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SUMMARY

The inaccuracies introduced by errors in the fission yields and by
simplifications of the fission product chains are assessed.

The effect of neglecting minor fission product chains and of
grouping some of the fission products into aggregates is also discussed.



Introduction

In high burn-up thermal reactor fuel cycles the fission
product poisoning becomes quite important.

In case of unitormly graded exposure with a fuel burn-
up around 1.8 fissions per initial fissile atom the fis-
sion product absorption is more than 12 % of the total
absorptions.

This means that an accurate treatment of the fission
procduct chains becomes essential, and the inaccuracies
on the fission product yields can have an important ef-
fect on the burn-up calculations.

Ordinary burn-up codes can only treat a limited number
of fission products and not always allow the treatment
of complicated chains.

It is therefore necessary to group many fission products
into pseudo-elements or aggredgates and 1limit the number
of those treated separately.

The present work is aimed to evaluate the effect of the
inaccuracies introduced by these simplifications and by
the estimated errors on fission yields. It becomes in

this way possible to make these simplifications in such

a way as to give a minimum errors.
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The BO code

This assessment was made by writing a burn-up code (B.0.)
able to treat a very high number of fission products and

any complicated chain.

This code can burn in a fixed flux a fuel of given com-

position for a specified time.

Atomic concentrations of all isotopes, neutron balances
and K o are printed in the output at different times
in life.

The average isotopic concentratiors for a unifermly gra-

ded exposure are calculated and neutron balance and ¥ 4

are printed for this composition.

The code uses a cross section library which has been
obtained by the General Atomic G G C - II code (refe-

rence 2).

This library was produced by weighting the multi-group
cross sections over a spectrum typical of uniformly dra-
ded exposure in the reactor type considered.

Fission yields, decay constants and chain coupling due
to absorption and decay, are given in the input.

Fission product aggregates can be produced by a swall
separate code for any number of isotopes, by surmation
of the products of the cross sections by the fission
yields of each isotope. The aggregétes will then be used
with a yield of 1.0.

All the fission products with appreciable yields or with
zero yields but part of a chain have been treated separctely.
Only the isotopes with a very short half 1life have been
neglected and their yield has been added to the one of

their decay products.



Fission yields and chains

Most fission product yields have been obtained by ref. 1
where data from many different sources are quoted.

In order to assess the error due to fission yield inaccu-
racies, three sets of values have been used: maximum,
average or most probable, and minimum.

Neglecting non binary fissions, the sum of all yields
should be 200 %.

While the sum of the average yields was already very near
to 200 %, the sums of the maximum and minimum yields were
respectively higher and lower than this value. Because

of this fact calculations have been repeated renormali-
zing the yields to a sum of 200 %. All fission yields
used are quoted in tables5 to 10.

The most important fission product chains have been trea-
ted. The only very important chain appears to be the one
from Nd143 to Gd158, and it is shown in table 1. Other

11 chains of secondary importance have been considered
and are shown in tables 2 to 4.

Results

In order to perform the present evaluations a U-Th fuel
cycle for a High Temperature Graphite Reactor has been
considered.

The cycle was of the uniformly graded exposure type with
a burn-up of 1.82 fissions per initial fissile atom, and
the power density was 7 Mw/m3.

The burn-up calculation for this reactor has been repeated
with the different sets of fission yields previously de-



scribed, and with or without chains. In this latter ca-
se when no chains were considered, cumulative yields
have been attributed to all the isotopes of decey chains
(table 11).

The results can be seen in figures 1 and 2 where the
AX, 7referred to the best refererice case, are plotted
as function of fuel lifetime.

In the case of fig. 1 where the yields have not been
normalized the effect of their uncertainties appears

to be quite considerable, but in the normalized cases
of fig. 2 it appears that the error is appreciably re-
duced.

It is still not negligible, but one must consider that
while the average yields had a sum already very near to
200 %, the maximum and minimum yields needed to be ra-
normalized. This means that they appear to come from
less accurate sources.

The error due to neglecting fission product chains can
also be seen from these figures, and it is much higher
than the one due to fission yields uncertainties.

In fig. 2 one can see that this error can be reduced by
using cumulative yields, but it still remains urtollerable.

From fig. 1 it also appears that the only important chain
is the one from Nd143 to Gd158. The other chains can be
neglected provided one accounts for decay by using cu-
mulative yields for the isotopes of the decay chairs which
are not treated.

The reduction in the chains allows the grouping of fis-
sion products 1in aggregates.

Different aggregates specified in table 12 have been
produced.



In order to evaluate the error due to aggregating, va-—
rious calculations have been made without chains, using
as a reference the case with no chains and cumulative
yields.

In this way it is possible to see the error introduced
by aggregating, independently frem the error due to ne-
glecting the chains. The results are shown in fig. 3.

It appears that it is possible to aggregate the non sa-
turating fission products of low cross section, but the
error becomes very high if more elements enter into the
aggregate,

Figs. 4 to 7 show the concentration and fractional absorp-
tion of the most important isotopes during life, for the
best case, with all chains. The life averaged values of
concentration and fractional absorption for this case
are listed in table 12. Figs. 8 to 11 show the same data
for the case with cumulative yields and no chains, out
of which one can see which isotopes saturate and should
not be put into the aggregate.

Chain simplification

As many codes cannot treat complicated fission product
chains, the chain shown in table 1 has been cut in all
possible ways.

The effect in AX,relative to a reference case with the
complete chain, is shown in fig. 12 as function of the
fuel residence time, and the corresponding life awerage
AX , ‘are quoted in table 13. All figures refer only to
one cut at the time, the remaining part of the chain
being not altered. In all cases where the cut involved
a decay, the cumulative yield was used for the decay

product.



From this study it was possible to find simplified chains
involving a minimum error. They can be seen in table 14.
It is of course better to use the complete chain, but
these simplifications can be necessary in some code.
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TABLE 12

TABLE OF ISOTOPES IN THE AGGREGATES

1 — AGGREGATE WITH 80 ELEMENTS

Se82, Br35, Kr83, Kr84, Xr85, kr86, Rb85, Rb87, Sr88,
Sr90, Y89, Zr91, 2Zr92, Zr93, Zr9%4, Zr96, Mo95, Mo97,
Mo98, Mo100, Tc99, Ru101, Ru102, Ru104, Rh103, Pd105,
Pd106, PA107, Pd108,Pd110, Ag109, Cd111, Cd112, Cd113,
cd114, In115, Te126, Te128, Te129, I127, 1129, Xe131,
Xe132, Xe134, Xe136, Cs133, Cs135, Cs137, Ba138, La139,
Ce140, Ce142, Pri141, Ce144, Nd143, Nd144, Nd145, Nd146,
Nd147, Nd148, Nd150, Pm147; Pm148M, Pm148, Pm149, Sm147,
Sm148, Sm150, Sm151, Sm152, Sm154, Eui153, Eui154, Eui155,
Gd154, Gd155, Gd156, G4d157, Gd158, Thb159.

2 — AGGREGATE WITH 67 ELEMENTS

Se82, Br35, XKr83, Xr84, Xr85, Kr86, Rb85, Rb87, Sr88,
Sr90, Y89, Zr91, Zr93, Zr9%4, Zr96, Mo95, Mo97, Mo98,
Mo100, Tc99, Ru101, Ru102, Ru104, Pd105, Pd106, Pd107,
- Pd108, Pd110, Ag109, Cd111, Cd112, Cd113, Cd114, In115,
Te126, Te128, Te130, I127, 1132, Xe132, Xe134, Xe136,
Cs133, Cs135, Cs137, Ba138, La139, Ce140, Ce142, Pri41,
Ce144, Nd144, Nd145, Nd146, Nd147, Nd148, Nd150, Pm149,
Sm147, Sm148, Sm150, Sm154, Gd154, Gd156, Gd158, Tb159.

3 — AGGREGATE WITH 59 ELEMENTS

se82, Br81, Kr83, Kr84, Kr85, Xr86, Ru85, Ru87, Sr88, Sr9o,
Y89, 2r91, 2r92, Zr93, Zr9%, Zr96, Mo95, Mo97, Mo98, Mo100,
Tc99, Ru101, Ru102, Ru104, Pd105, Pd106, Pd107, Pd108,Pd110,
Ag109, C€d111, cd112, Cd114, In115, Te126, Te128, Te130,
I127, I129, Xe132, Xe134, Xe136, Cs133, Cs135, Cs137, Ba138,
La139, Ce140, Ce142, Pr141, Nd144, Nd145, Nd146, Nd148,
Nd150, Sm154, Gd156, Gd158, Tb159.






Table N° 14.a

PM148M

4K

ND143

ND144

ND 145

ND146

PMI147

SM149
SM150
SM151
SM152
BU153
BU154

EU155

0.26 %

PM148

Table N° 14 b

ND143
ND144
ND145
ND146
PM147
PM148M
SM149
SM150
SM151

SM152

ND143
ND144
ND745
ND146
PM147
PM148
SM149
SM150
SM151
SM752
EU953
EU154

EU155

&K = 0.24 %
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LLIFE AVERAGE VALUES CALCULATED WITH AVERAGE YIELDS AND WITH CHAINS
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FRACTIONAL ABSORPYION
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BO input description
Word
Column
Format I4 I4 I4 I4 I4 I4
N° of N° of mate- |N° of yield Yield card Yield card Yield card
Card 1 groups rials in li-{cards in 1li-| N° for ma- Ne for ma- N° for ma-
brary brary terial 13 terial 14 terial 15

Symbol N26 NLB NLT M1 M2 M3
Word
Column
Format 14 14

How to read _

yield cards If 1 nor-
Card 1N > Q chains malizes fis-

fWith ramifi- | sion yields

cetions to 2.0

N £ O chains

without rami-

ications

Symbol N NORM




Word

Column 1 - 60 X
Format 10 A6
Card 2| Isotope One per isotope
name
Symbol | ANAME(IL,X)
Word
Column
Format E 12.5 E 12.5 E 12.5 E 12.5 E 12.5
One per group
(N26) for each
~N - .
! . . o T . d
Card 3 UG}i331on “transport absorption out scatter 0 isotope (NLB)
Cards 2 and 3
repeated NLB
times
Symbol FI‘SIG(IE,IL) TOSIG(TE,IL) | ABSIG(IR,IL) OUSIG(IR,IL) XNU(I®,IL)




Word

Column
If N»O
Format E 12. B . . . .
m 12.5 12.5 E 12.5 E 12.5 E 12.5 cards 4 and 5
needed
Decay con- U233 yield U235 yield Pu241 yield
carda | stant If N O use
cards 6
Symbol | XLAM(K) YIELD1(K) YIELD2(X) { YIELD3(K) YIELD4(X)
Word
Column
Format E 12.5 E 12.5 E 12.5 E 12.5 Cards 4 and 5
repeated NLT
Fracture of |Fraction of |Fraction of |Fraction of times
Card 5{capture (or |capture (or |capture (or |[capture (or

decay) from
the material
K -1

decay) from
the material
K - 2

decay) from
the material
K -3

decay) from
the material
K - 4

Symbol

DIRAC(KX, 1)

DIRAC(K, 2)

DIRAC(K, 3)

DIRAC(KX,4)

A negative DIRAC
means decay




Word

Column 1 - 4 13 = 24
Format
As many cards
Cross secticn Initial as materials
Card 8{ block number| atom den- (NMAT)
for this ma-| sity
terial
| Symbol | NHOT(IL,I) DEN(IL,I)
Word
Column
Format
Yield card Yield card Yield card
Card 9| number for number for number for as many numbers as NO
first spe- second spe- third spe-
cial mate- cial mate- cial mate-
rial rial rial
Symbol NX(1) NX(2) NX(3) | =




Word

Column |
Formet | & 12.5 E 12.5 E 12.5 E 12.5 E_12.5 Only if Ng C
(chains without
If = 1.0 ramifications)
this element otherwise use
Card 6 is a captureg U233 yield | U235 yield | Pu239 yield | Pu240 yield ~cards 4 and 5
product of '
the prece-
ding element
| Symbol | DIRAC(X,I) | YIELD1(X) YIELD2(K) YIELD3(X) | YIELD4(K)
Word
Column
Format 14 14
N° of mate- | N° of spe-
Card 7] rials in cial mate-
this case rials
Symbol NMAT NO




Word

Column
Format E 12.5 E 12.5 E 12.5
Card Time step Core volume | Xe removal
10 length constant
(usually =
0.0)
Symbol DELDAY VOL RPXE
Word
Column
Format I4 14
Card N° of time N° of small
T steps time step
per big ti-
me step
Symbol | - JNSTOP JNUNM




Word
Column
Format E 12.5 E 12.5 E 12.5 E 12.5 Group fluxes
x 10”24
Camz Flux group 1 Flux group 2j Flux group 3| Flux group 4
1
Symbol | RPHIAV( 1) RPHIAV(2) RPHIAV(3) RPHIAV(4)
Word
Column
Format I 12 I 12 I 12 If blank
CALL EXIT
otherwise conti-
First yield Last yield IF 1 nue with cards
Card  pard to be card to be normalizes 4 and 5 as many
13bhanged for changed for yields to times as
hext case next case 2.0 (KK2 - KK1)
Symbol XK1 Xx2 NORM













