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ABSTRACT

In order to make thermochemical predictions or essessments of the
behaviour of irradiated nucleazr fuels, it is essential to be able to
know the fuel compeosition at the required stage of the irradiation.

A computer programme has been written with this particular objectivey
its output is concise, giving chemical compositions directly and its

use of computer time is economic.
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1. Introduction

A reactor fuel material during irradiation represents a continually
changing chemical environment due to the destruction of the fissile phase
and its replacerent by fission products. The extent of these changes is
amenable to assessment by thermochemical techniques. For such as
assessment t0 be undertaken, the fuel composition during the irradiation
history must be known. The calculation of this composition from the fis-
sion yield data is complex and is only satisfactorily carried out on a
computer,

A number of programmes exist which have Leen written for safety
calculations, the output of which consists of individual yields for each
chain. These programmes, if used for total fuel compositions, are
expensive in terms of computer time; their output is veluminous and not
in a convenient form. These programmes often do not allow for burn-cut
of the fissile component and have to be run repeatedly in a series of
small steps to describs accurately compositional changes in a high burn-
up irradiation.

The programme described here has been developed from an existing
programme of long standing(l). It computes primarily a fuel chemical
composition and is sufficiently economical in computing time not to in-
hibit its use (e.g. on the IBM 370 this programme uses 100K of store and
0.02 min CPU time per case calculated). The application of these com-
putations to the assessment and evaluation of radiation effects has been

described by Davies and Ewart(l) and by Markin and Rand(Z).

2. Programme Description

The compﬁtation ig divided into five groups of calculations.

(a) The instantaneous conceniration of heavy metal elements is calculated.
A set of nine differential equations are solved taking account of
capture, fission and decay processes.

(b) The generation rate of the parent member of the fission product
chain is obtained using the concentrations derived in (a) together
with appropriate independent fission yield data.

(e) The decay of the parent member to various chain members is derived.
The decay scheme is set up and solved using a general case,'which
may involve capiure and decay sequences.

() A cooling period is inserted by eliminating generation and capture

terms in (c).
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(e) The totals of each element are summed and expressed, in a concise

output table, in atomic percentages and as an atomic ratio,

2.1 Concentration of Heavy Metal Elements

The fission and capture processes which occur in a nuclear fuel may

be represented schematically in the following diagrams:

Here o, and o, are used to represent the capture and fission
crogss—sections. This chain is not comprehensive, but for chemical pur-
poses the concentrations of elements after Np237 and Pu242, which occur

typically in reactor fuel materials, are considered to be negligible.

On the basis of this model, the concentration of the fissile elements
may be derived from the following nine linear first order differential

equations,

h

1
YV _(af1+ac1 ) ¢Nf

235
U 1

236 dN f f
U = % ¢N1 - (afz+ac2)¢N

2

2 f f
Np ¥ = 9y S&Nz - (afs + acs) $ N,

2% = _ (af4+ac4)95N:

239 i f
Pu = ac4¢N4 _(af5+acs)¢N5

f

= % ¢st B (afa__l'acs )¢_Ne

7
PPt ——
dt

f

. f f
= acs SIH\](;' - (af7+oc"?) ¢N7 - 27 N’.’

....2_
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At — = N, = (o +e,) BN
242 VdN; f f . '
Pu it %7 ¢N7—(6f9—|-0w)95N9 (1)
Where N; = Number density of fissile nuclei (em??)

t = time (secs)
¢ = mneutron flux {n.cm. Z2sec.” 1)
a., = fission cross section (cm.2}
o, = capture cross section (cm.z)
i = 9 denoting chain member
4, = decay constant of Pug4¥ (sec.'l)

Bach of this set of differential equations may be solved and expressed
in a complex formula; if however, a matrix solutioﬁ is used, the problem

becomes more tractable.

The systen may be expresséd in the'fbllowing form:

N =A.N

N, PN
Nl AIIO\; ................. 0 NI
R . f
N2 A.21A_22 -\-\- ............ 0 Nz
i 0 SN ;

' - | o0 - R RIT R (2)
! ' N N )

1 \ SN 1
':f ' R '
\Ng \A‘Ql .................. A‘gg \NQ’

where A is 2 9 x 9 matrix with elements of Aﬁj; isj =1, 9
f * f

N is a vector with elements of N,
N' is a vector with élements’éf N:-: o
A,y = *(af1+ac1 ) $rA, =08 Ay = - (af2+acz) L ete.

A is a lower triangular matrix and its elements satisfy the follow-
ing conditions; '

(1) Ay 0

(2) A=Ay =i
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so that the following general scolution may be applied

N - 3 B, it e (3)
i=1

This expression contains neither a constant term nor any high orders
of t because of the homogeneity of the system. Using this gereral
expression (3) it 1s possible to solve the system of differential
equations by solving for N; and subsequent substitutions. The value
of Bij in equation (3) is obtained by the following method.

The ith equation for N: is

dN: D?
_a_t — (A'il ’Aiz_ ........ ,A“). :
f
Ni

dNif i— :

— - A. N4+ AN

dt SR B P A

where N; for j=1, ....., i~1, are already solved and expression is as

foliows
£ i Akkl
Ny = kél Bjg.e©
lef i -1 f
then —_E —A; N = j{l Aiij
1=l j At
= X A, 2 (B, e ¥ )
ji=1 Y k=1*( ik
de i i-1
i i _ Akkt -
dt .,A“ Nl - k1 e (jé. Aif 'B)k)
At - '
1—-1 1—1
f e At
Nf = 2 A.B.)+C "l
i kél Ay —A (j=k ij Tk !
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1 i-1 i
where Bik= —AkkT (jEkAiijk)'k=1~l_1

B..=¢0C

i, i
Supposing that initial condition is

G, is given as

k=1
Finally,
| : (iz"‘ B )
) = — .. ) k= geerees "_.1
B Ay i=k'AlJ i * :
o i—1
By = Ni__fngik‘ _ : coeen (4)

2.2 Generation of Parent Fission Products

The parent nuclei of the fission product decay chains are produced
directly from the fissile elements. The number of fissile nuclei present
has already been obtained as a function of time (equation 3} hence the
generation rate of parent fission products can also be obtained as a
function of time:-

The generation rate. g; of the parent nuclel of the ith chain is given

by

9
f
where y; , = fission yield of the parent of ith chain from kth fissile
nucleus,

and the fissile element concentrations are

k o
£ ijt
Nk jéi Bk,j e
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9
then g, = kZ

=1(Yi,k'“f.k'¢ (,{1 Byje ' )

9 i, 9
= 2 (T yyaue#B )

i=1

9
Setting Dij = X Yik "fk¢Bkj , g;; becomes
k=j ] ]
9 At
ii
gy = & Dije cenes (5)

i=1 ‘

9

where Di; = kz'yikﬂf k95Bkj
= j '

2.3 Decay and Transmutation of Fission Products

The mény complex fission product chains in fiSs;on prodact deéay can
be simplified for the purpose of chemical calculations by neglecting
early members of short half life, The simplifying criteria are discussed
in Section 3 and result in the establishment of a series ‘of linear: -
chains of up to four members or, where capture processes are involved,
up to seven members may be needed, The component concentrations are
then evaluated using the following general solution which is run only-
for the required chain length to minimise compuwting time.

Trie fission product decay and capture chain is expressed by a general
set of first order linear differential equations which in turn can be

expressed by the following matrix.

A
dN1 { _ 3 { \ AN
’ ’ a 0 ............... 0 N g
dt 11 \\\ | i ll
! '
a ~ 1
! 41 "z S : |
' - AR ~ N |
: o s S ! + e T (6)
' ~ ~ i
“~ . P |
~ I
dNn R ! :
g . rereterresacseeans ~ N
dt \ nl ann/ L n \gn/
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where pﬂ = number density of parent nuclide
N, to N, = number d:ensity of idaughter nuclides
g, to g, = independent generafti'on ‘rate of each member
n .

For example the:following chain may be considergg'

Fission =N - — N, ——=—N,_
gl [ = B

dN, .
T4t g~ AN,
dN,
E_ = 4N - (32-5-02?5}1\12
dN,
dt = 32 N2
aN,
" 2t

which can be rewritten as:

le/dt —/!1 0 0 0 N1' £
sz/d t ']1 —( 4+ % 95) 0 0 . N2_ 0

- : TG
dN,/dt 0 7, 0o 0 Ny 01
dN,/dt (0 o, $ 0 0 | N, 0

To simplify the mathematical treatment, it is assumed that each chain
has a yield only of the parent nuclide., If any of the daughters have
independent yields, then a second chain, which starts from the daughter
with independent yield, is constructed iri&:ependently'.' Equation (6) can

therefore be expressed as
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dN,
it au 0 ‘ .............. t] N1
[l ~ 1
1 ~ ]
1 ~ i
' 8y, Az ~ o .
t _ I .
' = f ~ o ™~ " ] +
~
! I S 0 !
1 I ~ |
~
dN, ! . |
" Ay creeerereeees e Nz

= PR =

(8)

To obtain the algorithm for N, the equations are solved starting from

the first, which is

dN

1
it N +g

g, was previously given in equation (5)

(here the suffix i is excluded for simplicity)

then

le- Ay
—— = a, N+ 2?]) e
d.t ]=11

the initial condition is

N, = N at 1=0

1

and the solution is

29' Dj ( 2 D ) a1t
N = 5 —— ¢
' i=1 A}j—al.l Nl a1 1

which simplfies to

where
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1j A..—a

1,1 1

In general the solutions can be expressed in the following manner:

9 At agt
N, = 2 Clje” + 2 blkekk
i=t k=1
How consider the m-th equation
dN m o i N =N .
TRl lélamlNl initial condition N =N at t=
m—1
- ammNm+ 2 amlNl
1=1
dN,, o1
dt —ammNm = iél amiN]
m—1 8 1 At
= 2 aml(,é:lC”e” + 2 b, e )
1=1 J k=1
de 9 m—1 P
- = ii
dt ammNm Jé_:i (12'1 am,I l,;) €
m—=1 m=1 agge t
+ k2=1 (1£1< A P1i ) €

Then, N can be also expressed in the same manner
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St appt
N = ii kk
m jél Cm, € + ké:l bm,k SHR . - ‘
where
1 m=1
s Cnj = Y (X amICl,j ) i=1~9
ii %mm 1= ,
(19)
1 ml
b = a_, b, ) ,
m’k akk_amm" (l='k, ml 1k
k= 1,2-"""-- »m=1 where ap =0 -
. L B
b, =0 where ay 0
<
o 9 m—1
;}bm,m =N, - 2 Crj ~ 2 B,k f
! e .j‘—‘ll k=1 !\ -
D,
(note) C,. =
Y AjTay F o
N° 9
—_— —_ i 1.
L b, = N jél G 7 ( )

2.4 Cooling Periqd”""‘tp_ T T

e 4 - ! :
During the cocling period, the neutron flux is zeroc hence there is
no generation of parent nuclides and no transmutation, this erables a

somewhat simpler treatment to be applied.

Pt It - e fed

In the case of the heavy metal species only the decay of Puctl o

Am24L need be considered and for the fissionipmoduet chains the expres-
R . LTy P

{ H .
i [
o i

sions may be simplified, e.g. B
9 At
g = 2 Dje Y =0 when $=0
i=1

hence in equation (8} Ci_j=0‘ s and ih'eq‘uatian':('lO)” Cmj=0.



SN841-72-37

The transmutation term in the matrix ( a“) must also be set to zero

and the matrix in equation (7) vecomes

/ A

as

852 7 —("2+az¢) = -4

a,, = 9,¢ =0 when $=0

2.5 Outrut Calculation

The yields from each nuclide are summed aCcording to the element,
the isotope is neglected. The oufput is in the form of atomic percentages

obtained from:-

Number of atoms of fissile isotope x 100%

. . o _
Tissile at. % = Heavy Metal + O + F.P's

F.P. Elément
Heavy Metal + O + F.P's x 100%

Fission Product at.% =

and in the form of an atomic ratio which is the ratio of the concentration

of each element to the concentration of the original non-fissile component.

3. Input Data

The input data is  in two sections, the'individual case data which is
described in section 5, and a permanent data set comsisting of cross-
‘sections and fission yields. The values of fission yields were obfained
from Meek and Rider(3) for 235y, 239py, 240py and Sidebotham'4) for otner
actinides, Decay schemes, constants and capture cross seotions were the

(5)

In order to reduce the volume of calculation in the decay and trans-

values of Lederer

mutation routine, the many fission prodﬁct chains may, subject to the
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limitation below, be reduced to single, double or triple decay schemes.
Branched chains may be classified by using suitably weighted combinations
of these schemes. Separate input groups are used for the chains which
involve also neutron capiure. HNew chains are established to account for
independent yields of daughter chain members.

In general, error arising from the simplifications made to the decay
schemes should be less than 0.1%. TFor a single decay step, a ——= D,

the error E in neglecting the step is given by,

N, N

a
Fa = N, +N,

where N_ and N, are the number densities of the parent and daughfer species
respectively. Provided the irradizstion period gs,betweenr102 and 104 days,
the error in the parent concentration is within thkis limit when the half
life is greater than 104 years. Similarly the error in the daughter
concentration is sufficiently small when the half life is less than 1 hour.
Thus the criteria adopted for half life are that nuclides t%_>104 vears

I

are stable and nuclides t%ﬁ:l hour do not exist.

The criteria of significance for neutron absorption effects are more
difficult tc define., Separate computations have shown that if the
acceuracy of 0.1% is comﬁlied with, then, in the case of many of the

lanthanide decay and capture chains the tenth member and beyond are still

2 1

significant (under such typical reactor conditions as 2 x lO14 n. cm-< gec”

and 100 days irradiation}. These are low yield nuclides, hence there are
possible errors in the determination of the fission yields themselves and
to keep the size of the programme to a minimum, the criterion was re-
defined so that the effect of capture was commensurate with the likely
accuracy of the fission yield determination,

The redefined criteria are:-

Magnitude bf yield Error permitted*(E) Cross z:giigzb%§1.1= o
> 2% 1% - < 10 barns
>0.5 <2% % < 20 -
>0,1<.5% 5% < 50,
<.1% 10% <100
. ' A NC
*¥ In thris case. A —B.: —_— = E

A N, +N, +N,
C — 19—
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The above criteria apply simply to those nuclides with long half lives,

but the situation becomes more complex for the medium to short half life
nuclides with high cross sections. For the system described above, the

expression for B is:

N g ¢ l_e-Q+ac¢)t

c

BN IN, 7N, ~ ite ¢ (1= =35% )

This expression was evaluated graphically for each value of E for the
"typical" thermal reactor irradiation of O =2x 1014n. cm'2 sec“l,
irradiation time = 107 sec.

The graphs used to determine the significance of the various capture
processes are shown in Figure 1; the decay and capture chains to be con-

sidered were then constructed and included in the input data.

4, Output Data

A sample of the programme output is given in table 2. The programmé
first lists the input data, followed by the table of fission ylelds taken
from permanent storage, and the computed output of atomic percentages and

ratios.

5. Operation

The fast and thermal data are both kept on direct access devices and
can be accessed by changes to the FT05 FOOL line in the JCL File, an
example of this is in table 1.

The individual programme input (table 3) is from the HUWFILE specified

in the JCL. It is in free format and requires the following data:

(a) fissile atom ratios in the order of table 2 (9 groups),
(b) formula weight of non-fissile species, atomic weight of non—fisgsile
species, density of compound,
(¢) Title, -
(d) Programme of irradiation in the following form,
(i) numnber of cycleé (I)
(1i) flux

I groups
(iii) number of days at flux
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(iv} -number of days shut down] - . .
(v) ,humber of days: at. flux - -fyrEI;}) grqups
(e) (1) number of cooling cycles (n)
(ii) number of dayﬁfggﬂ}gng (n groupgg .

(f) Termination char@cterQK;—%ﬁich-gpecifiés the next case and. the
LU . W4 :
necessary input. ?

PR P S NIt

K=23 new.cﬁmposifiﬂnsxfiine~a - f'needed)- .
4 new formula (line b - f needed)
=5 ngyr, irradiation. conditions (line d - #.needed)
brendan Lp o oo Lo -

_14A_
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6. List of

A
Ay
Bij
bmk
C

mj

3,00

B

By

[ R

-

[=]

Zz z 22 Zm

!

-

[y
L}éf
a

;% 2 Z

2z

o

Figure

oq
]

(LI | il I I Il

Symbols

i

density of fissile nuclei (cm

number density of parent nuclel of f1531on product chaln (cm

9 x 9 matrix with—elémenés of ,A}j;ij =1,9
coefficients of differential equations

' f
coefficients for. exponential term in solution of N;

coefficients for exponential term in solution of Ny

‘coefficients for exponential term in solution of N

coefficients for exponential term in solution of g (%)

Na/Na + Wb or Ne/Na + Wb + He

gereration rate of parent of i-th chain

independent generation rate of members of the chain

_3)

dN sdt

vector with dlements of N

vector with elements of Ni

1nlt1a1 value of N' at t=20

%)
nunber density of -daughter nuclei of flSSlon product chaln (cm™ 3)

1n1tlal value of fission product D%]at t=20
...3)
_3)

number density of parent nuclel of single decay step (cm
ﬁumber density of dauépter nuclei of single decay step (cm
number density of nuclei generated by neutron capture from
pareﬁt-nuclei Ccm_B).

tlme (sec ) B

f1551on yleld of parent of 1—th chain from k-th fissile nucleus
neutron flux.(n. cn -2 _l) '

decay coanstant (Sec“l)

decay constant of Pu24l (sec. l)

fission cross section of i-th flsslle nucleus (cmz)
capture cross section of i-th fissile nucleus (ch)

capture cross section (cm.z)

1. Error derived from capture and decay

Tables

1. Typical JCL File

2. Typical Output

3. Typical Input



capture cross- section of parent

Je

(barns)

fojele;

100

@ =2x10% cm? sec”!
t =107 sec.
tl
NA_Z_.bNB
&‘
N¢
E- ——=— <02
NA+7
//V/ / /|
| 10 10° ly el oy 10*

t1 half life of parent ({days)

1
2

FIG. |. ERROR DERIVEL FROM CAPTURE AND DECAY,

LE-QL-TIVE8NS
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Table 1L Typical JCL File

) JI3 (2022525)

7751 . EXEC POM=IERGENER» AEGIIN=64K

/75YSPRINT DD SYSHOUT=4

2/75YSUT] pD  *

{YHANDAT

Z/5YSUT2 DD U']L#EQEF'=SCRATCH1:DISP=(JPASS):SPACEE(TRK:(20:2));
77 NCB=(RRECFM=¥B,LRECL=80,BLKSIZE=2000)

Z/75YSIN DD DUMMY

/7 EXEC PGM=DISKPGM, REGINN=100K

Z/STEPLIB DD . DSN=LNAD.ACD.KANBRN,VIL=REF=ACD,DISP=SHR
Z/5T08FN0) DD "IU’J“’ILF KANRES

Z/FTO6F00 DD SYSAUT= A THRM

Z/FTOSF001 DD DSN= DATA +ACD .« KANSAST » VML= RE“‘-—-RC?’ DIRP=SHR
V4 : DD DSN=%.S51. . SYSUT2,DISP=(JLD,DELETE)



Table 2

3oz u/Pu 0 2.0

1235 I} 236
FISSILE ATOY HEIGHTS 235.0439 236.0456

NP23T

237.0482

CAPTURE X SECTIONS 0.100S5E-21 0.6000E-23 0,17008-21

FISSILE PERCENTAGES 0.5000 0.0

FORMULA WEIGHT NCNFISSILE ATOMS 32.00000
ATOMIC WEIGHT NONFISSTLE ATOMS 16.00000
DENSITY OF FISSILE COMPOUND 11.10000

A = CHAIN MASS NUMBER
Z = ATCMIC NUMBRER OF PARENT

LAMDA ] = DECAY CONSTANT TO DAUSHTER 1
21 = ATOMIC NUMBER OF DAUGHTER 1

0.0

LAMDA 2 = DECAY CONSTANT DAUGHTER 1 TD DAUGHTER 2

12 = ATOMIC NUMBER OF DAUGHTER 2
A Z

U 235 U 236 NP237 U 238

T4 32 0.00035 0.0 0.00027 0.0
76 32 0.00350 0.0 0.00190 0.0
79 34 0.056C0 0.0 0.02700 0.0
80 34 0.094C0 0.0 0.03500 0.0
81 35 0.1B000 0.0 0.12000 0.0
82 34 0.24000 0,0 0.18000 0.0
84 36 0.97000 0.0 0,51000 0.0
86 36 1.890C0 0.0 1.14000 0.0
88 38 0.,020C0 0.0 0.0 0.0
92 40 0.08000 0,0 0.0 0.0
93 40 0.290C0 0.0 0.0 0.0
94 40 6,44000 0.0 5.40000 0.0
96 40 6.290C0 - 0.0 5.74000 0.0
98 42 5.860C0 0.0 5.80000 0.0
100 %2 5.44000 0.0 6. 24300 0.0
101 44 5,02000 0.0 5,41000 0.0
102 44 4,17600 0.0 5,15000 0.0
104 44 1,81000 0.9 4,17000 ©.0

107 45 0.19000 0.0 2.44000 0.0

PuU239

0.00062
0.00310
0.02500
0.04300
0.17800
0.16000
0.47000
0.75000
0.02000
0.0

0.0

4.42000
5.06000
5.84000
T.05000
5.86000
5.94000
5.88000

3.40000

Typical

[

INPUT LATA

U z2ag

238,054

0.2730£-23
6945000

PUZ40

0.00030
0.00180
0.01500
0.03900
0.11000
0.12000
0.42000
0. 68000
0.0

0.0

0.0

3,89000
4473000
5 .94 000
£.70000
5.93000
6.16000
6.,11000

4,20000

PuU23g

239.0522

FISSION PRODUCT YTELDS

PU241

0.00610
0.00060
0.00700
0.03000C
0.05000
0.07000
0.34700
0.60100
+0

0
«0
3.33000
4«33000
6.00000
6,30000
6.40000
6.30000C
6.00000

(=N =Rl
)

5.00000G

0
0
0.
0.
0.
0.
0.
0.

Q.
0.
0.

3.

4.

5

&

5

AMZ#I“

Qutput

I bkl
2 I
% :
PU3LO T puzael
24058538  .241.0569-

54000
i g

.00005
.00052,

00736
02000
04400’
06400
30000
54000:
o 1
0 LS
0

20000
27000

«B89000
[
6.
6.

27000
02000
20000

+«25000

29000

0. oooosﬁ.ﬂ

0. 00042,

0.00730% *

“0,02200.
.0..06 1007
D.06100°
Oazsaoo

sbooo

ood
E-E-k=}

"3.,03000

4,26000
5. 60000
6.16000
611000
6.15000
% 24000

:l!

1

5.50000°

o

0. 9000;1

aMZ%1

1 241.0568
FISSION X SECTIONS 0.5795E-21 3.1000E-27 0,1900E-25 0,5000F-27 0.7424E-21 0.7T90(E~25 0“101“E-°0‘0 3000E-23 0,1900E-24
0.26576-21 9. 2310E—21 0 AS90E-21 . '0+8000E=21 0.1980g-22

23.6000 0.0

PU242
242,0588

0.1000

LAMDA

” f

12

LE-TLl-TF8 NS



298

‘—'6'1_—

-"35

54
55

B4,
Sy

46 0.19000
46 0.07T000
46 0,018C0
48, -0 14C0!
48 0.C1BCO
S0 0.01400
50 . 0.01400
50 C.014C0
50, 0.01500
51 0.016C0
50 .0,017¢0
52 Q.46000
52..2.100C0
. T.80000
~0.130€0

‘54 Bl 46000
"56. G.T10C0
57 .6.48000
C 5. 90000
“60: .2.95000
. 60.. T«67060
“60"..0.65000
S G2 D.064C0
. 0.00370C

L 0.0N033

3L, .0.00011

‘327 .0.00120
337°0,005%50

‘33

.0.020C0
-Q.582000

© 367.1.03000

. 38
S R9

‘39-

‘39

e

LY

44 .
46 .

W7

.736.:.2.53000
. 36

3.56000
AL TOOCC
0. 09000
0.600CC
6.10C00C
0431000
M. T39C0
0.3990C
c. 03000
9. 01500

477.0.014600

S0

'0.01400

4 & B 4 & & 4 & a2 8 B8 @

a % o w4 e 3 @

DD OOOVUODOD0D0D0CODOOIDO00DOOTVOOODOTCOIVOO0ODD

PR

0 CO00ONO0OACNOO00000200000D00NAD000000D0003IDDD
owo D

= = a2 » & & =

244000
1. 80000
0.559G0

D3RR

0.022300
0.01700

0.01700

0.01500

.. 0.01900

0.02100
0.023800

...0.56000
1493000
o T 68000
0.0l
L 6.532Q0

6+56000

~. 6434000

oo 9.46000
S 2.89200
1. 74000

0. 79000
0.11000
0.01900
0.00700
0.00209
0.00045
0,00290
0.01300
030000

‘0.58000

1.58000

-2.11000

2, 82000
.0

- 0.

« 21000
«0

© 071500

3434000
1.12700
N.14000
0.04500
C.01700

I I T R R T R R R R I L N R

* & 4 & B 5 4 4 % 8 B % & 4 " * 2 *

00000 O0 0000000 OO000000DRORO0PUDoCOO0PODDO0O

COC0OODOD000TODA0ODOOD0O0CODD0000OD00 D000 C D

3. 40000
2.60000
0, 75000

e NG 05500:

0.023700
0.03500

v 0.03600

0.03700

S i 0.06T00

0.055600

.. 0.07800
. 0485000
T 2470000
.. 1431000

0.0.

© 6,66000
5.91000
. 5,67000,
. 4.87000"
2 2.45000"
1.68000:
L 0.95000 "
0.25000.

"0.04200

- D.00940-
¢ 0.00025

-.20.00140

000480 -

...0.0260Q0
0.29000

0.44200 .

" 0.91000

..+ 1.39000
L+ 1473000

‘0., 18000
2.01000
3.89000

- n.31000

. 0.70%00

. 4. 40000 .

1.20000
G.25000
0.72000
0.04400

00y :
[ 6.84000r <T.04000

0.03100

L,2.000 5.00006
3.7270320 4.00000
1.46C00 2.20000
0.10000 0.20000
3. G5000 0.06000
0.04200 0.U5060

- Q. 04200 5 0. 05000, °

0.03100 0.0£500

0.03400.:0.02500

0.04200 0.03600
006100 10.04%00 -
0,70000:0.50000

, 2417000 ~1.84000-

F465000°T.94000
190400 -

6.42000+6.65000

592000, 6.30000

4.80000+ ;4,75000
2.58000_02.66000 -

1 TBO00.71.87000:.
1.07000~ 1.17000 .
0.33000. 0.38960

0.07308:+0.10100

+0.02200..6.04500. _
0.,00015 0.00005

. €.00090 0.0003G

0.00031L1",
0.01700 0.00820:;
0.25000: -0.20400
0.37000 030600

0.00390 .

0,83000- 0,74100.
1.19000 0.95400
1.32000 0.90000
0.0 ° 0.0
0.0 0.0
3,42006

0.0 0.01000
DLTI600 0,72000
5,27000 . 5.50000
2.15003  3.10000
0.40000 -, 051300
0.11000 .0.15800
0.02500

B 1 Y ] - ,0-0
2.90000. .

5.93000
3,34000 3,51000;
1.0700E-06

5.29000 5,50000
4.27000 4.46000
2.450C0 2.61C00
0.15000 0.15000
2.070600 ©,03000

0.050Q0 0.05000
0.05000: 10,05000. . :
0.02600 0.03600.-,
0.02800 ;0.02500 .
0.03800 0,03200 .

0.054A/00: 10, 05100 - .

0.51000, .0.,42000

2.16000 - 1.66000 -
T.T7000., 7.48000

0.0 . 0.0

6.90000 . 7.12000.

6.56000..6.60000

. 6.27000 . 6.38000
4.65000, 4.68000

2.56000.,2.82000
1.77000 .2.00000
1.11000 1.27000
0.36000 0.44000
0.08200 ~ 0.12000 -
0.00004:-0.00003
0.00025:  0.00020 .
0.00230 0,00180
0.00720: 0.00650

0.17000° 0.14000

0,70000. .. 0.68000".
0.89000: 0.856000.

:0.91000. 0.92000

0.0 - 0.0 -

2.70000, :2.59000
0.0 - 0.0 -.
0.71800 -0.72000
5.95000 .

1.11000- 0,93000

0.19000 0.26000.
0,02500 0,02500 -

4.0000€-05

1.3900E-04%. - -
449000E~-06 -

1+2800E-04
8.0000E+05

4.3600E~05

1.52006~04
5. 8500E6~05

:1«5900E-07
1.3600E~07
- 5«4400E~05

1.9000E-05

. 1.62006--04
 2.9100E=06

2.1800E~08
1.4200E+05

3.6200£~05
Te11005+06

\

LE-CL-TF78NS



124
126
130
136
137
140
144
145
150
157
159
160
151
162

77
BS
90
91
92
95
97
99
105
112
1i5
117
125
127
131
132

140

141
149
156

95
125

127

103

51
51
53
55
55
57
58
59

63
b4
65
65
65
30
32
36
38
3g
33
40
40
42
44
46
48
48
50
51

52
56
57
&40
62
40

40

51

44

0, 00002
0.03200
0.00117
0.,006C0
6.20000
0,C4000
5. 40000
3,90000
0.00L40
0.00660
0.00105
0.000C0
0.00008
0.0

0.000¢2
0.00270
0.27300
5.83000
5.81000
5.30C00
6.280C0
5.900C0
5.42000
0.90000
0.01000
C.00050

-0.01100

G. 01650
0.11500
2.910C0
4.260C0
6.300C0
6.10000

1.Ca400C .

0.013C0
0.12800

0.00420

0.022C0

3.,000C0

Q2D D
a s v v

DOO0OO0DOSDHOD

DI I I A )

OOOOOOC;JOOOOOOOOOOOOOOOOOOOOOOOOO‘JOO.3

L e e e R R = R N R e R N WP e

[= =)
L] . L]
=] (=]

»

]
@
<
o

3300

11000
3000

1]

150
200

OEOO-J"JDUJOO'DD

LI I I I T I

OO0 DWNDFODO0N

0.00300
0.0N0350
¢, 00003
G.20140
0. 16200
3.48000
3.96000
4,54200

- 5.53000

5480000
5.24000
3.50000
0.06000
0.00120
0.01800
0. 02400

0.18000

2. 98000
4. 35000
6£.27000
5.78000
1.17000
0.04300
0.14000

0. 00700

0. 04000

FOLLCWING CHAINS INCLUDE EFFECTS NF

4.76000 0.0

L L T T R S T

[=) O O00O0OIOLOLLLOOOOOOO000COODOODOO0O0OAaO

OOOOOOQ-DOODOOOOOOOOOOOO-DOO’OOOOD&DODD

& v s s

o

(=]

t.08800

© N 16030

N.00550
0.09600
6.56000

0.18000

3.79000
2.99000
0.02300
N.07400
0.02100

0.00041"

0,00390
0.00240
0.00011
0.00240
N.11800
2423000
2.42000
3.05000

5.10020

5.36000
5.19000
5. 47000
0.1¢000
0.00180
0.03&00
0. 05400
0.38600
3.69000
5.20000
5.33000
5.75000
1.30000
0.08000
0. 10400

0.01400

0.07400

NEUTRON

5.60000

0
1
0
[ I
55000
0
3.94004
X. 08000
g.n
0.10000
0, 04500
0.0
0.00900
0.00120
0.00006
0.00190
0.10000
1.84000
2,21000
2,67000
4,60000
S.17000
5.2%000
5.66000
0.20000
0.06400
0.04300
0.04800
0.30000
3.35000
4.83000
5.72000
5.51000
1.40000
0.14000
0.09000

0.01300
0. 06000

CAPTURE

5.97000

0.60001
0.12800
0.00055
0.003540
0.49000
0.0

4,09000Q
3.15000
0.00210
0.14600
0.06800
0.00015
0.01500
0.0

0.00001
0.00016
0.08190
1.53300

1.82000

2423600
4+933G0
5.31000
5+28000
5.60000
0.70000
0.00500
0.05000
0.05130
0.21000
3.08000
4.56000
5.95000
5.,02000
1.4%000

0420600

0.10100
0.01360
¢.04000

6.20000

0.00110
0.08000
1.35000

1.73000

2.16000
3.84000
4.57000
5.26000
5.92000
0.36000
0.00600
0.05500
0.06200
0.27000
3.41000
5.05600
5.,69000
4.93000
1.40000
0.19000
0.08000

0,01700

0.05000

6.21000

0.02500
0,00500
0.00001
0.00089
0.07000
1.24000
1.69000
2.04000
3.70000
4.52000
5.28000

.6, 02000

0.40000
0.00600
6. 05000
0.04400
0.18000
2. 63000
3.99000
6,05000
5.32000
1.61000
0.24000
0.08000

0.0l200

0403000 -

6.25000

1.33D0E~07
6.42008-07
1.5500%-0%
6.17008-07
7:2RD0OE-10
4, TBO0E~06
2.8200E-08
3. 2100E-05
7.1100E-05
1.2600E-05
1.0700E-05
1.1100E-07

1.1600E-06 -

8.7300E-05
4.13006-06
1.7000E-05
4, 3600E-05
7.6400E-10
1.9A00E-05
7.11008~05
1,23008-07
1.1400E-05
2.9100E-05
4+ T6G0E-~05
9.1400E-06
3.5900€~06
8.0000F-05
8,34006-07
2.0600%~06

6. 4000E-Q6

2.4600E-06
6.2700E-07
4.3200E-05
1.1200E-04
2.0400E-05
1.2300E-07
2.2900E-07
A.34006-07
1.3800E-07
2.0600E-06

- 2.0400£-05

2,0200E=07

52

54

56
56
59
60

62
64
65
&6

66

31
33
36
39
39
19
41
41
43
45
47
&9
49
51
52
53
53
57
58
61
63
41
42
51
52
52
53

45

1. 36Q0CE~-D5
4. 900606
2, 0400F-09
2, 9300E~06
1.3600€-07
5+ 4400E-05
2. 2900E-07
1.6200E-04
3, 1900E-05
$43300E-06
6. 0000E-05
4, 2700E~05
9. $400E-05
8. 1400E-09
2. 0400E-~05
1. 0000E~Q6
8, 4200E-05
4, TA0ONE-06
2. 4800E-07
3152005“‘06
5. 2800€-07
2.1300E=-06

8. 1400E-09°

1. 36006~ 08

A1.5)00E Q2

32
34
37
40
40
40
42
42
43
46
8
50
50
52
53
54
54
58
59
62
&4
4]

52
52

LE-CL-TFP8NS



103
115
125
152
155
115
129
133
135
143
129
129
1313
151

153

147

A
i d
Sh
62
63
48
52
53
53
58
51
51
53
61

62

60

3.00000
C.C0N62
0.13ccCe
0.24007C
0.03106
C. 00926
0.0

6.530C0
6,170C0Q
5,91000
0.15000
¢,B50C0
0.160C0
0.43000

0.158C0

2.190C0

oD 0 0D0000
» L] - a * & & = »
=] =] o AODOSQ

<
.
(=]

0.0
n.0
0.0
0.0

0.0

4, 76000
0.00t50

0.0
0.39300
0.09500
D.02230
0.0

5.44000
6.69000
5,49000
0.15500
0-87500
0.16000
0.58000

0. 21000

2,17000

5.60000
1.002%4
1.51000
0.57000
0.24C00
0.03470
0.10000
644200
5.70000
452000
0. 24000
1.35000
Q.. 67200
0.76000

036000

L.87000

5.97000
N.C0470
0.0

0.4F000
0.?60?0
0.06230
0.0

&.57006
T.25000
4,50000
0.20000
1. 16000
5216000
O« B6CNG

0.4600G

2.13000

6.20000
0.uC600
0.G7004
0.7410C
U.29300
0.0890G
0.02000
&.43000
1.2300C
4,50000
0.12000
0.83000
C.16000
J.95900

0.55900

2.2800G0

A,21000
0.00660
0,0

¢.69000
0.27000
8.09790
0.0

6.77000
7.23000
4,38300
0.18000
1.00000
0.17000
0.90000

0.51000

2.17060

6,25000
0.03720
0.0

0.81000
0,32000
0. 10700
0.0

5.74000
T. 50000
4.86000
0.13000
Q. 72000
0.14000
1.03060

0. 63000

2.420Q00

2.0200E~07
1.ATO0E-DT
2.0900E=05
1.4000E 02
1.3000E N4
3.6000FE=06
2«4300E 02
1.ATCOE-04
1.5400F-05
F.1400E-06
1.9000E 02
2.87T0CE—05
2, T000QF Q&
5,76008=048
B, 500068 01
4.4 D00DE-0S
6.2400F 02
4, 4A800E-05
6H.,240CE 02
9, 14GOE-06
1.5200E~-06
6. TH80CE-06
1.4000F 02
4. 1000E-06
L.5C00E 03
5.2100E~07
T.2300E-07
1. 1000E 02
1.9200E-07

%5
49
55
62
63
49
50
53
54
54
54
54
54
&9
40
52
53

53
54
55
62
62
63
63
&4
61
61
62

1.3100€ 02
2. 43IN0OE (G2
2. TOQ0E 06
4, 1N0008-06
5. 2L 00E-07
4. 28900E-0S

65,2400 02
1. 5200C-06
2, 09N0FE~08
5.0500E=07

2.3600E-07
1. 5400E-05
1.6700£-04
1.5400F=05
3. 4900F-05
1.9000F 02
L. 2400E°05
4, 1O00E-0Q6
4, 40008 02
1. 30008 04

8.2900E-09
1, 2000E 02
1. 4900E-06

46
50
54
63
&4
49

53
55
55
49

53
54
53
54
54
54
62
&3
63
63

62

62
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30% U/PU 0O 2.0

FLUX
1.0000E 14

PROGPAMME OF IRRADIATION

IRRADIATION TIME
150 DAYS

COOLING TIME

AFTER

CASE 1

COOLING TIME

SHUTDOWN
COOLING TIME

100 DAYS

LE-ZL-TP8NS



10% U/PU O 2.0

TOTAL TIME TO SHUTPROWN = 150 DAYS
TOTAL IRRADIATION TIME = 150 DAYS
TOTAL REACTOR SHUTNOWN = 0 DAYS

ATOM PERCENTAGES AT SHUTDOWN

Le8-Zl~-1¥8NS

U 235 0.0658770 IN  0,0000000 ZR SN ND
U 236 0.0137C58 GA  ©0.3000000 NB 0,0515680 $6  0.0095560 PM  0,)712835
NP237 0.00C0566 GE  0.3001725 %0 0.9375128 TE  0.1760302 SM 0.1417531
U 238 22.0265656 AS  0.0000619 TC  0.2687179 I 0.0740402 EU  0.0239046
PU239  2.0759459 SE  0.0116825 RU  1.0640917 XE  1.3863535 GO  0,0211595
PUZ40  2.3640461 BR  0.3076104 RH  0.1725366 CS  0.6151163 TB  0.0011925
PI241  0.4335787 KR 0.0748415 PO 0.6220242 BA  0.3022805 DY  0.0003257
AM241  0,0050935 RB 0.,3627462 AG  0.0639961 LA 0.2683342 HD 0.0
PU242  0.1989748 SR 0.1928473 €O  0.0543960 CE  0.6649882 ER 0.0
Y 0.0990417 IN  0.C0L6048 PR 0.2201572 0 63.6105652
ATOM RATIOS AT SHUTOOWN _ o
U 235 0.0020713 IN  0.2000000 IR 0.0290534% SN 0.0003989 ND  0.0190895
U 236  0.0004309 GA  ©.0000000 ‘NB 0.0016214 S8 0.0003005 PM  0.0022412
NP237  0.0CS0013 GE  0.0C0005%4 MO 0,0294766 TE  0.0055346 SM  0.0044569
U 238 0.6925445 AS  £.0000019 TC  0.0084488 I 0.0023279 EU  0.0007516
PU239  0.0652705 SE  0.,0003673 RU  0.0334565 XE  0.0435388 GD  0.0006653
PUZ40  0,0743287 AR 0.0002393 RH  0.0054248 £S  0.C193401 T8 0.0000375
PU241  0,0136323 KR 0.2023531 D 0.0195573 BA  0.0095041 DY  0.0000102
AM241  0,0001601 RE  0.0019728 AG  0,0020121 LA 0.0084368 HG 0.0
PU242  0,0062560 SR 0.7060634 CO  0.0017103 CE  0,0209081 ER 0.9
‘ ¥ 0.0931140 IN  0.0000505 PR 0.0069220 0 1.9999990

BURN ‘'UP OF FISSILE ATOMS
TOTAL FISSILE ATOM RATIO

TOTAL FISSION PRODUCTS

14,53040 PER CENT

.0.85470

0.23944%

0V.9240519

0.0126978

0.6071472



30% Uu/PU D 2,0

COCL ING PERIQD AFTER SHUTDOWN = 100 DAYS

LE-ZL-TPBNS

—tz—

ATOM PERCENTAGES AFTER CONLING

0.0125395

0.6517963

U 235 0.0658770 IN 0.3000000 kA 0.8891468 SN ND
) 236 0.0137058 GA G.Q000000 NB 0.0322408 S8 0.0075559 M 0.0686718
NP23T 0, 0000566 GE 0.2001723 M0 1.0217800 TE 0.1692392 5 0.1500676
U 238 22.02655656 AS 0.2000592 TC 0.2729346 I 0+0675591 EU 0.0221179
PU239 2.0759459 SE C.0116R55 Ry 0.9730260 XE 1.3905964 GD 0.0233406
PU240Q 2.364C461 R 0.0076034 RH 0.2313284 cs Je6241634 TB 0.6011821
PUZ& ) 0.4110705 KR 0.0746846 D N.6540220 BA 142845415 DY 0.0C03419
AM 241 0.C276018 RB N,0628706 AG (.0635743 LA }.2653936 HO 0.0
PU242 0.1989748 SR 0.1714934 co }.0550712 CE J.6019918 ER 0.0
) Y 0.08561459 IN 0.06716619 PR U.255251% 0 63.56105652

ATCM RATIOS AFTER COOLIMNG
U 235 0.0020713 IN 2.0000000 IR 0.0279559 SN 0.0003943 N 0.0204933
U 236 0..0004309 GA 0.5000000 NB 0.0010137 58 0.0002376 PM 0.0021591
NP23 7 0,0C00018 GE 0.2300054 40 0.0321261 TE 0.0053211 M 0.00471383
u 238 0.6925445 AS 0.CC00019 TC 0.0085814 I G.0021241 BV 00006954
pU239 0.0652705 SE C.0003674 Ry 0.0305932 XE 0.0437222 GD 0.0007339
PU240 0.0743287 AR 0.2502391 RH 0.0072733 Ccs 0.0196245 B8 0.0000372
PU241 0.0129246 KR 0.0023482 en 0.0205633 BA 0.0089464 oy 0.0000107
AM241. 0.000CB6T8 RB 0.0019767 AG 06.0019990 LA 0.0083443 HO 0.0
PU242 0.0062560 SR 0.9053920 cn 0.0017303 CE 0.0189274 ER 0.0

' Y 0.0327085 IN 0.0000523 PR 0.00C80254 0 1. 9999990

BURH UP OF FISSILE ATOMS
TOTAL FISSILE ATOM RATIO

TOTAL FISSION PRODUCTS

]

14.53040 PER CENT

0.854790

0.28944%
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Table 3. Typical Input

De5 0 0 95 23.5 5.4 0.9 0 0.l
32 16 |1

302 U/PU 11 2.0

1 1.0814 150

1 100

6
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