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I. INTRODUCTION

The study of void formation in heavy-ion irradiated nickel has been aided
by the use of an experimental technique which allows the irradiated foils to
be viewed directly in cross-section.(l’2’3) With this technique, it is
possible to study effects such as the void denuded zone at the front surface
and the depth to which the damage extends. In addition, the microstructural
state of the material along the ion path can be directly measured by properly
interpreting this microstructural information, a better understanding of void
formation under heavy-ion irradiation can be gained, leading to a better
insight into the relationship between heavy-ion induced damage and displace-
ment damage produced by fast neutrons.

The interpretation of the depth dependent microstructure 1in heavy-ion
irradiated metals is aided if the depth profiles of the vacancy and inter-
stitial concentrations are known. Previous calculations, both analytical and
numerica],(4'9) have solved this problem in various forms, but none had solved
the completely general case of heavy-ion bombardment. To fill this need, a
computer code was written to calculate the steady-state vacancy and inter-
stitial concentrations for any specified defect production profile with any
general, depth dependent void and dislocation microstructure. For the
specific case of heavy-ion irradiation, the excess interstitials introduced by
the incoming ions can be included. If the incoming beam is of a different
chemical species than the target, it is possible to estimate the final
impurity distribution using a simple radiation enhanced diffusion code.

In this paper, the theoretical equations will be discussed in Section 2.
Section 3 will discuss the numerical techniques, and Section 4 will present
the various options of the code and some typical results. The code listing

will be given in the Appendix.



IT. THEORETICAL BACKGROUND

A. Steady-State Point Defect Concentrations

At temperatures sufficiently high enough to be of interest in studies
involving void formation, the point defect concentration in the matrix can be
found by solving the rate equations which determine the net rate of loss or
gain of defects in the matrix. The equations are conservative equations
formulated to describe the average defect concentrations in an irradiated
material. These questions are found by integrating over a spatial distance
greater than the average sink spacing and over a time interval greater than

the cascade lifetime. The rate equations can be written in their steady-state

form as:
2 *
Ve(DVC)+P -DK“(C-C )-o.C =0 (1)
vV Vv v V'V v v i‘v
and
v . (D,%C.) +P, - DK% (C,C.") - aC.C_ =0 (2)
i i ii i iv o
where
Cy,i are the average vacancy and interstitial concentrations,
Dv,i the diffusion coefficients,
Pv,i the point defect production rate,
Ks j the total sink strengths for the defects. DvaKv2 is the total Toss

. . . * . L.
rate of vacancies to sinks, while DVCv sz is the vacancy emission

rate from sinks,



a the bulk recombination coefficient, and

C:,i the thermal defect concentrations in the absence of irradiation.

Di» Dy and o are temperature dependent material parameters and will not
vary with depth unless large compositional gradients are present in the foil.
For most cases of interest, the power input from the beam is so low that
temperature gradients are negligible. For virtually all cases of experimental
interest, Egs. (1) and (2) will only depend on one spatial variable. Beam
diameters are typically > 103 um while beam penetration is ~ few um. Hence, a
one-dimensional treatment will be adequate for all of the irradiated area
except the extreme beam edges.

The effective sink strength terms K? are found by modeling each type of

i,v
sink as a single discrete sink in a homogeneous medium.(lo) If there 1is no
activation barrier for the transfer of defects across the sink boundary, these
sink terms are given by

2i,v _

Kioiq = 4™,C, (3)
for both interstitials and vacancies into a system of voids of average radius

r, and concentration Cv, and

v

21,v
dislocation z pD

(4)

where Z1>V is the bias term for interstitials or vacancies to dislocations and
pp is the total dislocation density. Note that it is postulated that dislo-

cation wiil have a larger bias for interstitials than vacancies. This will



lead to a slightly larger number of vacancies free to migrate to the void
sinks than interstitials and hence give void swelling.

The homogeneous recombination coefficient @ is given by(ll)

a =27V, (5)

where Z,. is the recombination volume and V; the interstitial jump frequency.
The recombination volume is defined as the volume of material surrounding a
point defect that will always lead to the annihilation of any unlike defect.
A typical recombination volume is about 40 atomic volumes. In general, o
depends on both the vacancy and the interstitial jump frequency, but since the
interstitial jump frequency is so much higher than the vacancy jump frequency,

a can be rewritten as

a=A*D, (6)

where A is a temperature independent material parameter on the order of 1015,
The point defect production rates P; and P, are generally taken to be
equal to the displacement rate calculated by an appropriate model. This is an
obvious simplification of the actual process since the bulk of the displace-
ments under neutron or heavy ion irradiation are created in displacement cas-
cades. The high Tocal density of defects in these cascades will lead to a
certain amount of immediate recombination in the cascade and reduce the number
of defects free to migrate into the bulk of the lattice. This process, which
has been partially modeled by computer codes, is still poorly understood and
at the present time, it 1is not feasible to attempt any refinement of the

defect production rates.



The point defect diffusion coefficients are given by

= pV,i _eV,i

Dv,i = D exp( En /kT)

where D;’l is the vacancy or interstitial pre-exponential, and
E;" the motion energy of the defect.

The thermal point defect concentrations are given by
eg = V,i - f
Cv,i exp (Sf /k) exp ( Ev,i/kT) (7)

where exp (S¥’i/k) is the formation pre-exponential, and

Et i is the vacancy or interstitial formation energy.
In most cases of interest, the formation energy for interstitials is so large
that the equilibrium interstitial concentration can be neglected. If there
exists non-equilibrium sinks in the system (i.e., voids or small dislocation

loops) the point defect concentration at the sink boundary will have the form

* - eg
Cv,i C,” exp (AE/KT) (8)

where AE is the free energy change of the system when the sink emits a defect.

For voids, AE is given by

voids _ 3 3
AEv,i = (Pb” + Y b /rv) (9)

where P is the gas pressure in the voids,

Y the surface energy,



b the nearest neighbor spacing of the material, and

r, the void radius.

v
Generally, the thermal emission of interstitials can be neglected.
Once the point defect concentrations have been calculated for a given set
of conditions, the net flux of vacancy into voids is given by
J =DC -D,.,-DC (10)
VooV i Vv oo
Hence, for a microstructure containing a void concentration of N, with an

average void radius Fygs the swelling rate due to void growth will be
(—v) = 4n NVrVJv . (11)

B. Radiation Enhanced Diffusion

In a material which is being bombarded by heavy ions, there are some
peculiar effects that may occur in the end-of-range region. Heavy-ion irradi-
ation generally involves the injection of a large atom that can take a sub-
stitutional site in the lattice, therefore a correct accounting of the inter-
stitial production rate in the end-of-range will allow for the interstitials
produced in excess of those produced by actual displacement reaction. These
excess interstitials can be important in certain cases.(12)

If the bombarding ion is not the same chemical species as the target
material, there may be interactions of the point defects with the impurity
atoms in the end-of-range region. The initial distribution of the implanted

ions can be estimated from calculated range and range distribution data. The

final distribution of ions will be quite different, however, due to diffusion



of the impurity atoms out of the end-of-range region. This effect may be
quite dramatic since the diffusion coefficients for most impurities will
increase quite significantly during irradiation due to the increased concen-
tration of mobile defects. In general, the concentration of an impurity of
type A is described by(9)

SCA

a— =V « [(D,Vi,) + D

oy Dy ¥ey ] S

A A A

where up is the chemical potential of the species A,
Dpy @nd Dp; are coefficients relating the interaction of the flux of
impurity atoms to the flux of vacancies and interstitials, and
Sp is a source term for the impurity A.
The diffusion coefficient Dy for impurities which diffuse substitution-

ally is given by

D, = 2 FDnCh (13)
where the sum is over all mobile defects and defect clusters,
the Fn's are correlation factors, and
the Cn's are concentrations of the respective defects or defect clusters.
Under irradiation, one must learn how to relate the diffusion fluxes to
the thermodynamic forces that cause these fluxes by studying the thermo-
dynamics of irreversible processes. The large concentration of vacancies and
interstitials during irradiation will modify the equilibrium values of the
chemical potentia1(13) and may alter or even destroy the driving force for

diffusion, Hence in Tieu of an accurate solution of this problem one is



limited to modeling the enhanced mobility of the impurity due to the enhanced
concentration of mobile defects and then making an assumption about the
driving force for diffusion.

III. NUMERICAL METHODS

To solve Eqs. (1) and (2) for a case typical of heavy-ion bombardment
where both the defect production rate and the sink density vary with depth, it
was necessary to apply a numerical solution. To solve these equations, appro-
priate boundary conditions are needed. For a semi-infinite solid with a depth

dependent defect production rate, these are:

th

1}
(gl

C. (o) =C

v v Cv(x+w)

(14)

"
o

n
(an]

C, (o) Ci(x*w)
For a solution of the problem for a foil with a constant defect
production rate, the boundary condition at (x*=) is replaced by a reflecting

boundary condition such that

lim _7i,v _ o (15)

To solve these equations, the problem was formulated in a manner similar to
Myers, et a].(g) By use of the method of lines, the partial derivatives in x
were replaced by corresponding difference quotients on a grid of M points

spaced at depths x:



Dearyp Ty G Bt
o 2, k+1/2 X k-1/2' 8% 7
D 5
x 0 3% (B, ¥ 8%, {172
= 0Ly = B, *+ Y Cpy (16)
where
D, .. +0D
D T D
Des1/2 = =7 (17)
Axk = X1 T Xy (18)
. ) 2Dy 172 (19)
k Axk+1 (Axk + Axk_17
\ Dy 4172 (20)
K Bx, (&%, + 8% )
By =0 Y (21)

For programming, these equations were formulated in terms of a vector Y,
where Y; is identified as Cj(xp), Yy as Cy(xp), Y3 as Cj{xp), Yg as Cy(xp),

etc. With this notation, the two equations to be solved are

v _ aV v vV _ v _ othy _
% Yaeos T B Yoot Y Yo H P T K (Yo — C0)
=Wy o V=0 (22)



and

i _ ol i i _ i _ yliv =
% Yak-a 7 B Yaken T Take2 TP T M Yaker TR Yaep¥ak-r = O (23)
where KZ” is the total sink strength for vacancies or interstitials in

interval k.

The equations were solved using a modified Gauss-Siedel iteration
technique.(l4) The initial values for C;(x) and C,(x) from which the
iteration process proceeded were taken as the solutions of Eqs. (1) and (2)
assuming no point defect diffusion out of each zone (V°DVVCv = 0) and that

D;C; = D,C

iCy vCve From these initial values, Eqs. (22) and (23) were used to

calculate new values of C; and C, until a specified convergence criterion was
met. The rate of convergence of these equations was increased by allowing a

k k
j or Cv both

relaxation coefficient ay to increase if consecutive values of C
increased or both decreased, and by decreasing ay if consecutive values
oscillated.

Equation 12 was formulated to correspond to a case where Cy at time t = 0
was equal to zero, and where the source term SA(x) corresponded to the rate
and spatial dependence of impurities that are the deposited ions. No solute
drag was assumed (i.e., Day and Dpy = 0) and the point defect concentrations
needed for Eq. (13) were taken from the previously described steady-state
solution. This solution of a time buildup and diffusion of impurities using
point defect concentrations from a steady-state calculation will not be in
large error if the time interval over which the integration is performed is

not so long as to allow significant changes in the microstructure to occur.

To integrate over long time periods, the point defect calculations should be

10



repeated several times using the appropriate sink strengths, and in this
manner getting a quasi-time dependent Dy . The advantage of this procedure is
that it allows the solution of Eq. (12) using experimentally determined sink
strengths as opposed to a solution which used sink strengths calculated by
integrating from some earlier time.

Equation (12) was formulated in a manner similar to Eq. (1) and (2) and
integrated using a forward difference technique. The time step used in the
integration was 0.45 of the smallest Fourier number Fo(k) in the system, where

(%, )

FO(k) =W . (24)

The initial and boundary conditions were

(25)

IV. RESULTS

The material parameters used in this study were those measured for nickel
and are 1listed in Table 1. The vacancy and interstitial concentration
profiles obtained from the code using the point defect production profile of
14 MeV nickel ions are shown in Fig. 1. In this case, the temperature was
525°C and the sink density was assumed to consist of dislocations at a uniform
density of 5 «x 109 cm/cm3. Note that all of the curves except for the

deposited ion curve are normalized to the peak values given in the figure.

11



Table 1

Input Parameters Used in Solving Eq. 1 and 2

Most Material Parameters are from Ref. 15

Temperature

Surface Energy

Vacancy Migration Energy

Interstitial Migration Energy

Vacancy Formation Pre-Exponential

Interstitial Formation Pre-Exponential

Vacancy Diffusion Coefficient
Pre-Exponential

Interstitial Diffusion Coefficient
Pre-Exponential

Vacancy Formation Energy

Interstitial Formation Energy

Recombination Factor, a/Dj

Dislocation Bias

Ion Flux

12

5

25°C

1000 J/m2 (erg/cm?)

1

0

4.
5.

[

AN

.38 eV
15 eV
48

0

.062 cmé/s

.12 cmé/s
.39 eV

.08 eV

x 101° cm2
0%

x 1012 jons/cm?/s



NORMALIZED VALUES

DEFECT PROFILE AND PRODUCTION RATE vs. DEPTH

I ] ] I | | | | | i | |
oL 14 MeV Ni ON Ni
525° C
0.9 Pd = sxl09cn7‘2
0.8 - \
0.7 VACANCY, \
INTERSTITIAL /
0.6 — \CONCENTRATIONS j \
/ \
0.5 | |
/ \
0.4 |- // \
0.3 4 PRODUCTION \
' P RATE
\
0.2

0.1

0.0 ! ! [ I I ]
00 04 038 1.2 1.6 2.0 2.4

DEPTH (pm)

Fig. 1. Calculated vacancy and interstitial concentration profiles for 14
MeV nickel ions incident onto a nickel target.

2.8

normalized to the peak values shown in the figure.

13

The curves are all



There are several general features of these curves that are important in
interpreting heavy-ion irradiated samples. First, the variation in the point
defect concentrations is much less than the variation in the production rate
curve. This is due to the increased recombination rate and the excess
interstitials deposited in the end-of-range region. Second, there is a sharp
dip in the concentration curves near the front surface. The front surface
serves as a perfect defect sink and hence reduces the point defect concen-
trations near it. In this region, void growth will be impossible, leading to
a void denuded zone. Finally, the diffusion of point defects beyond the pro-
duction curve end-of-range gives a significant point defect concentration in
this "undamaged" region. This effect could lead to observable defect clusters
beyond the ion end-of-range.

Figure 2 shows the fraction of defects in each depth interval lost to
sinks, by recombination, and by diffusion out of the interval. (Note that a
negative diffusion fraction occurs when defects are diffusing into a depth
interval.) In this particular case, the bulk of the defects are Tlost by
recombination, with the fraction lost by recombinations increasing with depth.
Beyond the end-of-range (i.e., ~ 2.6 um) the point defect concentrations are
low and they are annihilated predominately at the dislocation sinks.

In Figs. 3 and 4 the results of a similar run are shown except in this
case, experimentally measured dislocation and void densities were used from
Reference 3. The total sink strength increased with depth, having a peak
value ~ 5 times the value at 0.5 um. This increasing sink strength has de-
pressed the peak concentration and increased the fraction of defects lost to
sinks. The end-of-range region of this sample shows ~ 40% of the defects

being lost by absorption at sinks.

14



FRACTION OF DEFECTS LOST

DEFECT FATES vs. DEPTH

| | | | | | | | | | | | | | | i | | { |
1.0 .
0.9 -
0.8 \Rscomammon
0.7 I -
0.6 _

0.2
\ 4 ]

O.1 |

o e e S e S Sva— p— — —— —— “e——

-0.1 \ -

-0.2 L1 1 :
0 00 04 0.8 .2 L6 20 24 28 3.2 36 4.0

DEPTH (MICROMETERS)

0.5 [} -
0.4 -
0.3 ' _
f=——DIFFUSION
\

Fig. 2. The distribution of the defects produced by the calculation of Fig.
1 to their various sinks. A positive fraction for diffusion refers
to a net loss of defects out of the depth interval while a negative
fraction refers to a net gain of defects.
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NORMALIZED DEFECT CONCENTRATIONS

DEPTH DEPENDENT SINKS

o
T

08|

0.6

04

0.2

o

14 MeV Ni ON Ni

T T T T T

525° C

MAX C,= 1.03x1074
MAX Ci =9.05xI0"®
MAX P=212xI0°DPA/S

DEPOSITED
IONS

I 4 1 |

o
o

Fig. 3.

0.4 0.8 1.2 1.6 2.0 24 2.8 3.2 3.6
DEPTH (um)

Defect profiles for conditions identical to those of Fig. 1 except
that an experimentally measured depth dependent dislocation density
taken from Reference 3 was used.
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DEPTH DEPENDENT SINKS

T T T T T T T

1ok i4 MeV Ni ON Ni
' 525° C

i T { i 1 T T T T

RECOMBINATION

04

DEFECT FATES

0.2 _
;DIFFUSION i
O B \ N
OO 04 08 12 16 20 24 28 32 36
DEPTH (um)

Fig. 4. The defect distribution to sinks from the calculation of Fig. 3.
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The code also calculates the "growth fluid"(8) defined by Eq. (10) and,
if voids are present in the microstructure, the void swelling rate is given by
Eq. (11). The growth fluid is shown in Fig. 5, where a void radius of 1.0 nm
was used to calculate C: (Eq. 8). The swelling rate plot of Fig. 6 used the
void size and densities input into the code to solve Eq. (11). In Fig. 7 the
growth fluid calculated from the data of Fig. 1 is shown plotted with the
experimentally measured swelling values of Reference 3. The reasonable match
of the shapes of these curves shows that the growth fluid, with its inclusion
of increasing recombination with depth, fits the experimental swelling pro-
files much better than does the displacement curve.

The concentration profiles in a foil with a uniform defect production is
shown in Fig. 8. These profiles would correspond to grain boundary areas
parallel to the foil surface in heavy ion irradiated foils or to grain bound-
aries and surfaces of neutron irradiated specimens. In this run, the dislo-
cation density was 5 x 108 cm/cm3 throughout the foil. Recombination domi-
nates as is shown in Fig. 9, and defect loss to the surface is significant to
a depth of 0.2 wm. The growth fluid curve of Fig. 10, however, shows that the
“bulk" growth value is only achieved at depths greater than 1.0 um.

The concentration profile of copper atoms introduced into the sample by
irradiating with a high energy copper beam was also calculated. The point
defect concentrations from the calculation of Fig. 3 were used to calculate a
depth dependent radiation enhanced diffusion coefficient (Eq. 13). After 7200
seconds of irradiation (at an ion flux of ~ 2 x 1012 ions/cmz), the copper has
only diffused a small distance from its deposited position as is shown in Fig.
11. After 10° seconds (i.e., a peak dose of ~ 212 dpa) the copper has spread

throughout the irradiated region, reaching a peak concentration of ~ 1.6

18



GROWTH FLUID (Cm2/S)

DEPTH DEPENDENT SINKS

3x107 |

24

1.8 |

1.2 -

T T Y T T 1 14 L 1 i 1 \ T

14 MeV Ni ON Ni
525° C

MAX = 2.23x107'7

] L I 1 )

TEST RADIUS=1.0 nm

Fig. 5.

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
DEPTH ( um)

The depth dependent growth fluid for a test radius of 1.0 nm
the defect concentration shown in Fig. 3.
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SWELLING RATE (% /S)

20x107% }

Fig. 6.

0.8

0.4

DEPTH DEPENDENT SINK

14 MeV Ni ON Ni MAX = .84 x10™% % /S
525°C
k.
00 04 08 1.2 1.6 2.0 24 2.8 3.2 3.6
DEPTH (um)
The depth dependent swelling rate calculated using the defect

concentrations of Fig. 3 and the experimentally measured void
concentrations and sizes from Reference 3.
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GROWTH FLUID

GROWTH FLUID AND SWELLING vs. DEPTH

FOR 14 MeV Ni ON Ni

concentrations shown in Fig. 1 to an experimentally measured
swelling profile from Reference 3.
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Fig. 7. A comparison of the growth fluid calculated using the defect



_UNIFORM DEFECT PRODUCTION IN NICKEL

o

o
®

MAX C,= 2.90x107°
MAX Ci=2.5] xI0™'® i
P=1x10"% DPA/S
T=525°C i
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NORMALIZED DEFECT CONCENTRATIONS
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Fig. 8. The defect concentration profiles in a foil with unifogm de;ect
production and a uniform dislocation density of 5 x 10° cm™
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UNIFORM DEFECT PRODUCTION IN NICKEL

T T T Y T T T T T T T T T T T

T=525°C
RECOMBINATION Pd= 5x10%8 Cm™32
06}

04Ff

DEFECT FATES

DIFFUSION 7]
02

000 O0I0 020 030 040 050 060 070 080 090
DEPTH (pm)

Fig. 9. The defect distributions from the calculations of Fig. 8. Note that
diffusion of defects to the surface dominates over the first 0.1 um
for these conditions.
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CONCENTRATION (%)

14 MeV Cu ON Ni-IMPLANTED ION PROFILE

0.40 -
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N
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7\ i
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WITH ENHANCED
DIFFUSION \
\

0.00

Fig. 11.

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 36 4.0
DEPTH ( um)

The end-of-range distribution of copper ionf incidentzon nickel
after a total ion fluence of about 1.5 x 101° jons/cm?. The
increased defect concentrations to the left of the ion end-of-range

leads to a preferred migration of the copper toward the surface.
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atomic percent (Fig. 12). The much larger defect concentrations in the ir-
radiated zone to the left of the deposited ions have allowed much more dif-
fusion of ions to the left. When irradiating with ions other than self-ions,
this final impurity profile will determine in what depth regions of the sample
one might expect point defect behavior to have been modified by interactions
with impurities.

V. CONCLUSIONS

A computer code was developed which solves for the steady-state point
defect concentrations in a thin foil under irradiation. Defect production in
the foil can be any specified, depth dependent profile, as can the dislocation
and void sink strengths. Using the steady-state defect concentration from
this calculation, a depth dependent radiation enhanced diffusion coefficient
is calculated, allowing the final distribution of incident "impurity" type
atoms to be found.

Calculations were presented typical of a nickel foil irradiated at 525°C
with 14 MeV nickel ions. The point defect profiles show less variation from
mid-range to peak than does the displacement curve due to increased recombi-
nation in the end-of-range region.

Diffusion of point defects left a depleted zone near the front surface
and also gave significant point defect concentrations beyond the ion end-of-
range in the "undamaged" region. The void growth fluid calculated by the code
was found to agree reasonably well with the experimentally measured void
swelling profile.

Calculations of the final impurity concentration profile were carried out
assuming an irradiating beam of 14 MeV copper ions into an initially pure

nickel foil at 525°C. At times greater than ~ 10% seconds (~ 20 dpa at the
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CONCENTRATION (%)

14 MeV Cu ON Ni-IMPLANTED ION PROFILE
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Fig. 12. Th$7end-of-5ange distribution after a total ion fluence of about 2 x
10 The copper has now distributed itself throughout the

ion/cm<,
jion range.
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peak), the copper has started to diffuse noticeable distances from the end-of-
range region back into the irradiated region. After ~ 10% seconds (200 dpa at
the peak), the copper has spread throughout the irradiated region and reached

a peak concentration of ~ 1.6 atomic percent.
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Appendix A

The code was written in extended BASIC for use on a Tektronix 4051 desk-
top computer with at least 16 K of user memory. Due to memory 1limitations,
the code is written in four sections which are loaded from magnetic tape and
executed segmentally. The four sections are (a) data and parameter input,

(b) vacancy and interstitial concentration calculations, (c) data output, and

{d) radiation enhanced diffusion calculation and output.
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Table 2

Partial List of Variables Used in This Code

Name

Interstitial, Vacancy Concentrations

Temperature

Recombination Factor

Ion Flux

Vacancy Production Rate

Interstitial Production Rate

Ion Deposition Rate

Net Interstitial Dislocation Bias

Average Void Diameter in Interval i

Yoid Density in Interval i

Total Dislocation Line Length in
Interval i

Interstitial Diffusion Coefficient

Vacancy Diffusion Coefficient

Thermal Interstitial Concentration

Thermal Vacancy Concentration

Yacancy Concentration at Void Surface

Number of Depth Intervals

Depth to Midpoint of Interval i

Interstitial Motion Energy

Vacancy Motion Energy

Interstitial Formation Energy

VYacancy Formation Energy

Interstitial Diffusion
Pre-exponential

Vacancy Diffusion Pre-exponential

Interstitial Formation
Pre-exponential

Usual BASIC
Notation Notation Units
T Tl °C
a/Di A Cm2
) F ions/cm?/s
Py P(i) dpa/s
Pi P1(i) dpa/s

F1(i) atoms/atom/s
A B1
2*r,, S(1) 10710
- -3

Ny V(i) cm
Pq D(1) Cm_2
D; D1 cm2/s
Dy, D2 emé/s
cgg cl

g
C c2

¥
Cv C4

M

X X(1i) um

i
Ew E(1) eV
Em E(2) eV
EL E(3) eV

v
Ef E(4) eV
Dl E(5) cml/s
Dy E(6) en?/s
six
e | E(7)
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Table 2 (cont.)

Partial List of Variables Used in This Code

Usual BASIC
Name Notation Notation Units
S§/k
Vacancy Formation Pre-exponential e E(8)
Surface Energy Y E(9) erg/cm2
Lattice Spacing b E(10) 10710
Atom Density N E(11) cm™3
Yacancy Correlation Factor V1
Interstitial Correlation Factor I3
Radiation Enhanced Diffusion
Coefficient of Interval i Dp (x) Db (1) cm?/s
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Table 3

Xj (um) P (dpa/lO16 ions/cm?) X5 P;
0.005 0.581 1.670 7.511
0.015 0.622 1.710 8.206
0.030 0.685 1.750 8.922
0.050 0.767 1.790 9.607
0.075 0.868 1.830 10.200
0.110 1.004 1.870 10.633
0.155 1.168 1.910 10.844
0.210 1.339 1.950 10.788
0.275 1.493 1,990 10.445
0.350 1.625 2.000 9.823
0.430 1.737 2.070 8.968
0.510 1.842 2.110 7.917
0.590 1.952 2.150 6.768
0.670 2.072 2.195 5.448
0.750 2,206 2.250 3.923
0.830 2.756 2.315 2.462
0.910 2.524 2.390 1.269
0.990 2.716 2.475 0.513
1.075 2.936 2.570 0.153
1.150 3.193 2.690 0.024
1.230 3.500 2.860 0.000
1.310 3.875 3.110 0.000
1.390 4,348 3.460 0.000
1.465 4,919 3.960 0.000
1.530 5.559 4.660 0.000
1.585 6.221 5.560 0.000
1.630 6.868

Mean Range = 2.08 wum
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