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PREFACE

Since the original writing of the DKR code by Tak Yun Sung [Ref. 1,
Appendix A], a number of modifications to the code were made by several gradu-
ate students attending the University of Wisconsin-Madison (Kevin Okula,
Andrew Klein, Andrew White, Augusto Morelli and myself). This naturally led
to the existence of a number of different DKR versions on the NMFECC (National
Magnetic Fusion Energy Computing Center) and on the MACC (Madison Academic
Computing Center) networks. Unfortunately, many of the modifications were
never documented, resulting in old modifications becoming obscure as time
passed.

This particular revision of the DKR code, called DKR-1100, is an attempt
to establish some coherence among the different versions that now exist. The
DKR-1100 version, as the name implies, is the version of the DKR code that now
exists at the MACC site. Although many of the main computational subroutines
are nearly identical to the NMFECC network version, the input to the DKR-1100
version 1is considerably different than that of the DKR versions existing on
the NMFECC network (which among other things, has been adapted to the Lawrence
Livermore CRAY computers). Thus for all the new users of the DKR-1100 code,

"Happy Computing."



ABSTRACT

DKR is a point activity calculation code which constructs linear decay
chains using nuclear data from Decay Chain Data Library (DCDLIB) and solves
them to compute the activity of a fusion reactor. Transmutation data in the
DCDLIB and neutron fluxes of a system are the essential inputs for this pro-
gram.

The calculation of radioactivity, biological hazard potential (BHP),
afterheat due to B- and y-rays, and that due to B-rays only, is performed with
the DKR code. A decay y-ray source may also be produced as one of the option-
al outputs from DKR.

The photon transport calculation is performed with decay y-ray sources at
times after shutdown, or with adjoint sources (kerma of tissue) at a specified
position. Detailed spatial afterheat is obtained from the y-ray heating rate

in the photon forward calculation and B-ray heating in the DKR results.



1. INTRODUCTION

Calculations of radicactivity and afterheat due to neutron activation are
of great concern in a fusion reactor design. Evaluation of environmental im-
pact, accident analysis, maintenance procedures, and to some extent the choice
of blanket and shield materials depend on determining the radioactivity and
afterheat.

Previous activation calculations performed in conjunction with fusion re-
actor designs [1-5] agree on the order of magnitude in radioactivity and
afterheat, in general, but show wide variation in the radiological hazard
which is sensitive to the concentration of each isotope. The differences ob-
served in activity for various calculations result primarily from design dif-
ferences such as size and composition, and the choice of material. However,
it should be pointed out that there are no well-established methods for calcu-
lating radioactivity and afterheat of fusion reactors, and some of the discre-
pancies between various calculations are due to inconsistent procedures in
using the nuclear data.

The activation of a nuclide can be represented by linear decay chains, as
will be discussed later, which are solved accurately and efficiently using the
recursion coefficient formula [6].

Recently, nuciear data systems have been improved considerably, in par-
ticular the expanded and updated ENDF/B nuclear data library is now available
[7,8]. The ENDF/B-IV Tlibrary provides a unified data format and updated
nuclear data which makes it possible to describe the neutron and photon inter-
actions reasonably well. Also, dosimetry files in ENDF/B-IV for radioisotopes
are very useful for radioactivity studies. Consequently, it is desirable to

construct the linear decay chains from the nuclear data based on ENDF/B-IV.



Based on these concepts, the DKR code has been written and a Decay Chain
Data Library (DCDLIB) [9] has been compiled. Figure 1.1 shows the flowchart
for the complete activity calculational scheme.

The secondary libraries for the neutron and photon transport calculations
were processed by the AMPX modular system [10]. The reaction cross sections
in ENDF/B and other complimentary sources were processed by the MACK program
[11]. Prep [9] is the program for generating the DCDLIB. The reaction cross
sections and the radioactive decay data have been compiled into the DCDLIB
under the transmutation types shown in Table 1.1. Once DCDLIB is completed,
it may be used for activity calculation until improvements in ENDF/B or the
other data sources warrant its revision or expansion.

DKR is the major program in the activity calculation and is designed to
construct and then solve the linear decay chains using nuclear data from
DCDLIB, leading to the activity of a fusion reactor. The neutron flux from
ANISN [12] and transmutation data from DCDLIB are the essential inputs for the
DKR program. The calculation of radioactivity, BHP, and afterheat due to B-
and y-rays and that due to B-rays only is performed with the DKR code. Decay
Y-ray sources are also produced as one of the outputs from DKR.

The photon transport calculation is performed with decay y-ray sources at
times after shutdown, or with adjoint sources (kerma of tissue) at a specified
position using the one-dimensional transport code ANISN. Detailed spatial
afterheat is obtained from the y-ray heating rate in the ANISN forward calcu-
lation and B-ray heating in the DKR results.

2., CALCULATIONAL METHODS

The activity calculation in a fusion reactor is based on the transmuta-

tions of nuclides which are determined by their decay rate and/or reaction



TABLE 1.1.

Definition of Transmutation Types

Transmutation Types Identified by an Integer KT

Change inTT
KT Reaction Type' KZA LIS ENDF/B-1V
1 Total Reaction
2 (n,v) + 1 MT = 102
3 (n,p) -1000 103
4 (n,2n) - 1 16
5 (n,d), (n,n")p -1001 28,104
6 (n,t) -1002 32,105
7 (n,He3) -2002 106
8 (n,a) -2003 107
9 (n,n)a -2004 22
10 (n,2n)a -2005 24
11 (n,2a) -4007 108
12 (n,2a)t -5010 113
13 (n,3a) -6011 109
14 (n,3a)n -6012 23
15 (n,n')* +1
16 (n,y)* + 1 +1
17 (n,2n)* - 1+ 26
18 (n,p)* -1000 +1
19 (n,d)*, n(np)* -1001  +1
20 (to be assigned)
21 Total Decay
22 B +1000 RTYP = 1.0
23 8¥, EC  (=3) -1000 2.0
24 a (=9) ~2004 4.0
25 Y -1 3.0
26 (B7)* +1000 +1
27 (8*)*, (EC)* (=18) -1000  +1
28 n - 1

Tthe reaction type with * lead to the isomeric state
YTkza: (Z,A) number of a nuclide (= 1000-Z + A)

LIS:

isomeric state of a nuclide
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Fig. 1.1. Calculational scheme of activity in fusion reactor.



rate. A reaction rate is given by

A= (0,¢)

where o is the reaction cross section which converts the scalar flux ¢ into a
reaction rate of interest, and the symbol ( » ) indicates integration over all
energies.

The reaction rate is spatially dependent while the decay constant of a
nuclide is independent of any external influence. The concern in activity
calculation is the transmutation of target nuclides. Most transmutation
products do not move in the reactor blanket and shield, thus activation and
transmutation are computed by a point-wise calculation while transport is
calculated by a 1-D approximation. The main purpose of this section is to
show calculational methods for determining the activity of a fusion reactor
using linear decay chains.

2.1 Transmutation

Neutron induced reactions in the blanket and shield lead to transmuta-
tions of nuclides and some of the transmutation products are radiocactive. The
products, including radioactive ones, are also exposed to a neutron flux and
they may transmute and/or decay out to result in other transmutations. Some
may feed back to their precursors.

About twenty neutron reactions are possible when nuclei are bombarded by
neutrons in the energy range below 20 MeV [13]. Among them, the (n,3n) re-
action and (n,n't) reaction are energetically the most unfavorable and gene-
rally do not occur below about 15 MeV incident neutron energy, because of

their high threshold energy. An important exception is the (n,n't) reaction



of 'Li which was treated as an (n,n'a) reaction in this work. Probable
neutron reactions and radioactive decay processes of a nuclide in a fusion
reactor are given in Fig. 2.1.

There are several reactions which result in the same transmutation
product. For example, the nuclide with Z protons and N neutrons is transmuted
into the nuclide with (Z - 1) protons and N neutrons by an (n,d), an (n,n'p),
or an (n,p'n) reaction. The transmutation products cannot be distinguished by
their transmutation history unless one reaction type is favored to form the
product nuclei in a metastable state. Therefore, these reactions are the same
from the transmutation point of view and they will be included in one transmu-
tation process. Rearranged transmutation types were shown in Table 1.1.

Let Nk represent the number density of nuclide k and let the transmuta-
tion type be either an induced reaction or a radiocactive decay; then the
inventory of nuclide k can be calculated from the nuclear data information,
i.e. reaction rates and decay rates.

The number density of nuclide k at one point is represented by a balance

equation

daN ®
K _v ko, _ : k
it ?] 'YJ NJ }\ka Nk IO O'a¢ dE + Q (2.1)

~

where v is the probability for a nuclide j forming a nuclide k per unit

X o

time, o_ is the absorption cross section of nuclide k, and A, 1is the total
decay constant of nuclide k.

It is necessary to construct reaction chains for every blanket material
to solve the balance equations. A considerable amount of effort was made to

construct chains which are important for the activity calculation, in order to
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Fig. 2.1. Transmutation products by neutron reaction and by radioactive
decay.



solve the corresponding balance equation efficiently. The activity has been
calculated using the activation chains for each isotope assuming constant flux
during the operating time. Also, special attention was given as to what
branching ratio to use and the effect of these choices where large discrep-
ancies exist in available data for cross sections and branching ratios.

The balance equation may be expressed by a matrix representation

SSN=0-BN. (2.2)
Although this equation can be solved by the matrix exponential method [14,15],
it is not always easy to solve, because there are several hundreds of
nuclides, each of which can be produced and destroyed by one or more transmu-
tation process. Thus a matrix whose order is sometimes unknown must be con-
structed to describe the problem exactly, and even if the order of matrix is
known, it may be too large to be calculated efficiently.

Another problem is caused by a wide range in magnitude of coefficients of
the matrix B, which can lead to meaningless solutions. The coefficient range
must be restricted to make the matrix calculation possible and the time steps
limited to those corresponding to the coefficient magnitude. Furthermore, too
many zeroes in a matrix are undesirable because they cost computing time. To
avoid these problems, a matrix B which has finite dimensions and whose coef-
ficients lie in a reasonable range must be constructed.

2.2 Linear Decay Chains

An effective method of calculating the inventory of nuclides using linear

decay chains has been developed and applied in the DKR code [6].



The linear decay chains are constructed by taking all the possible linear
paths so that the resolved chains show no branches. However, the work to con-
struct the chains and to prepare chain data is too time-consuming to be re-
peated for each calculation.

Recently, nuclear data library systems have been improved considerably,
especially that in ENDF/B-IV. Therefore, it is desirable to construct the
linear decay chains from the nuclear data based on ENDF/B-IV. After the
Tinear decay chains are constructed, they can be solved analytically. The DKR
code has been developed with these concepts, and a Decay Chain Data Library
(DCDLIB) for construction of chains has been compiled. The algorithm for for-
mation of linear decay chains with nuclear data from DCDLIB will be discussed
later.

In the linear decay chains, the balance equations become an ordered set
of coupled differential equations. The number density of a nuclide is related

only to that of a preceding nuclide, and can be written as

[«

KN - g N (2.3)

N kT Yk-1 Ne-1 7 BNk

K=

dt

where 5, is the external source of the Kth nuclide, Yt-l is the production

rate of a nuclide from its precursor, and By s the destruction rate of the

kth nuclide in the linear decay chains. On the other hand, a loop is a chain
where a nuclide leads to the production of itself by transmutation processes.

Each mode in a <chain represents partial or whole nuclide

concentrations. After the calculation of linear chains, the number density of

a nuclide can be written as a sum of its partial concentrations.



The balance equation for the k*h nuclide in a linear decay chain without

loops is
N =q - 8N (2.3)
dt 'k k k'k 2 :

h

where Q , the production rate of the k* nuclide from the (k - 1) nuctide
and from the source, is given by

Q = Vi N, + S

k k-1 “k-1 k *

The solution of Eq. (2.3) is

B, (t-t ) t -8, (t-t')

N (t) = N (t) e + [ Q. (t') e dat' . (2.4)
k k'"o 1 k
)

The first term in Eq. (2.4) may be computed directly, but the second term
which is related to the history of the transmutations and the source cannot.
Since N, and Q, are a linear combination of exponentials, we can express the
solution as

Ko ¢
N(th = L aje )

V.(S.,(t-t )) (2.5)
j=1 jop 97 0

K . - . . . 'Bj(t'to)
where aj is the coefficient associated with the exponential e and
VJ(SJ,(t-to)) is the term related to the external source.

Comparing Eqs. (2.4) and (2.5) for the case of no source, it is clear

that
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(2.6)

where Yt—l is the production rate of the kK nuclide from the (k - 1)t nu-
clide. Substituting the expression for Qk(t') and N (t) into the Eq. (2.5)

with no source related terms,

-8, (t-t ) k-1 a. -8.(t-t ) -8, (t-t_)
N(E) =N (t)e & O wyk Ty d e 3 00 L kT 0Ny 5 g)
k k'‘o k-1 L B i
Jj=1 "k J
Rearranging Eq. (2.7) yields
) ( (t) K z" al‘;-l ) 'Bk(t-to) K kil al;_l ‘Bj(t-to)
N () = (N (t) - yo_ —L ) e + oy, — e
k k'“o k-1 ) By B k-1 j21 By B
(2.8)
S 2l (2.9)
and a, = NA(t ) -y _ - s 2.9
k k'“o k-1 =1 By ~ B
!
ak = yk o _d j=1, 2 k-1 (2.10)
J k-18, - B : LERERE . .

Therefore, the coefficients can be computed from the preceding coefficients

successively,

NOTE: The 1linear decay chains were originally solved by Egs.
(2.8) through (2.10). Due to numerical roundoff errors occurring
whenever the magnitude of two destruction rates differed by 10° or
more (which lead to some negative number densities in the third rank),

the linear decay chains are now solved by Eq. (2.7). The numerical
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stability is improved but negative number densities may occasionally

still be encountered in the fourth and higher ranks.

A special case occurs when Bk 1s equal to Bj, or B, is close to 8 The

j*
first case occurs frequently when a loop in a linear chain is expanded linear-
ly and the other case occurs when the destruction rates of two or more nu-
clides in a chain are accidentally very close. However, both cases can be
treated as one case 8 = Bj to preserve the simplicity of the recursion coef-
ficient formula by keeping k linear combination of exponentials. A destruc-
tion rate is either a reaction rate or a decay rate, or sometimes the sum of
both.

The recursion formula in Eq. (2.9) or (2.10) cannot be used in this case
because of the singularity. Going back to Eq. (2.7) and considering the case
where 8, is very close to B (3 # k),

-Bk(t-to) kol

(0]
_ k=1 re e ]
N () = N (t) e * Yo 321 a; [ —— 1 (2.11)

the quantity in the brackets becomes

-Bj(t—to) —Bk(t-to)

5 (t-t) Bj(t-to)-Bk(t-to)

_ . J l-e
(t to) e

£ ]
Bklt - to) - BjTt - to)

(2.12)

e

n-1
-Bj(t-to) [Bj(t - t) -8 (t-t)]

n!

ne-18

(t - to)-e )

Substituting Eq. (2.12) into Eq. (2.11) results

12



-B o
k 0 k k-1 re - e
N (t) = N (t) e +y, . 1 oas o] _ ] (2.13)
k k'~ o k-1 j=1 J Bk BJ
-1
k-1 B.(t-t) » [B.(t-t) -8, (t-t)]"
tvpg 1 aSThe -t e o ko
k=1 n=1 *
Bk=8j

The modified recursion coefficients are

() -k T o (2.14a)
a, = N(t) -y _ Y 2.14a
k k'o k-1 j=1 Bk Bj

Bk¢Bj

K _ k a§'1

Tl ETE 0 BT (2140
J
-1
» [B.(t-1t) -8 (t-1t)]"
k _ k k-1 _ [ J o Kk 0 .

When an external source is included in a chain, we have to compute the
VJ(Sj,(t-to)) term in Eq. (2.5), which may be treated in the same way except

Sj is assumed to come from another precursor. With the following convention

J

j-1 © 1, and

BJ"‘]. = Os Y
k k

we get V(S.,(t-t)) = J b;e (2.15)
A 0 =3 i

where the coefficients are

13



k-1 b
k _ k i
by = -1 i=§_1 B - B; (2.16a)
B #8.
k-1
b§ = v ; B, * B (2.16b)
i~ Yk-1 B, - B, ° Kk * Py .
n-1
Kk k-l = [Bi(t-t) -8 (t-t)] i
by = Y-y by Tt - tg) ) o , B, =8, . (2.16c)

n=1

If By is very close to 8, b? is computed in the same way as a§

in Eq. (2.14).
When solving the chains, it is not always easy to choose an appropriate form
from Eqs. (2.14) and (2.16) for small (B, - Bj) or (8, - B8;), and the method
of choosing a right form will be analyzed in the next section.

Thus, the solution of the balance equation (2.3) is

k
+ Y b:e ] (2.17)
J

—
N (1) = é [aj e -

J=1 i=
where coefficients ag and b? are defined in Eqs. (2.14) and (2.16), respec-

tively. The empty summation for i = 0 is defined as zero.

NOTE: The solutions to the various approximations given by Egs.

(2.11) through (2.17) are not programmed within the code.

In a fusion reactor, it is usual to have no external source in a chain or
at most, a very few. Even considering external sources in the system, the

recursion coefficient formula for a linear chain is effective in solving the

linear chains and preserves the concise form of Eq. (2.17).
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Either  the decay rate At-l for a radioisotope, or reaction

rate At_l = [ ct_l ¢ db for a stable nuclide dominates the production rate of

the kth nuc]i%e in most cases. But it is not uncommon to observe the case of
the two processes competing with each other.

A loop occurring in a chain may be solved by matrix transformation
methods, or by Laplace transform methods. The recursion coefficient formula
can also be used if the loop is expanded in a linear chain truncating the
higher terms. A loop occurs when the (k + n)th nuclide feeds back to the kN
nuclide in a chain. Important cases frequently met in a fusion reactor are a
(n,p) reaction followed by a 8~ decay or a (n,2n) reaction followed by a (n,Y)
reaction.

To be able to calculate the activation due to a small time pulse as en-
countered in Inertial Confinement Fusion (ICF) reactors, special treatment is
given for the case where the irradiation time t is less than 1073 seconds.
For most nuclides considered, this corresponds to a fluence (destruction rate

x time) of (o¢)et << 1073, Beginning with Eq. (2.7) and considering the case

where both Bkt and B.t are << 1.0,

J
N (D) = N () e K ek (T gk [‘*-BJt - e-Bkt] (2.18)
t) = e +Y,_ a. - s .
k k k-1 j=1 J Bk Bj
the exponential terms can be expanded as
=X x2 x3
e " =1-x+ T TR (2.19)

Substituting the expansion into Eq. (2.18) results in

15



1 2
N (t) = N (0) (1 -8,t+57 (B,t)° - ...)
k k k® 2t Tk (2.20)
; ) 1 2 _ _ 1
L kzl k-1 (1 Byt + zT-(sjt) ) - (1 -8t oy )]
k-1 2, °3 B - B;
N, (t) = N (0)(1 - Bt + 2 (B,1)% - ...)
k k k™ - 2b Tk o (2.21)
2 3
- - ot 2 a2y Lt 03 L3y L
L kzl k-1 [(ek Bj)t o1 (8} sj) t 37 (ek Bj) ]
k=1 21 %3 B~ B
Assuming N, (0} = 0 for k = 2, n, Eq. (2.21) reduces to
Nl(t) = Nl(O) (1 - Blt)
kg gkl ¢ K

2.3 Radioactivity

Once the number density of nuclides is calculated at shutdown, the number
density of any radionuclide k is calculated again by a recursion coefficient
formula
(2.23)

N (r,t) = a.

1 J

W~
s
o
o

J

where t is the after shutdown time and n is the counting number of successive
radioactive steps to nuclide k in the chain under consideration. Now the time

dependent radioactivity after shutdown is given by
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R(t) =[ 1 AN (r,t) dr (2.24)
r k:all
radioisotopes
where the integration is over the volume of interest.
In fusion reactors the successive radioactive decay steps in a chain are
fewer than those of fission reactors, because the neutron reaction products in
fusion reactors are only slightly displaced from the stability Tline of

nuclides.

2.4 Biological Hazard Potential (BHP)

It is well known that the radiological hazard from radioisotopes cannot
be estimated by the number of disintegrations in a given time only. The half-
life of radioisotope, the type of decay particle and its energy, the disper-
sion rate of decay particle through the environment and its biological effect
to the c¢ritical organ in a human body is also important. Among the many
quantities which have been used to try and estimate the radiological hazard
more accurately, BHP has been widely used in fusion reactor studies.

The BHP is defined as the ratio of radioactivity to the maximum permissi-
ble concentration (MPC) for a single isotope, and is interpreted as the volume
of air or water that would be required to dilute the given inventory of radio-
nuclide to its MPC value with the assumption of total release and uniform dis-
persion from the reactor [16]. However, it would be sensible to use BHP with
consideration of volatilities and solubilities of the material under various
conditions, because MPC values are related to the internal radiation in the
human body.

The BHP of a given system is

B(t) =) I E AN (r,t) dr (2.25)
r k:all
~ radioisotopes
17



where &, refers to a BHP weighting function for nuclide k, which is the
inverse of MPC for radioisotope k.

2.5 Afterheat

The afterheat of a fusion reactor can be divided into two parts: one due
to heating by gamma rays and the other due to heating by decaying particles
other than gamma.

The major reasons for separating gamma ray heating from other contri-
butors to decay heating are: first, to get a realistic spatial afterheat
without assuming y-ray energy deposition in its birthplace; and secondly to
apply a decay y-ray source to a dose rate calculation directly. However, it
should be noted that a total afterheat treatment of blanket and shield without
a gamma transport calculation will give a realistic value because the y-ray
leakage at the boundary is small. The assumption that the energy or particles
other than y-rays are deposited at the point of production is still valid
because of their short range in reactor materials.

Thus, the afterheat is given by

N, (r,t) dr (2.26)

H(t) = HY(t) +[ 7 Ekxk ‘

r k:all
radioisotopes
where Ek is the average energy of a decay particle, which is zero in an iso-
meric transition case. The gamma flux is computed from the gamma transport

equation given by

chY =Q . (2.27)

€ is the number of photons produced per second by radioactive decay, and in

18



is

the multigroup approximation the group source Qg

k

Q (r,t) = AN (r,t 2.28

gt =1 Yg AN (r,1) (2.28)
radioisotopes

where y; is the gamma yield in the gth group by the decay of the nuclide k.

Decay gamma heating is given by

H (1) = frg N, (r) fo Ky (rsE) ¢_(r,E,t) didr (2.29)

—

where K, is the fluence-to-kerma factor [17] and N, is the number density for
element £. In the gamma transport calculation, we need only nuclear data for
each element, not for every isotope considered.

2.6 Dose Rate

The calculation of the dose rate is not unfamiliar in reactor engineer-
ing. The average dose rate is given by

fr T¢Y(£,t) dr

D(t) = - :’

r

T (2.30)
where T is the flux-to-dose conversion factor and the integral is over the
tissue volume of interest. Only external y-rays are considered when dose is
calculated for whole body near or inside the reactor, because of the short
range of other particle radiation. A calculation of dose rate is performed by
substituting tissue equivalent material at a position of interest.

Using the variational method, a simple calculation for the dose rate

functional Id is
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*
I, = (r,¢Y) - (¢Y,AL¢Y) (2.31)

*
where I is accurate to second order. ¢Y is calculated from

*

L =T 2.32

¢y ( )

for tissue outside the reactor. ¢Y is extrapolated to the outside of the
*

reactor, as is ¢Y.

3. COMPUTER IMPLEMENTATION AND NUCLEAR DATA

3.1 Computer Implementation

According to the computational scheme (Fig. 1.1), DKR constructs the
linear decay chains and computes the activity with these chains. Several con-
siderations 1in constructing the chains and in employing the computational
methods in the algorithm of DKR are to be discussed in this section.

The establishment of the coupled decay chain data formats for the re-
action cross sections and the radioactive decay data makes it possible to
construct decay chains directly from the nuclear data in DCDLIB. A decay
chain begins at a nuclide which is a constituent of the blanket or shield
structure and it terminates at a nuclide which has no data, or whose contri-
bution to the total activity of blanket or shield is negligible. Although it
is very difficult to terminate the chains before calculating the activity,
selecting and truncating the appropriate chains before a calculation is
essential to save time and money.

After all input data is read and stored by the DKR program, the nuclear

data from DCDLIB and the neutron flux are used to construct the chain data
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table which includes possible transmutation types and transmutation rates at
each spatial point including a reference one.

The linear decay chains are constructed for each material of the system
in the way shown in Fig. 3.1. The chain data table is searched to find the
nuclear data for the isotope considered. If there is no such data, the chains
initiated by that isotope do not exist. If data is found, the transmutation
types and the reference transmutation rates are taken as well as reaction
products, and temporary chains of two steps are constructed with them. Next,
each temporary chain is examined to determine whether it should be continued
or terminated. For the chain which is not terminated by the chain tests,
another search for the last step nuclide is taken to add the new step to the
chain. This procedure continues until all chains are terminated either by
lack of data or by failing the tests. A terminated chain is catalogued in the
decay chain file if it includes any radioisotopes. Although there are several
ways to establish criteria of continuing or terminating chains, two schemes
are applied in sequence in the DKR program.

The first test is the number of stable nuclides to be included in a
chain. The chains initiated by a major component isotope in the blanket and
shield are allowed to include more chain steps than the chains initiated by an
impurity in the system. For an impurity only primary reactions are important,
so the number of stable nuclides in a chain is usually restricted by two. For
the more important nuclides in the system, the number of stable nuclides in a
chain could be increased to as many as five. However, this number can be
easily modified by simple correction statements in the program. This test is
very simple to apply, but effective in saving computing time in constructing

the chains.
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If a chain is not terminated by the first test, another test is made, in
which the number density of the last nuclide in a chain is calculated. If the
last nuclide in a chain is radioactive, the chain is exempted from this test.
One advantage of testing the number densities of stable nuclides instead of
those of radioisotopes is the ease of applying the criteria and the flexibili-
ty of changing the test criteria.

The reference flux used in this test was taken from the first wall flux
of UWMAK-I [1], which is stored in the program. There is also an option to
use this flux or to supply another set of reference fluxes fit for the
problem. Usually the first wall and other blanket structures are designed to
be replaced after a few years because of radiation damage to material. Conse-
quently, a reference operating time is set to 108 seconds, about 3.2 years.
(NOTE: This has been changed. Users can now specify the reference operation
time.) If the number density of a stable reaction product after continuous
operation of 108 seconds at a UWMAK-I first wall flux is less than a preset
number density criterion, the chain is terminated. 10 appm of the product
nuclide is set as the number density criterion, but this can also be modified
easily.

Unlike the radioactive chains in a fission reactor, the chains in a
fusion reactor are relatively short, even if we try to keep all consecutive
radioisotopes in the chains. This is another reason to apply the number
density test only to a stable isotope in the chain. Also, it should be noted
that radioisotopes with large cross sections build up their activity after
shutdown. But applying the test to stable nuclides only eliminates this kind

of difficulty.



The next problem encountered in constructing the linear decay chain is
how to treat a loop in a chain. A loop may be linearized, but the resulting
infinite series in the chain must be terminated and a truncation error occurs.
A loop may also be solved exactly by matrix transformation methods, which may
affect the solution of other chains which share the same initial isotope as in
the loop chain because the number density of the initial nuclide does not de-
pend on its destruction rate only. If the exact solution of a loop is fed
back into other chains, time intervals for a solution feedback should be con-
sidered. However, considering computing time and effort in calculation, the
feedback of a loop solution need not be necessary in an activity calculation,
because the transmutation of the original component in the system does not
exceed a few percent as shown in the UWMAK-I study [18]. Thus when the next
nuclide directly feeds back to its precursor, the chain takes the exact loop
solution. Otherwise the loop is gxpanded as a linear decay chain and solved
by a recursion coefficient formula. In either case, no feedback solution to
other chains is considered.

Another problem considered is the loss of accuracy in calculations. It
is well known that great loss of accuracy usually occurs when two numbers
close to one another in size are subtracted. In a linear chain, the differ-
ence in destruction rates may be large enough to allow one destruction rate to
be neglected compared to another, as in the case of the short half-life radio-
isotope preceded by a stable isotope. However, destruction rates of the same
order of magnitude are not rare, and they not only lead to a loss of accuracy,
but sometimes make it impossible to get a solution because of the singularity.

During formulation of the recursion formula, the recursion coefficients

were modified to take care of this loss of accuracy. However, the infinite
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series in Egs. (2.14c) and (2.16¢c) should be truncated after a few terms for
an efficient computation. The error involved in cutting the series after the
first three terms will be analyzed by using Taylor's formula with remainder

[19]. The expression for an exponential is

1-¢e*% x x4 (-x)"e®
- c=l-grtartmeyOre N e 3 (3.1)
n_-g

for some & between O and x, where the T%—%-ITTvterm represents the error
bound. If only the first three terms were kept to have an error less than 10~

6, then x must be less than 0.02885. Thus, whenever (t - to)(Bk - Bj) is less

than 0.01, the expressions of Egs. (2.14c) and (2.16c) are applied to the
computer algorithm instead those of Egs. (2.14b) and (2.16b) in Section 2.

Table 3.1 shows the error range due to this approximation.

NOTE: The approximation given in Eq. (3.1) is not programmed

within the code.

To keep the necessary accuracy in the calculation, double precision
arithmetic was applied to the translation of the formulae in the program.
Initial number densities of nuclides, destruction rates and production rates
as well as recursion coefficients are defined and computed in double precision
and final computed number densities are converted into single precision num-
bers. However, it is unnecessary to use double precision in all calculations,
because of machine time costs and the fact that other calculations in the pro-

gram are straightforward arithmetic computations.
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TABLE 3.1. Error Range Due to Approximation

- 2 n o n-1
1-e* o «x X _\N X _ (-x)
—x izttt et Lo
- 2
_1-¢e* -4 _ X X B -A

.1 0.95162582 0.95166667 0.43 x 1072
.05 0.97541151 0.97541667 0.53 x 1073
.01 0.99501663 0.99501667 0.40 x 107°
.005 0.99750416 0.99750417 0.10 x 107°
.001 0.99950020 0.99950017 -0.30 x 107°
.0005 0.99975020 0.99975004 -0.16 x 107°
.0001 0.99995000 0.99995000 ==
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3.2 Decay Chain Decay Library (DCDLIB)

The DCDLIB [9] is a concise 1library containing necessary nuclear data
information for use in the fusion activity studies.

Reaction cross sections obtained from ENDF/B-IV and the calculated cross
section Tlibrary [20] were processed into 25 group cross sections using the
MACK program. The calculated BNL cross section library is especially helpful
because it includes cross section data for many isotopes including radioactive
ones. BNL-325 [21] was also referred to when no reaction cross sections were
available elsewhere.

The radioactive decay data was taken either from ENDF/B-1V, or from the
Table of Isotopes [22] for nuclides not in the ENDF/B-IV library. The maximum
permissible concentration (MPC) values for radioisotopes not covered in the
NRC regulations [23] were estimated based on the decay mode, decay energies
and intensities [24,25].

One of the quantities needed to calculate the transmutation process is
the branching ratio to a metastable state of a reaction product. Reactions
whose branching ratios are not well known may introduce significant uncertain-
ties in activity calculations. The branching ratios in the DCDLIB are gene-
rally taken from previous work [24-26] or from estimates based on the isomeric
energy state in a nuclide and the threshold energy of reactions.

The DCDLIB formats were designed to include all the information for acti-
vation studies, and the reaction cross sections and radioactive decay data
were processed into the DCDLIB in couple transmutation types of Table 1.1.
A1l the data necessary for constructing decay chains in the DKR code is stored
in DCOLIB. It can also be used as a tentative reaction data library. The

list of data in the DCDLIB is given below.
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The data for all stable and radioactive nuclides include,
initial number densities,
reaction cross sections,
reaction products, and
branching ratios to isomeric states.
The data for radiocactive nuclides include,
decay constants,
decay modes and decay products,
average energies of emitted particles, and
MPC values.

4. DESCRIPTION OF INPUT AND OUTPUT

4.1 Input Data

A brief description of the input data is given below. It is intended to
serve as a guide for input data preparation.

Card No. 1 (18A4)

title card
Card No. 2 (12I6)
LID 1-6 identification number
LNK 7-12 program execution option

0: construction of linear decay chains only

1: calculation of radiocactivity related parameters

2: same as LNK=1 except the decay chains and destruction
data tables from preceding runs are used

3: generation of decay gamma source with the calculation
of radioactivity related parameters

4: same as LNK=3 except the destruction table and decay
chains from preceding runs are used

LGE 13-18 geometry
1: slab
2: cylinder
3: sphere
4: torus
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LFX 19-24
I1ZM 25-30
INT 31-36
NOP 37-42
NAS 43-48
NNC 49-54
NCMP 55-60
IGN 61-66
I1GG 67-72
Card No. 3 (816)
LPRT1 1-6
LPRT2 7-12
LPRT3 13-18
LPRT4 19-24
LFLX 25-30

flux format description
1: DKR format flux
2: ANISN scalar format flux

number of zones
number of intervals

number of operating times
0: nine built-in operations times are used (Table 4.2)
n: user supplied operations times on card 9 (n < 9)

number of after shutdown times
0: twelve built-in after shutdown times are used (Table
4.2) '
n: user supplied after shutdown times on card 10 (n <
12)

number of nuclides in the system
number of composition tables
number of neutron energy groups

number of gamma energy grouys

print option for radioactivity

0: no effect

1: print zonewise radiocactivity, afterheat, and BHP;
print specific radioactivity of first interval in
the first zone (usually first wall)

print option for index file
0: no effect
1: print index file for nuclides

print option for radioactivity of each interval
0: no effect
1: print radioactivity for each interval

print option for chain results
0: no effect
1: print chain results

reference flux option for cTzin calculation

O0: wuniform flat flux of 10" n/cm“-s is used

1: the first wall flux of the UWMAK-I design is used

2: reference flux set is supplied on cards 11 and 12 by
user
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flag for FFCF (Flux Conversion Factor)
0: FCF is calculated within the code
1. FCF is supplied on card 4 by user

flag for flux collapsing

last interval of plasma; used by code when LCLPS=1

neutron wall loading in MW/ mé

gamma ray heating in MeV
total nuclear heating in MeV

flux conversion factor; if LFCF=1, FCF value other than
zero must be given

torus radius in cm, if LGE=4
ratio of stable nuclide in the decay chain to the initial
input nuclide; used in the chain construction proce-

time of irradiation in seconds; used in the chain con-
struction procedures

number of intervals in a zone

flag for zone radioactivity calculation
0: no radioactivity calculation
1: radiocactivity calculation

LFCF 31-36
LCLPS  37-42
0: no collapsing
1: flux collapsing
KZEND  43-48
Card No. 4 (5F12.3)
WLLD i-12
HTN 13-24 neutron heating in MeV
HTG 25-36
HTT 37-48
FCF 49-60
Card No. 5 (5F12.3)
RRP 1-12 plasma radius in cm
RRW 13-24 first wall radius in cm
RRT 25-36
ACUT 37-48
dures
TIR 49-60
Card No. 6 (316,6X,F9.2,3X,F9.2,16)
As many cards as IZM are required
1Z 1-6 zone number
NZI 7-12
LCAL 13-18
RRI 25-33

inner radius of zone in cm
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RRO 34-45 outer radius of zone in cm

LCP 46-51 number of intervals collapsed into one (NOTE: only input
if LCLPS=1)

Card No. 7 (12F6.2)

As many cards as NCMP are required

CMP(1) 1-6 first zone composition
CMP(2) 7-12 second zone composition
CMP(1IZM) last zone composition

Card No. 8 (316,E12.3)

As many cards as NNC are required

LCMP 1-6 composition table number to be referred
KZA 7-12 nuclide ID number
LKUT 13-18 priority number of a nuclide

1. primary

2: auxiliary

3: impurities

4: negligible impurities
WND 19-30 number density of a nuclide

Card No. 9 (A6,E12.3)

As many cards as NOP are required only if NOP#0
BOP 1-6 alphanumeric expression for an operating time
TOP 7-18 operating time in seconds

Card No. 19 (A6,E12.3)

As many cards as NAS are required only if NAS#0
BAS 1-6 alphanumeric expression for an after shutdown time
TAS 7-18 after shutdown time in seconds

Card No. 11 (18A4)

Title card for reference flux and is given only if LFLX=2
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card No. 12 (6E12.3)

This is a reference flux set for constructing chains and required only if
LFLX=2

PHI(1) 1-12 reference flux for the first group

PHI(2) 13-24 reference flux for the second group

PHI(IGN) reference flux for the last group

4.2 Detailed Data Notes

More detailed information for some parameters, variables, and arrays is

described below. The parameter variables used as dimension limits are given

in Table 4.1.

LID.

LNK.

Program run identification number which is used for bookkeeping pur-
poses.

The options of the program that are available for various calculational
purposes.

If LNK=0, input data flux file and DCDLIB are read to make an index
file and interval cross section table. Linear Decay Chains are con-
structed using the index file and these are printed along with the index
file. Errors in input data may be detected in this calculation and it is
recommended to put LNK=0, for the first run, or test run.

If LNK=1, in addition to the work for LNK=0 case, the program calcu-
lates the radioactivity, BHP, and afterheat which includes average decay
particle energy and gamma energy. Zonewise radioactivity, BHP, and after-
heat for each radioisotope are printed with the totals of that zone.
Finally total blanket radioactivity, BHP, and afterheat are summarized.

If LNK=2, same as LNK=1 case, but the chain construction procedure is

saved and the destruction data tables from preceding runs are used. With
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MZN
MRG
MRZ
MOP
MAS
MKT
MXN
MCP
MNN
MRD
MPX

MGX

MNG
MGG
MND
MC

MK

TABLE 4.1. Dimension Parameters

Number of zones (< 17)

Number of intervals (< 100)

Maximum numberof intervals in a zone (< 20)

Number
Number
Number
Number
Number
Number
Number
Number

Number

of
of
of
of
of
of
of
of

of

operating times (< 9)

after shutdown times (< 12)

transmutation types (= 29)

neutron reaction types (= 19)

composition tables (< 11)

nuclides in the system (< 39)

radioactive reaction products (< 61)

radioisotopes for which data is given in BLOCK DATA (< 190)

radioisotopes for which decay y-ray data is given in BLOCK

DATA (< 140)

Number
Number
Number
Number

Number

of

neutron energy groups (= 25)

of Yy-ray energy groups (= 21)

of

of

of

nuclides for which data is given in DCDLIB (< 280)
chains from one nuclide (< 44)

steps in a chain (< 9)
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LFX

this option, the segment PICKUP in the program is bypassed (option not
working -- same as LNK=1).

If LNK=3, in addition to the calculations for LNK=1, the decay gamma
ray data is stored in the file as a decay gamma source for the ANISN gamma
transport calculation.

If LNK=4, same as LNK=3 case, except it uses the decay chains and
destruction data table from the preceding run (option not working -- same

as LNK=3).

Neutron flux is provided in either a DKR format or an ANISN scalar flux
format.

In DKR format, LFX=1l, and the flux set begins with a title card.
This is followed by the flux for each interval in which the first card
shows the interval number followed by the 25 group neutron flux for that
interval. In ANISN scalar flux format, LFX=2, first title card and second
flux data array identification card (=' 3*') are followed by neutron
fluxes of the intervals, group by group.

Usually, the ANISN calculation is done on the basis of a normalized
source, 1015 n/s, and the real fluxes are calculated by multiplying the
flux conversion factor (FCF) to normalize the flux.

FCF is either supplied as input data (LFCF=1) or computed by the

formula (LFCF=0)

FCF = W, x Ay x 4.43 x 16%3/10%% (4.1)

where W 1is the wall loading and A, is the first wall area. 4.43 x 1013
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2 §s equivalent to a wall loading of 1 MW/mz, and the factor of

n/s-cm
10724 §s multiplied to simplify the activity calculation later, because o
is given in barns. If the neutron flux is based on other than a 1015 n/s
strength, the flux conversion factor must be adjusted.

LGE. This gives the geometry of a reactor.

LGE

1, slab.

LGE

2, infinite cylinder, and the volume and area of first wall are
computed for a 1 cm thick slice of cylinder.

The radial dimension is usually taken as the distance from the plasma
center. But in a cylindrical shell calculation for tokamak reactors, this
dimension is measured from the torus center.

LGE=3, sphere.

LGE=4, torus, but treated as same as LGE=2,

NOP. NOP represents total number of operation times.

If NOP > 0, Card No. 9 should be given, and if NOP = 0, a set of nine
built-in operating times are used (Table 4.2).

NAS. NAS is total number of after shutdown times to be considered.

If NAS > 0, Card No. 10 should be given, but if NAS=0, twelve built-
in after shutdown times are usea (Table 4.2).

WLLD. Wall Toading shoula be given in the unit of Mw/mz.

HTIN. Neutron heating per fusion reaction in MeV.

HTG. Gamma ray heating per fusion reaction in MeV.

HTT. Total nuclear heating which includes neutron, gamma ray, and alpha
particle heating in MeV.

LCLPS. In many fusion reactor neutron transport calculations, the neutron

sources (emanating from a plasma or ICF target) are assumed to originate
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1 day

1 mo
6 mo
1l yr

2 yr

16 yr

~n

.640
.315
.630
.578
.156
312
.262
.525

.050

TABLE 4.2.

Built-In Times
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10.
11.
12.

10 m
1h

6 h
ld

1 wk

1 mo

1 yr
10 yr
100 yr

1000 yr

.000
.000
.600
.160
.640
.048
.630
.156
.156
.156

.156



in a vacuum or void surrounded by the first wall and blanket materials.
This usually calls for the presence of a number of mesh cells within the
vacuum (void) to be able to transport the neutrons to the first wall and
blanket. Since these zones effectively contain no materials, they are
considered superfluous for the activation calculation. Thus the LCLPS
parameter provides a means to eliminate these superfluous zone flux
values. The KZEND parameter indicates the last interval of the neutron

transport calculation which is considered part of the plasma or voida.

ACUT. DKR terminates chains by several criteria (see Section 3.1). One cri-

TIR.

4.3

terion used examines the number density of the last stable nuclide or
radionuclide with cross sections and compares this number density to the
original input nuclide density. If this ratio is less than a given limit
(¢ ACUT), the chain is terminated. A value of ACUT on the order of
5 x 10-4 is recommended. Lower values can also be used as long as the
maximum number of booked chains, parameter MC, per unit nuclide is not
exceeded.

The DKR code needs to know the time of irradiation to be able to con-
struct and terminate chains. This irradiation time is given by the para-
meter TIR. This option was included to be able to take very small irradi-
ation times (pulses, t < 1073 s) into account. Thus for irradiation times
less than 1 year, specify the irradiation time. For times greater than
1 year, use 1 or 2 years. The TIR parameter should be specified in units

of seconds.

Qutput

The first output section is an editing of input data with several calcu-

lated parameter values, e.g., operating power, first wall area, zone volume,
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and nuclide number densities by zone. Flux data is summarized to show the
number of intervals and neutron groups, and the flux data title is also
printed out.

The second part of output is the nuclear data library which is DCDLIB it-
self or a part of it. The nuclear data table follows to show available
nuclides in the library and reveals the content of decay chain data.

If LPRT2=1, the nuclear data index table for the chain construction is
printed out next. The reference flux is used to produce this table, which can
be used as the table for reaction rates or transmutation rates.

The next section shows the procedure for chain construction. The exist-
ence of chains corresponding to each nuclide and the constructed chain infor-
mation are printed out.

Then for each zone, zonewise radioactivity, BHP, and afterheat, both
total B + y and B particle only for each radionuclide are presented, if
LPRT1=1. If LPRT4=1, each linear decay chain is presented with its solution
for each interval and for each operating time. Although this option is
essential to check the solution of each chain, it should be used only when
necessary, because it significantly increases the bulk of output. If LPRT3=1,
radioactivities for whole intervals are printed out. Otherwise, only the
activities of the intervals in the first zone are presented.

After the last zone activity is presented, final summary tables for the
entire system are shown. For each operating time, normalized activities at
each after shutdown time are in a concise form. The more important quantities
in the summary are given in the units of [km3 of air/kwth] for BHP, [Ci/wth]

for radioactivity, and [% of operating power] for afterheat.
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When LNK=3 or 4, the decay y-ray sources for the ANISN transport calcu-
lation are stored in the y-ray source array file (='17*'),

Zonewise radioactivity, BHP, and afterheat can be written in a file or
tape, as well as the specific activity of each interval in the zone. By
applying the punch card unit number, these can be easily converted into card
punched outputs. An example of output is given in Appendix B with input data.

5. USER'S GUIDE

5.1 Program Features

This section gives an outline of the DKR code and various information
about the program for a user. All the routines in DKR have been written in
standard FORTRAN-IV and considerable effort was made for generality in the
program so that it can be run on most computers with minimal work in modifica-
tion. DKR needs 65K words of core memory, and can be operable in any FORTRAN
compiler. In addition to the standard input and output units, several logical
units are required. The most unique feature of DKR is its construction of the
linear decay chains with nuclear data from DCDLIB.

The program adopts the simple overlay structure for saving core storage.
The segment in the overlay structures is shown in Fig. 5.1,

5.2 Subroutines

Various subroutines are described to show their major functions and rela-
tion to the other subroutines.
MAIN.  Supervises the execution of other routines, and defines the logical
units. The logical units, including standard input and output units, are
specified as follows (numbers in parentheses correspond to the UNIVAC 1110

at MACC):
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MAIN

3

MAIN
SIZE
CHIME
FIDO
PSORT
INPUT PICKUP EXCUTE SUMARY
DRIVE PKP XCUTE SMMRY
INPT P99 WRDT GS0S
CLCA ICPY RDCHN
cLcv RCPY SKXN
FLUX TR12 CLCNO
INDF BRANCH ASHUT
PRET COLRAD
TEST CALBHP
WRCHN CALDH
WROUT
Fig. 5.1. Overlay structure.
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I/0 Units
N5 ( 5) Standard input unit from which the basic data cards are read
N6 ( 6) Standard output unit for printing
NT1 ( 1) Punched output unit
NT2 ( 2) Linear Decay chain file unit
NT3 ( 3) Cross section X flux (o¢) table unit
NT7 (17) Radioactivity file unit
NT8 (18) Gamma-ray source file unit
NT9 ( 9) Decay Chain Data Library unit

BLOK. BLOK is the BLOCK DATA subroutine. Miscellaneous nuclear data includ-
ing the radioactive decay data for DKR are stored in BLOK.

SIZE.  Approximate core size is estimated in subroutine SIZE based on the
parameters given for array dimensions.

CHIME.  Subroutine CHIME sets a clock at the beginning of a job and follows
the collapsed time thereafter in units of seconds. Since this routine is
from the UNIVAC 1110 at MACC of the University of Wisconsin, one can
change this subroutine into a dummy routine or an equivalent time record-
ing routine without affecting other other parts of the program.

CHIME (1) is the clock setting, and CHIME (2) is for the collapsed
time after CHIME (1).
NOTE: This subroutine has been deactivated.

INPT, CLCA and CLCV. Input data are read in the subroutine INPT which edits

and prints out the data and calls CLCA to calculate the first wall area.
Also INPT calls subroutine CLCY for the calculation of each interval and
each zone. The volume and area are calculated from the formula based on

the geometry of reactor as shown in Table 5.1.
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TABLE 5.1

Geometry First Wall Area Zone Volume
slab 1 (Ry - R1)°l
cylinder 2nRye 1 n(R% - R®).1

W 0 i

2 4 3 _ p3

sphere 4R, 37 (Ro Ri)

2 2/,2 2
torus 4 “R\Ry 2n°(Ry = RY) Ry
point given given

* . . .
A1l dimensions are measured in cm

Rw: first wall radius

RT: major radius of torus

outer radius of a zone
inner radius of a zone
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FLUX and FIDO. Subroutine FLUX reads neutron flux either in DKR format, or in
ANISN scalar flux format read by a simplified FIDO subroutine.

INDF. Subroutine INDF processes the nuclear data from DCDLIB and the neutron
flux into a general transmutation rate table and a reference data table.
The main transmutation rate table is stored for later use in the EXCUTE
segment. The reference table is used in the subroutines which construct
the linear decay chains.

PKP and P99. These subroutines construct the decay chains. Subroutine PKP
initiates the chain construction and assigns the maximum number of steps
in each chain according to the importance of the initiating nuclide in the
system.

P99 is the subroutine which actually constructs linear decay chains
with nuclear data from DCDLIB. It calls subroutines such as BRANCH, ICPY,
RCPY, TR12, PRET, and TEST, to gather together information and to decide
whether the chain continues. After constructing a chain, it calls WRCHN
to copy each chain into the decay chain file.

BRANCH. BRANCH retrieves and arranges the transmutation information for each
nuclide in the last step of a chain, if data for it is stored in the
DCDLIB.

ICPY, RCPY and TR12. During the chain construction, these subroutines are

used to transfer information for each chain.

PRET and TEST. PRET 1is the subroutine which checks the maximum number of
stable nuclides in the chains. TEST is the subroutine to check whether
the chains continue according to their importance in the system,

WRCHN. WRCHN is used to write each constructed chain into a radioactive decay

chain file.
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XCUTE, RDCHN and SKXN. Subroutine XCUTE is the administration subroutine for

calculating the radioactivity, biological hazard potential (BHP), and
afterheat. RDCHN retrieves the chains and SKXN retrieves the correspond-
ing destruction and production table. Then XCUTE calls CLCNO and ASHUT to
solve the chains, calculate the radioactivity, and transfer the result to
COLRAD.

CLCNO and ASHUT. Each decay chain is solved in the subroutine CLCNO to get

the number density of nuclides at designated operating times. The number
densities corresponding to various after shutdown times are calculated in
the subroutine ASHUT.

COLRAD, CALBHP and CALDH. When the radicactivities of one zone are found,

they are transferred to COLRAD, which edits them for each interval, and
for each after shutdown time. It calls subroutines CALBHP and CALDH to
compute corresponding BHP and afterheat, respectively. Also, COLRAD
assembles the decay y-ray source for each interval according to the pro-
gram execution option.

WRDT ana WROUT. These subroutines are for the printing of output. WRDT is
called, if LPRT=4, to write information for each chain with its solution.

WROUT prints out the activity results of each zone. For each oper-

ating time, and after shutdown time, the radioactivity, BHPair’ and after-
heat of each nuclide are printed out with their sums.

SMMRY.  Subroutine SMMRY summarizes the radioactivity, BHP, and afterheat of
the system in a concise form. Also normalized radiocactivity and afterheat

are presented for a comparison with the results of other systems.
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5.3

Error Messages

This section contains error messages due to inconsistent input data and

computational inconsistancies.

Error Subroutine
121 INPT
131 FLUX
132 FLUX
141 FIDO
211 INDF
231 P99
233 P99
235 P99
321 RDCHN
331 SKXN
332 SKXN

Error Messages

Remarks

Inconsistent number of intervals
Inconsistent number of intervals

Incorrect flux format, ANISN format flux should be
read group by group

Incorrect input data array
Error in DCDLIB format
Error in the chain sorting

Error in chain construction procedures. Maximum num-
ber of chains in a step (rank) exceeded (> MK)

Error in chain construction procedures. Maximum num-
ber of booked chains exceeded (> MC)

Incorrect transfer of chain information
Incorrect number of intervals

Error in the transmutation rate table
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APPENDIX A. COMPUTER CODE ABSTRACT OF DKR

Name of Code: DKR: A radioactivity calculation code for fusion reactors
[1].
Coding Language and Computer: FORTRAN IV; UNIVAC 1100.

Description of Problem: The major purpose of DKR is to compute the

activity of a fusion reactor by constructing the linear decay chains, and
then solving them using nuclear data from Decay Chain Data Library
(DCDLIB) [2]. The activity due to neutron activation is of great concern
in a fusion reactor design for the choice of blanket and shield materi-
als, accident analysis, maintenance procedures, and the evaluation of
environmental impact. Special attention is given to developing an effec-
tive method of solving the activation of a nuclide as well as consistent
procedures in using the existing nuclear data.

Method of Solution: The activation of a nuclide can be represented by

linear decay chains, which in turn can be solved by a recursion coeffici-
ent formula [3]. The solution of chains is used to compute radioactivi-
ty, biological hazard potential (BHP), and afterheat by applying appro-
priate weighting functions. Decay y-ray sources generated by DKR can be
used in a y-ray transport calculation for dose rate and a better esti-
mation of afterheat.

Restrictions on the Complexity of the Problem: The following limits are

noted for the core memories of less than 65K words. DKR accommodates
nuclear data in DCDLIB, which are in 29 transmutation types, with 25

neutron energy groups.
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10.

Typical Running Time: Running time depends on the number of initial

nuclides, and the number of intervals in the system. For 30 nuclides
present in the first wall, the typical running time on the UNIVAC 1110 is
approximately 10 to 15 seconds.

Unique Features of the Program: DKR constructs the linear decay chains

by itself with nuclear data from DCDLIB. This is the first code to com-
pute radioactivity, biological hazard potential (BHP), and afterheat
without input of chain data. Also DKR generates decay y-ray sources for
use in the y-ray transport calculation.

Related and Auxiliary Programs: DOSE is the auxiliary program to DKR in

calculating dose rate due to decay y-ray sources.

Machine Requirements: DKR was written in FORTRAN-IV for the UNIVAC 1110,

and 65K words of core memory are needed. It can be run by most computers
with minimal work in modification, and is operable in any FORTRAN com-
piler. In addition to the standard input and output unit, several logi-

cal units are required.

References:

[11 T.Y. Sung and W.F. Vogelsang, "DKR: A Radioactivity Calculation
Code for Fusion Reactors," University of Wisconsin Fusion Technology
Institute Report UWFDM-170 (September 1976).

[2] T.Y. Sung and W.F. Vogelsang, "Decay Chain Data Library for Radio-
activity Calculations,” University of Wisconsin Fusion Technology
Institute Report UWFDM-171 (September 1976).

[3] T.Y. Sung, "Radioactivity Calculations in Fusion Reactors,” Ph.D.
Thesis, University of Wisconsin (1976).
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APPENDIX B, SAMPLE PROBLEM #1

A cylindrical model calculation of UWMAK-I radioactivity is described
here as a sample problem.

The UWMAK-I blanket consists of first wall, homogenized breeding zone of
liquid Tithium (95%) and structure (5%), basic structure zone, another homo-
genized zone of liquid lithium (95%) and structure (5%), and final structure
zone, 316 type stainless steel was chosen for the first wall material and
structural materials, but in this sample problem Ti alloy (Ti-6A1-4V) is sub-
stituted on a volume basis.

The following pages contain the input data and the output for this sample

problem.
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APPENDIX B. SAMPLE PROBLEM #2

This problem is the first part of an activation calculation which models
a spherical reactor cavity consisting of a 10 cm thick H-451 graphite ISSEC
(Internal Spectrum Shifter and Energy Converter)/moderator (0.4 void fraction)
and a 4 cm thick aluminum-6061-T6 first wall sandwiched between two 1 cm thick
Boral sheets. This structure is surrounded by a 300 cm thick borated water

shield containing 2000 wppm of boron.
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APPENDIX B. SAMPLE PROBLEM #3

Sample problem number 3 consists of calculating the activity of a LiPb-
Pb-DT inertial confinement fusion (ICF) target. The target consists of 4 ma-
terial zones with the inner zone containing a 50-50 mixture of deuterium and
tritium. The next two zones contain a LiPb compound (natural Li and Pb), both
zones having different densities, and the outer zone contains natural Pb.
Since DCDLIB does not contain any hydrogen isotopes, the first 11 original
mesh cells are collapsed (using LCLPS) and the zone is treated as a void.
Also, as can be seen from the input, this case uses the pulse mode approxi-

mation within the code.
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