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"LEGAL NOTICE"

"This work was prepared by the University of Wisconsin as an account
of work sponsored by the Electric Power Research Institute, Inc. ("EPRI").
Neither EPRI, members of EPRI, the University of Wisconsin, nor any person
acting on behalf of either:

a. Makes any warranty or representation, express or implied, with
respect to the accuracy, completeness, or usefullness of the information
contained in this report, or that the use of any information, apparatus,
method, or process disclosed in this report may not infringe privately
owned rights; or

b. Assumes any liabilities with respect to the use of, or for damages
resuliting from the use of, any information, apparatus, method or process

disclosed in this report."
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Abstract

TRANSWELL (Version I) is a FPRTRAN IV based computer code based on the rate theory
approach to the response of a metal under irradiation. It is the first in a series
of codes that will be made available for the purpose of studying metal swelling

and creep under irradiation. The present version of the code is designed

to simulate irradiation of metals under 8 different conditions. It solves

time dependent coupled rate equations for metals under electron, heavy

jon or neutron irradiation. External uniaxial stress effects are also included

and the transient, pulsed or quasi-steady state irradiation modes are

analyzed within the code. Programming considerations such as efficiency,

economy, simplicity and versatility have been emphasized.



I. Introduction

The TRANSWELL code solves the kinetic rate equations for single
vacancies and single interstitials in a homogeneous medium (spacially
averaged concentrations). Coupled rate equations are solved for an average void radius,
average aligned and non aligned interstitial loop radii, the concentration
of aligned and non aligned vacancy loops, the concentration of vacancies
tied up in aligned and non aligned vacancy loops, and finally strain and strain
rate equations. The code is built on the theoretical ideas in the rate
formulation developed by Harkness and Li(l); Wiedersich(z); Brailsford and
Bu]]ough(B); Bullough, Eyre and Krishan(4); and Ghoniem and Ku]cinski(S)

It is written with the objective of standardizing transport kinetic
calculations of point defects and their effect on the response of metals under
different irradiation conditions.

TRANSWELL (VEROI) is designed to help the experimentalist as well as
the theoritician to parametrically study the effect of input material
properties on the final experimental observations. The sophistication of
the code is moderate at this point in time but its structure facilitates
the modification of the inherent physics in the future.

Time dependent computations in the rapidly developing radiation damage
field are fairly recent and have been discussed in previous documents (5,6,7,8).
Given the present fluidity of conceptual developments it was felt that the
existence of a flexible code that can easily accomodate new additions
and changes can be very useful.

Part II of this report briefly describes the theory and numerical
analysis of the solutions of a Stiff System of Ordinary Differential
Equations (@DE). Part III describes in detail a generalized formulation

of the rate theory and some remarks on the qualitative time dependent



properties and characteristics of the system. Part IV is a description
of the TRANSWELL code itself and it is useful for future changes and
modifications. The users manual is well documented in part V and

part VI contains test problems for the users benefit.



II. Method of Solution

Many physical systems give rise to ordinary differential equations in
which the magnitudes of the eigenvalues vary greatly. Such situations
arise in the study of point defects in metals using the rate theory
as described in references (5,6).

For example, the production of highly mobile interstitials and
relatively immobile vacancies at moderate temperatures present a situation
where the interstitials migrate quickly to their 'final' configuration while
the vacancies have not begun to move. Later when the vacancies are annealing
the interstitials are relatively fixed. It is common to refer to the
equations describing the behavior of such systems as stiff.

The TRANSWELL code contains a FPRTRAN subroutine collection called

the GEAR package(g) (10)

It is based on a program written by C. W. Gear , for
the solution of the initial value problem for systems of ordinary
differential equations (@DE's). Such a system has the form

y = fly,t)
or more specifically,

dy. (t)
—w— = (e sy, t) (1)

where y, } and f are vectors of length N > 1. Given an initial value of the

vector
y(ty) = ¥ps

and a subroutine for the calculation of f, the GEAR package computes a numeri-

cal solution to Eq. (1) at values of the independent variable t in some inter-

val [to, T], as desired by the user. (The endpoint T may not be known in advance).
The basic methods used for the solution are of implicit linear multistep

type. There are two classes of such methods available to the user. The first

is the implicit Adams methods (up to order 12), and the second is the back-



ward differentiation formula (BDF) methods (up to order 5), also called Gear's
stiff methods. In either case the implicitness of the basic formula then
requires an algebraic system of equations be solved at each step. A variety of
corrector -iteration methods is available for this, such as described in reference
(9).

A prime feature of GEAR (or of the methods of C. W. Gear on which it is
based) is its ability to solve stiff ODE problems. Roughly speaking, an ODE
system is called stiff if it involves both very rapidly changing terms and
very slowly changing terms, all of a decaying nature. More precisely, we
consider the eigenvalues Ai of the N x N Jacobian matrix.

37 1,3=1
and suppose that the Ai all have negative real parts. The "time constants" of
the problem are then 1, = 1/|Re(A1)| and the decaying nature (locally) of the

solution is given by the exponentials e't/T

i. If the N time constants T; are
widely spread, and those terms with the smaller T have already decayed to an
insignificant level while those with large value of T; are still active, then
the system is stiff. (Actually, some of the Re(ki) may be non-negative, meaning
that some solution components are non-decaying, and the system would still be
called stiff if the negative Re(xi) values have a relatively large magnitude),
The property of stiffness is Tocal in time; a problem may be stiff in some
regions of t and not in others. It is also relative, the ratio max Ti/min T
being a measure of the stiffness.

The difficulty with stiff problems is that most conventional methods for
solving ODE's require incremental values of t commensurate with min Ty while the

size |T - tol of the problem range is commensurate with max T As a result, the

i
problem cannot be run to completion in a reasonable number of steps. With

Gear's methods, however, the increment h is restricted to small values, by the



5
requirements of accuracy, only where the solution is relatively active. By
definition, the probiem is not stiff in such regions, and accuracy is achieved
at minimum cost by allowing both h and the order of the method to vary with
time. Then in regions of stiffness, where the solution is inactive, Gear's
methods have the property of "stiff stability," which assures that h is no
Tonger restricted by the small time constants, unless or until the corresponding
rapidly decaying terms become active again. This property necessitates, among
other things, that the methods be implicit, and therefore that a system of
(generally) nonlinear algebraic equations be solved at each step. Moreover,
stiffness dictates that a fairly powerful jteration method be used to solve this
system, and the GEAR package contains variants of Newton's method (called chord
methods) for this purpose. Both the stiff and non-stiff methods are implemented
in a manner which allows the step size and the order to vary in a dynamic way
throughout the problem. This variability is now widely recognized as highly
desirable for efficiency in using Tinear multistep methods.

The GEAR package is a collection of seven subroutines, one of which is the
single-step core integrator routine, STIFF. Subroutine STIFF is a heavily re-
vised version of a routine written and published by GEAR(Q).

The methods used in the GEAR package are documented in considerable detail

(10)

elsewhere Hence, only a brief summary of them will be given here.

The basic methods involved are linear multipoint methods of the form
K K2

.+ h L

B. Y s (3)
n-Jj J—O J n-

J

where y, is an approximation to y(tk), &k = f(yk,tk) is an approximation to y(tk),
and h is a constant step size: h = tk+1 - tk. In the case of the Adams method of
order q, we have K] =1 and K2 = g-1. In the case of the backward differentiation
formula (BDF) of order g, we have K] = q and K2 = 0. The BDF's are so called be-
cause, on dividing through by hBo, they can be regarded as approximation formulas

for Yn in terms of Yps Ypo1> o0 Y In either case, the oy and Bj are con-

n-q°
stants associated with the method, and Bo > 0. The latter means that Eq. (2) is

an implicit equation for Yn and is in génera]ka nonlinear algebraic system that
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must be solved on every step. The fact that the order of a given method is q means
that, if Eq. (2) is solved for Yn with all past values being exact, then Yq will
differ from the correct solution of the ODE by a local truncation error that is
order of (hq+]) for small h.
If Eq. (2) is written in the form
K K

Y- Ly s =0, -
o Yoy - h 285 Yoo (4)

—_— N

gly,) =y, - he fly .t.) -

then the nonlinear system g(yn) 0 can be solved, for example, by Newton's method.
In all of the iteration methods, a first approximation yn(O) is required.

This is computed from the existing information corresponding to saved past values

of Yi and &k. This prediction is such that yn(O), as well as the final

th order.

value yn, is accurate to q
Following a step of size h at order q, the GEAR package, at intervals of

q+2 steps, attempts to choose a larger step size by estimating the local

truncation errors at orders g-1, q, and q+1. The largest value h' of the three

step sizes obtained is then chosen, and the order reset accordingly. Also,

the Nordsieck array must be rescaled by powers of h'/h. The data used to take

the subsequent steps of size h' is in effect obtained by interpolating with the

data at a spacing of h.

ITI. Generalized Rate Theory for Metal Swelling

The TRANSWELL code is designed to deal with a variety of irradiation conditions.
It is constructed in such a way that one can add (or delete) parts depending
on the particular aspect of the problem that is of interest. In this version of
TRANSWELL, the following situations can be analyzed and studied for a metal;

(1) TIon or neutron irradiation*in a transient or pulsed mode of operation
with a uniaxial stress applied.

(2) Ion or neutron irradiation at a steady rate or annealing of voids
after a long irradiation at the same or different temperature, with uniaxial
stress applied.

*The grouping here is associated with the ability to produce vacancy clusters
in displacement cascades.




(3) Ion or neutron irradiation in a transient or pulsed mode of
operation with no stress applied.

(4) Electron irradiation in a transient or pulsed mode of operation
with a uniaxial stress applied.

(5) Electron irradiation at a steady rate, or annealing of voids
after a Tong irradiation time at the same or different temperature, with
uniaxial stress applied.

(6) Electron irradiation in a transient or pulsed mode of operation
with no stress applied.

(7) 1Ion or neutron irradiation at a steady rate, or annealing of
voids after a long irradiation time at the same or different temperature,
with no stress applied.

(8) Electron irradiation at a steady rate, or annealing of voids
after a Tong irradiation time at the same or different temperature,
with no stress applied.

The cases described above are classified according to the number of
equations in each case. Case (1) is the most general and all other cases
are subsets of this first case. Instead of lumping all the previous studies
in one huge core subroutine, we chose to construct eight different subroutines.
The main reason is to alleviate computational bottle necks and to give the code
greater flexibility and to save computer time. For example, if one decided
to study the growth behavior of a void size or dislocation loop size
distribution, he might add other core subroutines for this study.

In the following, a descritpion of the variables and equations used in
the first case are given. The other cases are well described within the code
once one is familiar with the general notation. To help the interested

reasearcher, comment cards are liberally dispersed throughout the code.



As stated previously, we have used vector notation to describe the

kinetic behavior of the system. The various components are defined

as follows:
Y(1) = average void radius in cm. (D1)*
Y(2) = average non-aligned interstitial loop radius in cm. (D2)
Y(3) = concentration of non-aligned vacancy loops per cm3. (D3)
Y(4) = concentration of single vacancies tied up in non-aligned
vacancy loops in at./at. (D4)
Y(5) = total single vacancy concentration in at./at. (D5)
Y(6) = total single interstitial concentration in at./at. (D6)
Y(7) = average aligned interstitial loop radius in cm. (D7)
Y(8) = concentration of aligned vacancy loops per em’. (D8)
Y(9) = concentration of single vacancies tied up in aligned
vacancy loops in at./at. (D9)
Y(10) = network creep strain in cm/cm. (D10)

Following the notations of References 4, 5'and 11, the following processes
are analyzed.

Dislocation Densities

o = ony(2)N

d ign
iga _
oi"® = 2V (TN (6)
ven _
oy = 2/TY(3)V(4)/b (7)
pgla = 2/AV(8)Y(9)/b (8)
og = pg * pézn + péla + pézn + ogla (9)

where
*Equations with the prefix "D" refer to definitions.




idn
.pd
'Niln
i%a
.pd
“Niga

van
.pd

La
op;

is

is

is

is

is

is the aligned vacancy loop line density; cm”

the

the

the

the

the

non-aligned dislocation loop line density; cm €.
non-aligned dislocation Toop concentration; cm ~.
aligned dislocation loop 1ine density; cm “.
aligned dislocation Toop concentration; cm"3.

non-aligned vacancy loop Tine density; cm <.

2

2

2

2

3

(D11)
(D12)
(D13)
(D14)
(D15)

(D16)

-pg is the deformation produced edge dislocation line density; cm'2(D17)

04 is the total dislocation 1line density produced by both

deformation and radiation; cm “.

2

Vacancy Emission from Voids

-PS is_the vacancy emission rate from the surface of all voids,

5-

-DV is
cm

«cS is the equilibrium vacancy concentration, at./at.

2

«y is the surface energy of the void surface, ev/cm2

-Pg is the gas pressure inside the void, ev/cm

3

-Ng is the number of gas atoms in a void.

is the temperature dependent void concentration, cm'3

the_ temperature dependent vacancy diffusion coefficient,

(D18)

(10)

(D19)
(D20)
(D21)
(D22)
(D23)
(D24)

(D25)
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Vacancy Emission from Deformation Produced Dislocations

ea _ -a, A8 ea
Pd = ZvaCv exp (of/kT) Py
en _ N e en
Pa = ZvaCv P
e _ ,ea en
Pq = Pg * Py
where
ea

-Pd is the rate of vacancy emission from all aligned edge dis-
locations, S-]

-PS" is the rate of vacancy emission from all nonaligned edge

dislocations, s

oPg is the total rate of vacancy emission from edge dislocations

«c is the uniaxial externally applied stress, eV/cm3
*Q is the atomic volume, o’
«k is Bolzmann's constant, ew oK
'psa is the aligned edge dis]dcation density, cm'z
2

-pgn is the nonaligned edge dislocation density, cm”

-23 is the vacancy-aligned dislocation bias factor

'ZC is the vacancy non-aligned dislocation bias factor

‘T is the temperature, °K

Vacancy Emission from Interstitial Loops

ifa _ a ila
Py = DVCV(Y(7))ZV exp (oQ/kT) o4
ign _ v n _i&n
Pd = DVCV(Y(Z))Zv Py
i _ ,ifa i2n

(11)
(12)
(13)

(D26)

(D27)
(D28)
(D29)
(D30)
(D31)
(D32)
(D33)

(D34a)

(D34b)

(14)
(15)

(16)
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2
[V etF 1 (Y(7))1b
: - € _ sf el -
¢, (Y(7)) = C5 exp ( - (17)
F L (Y(7) = ub” on (YZ)tb (18)
el {T-v)4n(Y(7)+b) b
where
-Péza is the rate of vacancy emission from aligned interstitial
Toops s 571 (D35)
~P;Qn is the rate of vacancy emission from nonaligned interstitial
Toops s 5] (D36)

-P;Q is the total rate of vacancy emission from all interstitial

Toops» s (D37)

*Y¢ Is the stacking fault energy, ev em2 (D38)

F 1(Y(7)) is the elastic energy of a dislocation loop of radius (D39)
Y(7), eV cm-2

b is the Burger's vector, cm (D40)

‘y is the shear modulus, ey em™3 (D41)

.V is the Poisson's ratio (D42)

“In (17), CV(Y(7)) is the equilibrium vacancy concentration

at the edge of a dislocation loop of radius Y(7)

Vacancy Emission from Vacancy Loops

via _ a y,a via

Py = DVCV(rVQ)ZV exp (a0/kT) o] , (19)
van _ n n van

Pg = ByC,(ryg)Zy ey (20)
PV,Q, _ PVQ,a + PVQ,n (2] )

d 'd d



n
=
rvz YY{&)/7bY(3)
a _
rve " YY{(9)/mbY(8)

{st+Fe1(rv2)}

e
Cv(rvz) C, exp

and Fe](rvz) is as defined in (18) before

where

.pvia

d is the rate of vacancy emission from aligned vacancy loops,

s-1
.Pvzn

d is the rate of vacancy emission from nonaligned vacancy

Toops, S~

Ve

.Pd

loops, S~

v
n

T is the nonaligned vacancy loop radius, cm

via

*pq  1s the aligned vacancy loop Tine dislocation density, cm”

van

"0y is Ehe nonaligned vacancy loop line dislocation density,

cm

Total Rate of Vacancy Emission

is the total rate of vacancy emission from all vacancy

-ral is the aligned vacancy loop radius, cm

e _ pe e e
P =Py + Pyt Pvl +

v

where P& is the total vacancy emission rate, s '.

Single Point Defect Time Constants

_ .d Vv
_ ,d v
ANEANEN

(22)
(23)

(24)

(D43)

(D44)

(D45)
(D46)
(D47)
(D48)

(D49)

(25)

(D50)

(26)

(27)
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d _
vV _
2=z (30)
v dv'v :
vV _
AV = 41TNVY(1)DV (31)
where -ki is the total single interstitial time constant, S-] (D51)
A, is the total single vacancy time constant, 57! (D52)
-A? is the single interstitial time constant due to all
dislocations, s (D53)
-A¥ is the single interstitial time constant due to all
voids, s (D54)
-AS is the single vacancy time constant due to all dis-
locations, s (D55)
-A¥ is the single vacancy time constant due to all voids, s'] (D56)

Removal Rates

Pei = A4 Y(6) (32)
Psv = AV Y(5) 33)
P. = a Y(5) Y(6) (34)
o =g (v exp (-ET/kT) + v, exp (-Ec/kT)) (35)
where
"P.; is the total sink removal rate for interstitials, s (D57)
«P_ is the total sink removal rate for vacancies, S (D58)

SV
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'Pr is the total recombination rate of vacancies and inter-
stitials, 7]

sa is the recombination coefficient, 5”1

*g is the number of unstable sites around a vacancy.

"V; exp (-E?/kT) is the interstitial jump frequency, s

"V, exp (-ET/kT) is the vacancy jump frequency, 57

Vacancy Loops

I
erl(O)b
a 1 eP
kS = 2 (1+2f)
173 2
WYVQ(O)b
Kg = %—(1-f) eP
<5 = % (1+2f) ep
n _ e
A7 = Y(3)(z;D;Y(6) - Z,D Y(5) + D CZ,
x expl(vgg + Foq(r,, (0)))b%kT}/ (r (0)b)
a a _5a e,
A3 = Y(3)(250,Y(6) - ZyD Y(5) + D, CZ}
x expl(vge +‘Fe1(rv£(0)))b2/kT} exp (o2/kT)/(r ,(0)b)
Ag = (27p,Y(6) - Z[p, Y(5) + ZCDVCS

x expl(yg v 7yp (1 ))b/KTY) x VERV(ZIV(3)/b

(D59)
(D60)
(D61)
(D62)

(D63)

(41)

(42)
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a _ a a a e :
Ay = (~Z1‘D1Y(5) - ZVDVY(S) + ZVDVCV exp {(st + Fe]

(rcl))bz/kT} X exp (GQ/kT))‘MZWY(Q)Y(B)/b (43)
where
-K? is the production rate of nonaligned vacancy loops, e3¢ (D64)
'K? is the production rate of aligned vacancy loops, cm™3 57! (D65)
'Kg is the production rate of vacancy fraction tied up in non
aligned vacancy loops, s (D66)
'K; is the production rate of vacancy fraction tied up in
aligned vacancy loops, s (D67)
-A? is the decay rate of nonaligned vacancy Toops » s em3 (D68)
-A? is the decay rate of aligned vacancy loops, T (D69)

-Ag is the decay rate of vacancy fraction tied up in non-
1T -3

aligned vacancy loops, s ' cm (D70)
-Ag is the decay rate of vacancy fraction tied up in

aligned vacancy loops, 5”1 em3 (D71)
‘¢ is the fraction of vacancies formed in vacancy loops. (D72)
P is the production rate of point defects. (D73)

-rvg(o) is the initial radius of a vacancy loop formed
in a cascade, cm (D74)
*f is the fraction of total interstitial Toop population that

are aligned perpendicular to applied stress (D75)

_ exp (oon/kT)-1
" exp (o0n/KT)+2 (44)

‘n =~ 10 is the number of interstitials defining a planar nucleus.(D76)
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Swelling
g - Ay o _ 4
S% = v % 3 wY(1)NV . (45)

State Space Representation

In state space there is one and only one point at a particular time that
defines completely the state of the metal under irradiation. The dimensions
of this space depend on the system of equations chosen to simulate the metal's
response to irradiation. In this version of the code, the following dimensions

(number of equations) are used:

CASE CORE SUBROUTINES STATE SPACE DIMENSIONS
1 DERVT, JACK1 10
2 DERVZ, JACK2 8
3 DERV3, JACK3 6
4 DERV4, JACK4 6
5 DERV5, JACK5 6
6 DERV6, JACK6 4
7 DERV7, JACK7 4
8 DERV8, JACK8 2

We will only give the equations in the first case since it is the most

general.
V(1) = (0,¥(5) - D,Y(6) - D C7 exp {(—%ﬁ; Po(Y(1):Ng)) wH)/Y(1)  (46)
Y(2) = (D;z;¥(6) - D,Z Y(5) + D Z.C (Y(2)))/b (47)
1(3) =« - ] (48)
Y(4) = Kg - 1y (49)
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Y 7 e N
W) = (1 -e)P +P° -P -P (50)
Y(6) =P - Py - P, (51)
¥(7) = (0;23Y(6) - D,ZJY(5) + D ZZC (Y(7)) exp (20/kT))/b (52)
7(8) = «] - 13 (53)
¥(9) = ) - A5 (54)
Y . _ea a n n a a e
V(10) = o§% 1((2] - ZD0,¥(6) + (2]} - 22)0,¥(5)) + 12D C°
exp (oR/kT) - zCDvcs} (55)
Irradiation Creep Strain
ery = TN, {(1 + 26)[Y(7)1% - (1 - ) [¥(2)1%)/3 (56)
e = - (Y(4) - ¥(9)/2) (57)
where
*€;, 1s the irradiation induced creep due to interstitial loops, (D77)

cm/cm
*€,1 1s the irradiation induced creep due to vacancy loops, cm/cm (D78)

Jacobian Matrix for the System

We will 1ist here the nonzero elements of the Jacobian matrix for the

full system. P(i,j) would mean the tocal time constant of element i due

to the presence of element j.



Let us define the following:

oF 2
& 4 (1—v??x+b)2 (-n(35)
65 = 1,0,Y(6)
6, = Z,0,Y(5)
oy = L0,y
B = 1/(kT)
o . Y(4)

EI T em b1v(3)17)

vl _ 1

CCIN (2mr bY(3))

M Y(9)

oY (8) (2mel bIY(8)] 2y

oy } 1

oY(9) (2nr2 bY(8))
where

18

"4 is the biased interstitial flux.

ey is the biased vacancy flux.

e
.¢V

First Row

P(1,1) = 2vB ——————§-¢ exp{Qiﬁ P ) ‘T} (p,Y(5) - D.Y(6)

Y(

- 48 exp{(Y(1) Pg) ET)/Y(1)]

is the thermal equilibrium biased vacancy flux.

(58)

(59)
(60)

(61)

(62)

(63)

(64)

(65)

(D79)
(D80)

(D81)

(66)
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P(1,5) = D,/Y(1)
P(1,6) = - D./Y(1)

Second Row
- 2
b0.2) - o o {-(st+FiJr(Y(2))b }bB o

P(2,5) = - Zva/b

P(2,6) = £:D;/b

Third Row

2
YogtFoqp(r 1(0))b
P(3,3) = - (6; - o, + o° exp{ sLel

| 1/bry(0)
P(3,5) = Y(3)ZVDV/brv1(O)

P(3,6) = - Y(3)ZiD1/brv](o)

Fourth Row

Define Tg = yATY({4)Y(3

2
(Y g#Fq (X0 ))b
: 1Y vl
T3 05 - by * ) exp { S }
Then
n
oF ar
- n,-n n.2 el . vl e
P(4,3) = - 2ﬂY(4)T3/T2b - T2b ] o V3T X ¢, €xp
vl
n 2
(rgptFer (ryg 10D
kT
n
oF ar
- 2 el | vl e
P(4,4) = - 27TY(3)Tn3/T';b - Tgb B 'a—r—n‘; m) X ¢V exp
v

(st+Fe1(rc1))b2
=]

(67)

(68)

(77)

(78)
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P(4,5) = TyZ.D, (79)
P(4,6) = - f;ZiDi (80)
Fifth Row
P(5,1) = 4 NyD, () exp L(yly - Pa) (1 - 2 5y) - V(5] (81)
2
(Y (Y(2)))b

P(5,2) = 2nZ N7 D, {CC exp [ sf” GLT ],x (1 - Y(2)b2g

3F

sv7z)) - Y(5)} (82)

(YggtF a1 (rpg))b° 3”31
P(5,3) ZTTZVDV{CV exp [: KT ] W Y(3)
oF ar
el e v arﬁ1 : 5?%%79 - ¥(5) (1 + ¥(3)
vl
arv1
570 (83)
(Yo gtF o (e ))b5, ar”

P(5,4) = 2nZ,D {CS exp [ sT_el vl ] (~—%%) " rv]b 8

oF 8r n

el vl vl

—_— ) - Y(5) }Y(3) (84)

8r31 oY (%) 3Y(4)
P(5,5) = - D, (4nY(1)N, + Z pd + Zapga + 2WY(2)N?Q + 2wY(7)N?2 + 2wrc1

Y(3) + 2mrd, Y(8)) - a¥(6) (85)
P(5,6) = - aY(5) (86)

~(yegtF 1 (Y(7)))b2

P(5,7) = 2nZ$N?KDV{Ce exp (%%J exp [ sf e]kT }

F
x (1 - Y(7)b% ‘YT7)) - Y(5)} (87)
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P(5,8)

P(5,9)

21

a )2
(rggtFeq (ryp b J
kT
a 2
x Gyggy Y8) + vy + v v(8)p? s &l -—%%7

a

_ a 1
Y(5) (rV] + Y(8) 571570}

an ;€ o
2nz,D,1C, exp (ETQ exp[

(v (r3))b?
a sf e] v
ZWZVD {C exp ( ) exp [ A ]
a a n
ar a 2 oF el rv]

(57%§) FT Y gyg)) - YO -—1-} Y(8)

v

Sixth Row

P(6,1)

P(6,2)

P(6,3) =

P(6,4) =
P(6,5) =

P(6,6) =

P(6,7) =

- 4WNVD .Y(6)

- 2nZ1N1zD .Y(6)

2nZ4D, Y(6) [rv1 +Y(3) aYv;)]

n

9
2wZ D, Y(6)Y(3) —EUI)

- aY(6)

D, (4nv(1)N + 7. pd z? >§a + 217, Y(2)N

a a o a _a
+ ZWZi Y(7) Niz + 2wzirv1 Y(3) + 2ﬂZi rv] Y(8))
- aY(5)

2nz8N8

iNi oDy .Y(6)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)
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a
or 1

P(6,8) = - 212D, Y(6) [rs] + Y(8) 57%’)}

4 a ‘ 9r31
P(6,9) = - 2nZ;D;Y(6)Y(8) 3Y(9)

Seventh Row
- a
P(7,5) = - Zva/b

P(7.,6) = Z3D;/b

Sy +F L (Y(T)))B2Y  oF
P(7,7) = ¢ exp (%%0 exp { = e]kT } b8 av?;)

Eighth Row
P(8,5) = Y(8)Z€Dv/brv](o)

P(8,6) = - Y(8)Z?Di/brvl(o)

aD Ce

o]¢)
vPvy €XP (ET) X

P(8,8) = - (Z3D,¥(6) - ZJD, Y(5) + Z

[ygetFeq (ryq (0)) 167

exp KT )/brv](o)
Ninth Row
Define Tg = VBV (8)V(9)/b
a _ -a a a e of
T3 = ZiDiY(G) - ZVDVY(S) +Z,D,C, exp (ET) X

[st+Fe1(r31)]b2
exp kT

_ T8-d
P(9,5) = TZZVDV

a-a
P(9,6) = - T22101

(96)

(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)



23

P(9,8) = - zwv(s)Tg/Tgb - Tgbze-zzgl-- g;%%) X ZSDch exp (%%)
vl
exp {[YSf+Fe1(rS1)]b2}
KT . " (108)
P(9,9) = - 2nY(8)TH/T,b - Tab’ 8r§1 ’ avzé) X Z,D,C, exp
[y #F 1 (r2) b2
(%) exp { PLoe } (109)
Tenth Row
P(10,5) = 03® (2, - Z3) D, (110)
P(10,6) = p3* (28 - Z;) D, (111)

IV. TRANSWELL I Program Structure

IV-A. Introduction

TRANSWELL I is structured with the following considerations:

(1) Minimizing the number of rate equations used in a specific condition.
This is mainly to alleviate using more equations than necessary. It was noticed
in previous versions that using redundant equations increases computation time
dramatically.

(2) Computing the minimum number of variables. Thus time invariant
quantities are computed once at the beginning. Time dependent equations contain
"almost" the minimum number of time invariant arithmetic operations.

(3) Ease of accessibility to most of the variables through the use
of common areas as will be described.

(4) Since basic applications of this code are expected to be in the

area of time dependent analysis, special attention was given to methods of

reducing computation time.
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(5) Minimum programming ambiguity with forward branching and abundance

of comment cards to guide the interested researcher for future changes.
(6) Logical separation of different irradiation conditions. This

slightly increases the storage requirements of the object code, but it

will be extremely valuable when one wants to add more physics to the code.

IV-B Subroutines

TRANSWELL subroutines are written with the idea of affixing calculational
as well as Togical functions to each subroutine. 'Arguments' are avoided from
most subroutines with only a few exceptions. A1l information is handled and
passed between subroutines through the COMM@N blocks. This section is concerned
with describing all subroutines and functions in a general sense. Comments
on the logic and method of calculation are amply dispersed in all of the
subroutines. This provides detailed information on each of the separate
subroutines.

MAIN

The main program masters and manipulates the logic of any specific
problem. It calls 10 subroutines for setting up the input and initial
conditions, performing time independent calculations; and calling the
core integrator subroutines.

Called from: N.A. (Not Applicable)

Calls to: ZERP, INPUT, QUTKEY, PARAM, BURGER, INITIA,

SPLIT, CONCERN, DRIVE.
COMMON Blocks: NAMES, CPNST, IRRAD, ANNEAL, INTEG, PULSE, BTEMP,
INITL, MAT, QUTCPN, VECTPR, D@T, @UT.
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ZER@

This subroutine sets all of the COMMON blacks to zero. It uses
double precision zeroes (0.D0) for all the variahles. Having this done,
it sets up some default values of input parameters as will be explained
later.

Called from: MAIN

Calls to: N.A.

COMMON Blocks: INTEG, NAMES, CPNST, IRRAD, ANNEAL, PULSE, BTEMP,

INITL, MAT, BKDAT, STRESS, BURG, C@ANC, JACK, METDAT,
QUTCAN, BUT.
INPUT

This is the main input subroutine. It is called only once after ZER®
and reads in numeric and alphanumeric input. Thus it supercedes default
values set up by ZERA. Description of input variables and their default
values is given in V.

Called from: MAIN

Calls to: @UTKEY, ERROR, TITLE

COMMON Blocks: NAMES, INTEG, MAT, IRRAD, ANNEAL, PULSE, STRESS,

METDAT, CONST, BKDAT, DPL@T

NAMELISTS: INDATA

 ERROR (NAME, ERRFLG)

It prints misspelled input characters, and/or indicates if the input
is in incorrect order.

Called from: INPUT

Calls to: N.A.

COMMON Blocks: N.A.
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TITLE
It reads numeric data using NAMELIST, then it reads alphanumeric
input for each graph.
It 1s called only once when plotting option is specified.
Called from: INPUT
Calls to: N.A.
COMMON Blocks: INTEG
Namelists: PINFO
puTKEY
This subroutine is designed merely to give full explanations
(ENTRY TABLE) of output quantities. If one is familiar with the output
notation, he can omit it from the output stream by introducing a suitable
data card as explained later.
Called from: MAIN
Calls to: N.A.
COMMON Blocks: N.A.
PARAM
This subroutine picks up metal parameters under consideration.
Best available data are stored at the compilation time in element BDATA.

Metals and their ID numbers available now are:

Metal I
Nickel 1
Stainless Steel 2
Aluminum 3
Niobium 4
Yanadium 5
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The following quantities are defined for a metal from a 5 x 15

matrix.
Parameter Matrix Element Unit ‘Meaning
E€ A(1,ID) ev vacancy formation energy
Eg A(2,ID) ey interstitial formation
- energy
E@ A(3,ID) ey yacancy migration energy
E? A(4,ID) ev interstitial migration
energy
DS A(5,1D) cm2 sec'1 vacancy diff. coef.
preexpon.
D? A(6,ID) cm2 sec'1 interstitial diff. coef.
preexpon.
b A(7,ID) cm Burger's vector
Y A(8,ID) ev cm™? surface energy
Z, A(9,ID) dimensionless vacancy bias factor
Z; A(10,ID) dimensionless  interstitial bias factor
Q A(11,ID) s atomic volume
Yof A(12,1D) ev cm”2 stacking fault energy
u A(13,ID) ergs em™3 shear modulus
v A(14,1ID) dimensionless Poisson's ratio
e? A(15,1D) dimensionless Ratio of interstitial
! relaxation volume to
Called from: MAIN atomic volume

Calls to: N.A.
COMMAN Blocks: BKDAT, METDAT, INTEG.
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BDATA
This is the BLPCK DATA of the program. Information is stored at the
compilation time in COMMON Blocks CONST and METDAT.
Called from: N.A.
Calls to: N.A.
COMMPN Blocks: C@NST, METDAT.
BURGER

This subroutine is called only once and it calculates all time in-
dependent quantities and s*tores them in COMM@N Block /BURG/.

Called from: MAIN

Calls to: SPLIT

COMMDN Blocks: NAMES, C@PNST, IRRAD, MAT, BKDAT, STRESS, BURG.
TEMPER

This subroutine is called only once and it calculates and prints out
the temperature dependent information.

Called from: MAIN

Calls to: N.A.

CAMMBN Blocks: CPNST, BTEMP, MAT, IRRAD, BKDAT.
INITIA

This subroutine is called only once before starting the time de-
nendent calculations. It sets up the initial value of the vector components
Y(NEQ) and stores them in COMMBN Block INITL. It also selects the number
of equations (NEQ), and the initial time step used in the core integrator

(GEAR).
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Called from: MAIN
Calls to: N.A.
COMMBN Blocks: INITL, PULSE, BTEMP, MAT, BKDAT, INTEG.
SPLIT
This is called only when input variable TYPE (5) = 'STRESS'. It

calculates the fraction f of the tota] interstitial loop population

that are aligned perpendicular to the applied stress as given by Equation (57)

and as defined in (D75). It also calculates the concentration of aligned
and non-aligned interstitial lToops per cm3.

Called from: MAIN, BURGER

Calls to: N.A.

COMMON Blocks: C@NST, IRRAD, BTEMP, BKDAT, STRESS.
CONCEN

This subroutine calculates the steady state vacancy and interstitia]

concentrations (CV and CI) and their fluxes (DV*CY and DI*CI). It solves

simultaneously Equations (49) and (50) for the special case: Y(5) = Y(6) = 0.D0.

Called from: MAIN

Calls to: DIFFUN

COMMAN Blocks: INTEG, IRRAD, BTEMP, INITL, MAT, CONC, QUTCON.
GEAR PACKAGE

A full description of the theory and practice of this package is
given in reference (9). However, we will repeat only the means of

communication with the package.
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To use the GEAR package, the user must provide: (a) routines which
define the problem and which are called by the package (primarily
Subroutine DIFFUN defining f(y,t)), and (b) a calling program which makes
calls to Subroutine DRIVE. The routines called by the package are discussed
below under External Names. The calling program must set the initial values,
method parameters, and output values of t, and make calls to DRIVE. DRIVE
in turn calls other routines for the solution of the problem. Since the
integration process uses step sizes determined internally and dynamically,
it will not generally hit the output values of t exactly. Normally, it
will go slightly beyond each output point, and values of y at the output
point are computed by interpolation.

Communication with DRIVE

The calling sequence to Subroutine DRIVE is as follows:
CALL DRIVE (N, TO, HO, YO, TOUT, EPS, MF, INDEX).
The arguments to DRIVE are defined as follows:
N = the number of first-order ordinary differential equations.
N is 1imited to 20, unless dimensions are altered in DRIVE.
N can be decreased on any call to DRIVE after the first call,

with INDEX = -1 on input, but can never be increased.

TO = the initial value of the independent variable t, and is used
only on the first call.

HO

n

the step size, h. Normally, HO is used on input only for the
step size to be attempted for the first step, on the first call
(see Usage Note 2, below). The sign of h is arbitrary but will
not be changed during a problem. On output, HO is the step

size last used, whether successfully or not.
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TOUT

EPS

MF

1

i
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a vector of length N for the dependent variable y. On input,
YO is the vector of initial values, and is used only on the
first call. On output, YO is the vector of values of y at
t = TOUT (normally computed by interpolation).
the next output value of t. TOUT is used for input on every
call. On output, TPUT is unchanged if reached successfully
(it is altered slightly if INDEX = 2 on input), and is the
farthest value of t reached otherwise.
the local error tolerance parameter. It is used only for input,
and used only on the first call, unless INDEX = -1. Estimates
of the single-step error in Yis divided by YMAX(i), are kept
less than EPS in root-mean-square (RMS) norm (i.e., Euclidean
norm divided by /N). The vector YMAX of weights is computed in
DRIVE. EPS should be at least an order of magnitude larger than
the unit roundoff (URPUND) but generally not larger than about
1073,
the method flag. It is used only for input, and used only on
the first call, unless INDEX = -1. The allowed values of MF
are 10, 11, 12, 13, 20, 21, 22, and 23. MF has two decimal
digits, METH and MITER (MF = 10*METH + MITER). METH is the
basic method indicator, with the following yalues and meanings:
1 for implicit Adams methods;
2 for BDF methods, or Gear's stiffly stable methods.
MITER is the corrector iteration method indicator, with the

following values and meanings:
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0  for functional (fixpoint) iteration;

1 for chord method with user-supplied Jacobian from PEDERV;

2 for chord method with Jacobian generated internally;

3 for chord method with diagonal approximatiOn to Jacobian
(See Usage Note 1, be]owi;

INDEX = an integer flag used for both input and output. On input, it
indicates the type of call to DRIVE, with the following values
and meanings:

1 for the first call for the problem;

0 for a call other than the first, with normal continuation;

-1 for a call other than the first, in which the user has
reset N, EPS, and/or MF;

2 for a call other than the first, with integration to continue
so as to hit t = TOUT exactly, and not interpolate for out-
put values; this assumes TOUT is beyond the current value
of t;

3 for a call other than the first, with control to return to
the calling program after one step; TOUT is ignored on
input and set to the current value of T on output.

On output, INDEX indicates the results of the last call, with
the following values and meanings:

0 if integration was completed successfully as requested;

-1 if integration was halted after failing to pass the error
test even after reducing the step size, h, by a factor of

1010 from its initial value;
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if integration was halted after some initial success
either by repeated error test failures or by a direct
test indicating that EPS is too small;

1f integration was halted after failing to achieve cor-
rector convergence even after reducing h by a factor of

1010

from its initial value;

if an input value was found to be illegal; either EPS < 0.,

N < 0, (TO-TPUT)*HO > 0., or the input value of INDEX was
illegal;

if INDEX was -1 on input, but TOUT was not beyond the
current t; the desired changes of parameters were, therefore,

not made; to continue, simply reset TOUT and INDEX and call
DRIVE again.

Notice that, since the normal output value of INDEX is O, it

need not be reset for a normal continuation.

Additional communication between the user and the package can be gained

by reference to the Common Blocks used by the package. For blocks GEAR1 to

GEAR7, descriptions of the variables can be found in the comment cards

of Subroutine STIFF, and for GEAR8, descriptions are given in Subroutine

PSET. The block GEAR9 is used for statistical quantities, and is probably

the one most likely to be of interest to the user. Its contents are

as follows:
HUSED
NQUSED
NSTEP

n

n

the step size h last used (successfully);
the order last used (successfully);

the cumulative number of steps taken;
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i

NFE = the cumulative number of f evaluations (DIFFUN calls);

n

NJE = the cumulative number of Jacobian evaluations, and hence also
of matrix LU decompositions.

External Names

Besides Subroutine DRIVE, the following six routines are supplied as
part of the GEAR package. Their calling sequences and functions are
described below, although this information is not essential for use of
the package.

-Subroutine INTERP (TQUT, Y, NO, YO) is called by Drive. It computes

interpolated values for y at t = TOUT, using the data in the Y array.

Subroutine STIFF (Y,NO) is called by DRIVE. It performs a single
step of the integration, and does the control of local error (which
entails selection of step size and order) for that step.

Subroutine COSET (METH, NQ, EL, TQ, MAXDER) is called by STIFF, and
sets coefficients that are used there, both for the basic integration
step and for error control.

+Subroutine PSET (Y, NO, CON, MITER, IER) is called by STIFF if MITER
is 1 or 2. It sets up the matrix P =1 - hBoJ, where I is the identity
matrix, B, is a scalar related to the method, and J is the Jacobian
matrix. It then processeslP for subsequent solution of linear
algebraic systems with P as coefficient matrix, as part of the chord
iteration methods.

*Subroutine DEC (N, NDIM, A, IP, IER) is called by PSET, and performs
an LU decomposition of a matrix.

Subroutine SOL (N, NDIM, A, B, IP) is called by STIFF if MITER is 1

or 2, and solves linear algebraic systems for which the matrix was

processed by DEC.
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PEDERV (N, X, Y, PD, NO)

This subroutine directs the path of calculation to one of the
eight subroutines JACK1 through JACK8. It also receives the Jacobian
matrix P(10,10) in COMMON area /JACK/ and puts it in the matrix PD(NEQ,NEQ).

It is called by PSET if MITER = 1. It is to supply the partial
derivates of f(y,x) with respect to y, evaluated at x = t and Y = y. It
must form a two dimensional array PD, stored as NOxNO array, according to

L
PO(1.) = gy s T 24, J <N (112)
J

N here is the number of equations used = NEQ.
Called from: PSET
Calls to: JACK1, JACK2, JACK3, JACK4, JACK5, JACK6, JACK7, JACKS
COMMBN Blocks: JACK, INTEG.
JACKT
This subroutine computes elements of the Jacobian matrix P(10,10)
for case (1).
Called from: PEDERV
Calls to: GEPML, GE@MV
COMMON Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACK2
This subroutine computes elements of the Jacobian matrix P(8,8) for
case (2).
Called from: PEDERV
Calls to: GEPML, GE@MV
COMMON Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
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JACK3
This subroutine computes elements of the Jacobian matrix P(6,6)
for case (3).
Called from: PEDERV
Calls to: GEPML, GEQMV
COMMBN Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACK4
This subroutine computes the elements of the Jacobian matrix P(6,6)
for case (4).
Called from: PEDERYV
Calls to: GEPML, GEQMV
COMMBN Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACKS
This subroutine computes the elements of the Jacobian matrix P(6,6)
for case (5).
Called from: PEDERY
Calls to: GE@ML, GE@MV
COMMON Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACK6
This subroutine computes the elements of the Jacobian matrix P(4,4)
for case (6).
Called from: PEDERV
Calls to: GE@ML, GEgMV
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COMMBN Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACK7
This subroutine computes the elements of the Jacobian matrix P(4,4)
for case (7).
Called from: PEDERV
Calls to: GEAML, GEPMV
COMMEN Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.
JACKS
This subroutine computes the elements of the Jacobian matrix P(2,2)
for case (8).
Called from: PEDERV
Calls to: GE@ML, GEDMY
COMMON Blocks: JACK, CONST, IRRAD, STRESS, BTEMP, MAT, BKDAT,
BURG, BVECT, D@T.

DIFFUN (N, X, Y, YDQT)

This subroutine is called by STIFF, and also by PSET if MITER = 2.
It is to compute the vector YDPT =y = f(y,t) of length N for given
values x = t and the vector Y = y of length N. It is required regardless
of the value of MF chosen. It actually directs the path of computation to
one of the DERV subroutines.
Called from: CPNCEN, PSET, STIFF
Calls to: DERV1, DERVZ2, DERV3, DERV4, DERV5, DERV6, DERV7, DERV8
C@MMON Blocks: INTEG, D@T, BVECT, BTEMP, NAMES, INITL.
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DERV1

This subroutine computes the vector YDPT = y = f(v,x) of length (10)

for given values x = t and the vector Y = y of length (10). The derivatives
are those of case (1).

Called from = DIFFUN

Calls to = GEPMV, GE@ML

COMMON Blocks = NAMES, CONST, IRRAD, BTEMP, MAT, BKDAT, STRESS,

BURG, PQUTC@N, VECTAR, D@T, OUT.

DERV2

This subroutine computes the vector YD@T = y = f(y,x) of length (8)

for given values x = t and the vector Y = y of length (8). The derivatives

are those of case (2).
Called from = DIFFUN
Calls to = GEQMV, GEPML
COMMON Blocks = NAMES, CONST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, PQUTCON, VECT@R, DAT, OUT.
DERV3
This subroutine computes the vector YDAT = y = f(y,x) of length (6)
for given values x = t and the vector Y = y of length (6). The derivatives
are those of case (3).
Called from = DIFFUN
Calls to = GE@MV, GE@ML
COMMON Blocks = NAMES, CONST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, QUTC@N, VECT@R, D@T, OUT.
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DERV4
This subroutine computes the vector YDPT = y = f(y,x) of length (6)
for given values x = t and the vector Y = y of length (6). The derivatives
are those of case (4).
Called from = DIFFUN
Calls to = GE@MV, GEPML
C@MM@N Blocks = NAMES, C@NST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, QUTCPN, VECT@R, DAT, @UT.
DERV5
This subroutine computes the vector YDPT = y = f(y,x) of length (6)
for given values x = t and the vector Y = y of length (6). The derivatives
are those of case (5).
Called from = DIFFUN
Calls to = GEPMV, GE@ML
COMMON Blocks = NAMES, CQNST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, PUTCON, VECTPR, DT, OUT.
DERVE
This subroutine computes the vector YD@T = y = f(y,x) of length (4)
for given values x = t and the vector Y = y of length (4). The derivatives
are those of case (6).
Called from = DIFFUN
Calls to = GEQMV, GEPML
COMMON Blocks = NAMES, CONST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, QUTCPN, VECT@R, D@T, QUT.
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DERV7
This subroutine computes the vector YDAT =y = f(y,x) of length (4)
for given values x = t and the vector Y = y of length (4). The derivatives
are those of case (7).
Called from = DIFFUN
Calls to = GEPMV, GEQML
CAMM@N Blocks = NAMES, CONST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, QUTCON, VECT@R, D@T, @UT.
NERV8
This subroutine computes the vector YDPT = y = f(y,x) of length (2)
for given values x = t and the vector Y = y of length (2). The derivatives
are those of case (8).
Called from = DIFFUN
Calls to = GE@MV, GE@ML
COMMDN Blocks = NAMES, C@NST, IRRAD, BTEMP, MAT, BKDAT, STRESS,
BURG, PUTC@N, VECT@R, D@T, @UT.
DELTA
This subroutine calculates for a delta function response of a metal
under irradiation. Theory for this subroutine is in reference (12). It
computes the vacancy and interstitial concentrations as well as average
void and interstitial loop radii as a function of time.
Called from: MAIN
Calls to: DRIVE
COMMPN Blocks: C@NST, BTEMP, IRRAD, PULSE, INITL, BKDAT, STRESS,
QUTCAN, BVECT.
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EXPON
This is one of the external functions in the program. It calculates
double precision exponentials and guards against overflow and underflow.
Called from: GE@PMV, GEPML, PRESS, DELTA
Calls to: N.A.
COMMON Blocks: N.A.
GEPMV_(RV)
This external function calculates the exponential part in Equation (10).
It is defined as
cv(rv)
e

Cy

(113)

GEPMV(RV) =

where cv(rv) is the vacancy concentration at the surface of a void of

radius rys and cs is the thermal equilibrium vacancy concentration.
Called from: DERV1, DERVZ2, DERV3, DERV4, DERV5, DERV6, DERV7,
DERV8, JACK1, JACK2, JACK3, JACK4, JACK5, JACKG,
JACK7, JACK8, DIFFUN
Calls to: EXPON
COMMPN Blocks: CPNST, IRRAD, BKDAT.
GEQML (RL)

This internal function calculates the exponential part in Equation (17).

It is defined as

¢, (ry)
GEPML (RL) = s (114)
v
where c_(r_ ) is the vacancy concentration at the surface of an interstitial

V' 2

loop of radius o and c® is the thermal equilibrium vacancy concentration.

v
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The corresponding geometry function for vacancy loops is obtained as
the inverse of GE@ML.

Called from: DERV1, DERV2, DERV3, DERV4, DERV5, DERV6, DERV7,

DERV8, JACKT, JACK2, JACK3, JACK4, JACK5, JACK6,
JACK7, JACKS8

Calls to: EXP@N

COMMON Blocks: C@NST, IRRAD, BURG, BKDAT, BTEMP.
PRESS(RV)

This internal function calculates the internal pressure in a void of
radius (RV) and containing (GAS) number of gas atoms.

Called from: GE@MV

Calls to: N.A.

COMMON Blocks: C@NST, IRRAD, MAT, BKDAT.
PUTDET

This subroutine merely choses a suitable output path according to
the irradiation particle, mode of irradiation and stress state.

Called from: MAIN

Calls to: QUTP1 QUTPZ2, QUTP3, QPUTP4, PUTP5, PUTP6, PUTP7, PUTP8

COMMON Blocks: INTEG
QUTP1

This subroutine is designed for output quantities of case (1). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)

as will be described later.
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Called from: @QUTDET

Calls to: JACKPR, TMPL@T, PLPL@T, ST@RE

COMMON Blocks: @UT, PUTCAN, BVECT, D@T, JACK, INITL, INTEG, CONC.
guTP2

This subroutine is designed for output quantities of case (2). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)
as will be described later.

Called from: QUTDET

Calls to: JACKPR, TMPLAT, PLPL@T, ST@RE

COMMON Blocks: @UT, QUTCAPN, BVECT, DPT, JACK, INITL, INTEG, CONC.
guTP3

This subroutine is designed for output quantities of case (3). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)
as will be described later.

Called from: QUTDET

Calls to: JACKPR, TMPL@T, PLPL@T, STORE

COMMON Blocks: @UT, QUTCPN, BVECT, DAT, JACK, INITL, INTEG, C@NC.
QUTP4

This subroutine is designed for output quantities of case (4). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)

as will be described later.
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Called from: QUTDET

Calls to: JACKPR, TMPLPT, PLPL@AT, ST@RE

COMMPN Blocks: @UT, QUTCON, BVECT, D@T, JACK, INITL, INTEG, C@NC.
BUTPS

This subroutine is designed for output guantities of case (5). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)
as will be described later.

Called frem: QUTDET

Calls te: JACKPR, TMPL@T, PLPL@T, ST@RE

COMMIN Blocks: @UT, QUTCON, BVECT, D@T, JACK, INITL, INTEG, CONC.
guTPE

This subroutine is designed for output gquantities of case (6}. It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)
as will be described later.

Called from: @UTDET

Calis to: JACKPR, TMPLQ@T, PLPLPT, STORE

COMMON Blocks: @UT, QUTC@N, BVECT, D@T, JACK, INITL, INTEG, CONWC.
guTP?7

This subroutine is designed for output quantities of case (7). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)

as will be described later.
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Called from: QUTDET

Calls to: JACKPR, TMPL@T, PLPL@T, ST@RE

COMMON Blocks: @UT, PUTCON, BVECT, DPT, JACK, INITL, INTEG, C@NC.
guTP8

This subroutine is designed for output quantities of case (8). It
gives detailed output, brief output, plotted output or a combination of
detailed and plotted output. This depends on the input parameter TYPE (13)
as will be described later.

Called from: QUTDET

Calls to: JACKPR, TMPL@T, PLPL@T, STARE

CAMMON Blocks: @UT, BUTCAN, BVECT, D@T, JACK, INITL, INTEG, C@NC.
THPLRT

This subroutine gives an approximate plot on the printer or the
terminal using the GRAPH2 routine.

Called from: @UTP1, GUTP2, QUTP3, GUTP4, GUTPS, @UTP6, GUTP7, @GUTPS

Calls to: GRAPH2, GRAPH2V, GRAPHND

COMMPN Blocks: DPL@T, INTEG.
PLPLRT

This subroutine plots graphs using the plotter and the GRAPH and
GRAPHM routines.

Called from: QUTP1, QUTP2, QUTP3, @UTP4, BUTP5, BUTP6, BUTP7, BUTP8

Calls to: INITPL, SCALRV, GRAPH, GRAPHM, ENDPLT
COMMPN Blocks: DPLPT, INTEG.
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STPRE

This subroutine stores the values for each variable to be plotted
and also the time values.

Called from: @UTP1, QUTP2, QUTP3, @UTP4, PUTP5, PUTP6, PUTP7, PUTPS

Calls to : N.A.

COMMPN Blocks: BVECT, D@T, PUTCOPN, CPNC, QUT, INTEG, DPLPT, INITL.
DUMP

This subroutine dumps out the values of all parameters stored in
COMM@N areas. It is very useful as a debugging aid throughout the code
since it could be easily called at any point in the code. However, for
normal computations, it prints out the contents of all C@MM@N blocks at
the end of the run.

This subroutine also writes the contents of pertinent C@MMPN Blocks
on unit 2 using FPRTRAN unformatted write statements. Thus, once the
COMMBN blocks have been saved, the calculation can be restarted by reading
them back into core and starting again as if the calculation never stopped.

Called from: MAIN

Calls to: N.A.

COMMON Blocks: INTEG, NAMES, C@NST, IRRAD, ANNEAL, PULSE, TEMP,

INITL, MAT, BKDAT, STRESS, BURG, C@NC, JACK, METDAT,
PUTCON, QUT, VECTPR, D@T.
BIAS

This subroutine calculates the aligned dislocation loop-vacancy
bias factor and the aligned dislocation loop - interstitial bias factor.

Called from: SPLIT

Calls to: N.A.

COMMON Blocks: STRESS, BKDAT.
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IV-C TRANSWELL I Computer Code Variables

AT1 TRANSWELL real variables are implicit double precision giving
14 decimal places of accuracy on an IBM or a UNIVAC computer. For a
CDC computer the statement "IMPLICIT D@UBLE PRECISION (A-H, 0-Z)" has to
be deleted from the beginning of all subroutines.

Variable names were chosen to indicate the actual names used in current
literature on rate theory applied to point defects. This facilitates under-
standing of the different subroutines for further development. The following
conventions were used throughout the Computer Code:

i) If the character (E) is attached to the end of a temperature
dependent variable name, the thermal equilibrium value of this variable
is meant.

ii) The character (0) "ZER0" is used at the end of some variable
names to indicate their initial values.

iii1) The character (A) is used at the end of some variable names to
indicate their stress aligned values.

iv) The character (N) is used at the end of some variable names to
indicate their stress non-aligned values.

The variables are grouped such that a subroutine will find most of
the variables that it needs in few COMMON Blocks. We now 1ist all of the
variables (by COMMPN Blocks) along with their meaning and units.

COMMON/ INTEG/

1) NT@T; total number of pulses to be studied.
2) MF; the method flag as described in subroutine DRIVE.
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INDEX; integration continuation index as in subroutine DRIVE.

NEQ; number of equations solved.

IPATH; integer determining a suitable path leading to subroutines
pertinent to one of the eight cases described.

JOUT; integer determining the method of output desired.

ID; integer determining the ID number of a metal as described in
subroutine PARAM.

IRESET; integer to reset the calculations.

JPLPT(5,3); 15 integers corresponding to a maximum of 15 plots in a
particle run. Each one can assume the values 1-300 corresponding to
a certain output quantity to be plotted. This will be described

in Section V.

NPL@T(5); 5 integers determining the number of overlayed plots in

a maximum of 5 graphs.

IGRID(5); 5 integers for the grid desired in each of the 5 plots.
NGRAPH; total number of graphs to be plotted.

NQUT; output counter for number of output intervals.

NWAIT; integer determining how many output intervals plotting
routines will -skip before they store a value for plotting.

NTIME; plotting counter for number of plotted points.
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COMMPN/CONST/

BK; Bolzmann's constant eV/°K.
PI = m.

BVAN; Vander Waal's constant.

FREQ, Debye frequency, sec'].
SITES; number of unstable sites around a vacancy.

FST; steady state divisor determining the number of output points.
Default value = 100.DO0.

FPL1; pulsed divisor for number of output points inside the pulse.
Default value = 10.DO0.

FPL2;( pulsed divisors for number of output points

FPLB;{1n between pulses. Default values are 10.D0 and

10.D0.

FAC; factor to terminate computations before the pulse is

ended to alleviate sharp derivative changes. Default value =

0.9999999D0.
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COMM@N/IRRAD/

1) PROD, production rate of point defects in dpa/sec.
2) DPA, total DPA accumulated during irradiation.

3) TEMP, irradiation temperature in oK.

4) DPSE, accumulated dpa at any current time.

CPMMPN/ANNEAL/

1) TIRR, irradiation time in seconds.

2) TANN, annealing time in seconds.

3) TEMPAN, annealing temperature in °K.
CAMM@N/PULSE/PW, TP, RS, EPS

1) PW; pulse width in seconds.

2) TP; pulse period in seconds.

10 for HO.

4

3) RS; multiplier in the order of 10~

-9

4) EPS; relative accuracy normally between 10™" - 10

COMMPN/BTEMP/

1) DV, vacancy diffusion coefficient at a certain temperature, cm2/sec.
2) DI, interstitial diffusion coefficient at a certain temperature, cmZ/sec.
3) CVE, equilibrium vacancy concentration in at./at.

4) CIE, equilibrium interstitial concentration in at./at.

5) XNV, concentration of voids in cm™S.

6) XNIL, concentration of interstitial loops in en~3,
7) TAUV, vacancy lifetime in seconds.

8) TAUI, interstitial lifetime in seconds.

9) ALFA, recombination coefficient in sec'].

1 .
10) BETA = T inev .
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COMMBN/INITL/

1) TO, initial integration time in seconds.

2) TIME, current time in seconds.

3) TPUT, output time in seconds.

4) Y0(10), a vector of length 10 double precision words for the
initial values of the components of the Y vector.

5) HS, initial step size for steady state calculations, sec.

6) HP, initial step size for pulsed or transient calculations, sec.
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COMMON/MAT/
1) CASC, cascade efficiency as defined in (D72).
2) PR@DV, production rate of free vacancies in dpa/sec.
3) XNVO, void density preexponential for nucleation in em™3,
4) EVPID, void density energy for nucleation in eV.
5) XNILO, interstitial loop density preexponential for nucleation in
em™S.
6) EL@PAP, interstitial loop density energy for nucleation in eV.
7) RODE, deformation produced dislocation density in cm_z.
8) RPDO, total initial dislocation density in cm'z.
9) RVLO, initial vacancy loop radius in cm. In the order of 15.D-8 cm.
10) RILO, initial interstitial loop radius in cm.

11) RVO, initial void radius in cm.

12) GAS, the number of gas atoms in a void.



COMM@N/NAMES/TYPE (20)

1) TYPE(1) and TYPE(2);

2) TYPE(3) and TYPE(4);

3) TYPE(5) and TYPE(6);

4) TYPE(7) and TYPE(8);

5) TYPE(9) and TYPE(10);

53

2A4 alphanumeric input variables indicating
irradiation particle. They assume the values:
"ELECTRON', 'I@Nbbbbb' and 'NEUTRONb' for electron
irradiation, ion irradiation or neutron ijrradiation,
respectively. b here means a blank.

2A4 alphanumeric input variables indicating
irradiated metal. They assume the values:
'NICKELbb', 'STEELbbb', 'ALUMINUM', NI@BIUMb'
and 'VANADIUM'.
2A4 alphanumeric input variables for irradiation
mode. They assume the values: 'PULSEDbb', 'STEADY'
and 'ANNEAL'.

2A4 alphanumeric input variables for pulsed
analysis method of solution. They assume the
values: 'EXACTbbbb' and 'DELTAbbb'.

2A4 alphanumeric input variables for stress state.

They assume the values: ‘'STRESSbb' and 'N@bSTRES'.

6) TYPE(11) and TYPE(12); 2A4 alphanumeric input variables for creep

studies. They assume the values: 'CREEPbbb'
and 'N@bCREEP'.

7) TYPE(13) and TYPE(14); 2A4 alphanumeric input variables for method of

output desired. They assume the values: 'PL@Tbbbb',
'"PRINTbbb', FULLbbbb' and 'PARTPRIN'.



8) TYPE(15) and TYPE(16);

9) TYPE(17) and TYPE(18);

10) TYPE(19) and TYPE(20);
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2A4 alphanumeric input variables for calling
subroutine PUTKEY. They assume the value
'ENTRYbbb' if one wants an ENTRY TABLE for
output quantities and the value 'N@bENTRY' if
one doesn't want it.

2A4 alphanumeric input variables for requesting
graphics on a certain device. They assume the
value 'TERMINAL' for terminal or printer graphs
and the value 'PL@TTERb' for plotter graphs.
2A4 alphanumeric input variables reserved

for possible expansions.
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COMMPN/BKDAT/

1) EVF, vacancy formation energy in eV.
) EIF, interstitial formation energy in eV.
3) DVE, vacancy diffusion coefficient preexponential in cmz/sec.
) DIE, interstitial diffusion coefficient preexponential in cmz/sec.
) EVM, vacancy migration energy in eV.

6) EIM, interstitial migration energy in eV.

7) BU, Burger's vector in cm.

8) GAMA, surface energy in eV/cm2.
9) ZV, vacancy-nonaligned dislocation loop bias factor.

10) ZI, interstitial-nonaligned dislocation loop bias factor.
11) OMEGA, atomic volume in cm3.
12) STACK, stacking fault energy in eV/cm?.
13) SHEAR, shear modulus in ergs/cm3.

14) XNEW, Poisson's ratio.
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COMM@N/STRESS/

1) SIGMA, uniaxial stress applied on the sample in eV cm'3.

2) XPLAN, the number of atoms defining an atomic plane, in the order 10.
3) ZVA, the vacancy-aligned interstitial loop bias factor.
4) ZIA, the interstitial-aligned interstitial loop bias factor.
5) RVGAS, equilibrium bubble radius in cm.
6) FACT@R, the fraction of total interstitial loop population that
are aligned perpendicular to applied stress.
7) XILA, the number density of aligned interstitial loops in cm'3.
8) XILN, the number density of non-aligned interstitial Toops in

cm'3.
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COMMBN/BURG/
This common areas contain constants that are calculated once before

integration starts. Explicit expressions for different variables are

written.
_ 2
1) QUAN = 7 [rvz(o)] b
2) BUSQ = b2
= oy (0
3) GEOME = exp {kT}
4) GEPVLO = GEEML (RVLO)
2, 2
5) STARTN = (1 - ) eP/nlr ,(0)T%b
6) DRIVEN = £(1 - f) ep
7)  STARTA =-%(1 + 2F) eP/n[rVQ(o)]Zb
8) DRIVEA =-%(1 ¥ 2f) eP/W[rvz(o)]Zb
- 2 e
9) RPDEN = £ o
- 1 e
10) REDEA = o
11) PI2 = 27
12) PI4 = 4n
13) PI400 = 4g°"
14)

BURVL = b rvz(o)
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COMMON/ CONC/
1) CV; Vacancy concentration in at./at.
2) CI; Interstitial concentration in at./at.
3) FLUXV; vacancy flux in cmz/sec.
4) FLUXI; interstitial flux in cm/sec.
COMMON/ JACK/
1) P(10, 10); 100 element matrix where values of the pertinent Jacobian elements
are stored.
COMMPN/METDAT/
1) A(15, 5); 75 element matrix where 15 physical parameters for each of
5 metals are stored as described before in subroutine PARAM
COMMPN/PUTCON/

1) XLAMI; interstitial time dependent time constant in sec_1.

2) XLAMV; vacancy time dependent time constant in sec'].

3) EMIT; total rate of vacancy emission in at./at./sec.
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COMM@N/BVECT/

This common area is used with a maximum dimension of 10. It contains
different elements of the vector ? at different conditions. We will
describe here the elements stored in each of the previous 8 cases

In all cases the following applies

1) Y(1); Average void radius, cm.

2) Y(2); Average non-aligned interstitial loop radius, cm.

CASE (1

1) Y(3); Number density of non-aligned vacancy loops, cm 3.
2) Y(4); Fraction of vacancies in non-aligned vacancy loops, at./at.
3) Y(5); Vacancy concentration, at./at.
4) Y(6); Interstitial concentration, at./at/
5) Y(7); Average aligned interstitial loop radius, cm.
6) Y(8); Number density of aligned vacancy loops, cm—3.
7) Y(9); Fraction of vacancies in aligned vacancy Toops, at./at.
8) Y(10); Network creep strain, cm/cm.
CASE (2)
1) Y(3); Number density of non-aligned vacancy loops, cm'3.
2) Y(4); Fraction of vacancies in non-aligned vacancy loops, at./at.
3) Y(5); Average aligned interstitial loop radius, cm.
4) Y(6); Number density of aligned vacancy loops, em™3,
5) Y(7); Fraction of vacancies in aligned vacancy loops, at./at.
6) Y(8); Network creep strain, cm/cm.
CASE (3)
1) Y(3); Number density of vacancy loops, em™3,
2) Y(4); Fraction of vacancies in vacancy loops, at./at.
3) Y(5); Vacancy concentration, at./at.
4) Y(6); Interstitial concentration, at./at.



CASE (4)
1) Y(3);
2) Y(4);
3) Y(5);
4) Y(6);
CASE (5
1) Y(3)s
2) Y(4);
CASE (6
1) Y(3);
2) Y(4);
CASE (7)
1) Y(3);
2) Y(4);
CASE (8)
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Vacancy concentration, at./at.
Interstitial concentration; at./at.
Average aligned interstitial loop radius, cm.

Network creep strain, cm/cm.

Average aligned interstitial loop radius, cm.

Network creep strain, cm/cm.

Vacancy concentration, at./at.
Interstitial concentration, at./at.
Number density of vacancy loops, en3,

Fraction of vacancies in vacancy loops, at./at.

No extra equations are used in this case.
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This CPOMMON block contains the time derivatives of vector elements
-

Y(i), 2<10. The contents of this COMMBN block are always the time

derivatives of the foregoing 8 cases discussed in COMMPN/BVECT/ .

COMMON/QUT/

1) RPDILN; Non-aligned dislocations loop line density, cm'z.
2) RODILA; Aligned dislocation loop line denstiy, cm'z.

3) RODVLN; Non-aligned vacancy loop line density, cm'z.

)
)
)
) RPDVLA; Aligned vacancy Toop line density, cm2,
)
)
)
)

-y

RAD; Total Tine dislocation density, cm'z.

(o) IS, |

EMITV; Vacancy emission rate from voids, at./at./sec.

EMITDA; Vacancy emission rate from aligned edge dislocations, at./at./sec.

~

8) EMITDN; Vacancy emission rate from non-aligned edge dislocations,

at./at./sec.
9) EMITD; Vacancy emission rate from all edge dislocations, at./at./sec.

10) EMITIA; Vacancy emission rate from aligned interstitial Toops, at./at./sec.

11) EMITIN; Vacancy emission rate from non-aligned interstitial loops, at./at./sec.
12) EMITIL; Total rate of vacancy emission from interstitial Toops, at./at./sec.
13) EMITVA; Vacancy emission rate from aligned vacancy loops, at./at./sec.

14) EMITVN; Vacancy emission rate from non-aligned vacancy loops, at./at./sec.

15
16

17

EMITVL; Total rate of vacancy emission from vacancy loops, at./at./sec.

SDISV; Vacancy time constant due to dislocation sinks, sec'].

N s e

SDISI; Interstitial time constant due to dislocation sinks, sec'].

18) SVPIDV; Vacancy time constant due to void sink, sec” !,

19) SVPIDI; Interstitial time constant due to void sink, sec'].

20) SINKI; Total interstitial sink removal rate, sec'].

21) SINKV; Total vacancy sink removal rate, sec™!.

22) RECOM; Rate of vacancy-interstitial recombination, sec'].
23) SWELL; Swelling percent, %.

24) DELRV; Change in void radius (RV-RVO), cm.

25) DELRIL; Change in interstitial loop radius (RIL-RILO), cm.
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V. Users Manual

V-A. Implementing the TRANSWELL Code

A great deal of effort has been directed towards optimization of both CPU
time and core storage requirements. The necessity for pulsed and transient
irradiation analysis with a great number of time steps imposes strict
efficiency requirements on any code for such studies.

Approximately 62000 decimal words on a UNIVAC 1110 computer are
needed for total program storage. Certain irradiation cases are very inex-
pensive to study using TRANSWELL. A typical case of electron irradiation,
steady production of point defects and no stress applied requires an
average of 0.23 seconds of CPU time per simulated dpa over a wide range of
temperatures.

TRANSWELL reads two NAMELIST inputs from I/@ unit and writes BCD out-
put to logical unit six. If it is requested, subroutine DUMP writes, in
unformatted FPRTRAN statements, to logical I/@ number 2. This is read
into COMMAN blocks by subroutine BINARY using FPRTRAN unformatted read
statements.

There should be no language compatibility problems, but the implicit
double precision statements should be removed from all subroutines when
using a CDC 6600 or 7600. The code was initiated on the Engineering
Computing Laboratory (ECL) of the University of Wisconsin, and then developed
on a UNIVAC 1110 using the FPRTRAN V compiler. Gear Package includes
approximately 1200 card images while TRANSWELL (including GEAR) contains

approximately 6000 card images.
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V-B. Using the TRANSWELL Code
TRANSWELL is designed with 2 NAMELIST inputs. The first NAMELIST

is /INDATA/ for all input quantities, while NAMELIST/PINF@/ is for plotting

information.
NAMELIST/INDATA/
1) XNVO 22) MF
2) EVQID 23) EPS
3) XNILO 24) RVLO
4) ELP@P 25) IRESET
5) PR@D 26) FST
6) DPA 27) FPL1
7) TEMP 28) FPL2
8) TIRR 29) FPL3
9) TANN 30) FAC
10) TEMPAN 31) DIvpP
11) NT@T (1)-(14) are required as input.
(15)-(31) have present default
12) PW . values and may be changed if they
13) T are included as input.
14) CASC
15) A(1,1), A(1,2),..., A(14,5)
16) SITES
17) RVO
18) GAS
19) SIGMA
20) XPLAN

21) RS
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NAMELIST/PINF@/

1) IXSCAL (1,1), ..., IXSCAL (5,3)
2) IYSCAL (1,1), ..., IVSCAL (5,3)
3) ISXSCAL
4) ISYSCAL

5) REFY (1,1), ..., REFY (5,2)

[=)]

REFX (1,1), ..., REFX (5,2)

~l

IGRID (1), ..., IGRID (5)

o

NPLOT (1), ..., NPL@T (5)

O W

1

)
)
)
) JPLOT (1,1), ..., JPLOT (5,3)
)
) NGRAPH
)

11) NWAIT
When the plotting of output is required, some of the previous NAMELIST
variables have to be suppled as described below.

Input Description

The most general form of input to TRANSWELL would be as follows:
bBINDATA varl = value 1, var2 = value 2, ..., varn = value n
bBEND

TYPE (1) & TYPE

2)
TYPE (3) & TYPE (4)
TYPE 6)
TYPE )

) & TYPE

(
(
5) & TYPE (
(8
(

10

TYPE (11) & TYPE (1

TYPE

TYPE

(1
(
(
(7
TYPE (9) & TYPE
(
(
(15
(1

)

) 2)

13) & TYPE (14)

) & 6)
TYPE (17) 8)

& TYPE

(
(
TYPE (1
(1
val

bFPINFQ varl = ue 1, var2 = value 2, ..., varn = value n

b3END

Other sets of data could follow according to IRESET. The (b) here means

a blank.
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In the following, we will describe the /INDATA/NAMELIST variables, the
ALPHANUMERIC input variables, the /PINF@/NAMELIST and then the ALPHANUMERIC
titling input. Finally we will describe how one can set an input

Run Stream.

NUMERIC INPUT

1-XNVO Default = 0.DO
Preexponential for void number density (Nucleation Condition), cm'3.
2-EVPID Default = 0.DO
Energy used for determiﬁing void number density (Nucleation Condition) ev.
3-XNILO Default = 0.DO
Preexponential for interstitial loop number denstiy (Nucleation Condition),
o3,
4-ELOQP Default = 0.DO
Energy used for determining interstitial loop number density (Nucleation
Condition), ev.
5-PR@D Default = 0.DO
Production rate of point defects in steady state or during square pulses,
dpa sec .
6-DPA Default = 0.DO

Total accumulated dose at the end of irradiation; at./at.

7-TEMP Default = 0.D0
Irradiation temperature, OK.
8-TIRR Default = 0.DO

Irradiation time when an irradiation-annealing procedure is studied, sec.
9-TANN Default = 0.DO

Annealing time when an irradiation-annealing procedure is studied, sec.

10-TEMPAN Default = 0.DO
Annealing temperature, °K.
11-NTOT Default = 1

Total number of pulses.
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12-PW Default = 0.D0

Pulse width in a square pulse generation of point defects, sec.

13-TP Default = 0.DO0
Pulse period, sec.
14-CASC Default = 0D.0

Cascade efficiency
15-A(1,0); 1<I <14, 1<J<5
A 14 x 5 matrix for metal data of 5 different metals. Best available
data are stored in this matrix prior to calling the INPUT subroutine. Therefore

any input of a particular element in this matrix supercedes previous stored

value. Default values are listed in the following table:

Metal
Parameter N S.S. Al Nb Va
1 2 3 4 5
1 Ej 1.3900 1.6D0 0.7D0
2 Ef 4.08D0 4.000 3.200
3 E? 1.38D0 1.3D0 0.57D0
4 ET .15D0 .2D0 0.1D0
5 03 .06D0 .58D0 0.045D0
6 D? .12D0 1.0-3 0.03D0
7 b 2.5D-8 2.0D-8 2.D-8
8 y 6.2415D14  1.25D15  6.2415D14
9 z, 1.00D0 1.00D0 1.00D0
10 Z, 1.01D0 1.08D0 1.01D0
1 Q 1.5625D-23  0.8D-23  0.8D-23
12 Yos 2.496D14 9.4D12 1.248D14
13 " 9.47D11 2.836D11  2.65D11  4.73D11 3.96D11
14 v, 0.276D0 0.291D0  0.347D0  9.35D0 0.392D0
15 e, 1.40D0 1.40D0 1.40D0 1.40D0  1.40D0
16-SITES Default = 100.00
Number of unstable atomic sites around a vacancy.
17-RV0O Default = 1.0 D-7

Initial void radius, cm.
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18-GAS Default = 10.D0

Number of gas atoms in a void.
19-SIGMA Default = 0.DO
Stress applied on the sample, ev cm'3.
20-XPLAN Default = 10.D0
Number of atoms defining an atomic plane.
21-RS Default = 1.D-10
Multiplier used to determine the initial time step. For steady state
calculations HS = RS * TAUV is used, while HP = RS #* TAUI is used for
pulsed and transient calculations. TAUV and TAUI are the vacancy and
interstitial lifetimes in sec, respectively.
22-MF Default = 21
Method flag determining method used in integrations as described in
DRIVE subroutine.
23-EPS Default = 1.0D-5
Relative accuracy of calculations as described in DRIVE subroutine.
24-RVLO Default = 15.D-8
Initial vacancy loop radius, cm.
25-TRESET Default = 0
Integer for restarting the calculations with the following possible values:
0 Start all over again and read numeric and alphanumeric data.
1 Read a following numeric input only.
2 Read a following alphanumeric input only.
3 Write all CAMMPN blocks in binary form on unit 2 for purpose of
continuing computations.

4 Last input to be supplied. Data Set with IRESET=4 should include all
numeric and alphanumeric data.

5 Read all CPMMPN blocks in binary form from unit 2 for continuation
of computations to a longer integration time.

6 Gives a dump of all common areas after certain subroutines

as a debugging aid.
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26-FST Default = 100.D0

Number of output points desired in steady state calculations.
27-FPL1 Default = 10.D0

Number of output points desired inside a pulse of width PW.
28-FPL2 Default = 10.D0

Multiplier giving logarithmic output starting from time t = PW to

t = TLINIT
29-FPL3 Default = 10.D0

Divisor giving Tlinear output starting from time t = TLIMIT to

t = TP at intervals of TP/FPL3 each.
30-FAC Default = .9999999Do

Factor to give last output at time t = FAC * PW inside the pulse.
31-DIVP Default = 2.D0

- Divisor to determine TLIMIT in above. TLIMIT = TP/DIVP.

ALPHANUMERIC INPUT

First Card

This 2A4 alphanumeric input card is for type of irradiation particle. It
only takes one of the three values (starting column 1):

ELECTRON for electron irradiation

ION for ion irradiation

NEUTRON for neutron irradiation

Second Card

This 2A4 alphanumeric input is for the metal under irradiation. It takes
one of the five values (starting from column 1):

NICKEL

STEEL
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ALUMINUM

NI@BIUM

VANADIUM

Third Card

This 2A4 alphanumeric input is for mode of irradiation. It only takes one
of the three values (starting column 1):

PULSED  for pulsed or transient irradiation modes.

STEADY  for steady rate of point defect production by irradiation

ANNEAL  for zero rate of point defect production by irradiation (annealing)

Fourth Card

This 2A4 alphanumeric input is for the method used in pulsed analysis. It is
contingent on card 3 taking the value PULSED. If the mode is not pulsed, this
card should be omitted. It takes one of the two values (starting from first
column):

EXACT for exact treatment within the Rate Theory

DELTA for approximate treatment to the Rate Theory using a delta function

| input

Fifth Card

This 2A4 alphanumeric input is for stress state of the irradiated metal.
It only takes the two values (starting column 1):

STRESS for a uniaxial stress applied

NPbSTRESS for no stress applied

Sixth Card

This 2A4 alphanumeric input is for creep studies. It only takes the two
values (starting column 1):

CREEP for creep studies desired

N@bCREEP  for no creep studies desired
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Seventh Card

This 2A4 alphanumeric input is for method of output desired. It only

takes one of the four values (starting column 1):

PLAT for plotted output either on the terminal, printer or plotter

PRINT for a full printed output at each time step
PARTPRINT for a partial printed output at each time step
FULL for a full printed output at each time step as well as a

plotted output on the terminal, printer or plotter

Eighth Card

This 2A4 alphanumeric input is for an ENTRY TABLE to define and describe

all abbreviations and notations used in the printout. It only takes the
values (starting column 1):

ENTRY for ENTRY TABLE desired on output

NAbENTRY for no ENTRY TABLE desired on output

Ninth Card

This 2A4 alphanumeric input is for requesting graphics on a certain
device. It is contingent on card 7. If card 7 has the value PL@T or FULL,
this card should be supplied, otherwise it should be deleted from the
Run Stream. It only takes the values (starting column 1):

TERMINAL for output plotted on a terminal or a printer

PLOATTER for output plotted on the standard plotter
PLATTING NUMERIC INPUT

Plotted output from TRANSWELL is designed to conform with the following

rather arbitrary conditions:
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1. A maximum of 5 graphs in one run.
2. A maximum of 3 overlayed plots in each graph. Thus we have a
maximum of 15 plots in the same run. One can imagine we have a matrix
of places, 5 x 3. In each place one can choose to plot any variable by
giving a certain integer (JPL@T), which define this variable as described later.
T. IXSCAL(I,J); 1 <I<5,1<J<3.
Hollerith or equivalent INTEGER scale transformation control for
TIME or D@SE axis.
1XSCAL(I,J

6HDPUBLE or 2; DPUBLE PRECISIPN data, linear scaling.

1XSCAL(I,J 6HLAGDBL or 6; DPUBLE PRECISIPN data, Togarithmic scale.

)

)

IXSCAL(I,Jd): 1 <1 <5,J=2or 3.

IXSCAL(I,J) = -1; Use same scale as defined by a CALL to GRAPH.

(i.e., 2nd overlay with scale as used by first graph).

~-2; Use same scale as defined by a call to GRAPHM.
(i.e., 3rd overlay with scale defined by a second overlay).
2.1Y%M&LL);1§I§5,1§J:3&

Hollerith or equivalent INTEGER scale transformation control for any

output quantity to be plotted.

1YSCAL(I,J) = 6HDPUBLE or 2; DPUBLE PRECISIPN data, linear scaling.

1YSCAL(I,J) = 6HL@PGDBL or 6; DPUBLE PRECISIPN data, logarithmic scale.

IYSCAL(I,J); 1 <1 <5,J=2o0r3
IYSCAL(I,J) =-1; Use same scales as defined by a call to GRAPH (i.e.,
2nd overlay with scale as used by first graph).
= -2; Use same scale as defined by a call to GRAPHM.
(i.e., 3rd overlay with scale defined by a second overlay.
Default Values:
1XSCAL (1-5, 1)

= 2 (Double precision - Linear)
IYSCAL (1-5, 1)
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IXSIAL (1-5, 2-3)
= -1 (Same scale used for a CALL to GRAPH, i.e.

TYSCAL (1-5, 2-3) same scale as first graph)

3. REFX(I,J); T<I<5,1<d<3. Default = 0.DO0.

DPUBLE PRECISIPN reference value for the TIME axis.

4. REFY(I,J); 1 <I<5,1<4J<3. Default = 0.D0.

DPUBLE PRECISI@N reference value for any plotted quantity axis.

5. IGRID(I); 1 < I <5. Default = 2.

Hollarith or equivalent INTEGER graphing coordinate axis or grid
control:

IGRID = 4HNPNE or -3; neither of the axes nor a grid is drawn. Labels

are written if specified by 1XLABL or IYLABL.
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IGRID = SHXPNLY or -2; a single axis is drawn along the bottom edge
of the graphing rectangle. VY-axis label is written if specified by IYLABL.

IGRID = SHYPNLY or -1; a single axis is drawn along the left edge of
the graphing rectangle. X-axis label is written if specified by IXLABL.

IGRID = 4HAXES or 0; single set of axes along bottom and left edges
of graphing rectangle.

IGRID = 6HNPRMAL or 1; a set of axes is drawn along the bottom and
Teft edges of the graphing rectangle, which is then completed on the
opposite sides by simple straight lines.

IGRID = 5HFRAME or 2; axes are drawn as for

It

IGRID

4HAXES, and the graphing rectangle is completed on the opposite
sides by duplicate axes (without labels).

IGRID = 4HGRID or 3; graphing coordinate system depicted by a complete
grid.

6. JPLAT(I,J); 1 <1<5,1<J<3. Default = N.A.

An integer determining the output variable desired for plotting in the
I'th graph and J'th overlay.

For contents of CAMM@N block /BVECT/:

1 f_JPLQT(I,J).i 100.

For contents of COMMPN block /DQT/:

101 < JPLPT(I,J) < 200.

For contents of C@MMBN block /QUTCON/:

201 < JPLAT(I,J) < 210.

For contents of COMM@N block /CPNC/:

211 < JPLPT(I,J) < 220.



74

For contents of COMM@N block /@UT/:
221 < JPLPT(1,d) < 300.
A full table of this numeric code will be given below.

2.

7. NPLPT(I); 1 < I < 5. Default

Number of overlayed plots in I'th graph.

8. NGRAPH. Default = N.A.

Total number of graphs desired on output.

9. ISXREF(I,J); 1 <Jd<5,1<d<2.
ISYREF(I,J); 1 <1 <5, 1

J < 2.

fA
iA

Used in calls to scaling subroutines to indicate how reference
values are to be used.
Values
0 = No reference value used in scaling (i.e. scaled on maximum
and minimum of data)
1 = Reference values used as minimum values.
2 = Reference values used as center values.
3 = Reference value used as maximum value.

Default values

ISYREF(I,J)
= 1 (minimum)
ISXREF(I,J)

PLOTTING TITLES

These are supplied in sets of card images with a maximum of 80 characters
in each. There are 3 cards per desired graph. The first card is for general
TITLE, the second is for X-LABLE and the third is for Y-LABLE.

ORDER OF INPUT

A11 numeric data different from default values are to be inputted in the

BPINF@ NAMELIST. Then the title, x label and y label for each graph.
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Table (1) JPLPT(I,J) Code

JPLOT JPLAT
JPLPT name equivalent integer JPLAT name equivalent integer
RV 1 Cv 211
RIL 2 CI 212
Y(3) 3 FLUXV 213
Y(4) 4 FLUXI 214
Y(5) 5 RUDILN 221
Y(6) 6 RODILA 222
Y(7) 7 RODVLN 223
Y(8) 8 RODVLA 224
Y(9) 9 ROD 225
Y(10) 10 EMITV 226
DRVT 101 EMITDA 227
DRILT 102 EMITDN 228
YDAT(3) 103 EMITD 229
YDOT(4) 104 EMITIA 230
YDAT(5) 105 EMITIN 231
YDAT(6) 106 EMITIL 232
YDPT(7) 107 EMITVA 233
YDQT(8) 108 EMITVN 234
YDAT(9) 109 EMITVL 235
YDPT(10) 110 SDISV 236
XLAMI 201 SDISI 237
XLAMV 202 SV@IDV 238
EMIT 203 SVPIDI 239
SINKI 240
SINKV 241
RECOM 242
SWELL 243
DELRV 244
DELRIL 245
EPSIL 246
EPSVL 247

RPVAID 248
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VI. Example Problems

VI-A. Example Problem (1)
STAINLESS STEEL UNDER ELECTRON IRRADIATION IN A STEADY IRRADIATION MODE:

The first example shows a steady state application of TRANSWELL.
Electron irradiated steel in a steady irradiation mode 1is chosen because
it is an easy system to study. It also shows the agreement between swelling
values predicted by the code and those measured experimentally by the choice
of suitable input parameters(]3).

Details of input parameters are given at the beginning of output, while
meanings of abbreviations used are given in the ENTRY TABLE.

Complete output was desired which gives all the time varying quantities
and the elements of the Jacobian at each time step. A 100 time steps were
used (which is the minimum number of points to generate a plot), and a final
accumulated dose of 50 dpa was obtained.

At the end of output, a dump of all C@MMPN blocks is given to aid in
evaluating the calculations. The Tast order used was the first order, the
total number of steps taken were 1013, the total number of DIFFUN calls were
1326 and the total number of Jacobian evaluations were 280.

4 different graphs were plotted on the line printer for the removal
rates, void radius, interstitial loop radius and swelling. The input for this

problem is reported on the next page.
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INPUT DATA FOR EXAMPLE (1)

@ RUN, 11162,9000151022, 2M
@ XQT TRANS*WELL. SWELL
$INDATA XNVO = 6.5D8, XNILO = 6.7D-3, EVPID = 1., ELQ@P = 2.8,
DPA = 50., PRAD = 5.D-3, TEMP = 773., IRESET = 4,
$END
ELECTRON
STEEL
STEADY
N@ STRESS
N@ CREEP
FULL
ENTRY
TERMINAL
$PINF@ NGRAPH = 4, NPL@T(1)

1, NPL@T(2) = 1, NPLPT (3) = 3,
NPLOT(4) = 1,
JPLAT(1,1) = 1, JPLPT(2,1)

2, JPLPT(3,1) = 240, JPLPT(3,2) = 241,
JPLQT (3,3) = 242, JPLPT(4,1) = 243,
$END
*x QY kx|
TIME
YAXIS
** RIL **
TIME
YAXIS
** REC@M, SINKV AND SINKI ** ..
TIME
YAXIS
@ FIN

Output of selected time steps follows.
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.".Q.O.'Q..QCQ'Q'CQOCO'Q’QDCO.“0.‘00G"OQQQ'C’C..C..OO.QCQ"CQO..QCQ.OQCO

$* TRANSWELL CODE TO FIND MATERTALS REPONCE TO IRRADIATION ¢¢ N, GHONIEM o

'.QQ..OC.l“""l"‘..‘...’."Q.".“QQC‘.C.!'Q.O'.'.'.C0...00"0"...".t.

(LISTEEL UNDER ELECTRON IRRADIATION IN A STEADY IRRADIATION MODE
®NO STRESS EFFECTS ARE REING STUDIED
se NO CREEP BFHAVIOR Qp THE METAL 1S STUDIED e

.----------------------o-------.--..v------------vw-c-'-nn.------..

{Z2)MATERIAL CHARACTERISTICS

CASCADE EFFICIENCY = ,00000+000

VOID PREEXPONENTIAL = 265000+009

VOID ENERGY (NUCLEATION) a  ,10000+001 EV
e __...INTER=LOOP PREEXPONENTIAL ______ = 447000-002

INTER-LOOP ENERGY (NUCLEATION)= +28070+001 EV

INITIAL DISLOCATION DENSITY = 100004009 CM/CM3

INITIAL AVERAGE VvOID RADIUS = +10000-006 CcM

NUMBER OF GAS ATOMS IN A volD = «10000+002

_  (3)IRRADIATION CHARACTERJISTICS

L o R L I LY gy

PRODUCTION RATE = +50000~002 DPA/SEC

TOTAL DOSE = «50000+002 DPA
IRRADIATION TEMPERATURE = +97300+003 KELVIN

(4) STRESS AND PLANNAR ATOM INpUT

MAGNITUDE OF UNIAXIAL STRESS = ,00000+000

NUMBER OF PLANNAR ATOMS = ,00000+000
"~ (S)IMETHOD OF OUTPUT 1S FULL

TIME _IN SEC=TIME DOSE IN DPA®DOSE

[ VL T ey g [ XXX LA L L AL L AL L Rkl

(1) AVERAGE CONCENTRATIONS OF POINT DEFECTS

PomwpewenPegtgistanesVulepwagawaeegodunvon

AVERAGE CONCENTRATION OF VACANCIES "Cy
AYERAGE CONCFNTRATION OF INTERSTIT]ALS LY —
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(2)  FLUXES OF VACANICES ANnD INTERSTITIALS
‘ -.-.-.-u-..-.-..-..-oog..!’.-.-.--.!I

VACANCY FLUX(DVecVy) -
INTERSTITIAL FLUX{Dlecy)

SFLUXV
SFLUX]

{3) LEAKAGE RATES oF FRENKEL PAIRS TO DIFFERENT SINKS

.--.’.-.--..9.’--..-.......-...".....-'.--.-.'-.-.-.-.---...
- — — TR e

{3%A) LEAKAGE RATES of VACANCIES TO SINKS

..--6u-u-..---o-..------..---.-...-.p-qQ---...

LEAKAGE RATE OF VACANCIES TO TOTAL SINKS eSINKV
LEAKAGE RATi_Qﬁ_!AEAN;lESNIQNEISkQQALLQHE*___________,E§21§!_
LEAKAGE RATE OF VACANCIESTO VOIDS *SVolDy
(3«B) LEAKAGE RATES oF INTERSTITIALS 10 SINKS
"""'""""’""’""’""’""’""""""""3""""""'.."".'-
LEAKAGE RATE OF INTEEE?Y?iIEE'?6“?6?iE‘EYNi““““‘“‘_**’?EiEET_"“*
LEAKAGE RATE OF INTERSTITSALS TOCISLOCATIONS *SDIST
LEAKAGE RATE OF INTFRSTITIALS YO VQIDS LT ILT
(ﬁl__£ﬁ15§lnN_RAI£5~D£ﬁ1A£AN£1£ﬁ__ _ - ——
EMISSION RATE FROM VACANCY LOOPS CEMITVL
EMISSION RATE FROM INTERSTITIAL LoOPS SEMITIL

_ﬁ__iujsslou_xAlz_fnon_xo;psTﬁwm_‘ﬁm_wm_"__hm‘_‘~_____m

—— _SEMJTY_

EMISSION RATE FROM DiSLOCATIONS ®EM]TD
TOTAL EMISSION RATE oOF VACANCIES SEMITT
{5) RATE OF RECOMBINATION oF VACANCIES AND INTERSTITIALS ‘®RECOM
_ '...-’-_L-_:_:"-'---aw.q--n-w-.-..-:::--.-3-.-'_3---.--::7-_'_“_‘ —
(6) OISLOCATION DENSITIES N CMoom?
-..----o--------Q-u-.c-..-o-.-
~ INTERSTITIAL Loop DISLOCATION DENSITY - *RoDIL
VACANCY Loor OISLOCATION DENSITY *RODVL
INITYIAL DISLACATION DENSLITY SRQDO
TOTAL DISLOCATION DENSITY *ROD
EQUIVALENT voID SINK DENSTY SROVOID
(7) RADII OF voIDsS anD Loops [N ANGSTRQMS
YOID RADIYS SRV
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Figure 6
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EXAMPLE PROBLEM (2)

STAINLESS STEEL UNDER NEUTRON IRRADIATION IN A PULSED IRRADIATION MODE

This example shows an application of the code to pulsed irradiation. A
damage pulse of 10'8 seconds pulse width and 10 dpa/sec. damage rate is
analyzed. The analysis is requested with the following scheme:

1. Five time steps inside the pulse at equal intervals. Therefore,

we use FPLT = 5.D0.

2. Logarithmic steps from time pulse ends to 5_%-of total pulse

period (50 seconds here). Base 10 is chosen for the log scale.
Hence we use FPL2 = default and DIVP = default.

3. Equal time steps from t = 10 seconds to t = 100 seconds with step

size = 1 second. So use FPL3 = 100.DO.

4. OQutput is required in the form of plots only for three different

temperatures: 400°C, 500°C, 600°C.

5. Changes in void radius and interstitial Toop radius as a function

of time are overlayed on one graph.

6. Vacancy and interstitial concentrations as a function of time

are overlayed on another graph. This gives us 6 graphs for a certain
void radius.

7. Steps 4-6 are implemented for initial void radii:-100 R, 40 R and a

10 A to give a total of 18 graphs.

The reader finds the input for this example in the next page. Notice how

IRESET is used in different situations, and that graphs are not smooth enough because

of the small number of points used for plotting.
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INPUT DATA FOR EXAMPLE (2)

@RUN, 11162, 9000151622, 4M
@GSP, X

PLATTER PEN/LIQ

@XQT TRANS* SWELL.SWELL

$INDATA XNVO = 3.15 D11, XNILO = 1.3 D-4, EV@ID = .625, EL@PP = 2.8,

PROD = 10., DPA = 1.D-7, CASC = .044,
FPLY = 5., FPL3 = 100.,

TP = 100., PW = 1.0, NTQT = 1,
TEMP = 673., RVO = 100.D-8,

$END

IPN

STEEL

PULSED

EXACT

N STRESS

N CREEP

PLOT

NG ENTRY

PLPTTER

$PINFP NGRAPH = 2, NPLOT(1) = 2, NPLET(2) = 2,

IXSCAL(1,1) = 6, IXSCAL(1,2) = -1, IYSCAL(1,2) = -1,
ISYREF(1,1) = 2, ISYREF(1,2) = 2, REFX(1,1) = 1.D-10,
REFX(1,2) = 1.D-10,
JPLOT(1,1) = 244, JPLET(1,2) = 245,
IXSCAL(2,1) = 6, IXSCAL(2,2) = 6, IVSCAL(2,1) = 6, IVSCAL(2,2) = 6,
REFX(2,1) = 1.D-10, REFX(2,2) = 1.D-10, REFY(2,1) = 1.D-14,
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REFY(2,2) = 1.D-14,
JPLPT(2,1) = 5, JPLPT(2,2) = 6,
$END
CHANGES IN VPID AND L@@P RADII $$
TIME (SEC.) $$
CHANGE IN RADIUS (CM) $$
PPINT DEFECT CPNC. IN AN IRRADIATI@N PULSE $%
TIME (SEC.) $$
CONCENTRATION (AT./AT.) $$
$INDATA TEMP

773., IRESET = 1, $END
$INDATA TEMP = 873., $END
$INDATA TEMP = 673., RVO = 40.D-8, $END

$INDATA TEMP = 773., $END

$INDATA TEMP

873., $END

$INDATA TEMP = 673., RVO = 10.D-8, $END

$INDATA TEMP = 773., $END
$INDATA TEMP = 873., $END
OFIN

The output computer plots are shown in the following pages.
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Concluding Remarks

The documentation of the TRANSWELL Code has been performed in great
detail so that others may find it easier to utilize the code in their work.
It is expected that as we learn more about the physics of void growth, and
as the data from pulsed and steady state irradiation experiments is analyzed,
appropriate adjustments to the format will be made. We will update the
description of the code from time to time and label each new version with a
new number, e.g. VERS-II, VERS-III, etc.

Since the purpose of this document was to outline the approach taken
in TRANSWELL, we did not spend much time analyzing the results of the two

(5,12) and future documents will concentrate

example cases. Previous reports
on those aspects of the work. Finally, we would encourage comments and
suggestions as to how TRANSWELL could be made even more functional for others
in this field. It is only by continual upgrading that we will eventually

be able to solve some of the severe problems facing us.
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