).

SEFRM(2). Default ("LSS"): exactly as SEFRM(1), but is used to set the
electronic energy law which governs the electronic energy loss for the

recoils (i.e., the target atoms) in the target.

SETA(1). The three parameters Z, A, and N of the Brice formula
ALP{T]. . . s .

EN(TY. for the ion-target electronic interaction.

SETA(2).

ALP(2). As above, but for target-target electronic interaction.

NEXP(1), CSE(1). If SEFRM(1)="EXPR" the program will use the following

formula for the electronic energy loss
Se/N = CSE(l)E(NEXPCI/IQG)

where E is the energy in keV, N is the target atomic density (atom/cm3),
and S, is the electronic stopping power for the incident ions in the
target. S,/N should be in the units of 1¢‘18 keV-cm?/atom.

NEXP(2), CSE(2). As above but for the recoils in the target.
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CKL(1). Default (1.): a coefficient which can be used to decrease (or in-
crease) the electronic stopping power of the ion.

CKL(2). Default (1.): as above but for the recoils.

SELIMT. Default (5.): this is to impose a constraint on the length of the
step between two successive collisions such that the electronic energy
Toss along that step should not be greater than (SELIMT/100.)E, where E is
the energy of the particle at the beginning of the step. To remove this
constraint SELIMIT should be set to any negative value.

SMIN. Default (1.): this is another constraint on the step between col-
Tisions. The value of SMIN is in the unit of the average distance between
the target atoms, and it sets minimum distance the particle can take be-
tween collisions. To remove this constraint set SMIN to any negative
value. |

SMAX. Default (1@@.): also in units of the average distance between the
target atoms, it sets the maximum distance a moving particle can take
between two successive collisions.

POT & FILENAME. POT is the name of the potential used to describe the nuclear

interaction, and FILENAME is the name of the file which contains the cumu-
lative distribution function of that potential. There are six potentials

available; the following table gives the default file name for each one.

POT FILENAME Potential

tf ptfed Thomas-Fermi

tfs ptfsed Thomas-Fermi-Sommerf

bohr pbohre4 Bohr

1z pLzed Lenz-Jensen

mol pmole4 Moliere (23)
tfb ptfbed Thomas-Fermi as was suggested by Biersack
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The cumulative distribution function for any of these potentials is calcu-
lated and written by the program XPOTEN which will be described briefly in
the next chapter.

ANGLI(I), I=1,2. Default (1.,1.): the cutoff angle (in degrees) for calcu-

lating the collision cross section for ions (I=1) and recoil (I=2).
Alternatively one can set this lower 1imit in terms of energy (see LANG
and EM).

LANG(I), I=1,2. Default (.FALSE.,.FALSE.): if LANG(I)=.TRUE. the program

will use the value of EM(I) as the lower 1limit in evaluating the collision
cross section integrals.

EM(I), I=1,2. Default (=ED): energy in eV for the lower limit of the inte-

gration of the cross section.

UBIN. Default (@.@): the binding energy of the target atoms in eV.

UF. Default (2.ED): a cutoff energy in eV used together with ED to control
the displacement model (see Fig. 4).

CESTR(I), I=1,2. Default (1.): this is the coefficient kgm used in Eq. 11 to

allow for changing the value of the energy below which the cross section
is calculated using Eq. 5.

LFRSV. Default (.FALSE.): 1if LFRSV=.TRUE. the program uses the screening
length of Firsov given by Eq. 4 instead of using Lindhard's value (the
default).

CSCRN(I), I=1,2. Default (1.,1.): the factor k in Eq. 2.

LPRIM(1). Default (.FALSE.): if LPRIM(1)=.TRUE., the program will follow all
the primary knockon atoms generated in the collisions of the incident ion

with target atoms.
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LPRIM(2). Default (.FALSE.): 1if LPRIM(2)=.TRUE. the program will follow
every displaced atom generated in the collisions of either the incident
ions or the target recoils, i.e. a complete cascade is simulated.

LHET. Default (.FALSE.): if LHET is set to .TRUE. the program will read a
second namelist input which sets the experimental void distribution
function.

NHIST. Default (none): the number of histories (incident ions).

ISTP. Default (=NHIST): if ISTP is set to a value less than NHIST the program
will output the statistical results every ISTP histories.

ISEED. Default (8 on the CRAY computers, @@7777772@0@@@1B on the CDC76¢@
computer), the seed of the random number generator.

NORM. Default (1): the statistical outputs are normalized to "NORM" value.

BXV. Default (5@. angstroms): the initial value of the channel incident
ions.

BXD. Default (5. angstroms): as BXV but for the incident ions depth histo-
gram.

BXP. Default (5. angstroms): as BXV but for the incident ions path length
histogram.

BXR. Default (5@. angstroms): as BXV but for the perpendicular range histo-
gram.

BXE. Default (5@. angstroms): the initial value of the channel width of the
histogram used to tail all energy quantities as well as displacements,
replacements, etc.

INTORM(I): This logical array is used to control the outputs of the program.

The different elements have the foT]owing effects:
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I=1. Default (.FALSE.): 1if .TRUE. outputs the coordinates and the energy
of the incident ions every collision.

I=2. Default (.FALSE.): as INFORM(1), but for the PKAs.

[=3. Default (.FALSE.): as INFORM(1), but for secondaries.

I=4. Default (.FALSE.): 1if .TRUE. outputs the coordinates and the energy
of the incident ion at the end of each history.

I=5, I=6. Default (.TRUE.,.TRUE.): to control the output of histograms
every "ISTP" histories. To get that output only after "NHIST" set
INFORM(5)=.FALSE. and INFORM(6)=.TRUE. . To suppress the output of
this part set both .FALSE.

1=7. Default (.TRUE.): to calculate and output the energy balance of
jons.

[=8. Default (.TRUE.): to calculate and output energy balance of PKAs.

1=9. Default (.TRUE.): to output the distribution of energy deposited
into damage, electronic, and the distribution of various defects.

1=18. Default (.TRUE.): to output the energy distributions of the back-
scattered ions and the sputtered atoms.
LPLOT. Default (.FALSE.): if LPLOT=.TRUE. the program will write its output
on a binary file which will be used later by the graphic program XPLOT.
LPLTK(I), I=1,3. Default (.FALSE.,.FALSE.,.FALSE.): if the program is com-

piled so as to include graphic routines, the program will output to the
user terminal (which should be a graphic terminal) the trajectory of the
ions (if LPLTK(1)=.TRUE.), the trajectory of the PKAs (if LPLTK(2)=.TRUE.),
and the trajectory of the secondaries (if LPLTK(3)=.TRUE.) (see next
section on how to compile the program and using this option). Although

the inclusion of the graphic routines makes the program considerably
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bigger and slower, this option was a powerful tool in the debugging
process of the program.

ZMINA, ZMAXA, YMAXA. Default (-5.,300.,100): sets the graphic window in the

target which would be seen on the terminal's screen. ZMINA, ZMAXA set the
depth range, and YMAXA sets the perpendicular range such that the left
corners on the screen have the coordinates (ZMIN,_YMAXA) and (ZMIN,YMAXA)
with respect to the target. The right corners have the coordinates

(XMAXA, _YMAXA) and (ZMAXA,,YMAXA).

I11.4 Second Namelist Record

This is required if the logical variable "LHET" in the first namelist
record above has been set to .TRUE. This namelist record has the following
variables:

NOREGV. The number of intervals in the void distribution. This should not be
greater than 20 (intervals).

VOIDBX(1). The depth coordinate of the LHS of the first interval (in
angstroms).

VOIDBX(2). The interval width (in angstroms).

VOIDFR(I), I=1,2@¢. The percentage void fraction of the i-th interval.
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IV. Sample Problem

A case for 901.3 keV Be ions incident on U target is presented here. The

input for this case is shown below:

1 be+ ions (SE81.3 kev) on u target

2 filenome= "ptfed" s pot="ier

3 zt=92. . pt=238.1 . alota=4.725e22

4 zi=4, » pi1=9.,813

5 sefrm="brice", "lss"

& setal(l)=2.245 alp(l)=.285 en(i)=2.3543
v gion=981.3 » nhist=1868 » istp= 88

o adim=25,8 ed=25. angli=1.0,1.8

G Iprims=,t.., L S
14 Iplot=.%t..
11 hxw=56, bxr=58. bxd=58. bxp=50. bxe=58.
12 smin=1. , smax= 18BB. , selimt=S. $
13 #

1008 histories are used and full cascade simulation is requested
(LPRIM=.TRUE.,.TRUE.). The user should be cautious in using this option with
such number of histories with high energies because it could be very expen-
sive. Minimal input was used, in this case. The output for this case is
given in the next pages. The first page is a 1ist for the input.

The next page of the output shows all the parameters of this case (atomic
number, etc.). Next the analysis for the incident ion range (depth, path,
spread, and vector range), and histograms of the distributions of each of
these quantities is shown.

After that a complete energy balance is given. Next to the energy
balance there is a table which contains the distribution along the target
depth of the following quantities normalized to 1 incident ion: the average
number of collisions made by the ion, the electronic energy loss (ioniz.), the
nuclear energy loss (nuclear), the energy of the displaced recoils (displac.),
the electronic energy loss of the recoil (rec-ionz), the energy lost in non-
displaced collisions (phonon), the damage energy carried by PKAs (dmg/pka),

the electron energy loss by the PKAs (se/pka), the electronic energy loss by
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the secondaries (se/scnd), and the distributions of the defects (V for vacan-
cies, I for interstitials, V-I for near vacancy-interstitial pairs, and Rplc
for the replacement events). Finally an energy distribution for the back-
scattered ions followed by the energy distribution of the sputtered atoms is
given.

Graphic outputs of this case using the controllee "XPLOT" are also shown

(Figs. 7-10).
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V. Availability of the Code

V.1 Availability of the Code

The HERAD code is available on the NMFECC (National Magnetic Fusion
Energy Computer Center, Livermore) computers. The code can be run on the CRAY
or the CDC760@ computers. The directory c-herad in the FILEM space of user
#14225. This directory contains the source file "sherad", the controllee file
"xherad" (the executable program), the potentials files mentioned in Section
IIT.3, an input file "ibeu" for the test case described in the next chapter,
the output file for the test case "obeu@@". Also available in this directory
the controllee file "xplot" and its input file "iplot".

V.2 Compilation and Loading

The source file sherad contains the cliche lllpeode" (lines 8-13). This
cliche has the parameter "ipltk" which is set to zero. To get a controllee
which can direct graphic output to the terminal, set ipltk to a non-zero
value. Also in this cliche is the parameter "maxstr" which has a default
value of 49@. The parameter is used to set the dimension of the arrays used
to store the coordinates and the direction cosines and the initial energy of
the displaced secondary atoms in a cascade generated by a primary knockon
(PKA) atom. If the number of coils expected exceeds the value of "maxstr",
the user should set it to a larger value, otherwise the program will stop if
the allowable storage is consumed.

To compile and Toad the program on the CRAY computers, open the source
file "sherad" with the text editor "TRIXgL"(2%4) and type "run", the program
will be “"pre-compiled" with "PRECOMP", compiled with the compiler "CFT" and

finally loaded with the loader "LDR". On the CDC76@@ open the source with
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“TRIXGL" and move lines 5-6 after line 1 and type "RUN". In this case the
"CHATR" routine will compile and load the program.

Before running the controllee ("xherad"), the user should prepare an
input file (the default name of this file is “iherad") according to what was
described in the last two sections. The user should have also the potential
file to be read by the program in his/her disk space. To run the code type

xherad i=ifile /t
where "ifile" is the name of the input file and "t" is approximate time esti-
mated for this run.

V.3. Output Files Naming Convention

The second to the sixth characters (maximum of 5 characters) of the name
of the input file are used in naming all the output files. These characters
are added to the letter "o" or the letter "g" for the name of the output
(text) file and the name of the graphic (binary) file respectively. As was
mentioned in Section III.1, two characters are added to the names of the out-
put files. The Tast two characters are a number from @ to 99, according to
the first record in the input file (see Section III.1). Thus if the name of
the input file is iabcdefg, the output files will be oabcde@@ and gabcde@, if
the file iabcdefg was read for the first time. If the same input file is used
again the names will be oabcde@l and gabcde@l, i.e. every time the input file
is read the number in the output files is incremented by 1.

Besides these output files, HERAD copies the input file to a log file.
This log file will be created if it does not exist in the user's disc space.
The purpose of this file, which has the name "<logdamg", is to keep a record

for all the cases run by the program.

48



Acknowledgment

Support for this work has been provided by the U.S. Department of Energy.

49



References

1.

10.

11.

12.
13.

14.

15.
16.
17.
18.

19.
20.

J. Lindhard, V. Nielsen, and M. Scharff, Mat. Fys. Meddn. Dan. Vid.
Selsk. 36, No. 10 (1968).

K. B. Winterbon, Proc. Int. Conf. on Atomic Collision in Solids IV, held
in Gausdal, Norway, 1971. Gordon and Breach, London, 429 (1972).

K.B. Winterbon, P. Sigmund, and J.B. Sanders, Mat. Fys. Meddn. Dan. Vid.
Selsk. 37, No. 14 (1970).

P. Sigmund, Phys. Rev. 184, 383 (1969).

N. Bohr, Mat. Fys. Meddn. Dan. Vid. Selsk. 18, No. 8 (1948).

J.P. Biersack and L.G. Haggmark, Nucl. Inst. Meth. 174, 257 (1980).
J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).

0.B. Firsov, Zb. Eksp. Teor. Fiz. 36, 1517 (1959), [Soviet Phys. JETP 36,
1076 (1959)]. —

D.K. Brice, Phys. Rev. 6, 1971 (1972).

J. Lindhard, V. Nielson, M. Scharff, and P.V. Thomsen, Mat. Fys. Meddn.
Dan. Vid. Selsk. 33, No. 10 (1963).

M.T. Robinson, Proc. Int. Conf. on Radiation-Induced Voids in Metals,
Albany, NY (1971).

G.H. Kinchin and R.S. Pease, Rep. Prog. Phys. 18, 1 (1955).

D. McLean, Grain Boundaries in Metals, Oxford University Press, London,
110 (1957).

E.E. Underwood, Quantitative Stereology, Addison-Wesley Pub. Comp., 25-29
(1970).

R.L. Fullman, Trans. AIME 197, 447 (1953).
J.W. Cahn and R.L. Fullman, Trans. AIME 206, 610 (1956).
G.R. Odette, D.M. Schwartz, and A.J. Ardell, Rad. Eff. 22, 217 (1974).

D.E. Knuth, The Art of Computer Programming, Vol. II, Addison-Wesley,
Reading, Mass., 1969.

J.H. Ahrens and U. Dieter, Comm. ACM 15 873 (1972).

C.W. Maynard, in Symp. on "Neutron Cross Section from 10 to 40 MeV, L
held at Brookhaven Nat. Lab., NY, 1977, BNL-NCS-50681, 375 (1977).

50



21.

22.

23.
24,

V.V. Federov, "Theory of Optimal Experiments," Academic Press, NY, 33
(1972).

N.F. Mott and H.S.W. Massey, "The Theory of Atomic Collisions," 3rd Ed.,
Oxford University Press, London (1965).

J.P. Biersack, private communication.

See the on-line program "document" on the NMFECC Computers.

51




APPENDIX A. APPLICABILITY OF CLASSICAL MECHANICS

If we wish to apply the classical mechanics to the collision problem, two
conditions must be satisfied.(ZZ) The first is that the orbit of the particle
must be well-defined in relation to distance, and the second is that the de-
flection due to the collision must be well defined. The first requires that
the DeBroglie wavelength x of the particle should be less than the minimum
dimension associated with the collision. A suitable choice of this distance

is the collision diameter b. Thus,

x = Mh <<b . (A.1)
0’1
. b
Defining X =3 (A.2)
Eq. (A.2) becomes x > 1. (A.3)

The second condition requires that, if Ap is the momentum transfer in the

collision, one must have
bap >> h . (A.4)

Ap is the order of V(b)/vl, and hence we have

V(b)
b VIF—->> 1. (A.5)

In terms of the angle of scattering 6, which is of the order V(b)/Movz, this

condition can be written as 8 > h/mva. Since 0 is of the order of unity, and
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in case of Coulomb interaction, the first condition, Eq. (A.3), is a necessary
and sufficient condition for using classical mechanics, leading to Rutherford
scattering.(z)

For the case of minimum screening, i.e. £ << 1, € >> 1, or minimum
distance of separation, and when condition (A.3) is satisfied, classical me-
chanics can be applied and leads to Rutherford scattering for all angles
larger than a minimum angle. This minimum angle corresponds to an impact

parameter in the order of the screening length and is given by Bohr(S) to be
leze2
Onin * 85 ——2—> (A.6)
M vra
o'l
and by Mott and Massey(ZZ) as

5.8 2473
min - ——7— - (A.7)

Mov a0

S

If Eq. (A.3) is not fulfilled, i.e. when x > b and still £ << 1, i.e. (b << a),
the Born approximation can be used and there will be a region of scattering

angles confined to Rutherford scattering with a minimum angle given by

_ A
Onin = 3 (Bohr)

and (A.8)
) = 2.1 Zl/3h/(M vya ) (Mott and Massey)

min T2 017" °

In the case of excessive screening, i.e. b > a, condition (A.3) would not

be sufficient for the classical mechanics to be applied, and we require X << a

rather than A << b. In this case, it would be impossible to trace angles
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smaller than

mi:_g_
Onin © 5 = (A.9)

and the scattering will be essentially different from that in the unscreened
fields. The scattering then tends towards a spherically symmetrical angular
distribution. Thus the condition for classical mechanics to be applied in

this case is oy, << 1. From Eq. (A.9), this implies that
X >> E . (A.10)
When * > a, the quantum mechanics treatment should be used. However,
there exists a region where the Born approximation can still be used where

x < x/2a or

x << VE . (A.11)
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