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Abstracts

Sensitivity analysis of nuclear constants for MONJU nuclear char-
ristics was performed. In this analysis, the sensitivity coef-
ents for each nuclear constant were calculated. From these re-

s, the degree of the necessity for the further evaluation of each
ear constant has been discussed. Main results ares

Sengitivity Coefficients : ,
Nuclear constants having a large sensitivity coefficient are as
follows. '
For effective multiplication factor, o41
vand °f of 289Pu, , and 9f of 28 g(T1.4MeV), » and ¢ of Pu
(400 ~10keV) have positive values. % of 2% U(1l.4Mev ~ 10keV)
and ¢¢ of Fe(lOO"lOkeVLahave negative values. Among them,
especially » and %f of *° Pu have large values.

For breeding ratio, : ~

v Of P0Pu(l.4MeV~10keV), » of P8U(<1.4MeV), ¥ of 'Pu(400 ~
10keV) and ¢;of 238 U{400 ~10keV) has positive value. o, of

8% Pu(400 ~10keV) have a negative value. Among them, ¥ 6f each
fuel element has especially large values.

For Na-void reactivity (100% void ratio),

vand oy of 3 Pu, ¢;of 2¥Pu(<L10keV), » and o5 of B U(Z1.4MeV)
and ein of MBU(1.4”'O.4MEV) have negative values. Among themn,
especially , and %f of %°Pu have large values. ¢ of Na(l.4~
0.4MeV) has a positive value.

For Doppler reactivity (11739K — 1473°K),

g, 0f 16 0(400~10keV) and oy of ¥a(400 ~10keV) have the largest
values in all moderating elements. v and o of 2% Pu(l.4MeV~
10keV) have the largest values in 21l fuel elements.

Future Study in Nuclear Constants. :
From the results of sensitivity coefficients and the present
status of nuclear constant uncertainiies, the evaluation of the
following nuclear constants must be emphasizedé g¢ and ¢, of

289 Pu( K400keV), oinof BY(= 1.4leV), o¢ of “*® T(100 ~10keV), of
of 240Pu(1.4~0.4WeV}, o5 of 241 Pu(<100keV), ot of ®0(400~100
keV), o¢c of Fe(100~10keV).
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1. Preface

This reporﬁ hag the following aims; systematical discugsion about
the effects of the uhcertainty of nuclear constants on the nudlear-
characteristics for the core of MUONJUY, studying the problems of the
nuclear constants in designing the core of "MONJU" reactor and obtain-
ing the basic information in studying the direction of the improvement
of nuclear consbtants in the future.

| The effects of the uncertainty of nuclear coanstants on the nuclear
characteristics have hitherto been studied with various types of reac-
tor core systems. In performing bthe present work, we have examined
the various papers which have so far been published with regard o
sensitiviity analysis in an attempt to study the concrete concepts and
methods of sensitivity analysis and further to clarify the problems
encountered in carrying out the sensitivity analysis.

In carrying out the sensitivity analysis, we at first planned to
use the group constants based ENDF/B-II for the standard group con-
stants. But later we found that there was some problems with the
effective mulitiplication factor derived by ENDF/B-II. S0, we checksd
the validity of using HIM-I for the standard group constants. For
this purpose, we performed the experimental analysis of Bench Marks
by HIM-I. As a result, we reached the conclusion that HIM-T had no
particularly big problem at the present time and decided to use HIN=-I
for the standard group constants.

Calculations of sensitivity coefficients were made with the
UMONJU" equilibrium intermediate resctor. Calculations were made by
the cylindrical one~dimensional diffusion calculation. The sensi-

tivity coefficients were obtained for the effective multiplication,
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doppler reactivity, Na-voidreactivity, and breeding ratio. We fur-
ther obtained the required accuracy for the nuclear constants from the
obtained sensitivity coefficients, for future studics on the improve-

ment of the nuclear constants.



2. Survey.and study of literature concerning sensitivity analysis

2.1 Methods used up to now and their problems
The results of literature survey are summarized in Table 1,
in which the column under the heading of "Object™ paid special
attention to the type of core and the nuclear material compos-
ing the core. Under the heading "Cazlculating ModelYw, the cross
section library and format model are described. In the "Method
of Senéitivity Analysis", the basic concepts of the method
analysis and the kinds of sensitivity coefficient to which at-
tention was paid are suﬁmarized. The column "Problems and Com-
ments" decribes the vesults and the findings therefrom and the
.chafacteristics featufes of the methods and so forth.
2.2 Tﬁé ﬁaih‘results of the previously performed sensitivity analysises
The results so far obiained from the sensitivity anéiysises
wére gréphicaliynéummérized and the following points were clari-
fied; ' | | |
(1) The difference of sensitivity coefficients depending on the
system and the method employed.
(2) To grasp a value presumed to be sensitivity coefficient.
(3) ﬁnderstaﬁding of the effects of cross section from the
ﬁreviously ébfained results of analytical studies.
(4) To extract theﬁﬁroﬁlems concerning the previocusly made cal-
| '6u1afi6ns.
q-ﬁere are shown the sensitivity coefficients With.regard to
Kéff, breeding ratio, Wa-void effects, and Doppler effects. The
following graphs shows the four largest of the sehsitivity CO-

efficients obtained by Moorhead,l) Gendini ©) and v. Rojkov. 7)



As was usually before, the sensitivity coefficients which were
obtained by them are the sensitivity coefficients as a guantity
integrated in the energy region. Since it is impossible to

make comparison of the sensitiviiy coefficients of different
energy regions, here are given the values obtained by dividing
them by the lethargy width of the xegion, that is, the values
obtained converting into the sensitivity coefficients per ﬁnit
lethargy. When obtained lethargy, the lowest group of Moorhead,
that is, the lowest limit of energy of the fifth group was taken
as 50eV. For, considering the reactivity, the reactivity lower
than 50eV was less than 1% compared with the reactivity of 9.1
keV and therefore the effects of reactivity lower than 50eV can
be neglected. A4s for the results except Moorhead, the lowest
limit was taken as 0.0252eV which is thermal energy.

The following figures give the percentage changes of the
nuclear characteristics when the microscopic cross sechion is
increased 1%, that is, the sensitivity coefficients. Fig. 1
through Fig. 4 show the sensitivity coefficients for Korp and
Fig. 5-through Fig. 8 show the sensitivity coefficients for breed-
ing ratlo. In these figures, the results obtained by Moorhead 1)
are shown by solid lines and those of V. Rojkov are shown by
broken lines. In their analytical studies, Moorhead unsed a
medium-sized reactor and V. Rojkov used a large reachor. As for
Korpy thelr sensitivity coefficients are roughly in agreement
with each other but the values obtained by Moorhead, except for
238Uﬂc9 are larger than those obtained by V. Rojkov. This is
presumably because the critical adjustment was not made in the

analysis done by V. Rojkov. This presumption is supported by
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the fact that the sensitivity coefficients for_the breeding
ratio of 23870 ¢ 4in Fig. 8 is higher for the values shown by
V. Rojkov than those which were given by Moorhead in contrast
to other cases. TFig. 9 through Fig. 12 give the sensitivity
coefficients for Na-void effect, the results of the analytical
study made by Gandini. 6) In thesé figures,rNa—void effect
(10% void ratio) has a negative value and therefore +he fact
thaf the sensitivity coefficients are positive dr negative means
that the void effect is more negative or positive, Gandini also
uses the same expression for the sensitiv;ty COefficients for
Dopplér effect in Fig. 13 through Fig. 16.
From thééé figures, the following things are showil.
(1) sensitivity coefficients for Kopp
In any case from Fig. 1 through Fig. 4, the sensitivity co=-
efficients are very large within the range from 1MeV to
10Kev. 4As for the cross section, the sensitivity coeffi="
cients of 239Pu v and 23%pu ’ ¢ are large and the sensitivity
coefficient of 238y ¢ is about 1/2 of them.
(é) Sensitivitj cééffibieuts for breeding ratio
(a) The sensitivity coefficient for breedingrratio can be

roughly expressed as follows.

259U“0,~;%x 239Puac=~,§2; x 239Pu"f%i15x 2395, ¥

(b) The reason why the sensitivity coefficient for 239Pu”
1s especially large is that the rate of enrichment can
be made smaller.

(c) The.sensitivity coefficient for 299py o, iz larger than

expected (equal %o the sensitivity coefficient for



(3)

239py, 9¢) because the 239Pu absorption ratio increases
with the increase of ¢, and because it is necessary
to incréase the rate of enrichment. On the other hand,
when 239Pu 7f is varied, the sensitivity coefficient
ig not so large as is generslly expected because the
effect of 239py absorption rate due o the vériation
of %f and the effect of the adjustment of critical
masgs offset each other.

(d) Moorhead has pointed out that the sensitivity coeffi-

| ?Eiéﬁts nofﬁallj'vary about two times depending whether

the critical mass is adjusted or ﬂoﬁ.fl)

(e) 238y °¢ is considered to be gquantity which hag the

largest effect on the breeding ratio. However, the
~ sensitivity coefficient (particularly the results by
" Moorhead) for this is smaller thanhéhaf'fbr-259Pu ac.
B Sﬁch an unexpectéd result was due_té the féct that the
W_ ééjﬁétment of critical mass has a éféat'éffect.
Sensitivify coefficients for Na-void effect and foxr Dﬁppler
effect
As for these coéfficients, there are only the results

given by Gandini, 6) It is unknown whether he took inko

‘account the variation of the gself-ghielding factor accompany-
.ing Na-void in his analytical study. Judging from the fact

_that the sensitivity coefficients for 238U ?¢ and 239Pu g

at low energies are equal, it is presumed that the self-
shielding factor wag not considered. 1In any case, however,
it can be generally said that the sensitivity coefficient

for the cross section of fuel element ig large as shown by

Ll



the results of the study made by Gandini. The sensitivitj
coefficient of Na itself against the Na-void effgct isg
smaller than that for the fuel element.

What should be noted about the Doppler effect is that
the contribution of 259Pu to the Doppler effect of the system
is about 1/4 of 2387 a4t mosh, but the sensitivity coefficients
for 259py ¢ and ¥ are egual to the sensitivity coefficient
of 258y, fThis is partly because there are the effecits
coming in through the neutron importance. In the case of
2587 ac, when ‘¢ is varied, particularly below several
KeV, the effectg ont the neutron spectrum is so large that
the sensitivity coeffiéients become considerably smallexr
than when the variation of the neutron épectrum is ignored.

From the above tabulation of the results of the previ-
ously made analytical studies on sensitivity coefficients,
it is learned that the results which can be tabulated as sen-

sitivity coefficients are extremely limited.



Table 1  Method and Problem of Sensitivity Analysis up to now
. Calculating Method and contents of
Auvthor Object nodel sensitivity analysis Problem and comment
T.D. 1) Prototype reac- S5-group diffusion | o As for %he breeding |o It is shown that within
WMooxrhead tor Group constants: ratio, a lineaxr the 10% change of the
1962 ANL-11 equation of eigen macroscopic cross sec-
(AEEWUK) value and breeding tion, the changes in

ratio is derived to
obtain the changes
in the breeding ratio
when Kgre is adjusted
~to a prescribed
value.

o As for the sensitiv-
ity coefficient for
the differential
cross section, the
macroscopic cross
section is varied
independently and to
~the results is ap-
plied the relation-
ship between the
microscopic cross
section and the
macroscopic cross
section and the in-
terrelation of the
microscopic crosg
section. In this
case, the changes in
physical quantities
for the changes in
¢cross section are
all approximated by
the relationship of
a linear equation.

cross sechtion and the
changes in nuclear
characteristics are in
gimple proporition with
an accuracy of 2 to 3%,
except for the scatter-
ing matrizx 3t ~J,
21— J is the worst
cagse in which the devia-
tion is about 10%.
( = J at about 1MeV)
The suthor thinks it '
necessary to use a sta-
tistical processing of
error in establishing a
relation between the
uncertainity of nuclear
data and the uncertainty
of nuclear characteris-~
tics by using sensitive
ity coefficients. In
the present report, no
work inciuding the use
of such a method is not
done.




Avnthor

Object

Calculating
model

Method and contents of
sengitivity analysis

Problem and comment

EaDo 2)
Pendlebury
1962

Bare reactor and
reflector-
equipped redc-
tors with 7235
enrichment from

94% to 30%

o The width of uncer-
tainty of the dif=-
ferential cross
section of U235 and
U238 were evaluated
at the point of time
in 1962 to calculate
the effects on the
miclear character-
istics.

Since the objects were
small reactors, the re-:
sults sghowed a differ-
ent tendency from large -
reactorsg.

P, Hech))
1966

A core using
carbide as fuel
of the prototype
reactor and come
mercial class
reactor

One dimensioconal
gpherical diffu-
gion caleulation

0 The author made a
study only on the
changes in nuclear
characteristics for
the changes in
macroscoplic cross
section of the sys-
tem. .

0 He studied the
breeding ratio by
adjusting the
critical mass.

He says that Tthe changes
in macroscopic cross
section and the changes
in nuclear characteris-:
tics hold good simple
proportional relation
with a high degree of
accuracy. (No concrete
results are given)
Discussion limited to
the coefficients for

the macroscopic cross
section of the systen
for the nuclear
characteristics.

Greeblef
et al.4
1966

Large reactor
(practical re~
actor)
Experimental -
reactor (EBR-II)
Medium fast re-
actor (for
military use)

The diffusion
equation was used
on the bare core
and 60-group

(for large reac-
tor) was used for
the standard group
constant.

o A& study is made on
the present status
of the accura y of
huclear char -lter-
istics calcui: tion
on the basis of the
results of survey on
the present status
(as of 1966) of

The interrelstions he-
tween nuclear data are
not shown.

I% is not shown whether
the adjustment of
critical mass was con-
gsidered with regard 1o
breeding ratio.
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Aunthor

Object

Caloulating
model

Method and contents of
sensitivity analysis

Problem and comment

nuclear data.

There is no general
discussion based on
sensitivity coeffici-
ents.

Wo definite relation is
given hetween the target
accuracy for nuclear
characteristics and the
determination of required
accuracy of the corres-
ponding nuclear data.

Greeble
et al.,?
1968

Calculations
made on commer-

‘¢ial fast reac-

tor, low-leakage
reactor and
high-leakage .~
reactor

ENDF/B-Version-1
used as standard
data

Seme ag abhove.
Further discussion
on the effects on
cost of fuel.

The technigues are the
same as those used in
1966 but the . grasping
cf the nuclear data as
of 1968 was the main

purpose. Characteris-
tic is the discussion
on the cost of fuel.,

A, Gandini

et al.
1968

'Lafge fast re-

actor using
oxides and
carbides as
fuel

Soviet grogp
constants8

Generalized perlburba~
tion techniques 9
weve used for the
calculations of sen-
sitivity coefficients.

Nordiscussion is made
on the target accuracy
for definite nuclear
characteristics.

V. Rojkov )
1969

Large reactor
using oxides and
carbides as fuel

o Soviet group
consvants con-
tracted to 18
groups

0 One-dimensional
spherical
diffusion
calculation

0 Sensitivity coef-
ficients were cal-
culated by use of
perturbation tech-
niques.

¢ The author assumed
that the target
accuracy for nuclear

As & preliminary study,
the author made calw
culations on the data
of .239Pu and 238y but
the results produced
unrealistic value for
the required accuracy
of nuclear counstants.




—'['I:...

Author

Object

Calculating
model

Method and contents of
sensitivity analysis

Problem and comment

data would be given
by

d=1/1%
where d is target
aocuracy and X is
sensitivity co~
efficient.

This is largely due to
the problem of es-
tablishing a relation
between sensitivity co=-
efficients and reguired
accuracy of nuclear
data. Thisg ig a diffi-
cult problem and it ig
necessary to take into’
account the degree of
difficulty of experi-
ments and the accuracy
of the presently avail-
able data.
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Méthodrof"sensitivity analysis

From what hag been found as & result inthe above literature ex-

amination, we will discuss the various problems to be solved in making

gensitivity analysis and the remedial measures against such problems,.

3.1 Choice of standard library

i At first we thought of using the -group constants obtained
:E'I'Qﬁ ENDF/B—iI as the standard librar;s.f, ENDF/B-II has been made
by“ﬁaking improvements Lo the consistency of fission CTroSS seg=
tion, the non-elastic scattering crOSsrsecﬁion of 238U, the
resonance cross section of structural material, and the resonance
cross section of 240py in ENDF/B—I. However, & study made early
1971 by ENDF/B Working group showed that ENDF/B—II underestimated
the eigen value by 3%: to 5% (ENDF/B—I underestlmated the same
value by 2%). This éés due to such causes as follows.

(i) The imperfection of microscopic data, which had sé fa:w
been offsat,&became pronounced és the microscoplc daté
were.imprdvéé. | ;

(ii) There were some big misfakes sﬁﬁewhere in ENDF/B-II data.
(iii) ENDF/B-I was revised in an attéﬁpt to improve it but it
was actually made worse than before.

Accordingrto the results of the analytical studies made in
the Uniltéd States after the deve1opment of ENDF/B—II, they -con=
cluded that $he trouble with EYDF/B—II was due o the thlrd cause.
In the present sen31t1v1ty analysls, our policy was to approximate
the relationship between the nuclear déta variations and the

nuclear characteristics by a simple equation and therefore it is

undesirable to use such imperfect groﬁp constants as the standard.

P
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3.2

So, décided to perform our senoitivity analysis by uoing HIM-1
group conStaot which was deveioped by;Hitachi 80 that if any ap-
propriate resulis were obtain HIM-1 would be used as the standard
group constants.
Method of calculatiorn of sensitivity coefficients

The most basic approximation for obtaining the sengitivity
coefficients is the approxiﬁotion of the relationship betwéen the
nuclear data variations and ﬁhe nuclear characteristics by a
linear equation. -This approximation is considered fo be a
sufficient good approximation as shown by the results of the anal-
ysis made by Moorhead.l) When:obtaining the sénsitivity coeffi~
clents, the adjustment of critical mass has a gréat.effect oﬁ
the breeding.ratio. In the present analysis, the relationéhip

between the eigen value variations and the breeding ratio varia-

4ions when the degree of enrichment was varied.

4BR = A x dk C(3.1)
where 43BR ¢ variation of breeding rafiol
dk : wvarietion of eigen value
A 3 ratio coefficient
By using this equation, the breeding ratio was compensated as
follows. .-
BR = BR® - A x (Kgre - Kgpp) o (3.2)

where BRC

%o

. breeding ratio before compensation

Kerp 3 effective multiplication factor when
nuclear constant was varied
K rr ¢ effective multiplication factor when

standard nuclear constants were used

A value of -1,90 was used for A4,

a7 -



The sensitivity coefficient is obtained by varying the
group constants of infinite diiution. The sensitivity coeffici-

ent is defined as follows.

4ot
id b iJ .
gax = a Ty B (5'3)

iJ

where da is the amount of variation of the physical gquantity
a when 4 ig varied by yig and gzi is the sensitivity coefficient

at that time. x is the kind of nuclear constants, %f, %¢, %%,

[ 4

el, in, v . J ig the energy group of the nuclear constant

which is varied, i is nuclide.
Next, the sensitivity coefficient GY9

ax including the inter-

" “relation between the nuclear constants will be considered.

Firgt, let us consider the ihferrelation between the nuclear con- .

stants.
T = 95 F &s | | . . (5.4)
og= "¢+ ”c. (3.5)
*s= in t’ea1 . ‘ (3.6)
Hence | -
5% T TP T g 'l:ael - (3.7)

f and ° ¢ can be related as follows by the value a .

’c
¢ = > (3.8)

vis independent of other nuclear constants.

Let us consider the interrelation between the nuclear con-

stants by using the equations (3.7) and (3.8). Assuming o Ef
. - iJ
varied by yig and thereby other nuclear constants ¢ EF(Y“%X). 9

(2 %X, 2% Y), ceves, varied by yzg ,‘yzg ..., Tespectively,



iJ — g iJ ‘ iJ
7 . a+5.) (3.9)
s id - g 17 - iJ
Y ¥ L +yy) (3.10)
iJ —- g id iJ
a_ i @ +57) (3.11)

The sensitivity coefficient G:;Z including the interrelations of
the nuclear constants is given by

iy,  iJd _ iJ _iJ iJ diJg iJ iJ
Gax yx_gaxyx+gaYyY+gazyz

. ;ViJ id
. iJ id iJ Y iJ ¢ g
oo Gy = By t Cay 1ig T Baz 14 (3.12)
¥ x Y x
iJ

If yy and ylzJ are expressed by y:;{J by using the equations (3.7)

through (3.11) and substituted in (3.12), G;_i can be obtained.

..1.9.:



4. TImprovement of sensitivity coefficient calculation program

In order to make calculations of the sensitivity cogfficients
discussed in the preceding chapter, improvements have been made %0
{the dne-dimensional diffusion code as briefly described below.

The calculation for altering the microscopic cross section Gif
t0 aig (1 + yXiJ) was made in "ABAGYAN" which was the previocusly
used library production code. ABAGYAN code and the one-dimensional
diffusion code "SUNRISE-4-3" were joined together for the calculations
of physical quantities. Finally, using the results of such caloula-
tions, the sensitivity coefficients were obtained.

The flow diagréms are shown below. (Pig. 17 through Pig. 19).
The previous "ABAGYAN“ was ﬁsea for MAIN—l;.SUNRISE~4-5 for MAIN-2,
and the sensitivity coefficient calculation section for the sub-
routine of MAIN~3 and they were connected by the whole MAIN as shown

in Fig. 20.

- 20 -



Fig.17. Micro data change routine.

( MAIN-1 )

(i‘ABAGYANj>

I
Cal. Effective

micro cross section

Effective Effective

micro micro

cross section cross
Section

Cal. macro

cross section
f

C

Section




Fig.18. Sensitivity Coefficients Caiculation Routine,

yi;{], e, change ¢

Data 45__25; Physical Quantities for base

micro data

Physical
GQGuantities
changed micro
data -

micro
Cross

section

N

RETURN

Fig.19. SUNRISE~-~4-3




Fig.20. Whole Flow Diagram.
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5. Tegt of HINM-]1 as standard nuclear constants

In order to study the validity of HIM-1 as the standard nuclear
constants, we made analysis the Bench Ma&k integral experiments. As
for the calculation model, we used the Bench Mark analysis model and
applied one-dimensional diffusion shd one~dimensional transport cal-
culation for the spherical homogeﬂeéusfﬁqdel. In the one-~dimensional
transporﬁ calculations, the transport approximation was used for
anisotropic diffusion., It is not neceééary to correct the effective
multiplication factor for the anisotropical effects as far as the
Bench Mark ahéiyéié model is used. As for the reagtion rate ratio,
which was equally“emphééized as the effective multiplication factor,
the anisotropical effects were extrémel&féﬁall. Tn this report, we
will discuss therr;;uiféEQf_the_ﬁénéhmﬂﬁfk‘analygis_of_ﬁhe Bench Maxk
geries from gﬁ}l to No.4 with the plutonium core, which is closely
related to the "MONJU" core.

5.1 Outline of Jéenc;; lark series Noil - .ﬁo.4
The’Bénch Mark series ha%e;ihéir own nuciear chargecteristics.

Tébi;:é ;hows the compositions of the Bench Mark series No.l -

Wo.4. Table 2 shows that these Bench Mark series have the

following characteristic features;fi

Ho.ls Bare core comnsisting of only plutonium

No.2: Core consisting pf SUS and plutonium, provided with
natural uranium’refléé%oﬁ?

No.3s Core congisting of 8US, sodium, plutonium, carbon,
depleted wranium, provided with depleted unranium
reflector

No.4: Core consisting of SUS, plutonium, and natural

urgnium, provided with natural uranium reflector

- 24 -



-Such structural features are also clearly seen in the
neutron spectrum shown in Fig. 21, The neutron spectrum in Fig.
21 is the spectrum of the core center calculated by the one--
dimensional transport calculation code ANISN, in which the in-
tegral value of energy is normalized to 100.0.. Ho., 1 is the
core with a large leakage and containing no moderator. The
neutron spectrum has a peak near 2MeV and.has a sharp form
similar to the fission neutron spetrum. Therefore, this is
particularly suited for sbudying of the validity of °f of 239py,
particularly above 1MeV through the effective multiplication
factor and the ratio of 'f over 1MeV through the reaction rate
ratio. In No.2, since the core is consistéd of 8US and carbon
and has reflector, the péak energy of the spectrum is éBout
1.0MeV and shows a wide gspectrum fori because of the carbon con~
5MeV have great effects and therefore suit for studying particu-
larly the validity of the nuclear constants of 239Pu in the
region, In Fo.3, the plutonium fissile enrichment is about 20%
and SUS, sodium and carbon are contained in the core. Although
the plutonium enrichment is somewhat larger than in the case of
the core 6f”%ﬁe prototype reactor clasg, this core is consider~
ably close to the core of the prototype reactor class in the
respect of the neutron spectrum., The peak energy of neubtron
spectrum is hear 350KeV and °f of 239Pu and %c¢ of 238y within
the range of 10KeV to l.5MeV have great effects on the effective
meltiplication factor.” In Ho.4, the fissile'enrichment is about
10%, relatively small, Since the core does not contain the

moderators such as sodium and carbon, the peak energy of the
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neutron spectrum is ~ AOOKeV, and shows a very gharp spectrum
form, ff~0f.239Pu ang ac of 238U within the range of 100keV
t0.1.0MeV have great effects on the effective multiplication
factor.
5.2 gStudy on the resulis of analysis

- An analytical study was made on the effective multiplica-
tion factor and central reaction rate ratio by the one~dimensional
transport caleulation. One-~dimensional diffusion calculation
was partially used.  In the one~dimensional transport and diffu=-
sion methods, the effective groups constants for ¢ tr were defined

ags follows.

' . D
Diffusion calculation ce..s 3
' PR B
ir
) . Z¢ i ¢l
Transport calculation seeee comme ™
ol

where ¢i is the spectrum of the i-th group. When diffusion
oalculations were made by_usinglwatr which was obtained by the
definition in the trgnsport calg#}ations, the effectivé mul -
m%iplioation facktor of ZPR-III Assembly 11 was overesiimated by~
0.1%.
5.2.1 Effective multiplication faqtorr
. The number of order of,éagﬁ_angle division_fo:\the
core, ﬁ‘is as follows., |
Bench Mark No. 1 2 3 4

sw 816 S8 16 58
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The degrees of convergence for N in No.l and No.3
Gores are

No. 1 No. 3

52 1.0567 1.0074
S 1.0242 0.9984
S8 1.0142 0.9978
S16 1.0114 0.9976

Therefore, the effective multipiication factor shown in
Table 3 is a difference of about 0.3% 4K in No.l core and
less than 0.1% 4K in No.2 through No.4 for S,

The resultls of calculations of the effective multipli-

cation factors in Table 3, show the following things 3

l. HIM-TI agrees very well with the experimental results
for the' effective multiplication factor of No.2 and No.3
cores.s ~-This shows that the errors of calculation for
the effective multiplication is within 1% for the core
of the prototype reactor class. Therefore, we think
there is no prcblem about using HIM-I for the standard
group constants from the standpoint of the effeciive
multiplication factor.

2. Por No.l core, HIM-I overestimates the effective mul=-
tiplication factor‘by gbout 1%. This is presumably
becéuse “f of 259pu above 1MeV is 1% to 2% too large.

3. PFor NWo.4 core, HIM~I underestimates the effective mul-
tiplication factor by about 1.5%. This is probably
because %c of 2397 of HIM-T is about 5% to 10% too

large within the range of 50KeV to 500KeV.
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5.2.2

Central reaction rate ratio

Table 4 shows the results of the one-dimensional trans-
port calculations. The experimental values are so well in
agreement with the caloculated values that there is no seri-
ous problem with HIM-I in view of the reliability of the
group constants at the present time. From the results of
analysis of the reaction rate ratio, the following problem
can be pointed out to be further studied for the improve=-
ment of HIM-T in the fubure. The problems are whether the
value of 235y °f above 2MeV is too large, whether T of
2387 pear 1MeV is too large, and whether the moderation of
258U due to the inelastic scatteringfiS‘tdO'iargé.

Prom the above-mentioned results of --the test of HIM-I,
we reached the conclusion that although there are some
points to be studied further in the future, there is no

problem about using HIVM-I as the standard’ group constants

‘in ‘the present study.
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Table

2. Composition of Bench Mark Core.

Bench Mark SiTles 1 3 4
region core core reflector core reflector core reflector
o~ Pu 239 .037483 | .007213 .001645 003465
j; Pu 240 .001768 | .000370 000107 . 000183
?; Pu 241 .000184 | .000028 000011 .000016
) U 235 . 000250 . 000016 .000083 .000228 .000301
g U 238 .034400 .007405 039976 .031560 . 040990
2 § Fe 006090 »006460 .010180 .004925 .004559 .003496
e Cr .001580 .001680 .002531 .001196 .000818 .000913
g ° Wi . 000660 . 000710 .001119 .0005%6 .000%21 .000360
g C .O462QO .020770
5 Wa .006231
o Mo . 000206
5 Al .000233 | .000060
5 Cu .008050 . 004794
Mn .000106 ,000051
core radius (cm) 6.284 13,985 46.46 23,67
reflector thickness (cm) 43,0 30,0 " 30,50




vmopentron. f lux(total energy-integrated value= 100)

50 .

40 ¢ 1 : Bench Mark core il
# Mo 2
n No 3
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Fig.21 Central spectrums of Bench Mark cores,
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Table 3.

Comparison of experimental wvalue and calculated wvalue

of effective multiplication factor (Bench Mark core).

Problem No. 1 2 3 4

ABBUN 1.016 “1.017 1.047 .“1;604

H I,M - I 1.011 1.000 0.998 0.986
éxé:. 1,000 % ;665 ; ;1.000 T .004 | 1.000 £ .003

- 12,000 L .004
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Table 4. Comparison of experimental value and calculated value of reaction gate ratio

(Bench Mark core).

Problem No. 1 2 3 4
exp. cal. |cal./exp.| exp. cal. [cal. exp. exp. cal. jcal./exp.| exp. cal, |[cal./exp.
cf28 70§25 [0.205 (01925 | 0.94 0.077 [0.0885]1.15 0.0407 [0.03157 | 1.03 0.0462{0.0418| 0.91
+. 008 +,002 +.,0004 +. 0008
of2 0125 |161- 1.555 0.97 1.49 . |1.572 [1.06 1.480 1.5392] 1.04 1.542 [1.6059| 1.04
+.10 +.03 +. 015 +, 019 i
cf49 /0 £25 | 1,49 1.375 0.92 1.07 1.129 }{1.06 0976 0.9364| 0.96 |1.190 |1. 150é 0.97
+. 03 ? - +,02 : +010 +.114 :
of40 /0§25 - - - 0.475 [0.4982 |1.05 0243 |0.2462| 1.01 [0.373 [0.3743| 1.00
% +. 020 +.002 +. 005
of26 70125 - - — — — - — — — 0.099 [0.0998( 1.01
‘ -+. 005
oc 28 /0 f25 - - - - — — 0.138 0.1387] 0.98 — —
_ +.004
6f%8 /0f4% |0.138 |01411 | 1.02 0.072 10.0784 1.09 0.0315 [ 0.03370 | 1.07 |0.0388]0.0%32|0.94
oc 28 /o §48 - - — — — — 0.141 0.14811 1.05 — - —
g {40 /g 49 - — — 0.444 1(0.44130.99 0.249 0.2630| 1.06 |0.314 [0.3252] 1.04




6. Calculations of sensitivity coefficients

The calculations of sensitivity coefficients were made on the
equilibrium core of the second design of "MONJU". Its composition is
shown in Table 5. As for the changing of the nucleaxr cénstants, 26
groups were divided into 6 energy groups as shown in Table 6 and the
nuclear constants in each groupIWere changed at the same rate.

6.1 Calculation model
The calculations were made by éne—dimensional cylindrical
diffusion method. The contribution of the axial blanket %o the

breeding ratio was considered in the following form.

2 218
DB N .
(BR) k __k o = o (6.1)
Bad Lo . 428
; Rad

where (3BR) is the contribution of the radial blanket to the

Rad

breeding ratio, and DBE is

8% = B2 X JDlpfldV ' (6.2)
Z z 1
Bg is the axial huckling, D" is the diffusion coefficients

8

28 N .
% and NRad are the atomic number density

of the i-th group, and NZ
of 238U in the axial and radial blankets. As for the changes in
the Doppler reactivity and Na-void reactivity when the nuclear

constants were varied, we made calculations by the perturbaﬁion‘
methpd by using the neutron flux and neutron importance obtained
by varying the nucleqr—constants. In the calculation of Wa-void

reactivity, the effects of the changes in the self-shielding were

considere@_for 239Pu and 258U.
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6.2

6.3

Determination of the condition of convergence for sensitiﬁity
coefficient calculations

As for the nuclear constants, we assumed 10% changes for
each energy group. In this case, we made preliminary sensitivity
calculations from the viewpoint of obtaining the requiréd 6al-
culation éccurécy for sensitivity coefficients and the time to
caldulate. The preliminary calculations were made on ZPR-III ~—
Aszsembly 48 because of the simlilarity in the system. We made a
study in the case in which the condition of convergence for the
effective'muitipliCaﬁion factor was 10'5, 5.0 x'10“6'énd
5.0 x 10-7, Wheﬁ'judging the convergence by the effective mul-
tiplication factor, the problem is the accuracy of calculation of
the neutron flux in a region specgélly faruérom the éenter, the
nentron flux in a low~energy region, and the neutron importance.
Such being the case, we paid special attention to the worth of
B-10 in the core center. Tables 7 through 10 show the sensitifity
coefficients of nuclear characteristics and the frequency of con=-
vergence under the convergence conditions of 1.0 x 10?5,

5.0 x 107°

s and 6.0 x 10"7. From these results, ithié known

that the convergence cogdiﬁgon_Pf 1.0 x 10"7 is sufficignﬁwto
chtain significan?_sensiti%ity‘coefficient for each nuq}e?r
characteristics. uTo_ga}culate a sensitivity_coefficien?ﬁgf more
than one effectivexﬁigure for all cross sectlon changes is no%t.
only meaningless but also 2 wastgrgfﬂti@erygcause the convergence
frequence becomgs:very large.,

Sensitivity coefficients not including interrelations

Here we discuss the wesults of calculation of the sensitivity

coefficients gzi not including the interrelations defined by
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equation (353) of Paragraph 3-2 for the effective‘multiplication
factor, breeding ratic, Wa-void reactivity (100% void), and
Doppler reactivity (1173 °K — 1473 °K). gii is given by the
percentage change for 1% change of nuclear consiants.

The effective multiplication factors are shown in Table 11.
The first column in this table shows the nuclides and nuclear
cross sections when the nuclear counstants were changed. The
second and following columns show the values of effective mul-
tiplication factors in the respective eNEergy regions. These'
values are the values when the nuclear constants were changed 10%
and the value for the standard nuclear constants is Kéff = 1.,04786.
Table 12 shows the sensitivity coefficients for the effective
multiplications factors (when the interrelations are not in-
cluded).

As for the breeding ratio, Table 13 shows. the ratios not
corrected by the effective multiplication factor and Table 14
shows the corrected ratios. The correction was made by equation
(5.2)@ The sensitivity coefficients (not including the inter-
relations) for the breeding ratio are shown in Table 15.

The Wa-void reactivities are shown in Table 16 and the sen-
sitivity coefficients in Table 17. The Doppler reactivities are
shown in Table 18 and the sensitivity coefficients in Table 19.

- Sensitivity coefficients including the interrelations

Table 20 through 23 show the sensitivity coefficient includ-
ing the interrelations which were obtained on %he basis of equa-
tion (3.12). These values are graphically shown in Figs. 22
through 30. Since the values given in the tables were equivalent

to the integral values in the energy regions, the grephs shown the
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values obtained by di#iaiﬁg.tﬁém by the letharge width of +he

energy region.

6.4.1

Sensitivity coefficients for the effective multiplication

factors

The sengitivity coefficients for the effective mul-

tiplication factors are shown in Tables 20 and Fig. 22 and

Fig. 23. The characteristic features of these sensitivity

coefficients are as foilows. The values used below are the

values from the graphs.

(1)

(2)

(3)

As was naturally expected, the sensitivity coeffici-

ents of ¢f and ¥ of 27%Pu are large.' It is particulariy

notable that the sensitivity coefficient of v has such
a value as~ 0.12% and that of °f has a value of about
~0.08% within the energy region of 1MeV to 100KeV and
they are about ~a0.08% and 0.05%, respectively, even in
the region of 100KeV 4o 10KeV.

The next iargest values are shown by ’f and v of

2387 in the energy region of above 1.4MeV. They show

" such values as ~ 0.03% and ~ 0.04%, respectively,

96 of 2587 shows a value of aboﬁtQQﬂlé.OB% in the

region of 100KeV to 10XeV and about:;fi0;02%‘evén in

the region of l.4MeV to 100KeV.

9: and v of 24lpy ghow values of ~ 0.02% aid ~ 0.03%,
‘respectively, within the region of 400KeV to 10KeV.

(4)

The sensitivity coefficient of Yc of Fe is almost
sero except that it shows a value of about -0,004%

within the region of 100KeV to 10KeV.
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6.4.2

6-4:3

Serisitivity coefficients for breeding féfios
The =sensitivity coefficients for the'breeding ratio are

shown in Table 21 and Fig. 24 and 25.

(1) The largest seansibivity coefficient is shown by » of
239Pu. It is about 0.2% within the region of 1.4ieV
to 100KeV and over 0.1% even in the region of 100KeV
0 10KeV, | |

(2) The sensitivity coefficient of » of 2387 shows a value
close to 0.1% at over 1.4MeV.

(3) The sensitivity coefficient of » of 241Pu shows a
value of about 0.06% at 400KeV $0 10KeV.

(@j "Among those which show negative %élﬁééwgf sensitivity
coefficients, %c¢ of 279Pu shows a:rélaﬁively large
value, about -0.03% at 400KeV to 10KeV.

(5) The sensitivity coefficient of ¢ of 238U shows so
large & value as close %6”0.07% at 100KeV to 10KeV.

258U is a fertile nuclide.

This is predictable because

Sensitivity coefficients for Na-void reactivity
The sensitivity coefficients for Na-void reactivity

are shown in Table 22 énd'Figs. 26 and 27 and 28.

(1)  °f and , of 239py which is a fuél’eiement shows such
large sensitivity coefficients as to be more than
-1.0% at 1.4lleV o 400KeV. The sensitivity coefficient
of %¢ of 239Pu shows values close to -0.1% at below
10KeV. The sensitivity coefficient of , of 23%pu
shows positive values at below 100KeV, about 0.5%.

(2) The sensitivity coefficient of °f and , of 238y ghow

the value close to ~0.03% above 1.4MeV. The sensitivity
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6.4.4

coefficient of %in of 2387 'showed so large values as
~0.14% at 1.4MeV to 100KeV.

Apart of the fuel element, ¢4 of the sodium itself
(including the moderazting effect) had sensitivity coe-
efficients, close to 0.1% particularly at 400KeV to
10KeV. 7% of oxygen has sensitivity coefficients

larger than -0.3% at 1.4MeV to 100XeV.

Sensitivity coefficients for Doppler reactivity

The sensitivity coefficients for Doppler reactivity

are shown in Table 23 and Figs. 29 and 30,

(1)

(@)

The gensitivity coefficient of ¢+ of moderated ele-
menﬁs’(inclqdiﬁg moderating effect) has a large value.
Especially, that of °+% of O is 0.12 - 0.15% at 400KeV
to 10KeV. That of 2% of ¥Wa has a large value of

0.07 - 0.1% at 400KeV to 10KeV.-

Among the moderating elements, °f and , of 227Pu had
the largest sensitivity coefficients, -0.07% to -0.12%
at 1.4MeV to 1O0KeV.:y» had such large sensitivity co-
efficients because y of 239Pu has the greatest effect
to the neutron balance in the core. Its °f has
sensitivity coefficients of 0.1 %o 0.2% at 1.4MeV to

10KeV.
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Table 5. Atomic number density in the middle of equilibrium MONJ U core.

region

1 2 3 4 5 6
Pu 239 . 0007321 .0010546 . 0011052 .0001018 .0001181
Pu 240 .0003381 .0004930 .0005063 .0000021 .0000078
Pu 241 .0001457 .0002274 .0002418 . 0 . 0000005
Pu 242 . 0000577 .0000845 .0000861 <0 . 0
U 235 . 0000070 .0000075 .0000081 . 0000185 .0000185
U 236 . 0000005 .0000004 .0000003 0000004 . 0000006
238 .0043960 .q044340 . 00458009 .0098647 .0100390
0 .0119180 .0}32100-‘ - .0i35450 .0200090 .0203790
Na .0105330 .0095740 . . 0090925 .0076396 .0076127 . 0079285
Fe .0129050 . 0134900, .0137800 .0114630 . 0114180 0094871
Cr . 0034400 ‘.0035§7oi' ;.0036730 . 0030650 .0030433 .0025287
Ni . 0021505 . 0022490 .0022980 .0019100 .0019026 .0015809
Mo . 0002741 .0002866 .0002928 .0002435 . 0002426 .0002015
C . 0389310
FP(U235) .0000282 .0000240 .0000179 .0000108. .0000065
FP(Pu239) . 0002440 . 0002654 .0002136 .0000061 .0000086
OQuter radiug,, 7037 8418 9448 10519 125.29 15701
of region _
Buckling . 000622 .000622 .000622 . 000386 - .000386 .000386




Table 6. Energy Section in Sensitivity Analysis.

Group in HIN-1 Energy Section in Sens. Ana.
1 6.5 = 10.5 MeV
2 4.0 = 6.5 MeV
3 ' 2.'5 - A.o Y '
4 1.4 = 2.5 MeV
5 0.8 - 1.4 HeV
6 0.4 = 0.8 MoV e
7 0.2 = 0.4 Vel
8 0.1 - 0.2 MeV 5
9 26.5 - 100 KeV
10 21.5 - 46.5 Ke¥ 4
11 10.0 = 21.5 Ke¥
12 46.5 =~ 10.0 KeV
-13 2.15 = 4.65KeV
14 1.0 ;' é;l5KeV 5
15 46.5 Qld“oo eV
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Table 7. Sensivity Coeff.in Conversion Conditon L0X107"
' case Buckl ing Neutron. - keff B10 Wor th Breeding ratio Peaking Factor
10% change Life Time | off | keff keff® A NV A oA/ AR A AA/ AW
0 no change 2.4900-3 | 2.5589-7 || 0.98820 —1.36725-1 1.57766 1.82685
1 U25 02 1~4group| 24900 » | 25590 ~ || 0.98817 | —0.003 |—136725 0.0 157758 —0.005 | 1.82685 0.0
2 v v 2.4900 ~ | 25586 ~ || 0.98825 | +0005 [~136720 | +0.004 | 1.57765| —0001 | 1.82686 | +0.0005
3 4 af » 24900 ~ | 25586 «» [ 0.98825 | +0005 |-136720 | +0.004 | 157765 ~0.001 | 182687 | +0.001
4 s ayr # 24900 ~ | 25589 ~ || 098820 0.0 ~136726 | —0001 | 1.57766| 0.0 1.82685 0.0
5 o« og » 2.4900 ~ | 2.5589 » || 0.98819 | —0001 {-136727 | —0.002 | 157766] 0.0 1.82685 0.0
6 Pud9 oy 9~11 24835 » | 25257 ~ [|0.98109 | —0719 |-133673 | +2232 | 1.53972| —2405 | 1.82524 | —0.088
7 v v 24974 » | 25186 ~ [ 100920 | 42125 |-136872 | —0108 | L57524| —0153 | 1.82656 | —0.016
v of | 24974 ~ | 25186 ~ [[1.00920 | +2125 [~136871 .| —0107 .| 157524 ~0.153 | 1.82376 | —0.169
9 # ap 2.4686 « | 25506 ~ || 098627 | —0195 [(—~134579 | +1570 | 1.58542| +0492 | 182896 | —0.432
10 » o5 & 2.4897 » | 25595 «~ | 0.98823 | +0001 [-136799 | —0.054 | 1.57729| —0028 | 1.82778 | +0.051
11 Fe 0a 5~6 2.4900 ~ | 25590 ~ [ 098811 | —0009 |-136720 | +0004 | 157766| 0.0 1.82684 | —0.0005
12 » oy 2.4949 ~ | 25571 » {0.98911 { +0092 -{-137029 | —0222 | 157534 —0.147 | 1.82922 | +0.130
13+ og 2.4906 ~ | 2.5637 « |10.98802 | —0018 |-137059 | —0.244 | 1.57738{ —0018 | 182725 | +0.022
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Table 8  Sensitivity Coeff.in Conversion Condition :5.0X10“7.

keff B10 Worth Breeding ratio Peaking Factor
10% change keff AASAG A AA A A AASAD A NV

0 no change 0.98820 ~1.36725-3 157766 1.82685

"1 U25 0a 1~4 group 0.68817 | —0.003 |—1.36725 | 0.0 157758 | —0005 1.82684 | +0,0005%
B e v e 098825 | +0005 |—LE6720 |-+0004 [TL57765.| —0001 ‘| 182686 | +00005"

3 noaf w . 0.98825 .| #0005

4 o aypw 0.98820 | 00 N

5 # 0dg # 0.98819 | —0.001 | ... R S

6 Pud9 oa 9~11 - 098109 |, —0719 |-138673 | +2232 | 153972 .| —2405 | 182525 | —0.088.
T v m -1.00920 | +2125 .. ., L - N IR
8 s ot .100920 | +2125 ~1.36872 | 0108 157524 | —0153 | 182376 | —0.169
ERARIT ‘Q-‘9_8‘_62__7‘ 0095 | | '

10 » o5 4 0.908819 | 0001 | 1 |

11 Fe oa5~6 098811 | —0.009 |-136720 | +0004 | 157766 | 00 182684 | —0.0005
12 s oagp s 008911 | +0092 |-137029 | —0222 157535 | —0147 | 182921 | +0022
13 # og "0.98801 | —0018 | - S .
14 U28 oa 1~d 7098188 | —0640 | —1.36596 | +0.094 159563 | +1139 | 182543 | —0078
5. v . 0.09903 | +1.096 |—1.35739 | #0721 157529 [ <0150 | 182047 | +8143
16 e ef 099903 | +0.096 | (R

17 » iy » 0798926 | +0.107 R .

18 » g « 0.08487 | —0337 |-1.38125 | —1024 157588 | —0113 | 182789 | +0057

e r——— i a e b Lem e



Table 9. Sensitivity Coeff. in Conversion Condition 50x10~%
ke ff{ B10 Worth Breeding ratio Peaking Factor
case
10% change keff aA/ AG) A LA/ A A oA/ A A AASAB
0 no change 0.98820 1 —1.36725-3 1.57766 1.82685
1 U235 05 1~4 group | 058817 | —0.003 |—136725 0.0 157758 | —0.005 182684 | —0.0005
2 v v o 0.98825 | +0.005 | —136720 | -+0.004 157765 | —0.001 182686 | +0.0005
3 » o6f 4 0.98825 | 40005 | —136720 | +0004 157765 | —0.001 182687 | +0.001
4 v ok 0.98820 0.0 —136726 | ~0.001 157766 0.0 182685 0.0
5 4 o » 0.98819 | —0.001 |=136727 | —0002 | 157766 0.0 1.82685 0.0
6 Pu23%, 9~11 098109 | —0719 ‘[“133673 | +223%" | 158972 | —2.405 | 182524 | —0.088
T e v e 100920 | +2125 |'—136871 | —0107 | 157524 | —0.153 182656 | —0016
8 » of 100920 | +2125 | ~136871 | —0107 | 157524 | —0.153 182376 | —0.169
9 v oppw 0.98627 | —0.095 | —-134579 | +1570 | 1.58542 | +0.492 181896 | —0.432
10 4 ot 098819 | —0.001 | -~136766 | —0.030 | 157751 | —0.010 1.82686 | +0.0005
11 Fe o0, 5~6 0.98811 | —0.009 | =136720. | +0.004 1.57766 0.0 1.82684 | —0.0005
12« oy o 098911 | +0092 | -137029 | —0.222 157534 | —0.147 182921 | +0.120
13+ oy 098801 | —0.019 |—137059 | —0.244 157788 | —0.018 182724 | +0.021
14 U2380, 1~4 0.98188 | —0.640 |—136595 | +0.094 159563 | +0.139 1.82543 | —0.078
15 » v 099903 | +1096 | ~135739 | 40721 | 157529 | —0.150 1.82947 | +0.143
16 » o5 0.99903 | +1.096 | -135739 | +0.721 156464 | —0.825 183097 | +0.226
17 Gy 0.98926 | +0107 |—-137102 | —0.276 157416 | —0.222 183096 | +0.225
18 # o » 0.98487 | —0.337 |-—138125 | —1.024 157588 | —0.113 182789 | +0.057




Tabie 10. The number of ite‘i-a?_ti'bn in each conversion condition

N—_conversion condition LOX10%5 5.0 x10-6 50x10~T
case 'éFLUX Normal | = Adjoint Normal Adjoint Normal Adjoint
10% change— k&ff |iteration| keff literation keff |iteration| keff |iteration| keff |iteration| keff |iteration
0 NO change '~ '|0.98820 | 23 |o0.98820| 13 098820 | 23 |0.98820| 14 [0.98820| 39 |0.98820| 19
1U235 o0 1<4group |0.98817 1 098817 | 2 {0.98817 2 |098817| 2 [0.98817 5 | 098817 7
5 o v [o.98825 | 23 ‘lo9ssas5| 13 |098s25 | 23 [o0.98825| 14 [0.98825| 26 | 0.98825 21
3 # g5 lo.98825 | 23 |098825| 13 [0.98825 23 1098825 14 098825 37 100 ~
A P -.0.98820 23 |098820| 13 [0.98820 | 23 |098820]' 14 10.98820{ 30 ”
5 » a5 # 1008819 | 23 |o098819| 13 [098819 | 23 |0.98819| 14 |0.98819| 32 ”
6 Pu239 o, 9~11  10.98100 | 23 |0.98109| 13’ [0.98109 | 23 |d98109| 124 098109 | 29 | 0.98109| 18
7 « v 100920 | 23 (100820 | 18 [L00920 | 23 |L00920|' 13 [100920 | 75 100 ‘~
8 » o ap 100920 | 24 |100920| 13 [100920 | 23 |L00920|' 13 100920 | 32 | 100920{ 20
o 4 oy w 0.98627 | 23 |098627 | 13 [0.98627 | 23 [0.98627| 14 [0.98627 | 28 100 ~
10 « oy & 0.98823 7 |o0.98819] 22 |0.98819 | 23 [0.98819| 14 [0.98819 | 30 v
i1 Fe 0y 56 loossi1 | 23 |o9ess11| 21 098811 | 23 [0.98811| 14 {0.98811| 32 |0.98811| 45
12 0 oy 0.98911 | 15 |098911| 13 [0.98911°| 35 |098911| 14 1098911 | 31 | 098911 19
13 » gy w lo.9ssoz | 15 |098802| 13 0.08801 | 23 |0.98801| 14 |[0.98801 | 31 100 ~
14 U238 0 I~4 0.0818¢°|" 23 |0.9s188| 14 [0.98188| 32 | 0.98188| 32
15 + v o» v 099903;| 23 |0.99903| 14 [0.99903 | 31 | 099903] =21
16 + of o 099903, | 34 |099903| 14 [0.99903 | 32 100 ~ -
17 e oy 0.96926 | 23 |0.98926] 14 [0.98926 | 30 ”
8 4 oy 0.98487| 23 [098487| 14 [0.98487 | 34 | 098487 | 94




Table 11.

Effective Multiplication Factor keff

(for 10% changed nuclear constants).., .

el

Intictide inergy 10.5~14MeV | 1.4~0.4 Me V| 400~100Ke V| 100~10KeV | 10~0.465KeV
eross secton | | |
oy 1.04843 -L04881 104973 164975“' 104796 |
U238 o5 1.05345 1.04802
v 105704 1.04812
o, 104583 1.04453 1.03960 1.04329
¢in | 104596 104751 104752 104781
7, 1.04793 104799 104811 1.04807 1.04788
Pu239 o; 105223 105655 106058 106112 105325
v 1.05446 106076 106649 1068679 1.05571
o ; 104765 | 104717 104620 1.04591
ey | 104789 | 1047927 | 104798 | 104795 104786
Pudd6’ oy 1.04947 104991 |
v 1.05032 105094
o 1.04769 1.04757 104718 104729
oy | 104787 104788 | 104791 1.04790 104786
Pu2é1 vy 1.04854 104927 1.051°03 1.05407 105106
G 104886 104991 1.05242 1.05660 105246
o 1.04782 1.0477 0 1.04756 1.04755
ey | 104849 104907 | 104923 104881 104778
Na = o, | 104745 | 104760 e “s
Te] 104761 1.04735 104719 1.04751 1.04808
07 Téy | 102855 104972 | 104968 104892 104777
&1 | 104743 1.04674 L04651 1.04728 104806
Fe'' g Sl 104690
" NO ‘change = k&éff= 104786




Table 12

Sensitivity Coefficients for keff

(no interrelation).

(%)
energy ! C
nuclide 10.5~1.4 Me V{1.4~0.4 MeV | 400~100KeV |100~ 1 0 KeV |10~0465KeV
cross section

a, 533x107° | 007x107% | 1.77x107% 1.42x107% | 7.49x107*
U238 o, 533x107% | 135x1073 “ |

v B76x107% | 229x107°

o, —195x1072 | —3.20x1072 | ~7.90x107% | —4.73x10

o, | —188x107% | —350x1073 | -3.35x107% | —6.92x107*

7, 569x107* | 1i2x107% | 225x107° 1.87x107% | 1.82x107°
Pu239 ,of 416x107% | 828x107% | 1.21x107" ‘1.26x107F | B12x10 72

v 629x107% | 128x107" | 178x107 1.80x10~1 | 7.47x1072

9. —2.17%10—3 —6.76x107% | —1.60x107% {—-187x10 72

7, T41x10~% | a82x10-% | 9.53x10~4 7.28x107* 1-1.21x10 *
Pu240 g 152x107% | 194x1072 \'

v 233x1072 | 293x1072

o, ~178x107% | -292x10~% | ~6.61x107% | —5.61x10

7, —341x10~% | 728x107° | 3.14x107* 2.59x107% | ~1.37x1074
Pu241 o 637x10 73 1.33x:10j? 3.;01x10‘2 5.91x1072 | 3.04x1072

v 956x10 3 ~4.34,><110_"'4‘: 4.54x10“2 8.32x1072 | 4.37x10 2

7. ~s71x10~4 —1.7o>'<10‘73 —3.98x107% | —3.14x10 7

0, 583x107% | 114x107% | 1.29x107% 8.87x107% |—9.42x107*
Na 0in | —410x107% | —263x107* | _H | N

et —255x107° | —504x107° —6.54x10 =2 -—3.'4‘3‘x.'i(-)‘3 1.88x10 73
Fe ¢ | _ ~9,09x10 72

“.t 6.4zx§0f3 176x107% | 1.72x102 9.93x10 ™% | =1.01x10 ~%
0 el —426x107 | ~108x107® {-131x102 | —572x107% | 170x107




Table 13 Breeding Ratio

(for 10% changed nuclear éonst'antzt-‘;).:

] 103 e 10.5~14 MeV | 14~04 MeV | 400~100 KeV| 100~ 1 0K eV | 10~0.465 K &V
cross sectio
ot | 111062 111024 1f0924 110985 111121
U238 af | 111305 111136
v 111442 111140
0 111790 112306 114389 113155
oin| 111034 111154 111205 111137
o¢ | 111118 111108 111085 111089 111125
Pu239 .05 | 111480 109783 109161 109129 110417
v 111087 111054 111043 111095 111151
o 111065 110903 110529 120523
oy | 111124 111120 111108 111110 111128
Pu240 o; | 111111 111108
v 111107 111100
o 111178 111216 111350 111335
friiey | L1127 111125 111120 111120 111129
Pug#lii g | 111080 | 110914 | 110643 | 110202 | 110796
1?_ v | uze Lit112 111090 111060 111089
AR TIEC AN B O LT N | T [T
;nwé ‘ 111118 111079 110992 111042
i | 111044 110962 110933 111010 111194
Na vin| 111116 111136
Tel| 111129 111149 111214 111024 111002
0 oy | 111043 110905 110901 111007 111187
' wep| 111119 111195 111378 111063 111025
Fe o, 111070
NO change 111130



Breeding Ratio (for 10% changed nuclear constants)

Table 14
Corrected by Effective Multiplication Factor.
., energy

neclide 10.5~1.4MeV | 14~0.4 MeV | 400~ 100KeV | 100~10KeV | 10~0.465KeV
cross sectio

0y 111170 111204 111279 111340 111140
Uz38 o 112366 111166 |

v 113184 111191

o, 1.11405 111675 112820 112288

Oin | 110674 111088 111141 111128

o, 111131 111133 111132 111129 111129
Pu239 oy 111314 111432 111575 111645 111439

v 111311 113501 114577 114686 112640

o 111025 110772 110214 110153

oy 111130 111131 111131 111127 111128
Pu240 oy 111416 111496

v 111574 111684

o, 111146 111161 111221 111227

o, 111129 111129 111130 111128 111129
Pu24l’ oy 111159 "L11181 111244 111380 111313
| v 111312 111501 111955 112718 111962

s “111110 111049 110935 110983
e, ] 111164 111192 111193 111190 111179

Na o.. | 111038 111087

o | 111082 111052 111087 1.10958 111044

o, 111174 111258 111246 111208 111170 .
©. oo | 111037 110983 111122 110953 111063
Fe o 110888

—48~—




Table 15. Sensitivity Coefficients for Breeding Ratio
(no interrelation). -
energy

nuclids 10.5~1.4MeV | 1.4~0.4MeV | 400~100KeV | 100~ 10 KeV | 10~0.465KeV
cross secti

ot 3.42x1073 6.75%10 ~3 1.31%10 "2 1.24x10 2 6.22x10 4
U238 oy 1.11x1072 2.97x10 3

v 1.85x107t 5.02x10 ~3

L - 2.45x10 ~2 4,86x10 2 1.52x10 1 1.04x10™1

9in | —414x1072 | —413x10 ~3 7.51x107% | ~5,94x10 ¢

oy | —7.29x1075 3.65x107° | —1.72x1075 | —3.73%x107% | —3.80x10~¢
Pu239 oy 1.59x1072 2.70x10 ~2 3.98x10 "2 4.60x10 "2 2.75x10 72

v 1.09x10~1 2.13x10 "1 3.10x1071 3.20x10 % 1.36x10™!

g, —9.74x10 7% | —~3.25x1072 | —8.26x10~2 | —8.81x102

oy | —2.53x107¢ —2.23%10 ¢ | —242x10~4 | —448x10~¢ | —3.86x10~4
Pu240 oy 2.56x1072 3.28x10 ~2

v 3.96x1072 4.97x10 2

o | 1.12x10 8 2.56x10 73 8.04x10 3 8.40x10 "8

oy | —2.98x1074 42.85x10 T4 | —311x10™% | -401x10 7% | —3.60x10 4
Pu241 og 2.38%1073 439x107% | 0.98x10 2.22x10 72 1.62x10~2

v 1.64%1072 3.34x10 7% | 7.40x1072 1.43x10 -1 7.45x%10~2

o o —212x107% | —7.62x107% | —1.95x10"? | —1.35x102

o4 267X1073 | 541x1073 5.39x10 3 5.04x10 ~3 4.05x10 3
Na %in | —855x107% - | —~412x10 "3

fel ~—4.66>‘<:_1‘o'"3' ~7.28x10 7% | —417x1073 {—1.57x10"2 | —817x1073
Fe g —2.16x10 2

oy 3.67x1073 1.11x10 7% | 1.02x1072 6.69x10 73 3.35x1073
© Tel | —B.60x107™8 | ~135x10"% | ~1.05x10"2 |-1.63x10"2 | —6.40x10"3




Table 16.

Void Beactiwvity A
(for 10% changed nuclear constants and 100% Void).

R

T 00~ 1 4MeY | 14~04 MeV 400~ 100K eV | 100~10KeV | 10~0.465K eV
o, | —13065x107%| —1.2842x107%| —1.2670x10 7% | ~1.2939x10”%| —1.3287x10
U238 o |—12622 ~1.3233
v | ~1.2302 ~1.3222 e
o, -1.3536 ~1.3482 ~1.2888 -1.1601
¢;, | —1.3457 ~1.3264 ~1.3261 ~1.3262
o, | —-13228 ~1.3190 ~1.3169 ~1.3204 ~1.3262
Pu239 ¢ | —1.2806 —1.1890 —1.2244 ~1.3496 ~1.5271
v | —1.2626 ~1.1346 ~1.1900 ~1.3689 ~1.6211
o, ~1.3284 -1.3293 ~1.3137 —1.2453
o, | —1.3243 —1.3226 —1.3414 ~1:3232 —1.3258
Pu240 o5 | —1.3089 -1.2948
v | ~1.3021 ~1.2823
a, ~1.3277 ~1.2785 ~1.3212 ~1.3022
o, | —1.3250 —1.3242 ~1.3237 ~1.3244 —1.3257
Pu24l o; | —1.3184, ~1.3029 ~1.3008 —1.3458. | —14429
v | ~13157 —1.2944 ~1.2930 ~1.3587 . | —1.4945
o, | -1.3261 ~1.3264. -1.3231 ~1.3134
%4 | ~13546 ~1.3677 ~1.3905 ~1.3811 ~1.3130
Na o, | 12915 ~1.3055
og; | —1.3063 -1.2875 | —1.2703 ~1.3007 —1.2861
o, | —13022 —1.2460 | —1.2667 —1.3010 ~1.3228
° el | —1.3316 —1.3425 ~13286. | —13240 ~1.3285
Fe o ~1.3226
base value —1.3231x1072



Table 17. Sensitivity Coefficients for Reactivity
fno interrelation). (%)
energy
el 105~1.4MeV | 1.4~0.4 MeV | 400~100KeV | 100 ~ 10KeV | 10~0.465KeV
cross section
' -1 -1 -1 -1 -2
6y | —-1.25%x10 —2.94x107 | —4.24x10 —2.27X10 4,22%10
U238 o4 |—460x1072 1.33x1073
v ~7.02x107% | —7.00x107°
o 231x1071 | r9ox10™' | —250x10”" | —1.23
Oin | —1.71x107% 251x10°2 | 2.20x102 2.34x10 2
o _ ~3 _ -2 | _ ~2 -2 -2
" 2.51%10 3.07X10 £81X10 —2.02%10 2.36x10
Pu239 of |-321x107' | —1.01 ~7.46x10 7" 2.01x10 * | 1.54x107°
v | —456x107 | —1.42 —1.01 3.46x10 2 2.25
Ic 4.02x1072 | 471x107% | —7.12x10”% | —5.88x107"
oy 894x107% | —364x107% | —1.28x10 2 7.81x10 "¢ 2.03x10 "2
Pu240 of | —107x10"% | Z214x107!
v | =1.59x107% | —308x107}
g -2 -;-2 -2 =]
c 3.48%10 3.04x10 ~1.46x10 ~1.58X10
o -2 -3 ' 3 -2 -2
o 1.42X10 8.45x10 4.66x10 1.01X10 1.99x10
Pu24l o |-353x1077 | —1.53x107" | —1.69x10 " | 172x10* | 9.05x10”"
v | -560x107% | —217x107" | —2.27x10 7" 2.69x10 " 1.30
o -2 -2 -4 -2
c 2.26x10 2.50%10 2.71x10 —7.30x10
0y 238x10 1 3.37x10 7} 5.09x10 ! 4.39x10 —7.61x10 ~
Na oin | —238x1071 | —133x107}
oy |- -1 -1 -1 -l -1
el | —1.27x10 ~2.69x10 —3.99%10 —1.69%10 1.95x10
. 9 | -1.58x107" | ~584x10 | —4.27x10 " | —1.67x10 " | —1.95x10
ve; | 6.43x1072 147x10 "' [ 420x10 2 | 6.85x10 > | 4.08x10 "
Fe g ~3.83x10 "2




Table 18. Deoppler Beactivity
‘(for 10% changed nuclear constants).
energy
nuclide 10.5~1.4MeV | 1.4~04 MeV | 400~100KeV | 100~10 KeV | 10~ 0465KeV
cross secti T
o, |-25605x107° | ~2.5609%107] ~2.5635x107°| —2.5700x10 °| ~2.5645X10"
U238 o, |—25400 —2.5604 |
v |-25385 ~2.5604
o —2.5603 —2.5554 —2.5347 ~2.6044
o | 25774 —2.5688 —2.5716 —2.5640
o, |—2.5610 ~2.5611 ~2.5616 ~2.5625 —2.5622.
Pu239 o, |—25455 eé.szsg —2.5075 ~2.4913 —2.5530
v | -25446 ~2.5296 —2.5166 —2.5228 —2.6246
o, -2.5610 | =2.5599 ~2.5493 —2.5050
o, |—25862 -25611 | —2.5613 ~25617 | —25614
Pu240 o, |-—25553 ~2.5532 | |
v | —2.5549 —2.5535
o, —2.5610 ~2.5606 ~2.5565 —2.5473
o, |—25611 ~2.5611 -2.5612 ~2.5614 ~2.5614
Pu241 o, |-2.5586 .—2._:5'_5_5'7 . |25478 —2.5287 —2.5769
v | -25684 —2.5559 —2.5499 —2.5445 —2.6271
7 —2.56;1 ~2.5618 —2.5584 ~2.5493
- o, |—2.5608 ~2.5616 ~2.5636 —2.5638 ~2.5420
Na i | 725637 ~2.5623 |
0 | —25622 —2.5693 —2.5823 —2.6213 —2.5999
o, |~2.5605 —2.5610 —2.5637 ~2.5642 ~2.5469
° Ty 25631 —.2.5771_" .—-g.sobs —2.6415 ~2.5860
Fe 7 | —2.5556 |
base value —25606x10"°




Table 109. Sensitivity Coefficients fbf”Doppler Beactivity
(no interrelation).

energy
nucli 10.5~ 1.4 MeV| 14~04MeV | 400~100KeV | 100~ 10KeV | 10~0.465KeV
cross secti

oy | —4.84x1074 1.15x10 3 1.14x1072 3.64x10 2 1.50x10"2
U238 o5 | —806x107% | ~7.53x1074

v —8.64x10 73 —6.90x10 ™4

S —1.09x1073 | —2,05x1072 | —1.01x10"? 1.71x107%

oin | 6.54x107% 3.19x1072 |  4.26x1072 1.30x10 "2

4 L70x1073 2.03x1073 3.70x1073 7.39x10 73 6.15x103
Pu239 oy | —589x107% | ~1.26x1071 | —208x107! | —270x1071 | —2.98x1072

v —6.25x10 "2 —1.21x1071 | —1.72x107! | —1.48x10"! 2.50x1071

I 1.48x1073 | —2.75x107% | —442x1072 | —217x10"1

a, 176x107% 1.91x1073 | 270x1073 435%1073 3.06x10~%
Pu240 o; | —208x1072 | —-2.89x1072 |

v | —2:22x1072 | —278x1072|

o T 1.60X1073 | —7.63x107% | —1.62x1072 | —5.20x10~2

o, | L77x1073 1.84x1072 2.18x1073 3.05x1073 3.00x1073
Pu241 o; | —7.79%x1072 —1.92x1072 | —508x10~% | —1.25x10"! 6.35x1072

v —8.40x1072 —1.84x1072 | —419x1072 | —6.29x1072 2.60x10™1

9 1L77x1073 7.74%10 7% | —B.57x1073 | —4.42x1072

o4 9.08x10 ~* 4.04x1073 1.18x1072 1.24x107% | —7.26x1072
Na in | 1.20x1072 1.83x1072

Gel 6.23x10 73 3.38x10~? 8.48x10 ™2 2.37x1071 1.53x101
o g, | —5.78x107¢ 1.59x1073 1.22x10 72 1.41x1072 | —535x1072

Oe 1 9.72x10 "3 6.46x10 2 1.56x310"t 3.16x101 9.90x10 "2
Fe a. ~1.97x10 "2




Table 20. Sensitivity Coefficients for keff

(contained interrelation).

ener
el i ¥ 10.5~1.4MeV| 1.4~0.4 MeV | 400~ 100KeV | 100~10KeV | 10~0.465KeV
cross sectial
of 569x1072 | 1.4 x107° 0.0 0.0 0.0
U238 o, | 0.0 ~1.95x1072 | ~3.18x107% | -7.85x107%| —473x107°
%in —1:(':'.4:#10"2 ~1.2 x107% | —1.6 x107° 0.0 0.0
v 8.76X10 2.8 x107° 0.0 0.0 0.0
oy 417x1072 | 8o09x10”° | 115x107" 1.10x107 | 3.25x1072
Pu239 o 0.0 —2.2 x107° | ~6.8 x10™° | ~1.60x107%| —1.87x107%
v 6.29x107% | 1.23x107" 1.78x107" 1.80x1071 | 7.47x1072
o5 L52x1072 ] 1e4x107° | 0.0 0.0 0.0
Pu240 o 0.0 -18 x107° | -29 x10™® | —6.6 x107%{ -5.6 x107°
v 2.33x1072 | 293x107° | 0.0 0.0 0.0
¢ 6.4 x1072 1.27x1072 2.85x107% 5.52x107%| 273x107°
Pu241 o 0.0 0.0~ | —17 x107% —44 x107%| —-3.1 x107°
v 9,6xx1073 1.95x10 ~2|  4.34x1072 8.32x107% |  437x1072
Fe! Y 0.0 0.0 0.0 —9.1 x107°| 0.0




Table 21.

Sensitivity Coefficients for Breeding Ratio

(contained interrelation).

(%)
energy . . . )
nuclide ™ 10.5~1.4MeV| 1.4~0.4 MeV | 400~100KeV | 100~10KeV | 10~0.465 KeV|
cross sectlon
of 1.11x1071 3.0 x107° 0.0 0.0 0.0
U238 0 0.0 2.45x1072 4.86x1072 1.52x1907? 1.04x107!
Fin | —L64x1072 | ~1,2 x107°® —1.6 x1073 0.0 0.0
v 1.85x10~1 | 50 x107° 0.0 0.0 0.0
of 1.59x1072 1.73x1 072 7.3 x107% | —8.66x1072 6.10x1072
Pu239 o 0.0 -0.7 x107° —3.25x107% | —8.26x1072 8.81x107%
v 1.09x107? 2.13>-<10‘1 2.10x107¢ 3.20%16" 136x107"
7 of 1.52x1072 1.94x1072 0.‘0' 0.0 0.0
Pu24.‘0 | . 0.0 1.1 x1073 2.6 210‘3 8.0 x1073 84 x1078
v 3.96x1072 | 4.97x107% 0.0 0.0 0.0
of 2.3 x1073 2.2 xid‘3 2.3 x1073 2.6 x1073 | 27 x1073
Pu241 o 0.0 —2.1 x107% | —7.6 x107% | —1.95x1072 1.35x1072
v 1.64x1072 3.3¢x1072 7.40x1072 1.43x1071 7.45x1072 |
Na oy | —3.3 x1073 | ~2.3 x1073 _1.2 x1073 | —1.07x10~2 | 41 x1073
0 oy —5.0 x107% | —24 x1073 9.9 x1073 | ~9.6 x1073 3.1 x1073
Fe o 0.0 00 2.0 —216x1072 | 1.0




Table 22 _.$ensitivity Coefficients for tid_Bgactivity

(contained intc;rclatiop);

(%)
energy
nuclide ™ 10.5~1.4MeV | 1.4~0.4 MeV | 400~ 100KeV | 100~10KeV | 10~0.465 KeV
cross sec {10! co : : ‘ D
a; | —5.48x407% 1.07x1073 ,
U238 o 2.31x1071 1.80x107 | ~2.50x1071 | —1.23
ot L 2%#10‘1 ~5.09x107% | —1. 08x10~2 | 2.20x102
v —7.02x107% | —7.00x1073 o
I —3.22x1071 | —9.77x107" | ~7.07x10 1.26x1071 9.60x107!
Pu239 o 4.02x1072 471x1072 | —7.12x1072 | —5.88x107
v | —456x1070 | —1.42 ~1.01 3.46x107 2.25
g; | —1.05x107} —2.1421-'0"-1 ) : _
Pu240 o 3.48x10"2 é.d4x10-2 ~1.46x107% | —1.58x107!
v | —L59x1071 | —~3.08x107 | | .
o | —8.25x107% | —1.29x107" | —1.43x107 1.75x107 8.32x1071
Pu24l o | 2 26%10"2 I“;.ié_o#"lbﬁ 2.71x1074 | —7.30x1072
v | ~5.60x1072 { —217x107} —é.zi*z%ib“l 2.69x1071 | 130
o, | 7.53x1072 5.13x1072 1.'1"0xi6“1 2.70x107* 1.19x107%
e Oip | T1.86x1071 | ~1.13x1077 o o )
0 g, | 9311072 | —437x107! | -3.85x1071 ~1.60x10"1 3.89x1072
e o, | —-3,83x1073 |




Table 23. Sensitivity Coefficients for Doppler Reactivity
(contained interrelation), (%)
energy .
nuclide 10.5~1L4MeV | 14~0.4 MeV | 400~100KeV | 100~10KeV | 10~0.465KeV
cross sectic
ag —8.09x107% | —7.5 x107¢
U238 o, ~1.09x107% | —205x1072 | —1.01x107! | 171x107!
0.0 6.52x1072 | 3.22x1072 | —437x107% .| 1.32x107%
v —8.64x107% | —6.9 x107¢
o5 ~5.85%1072 | ~1.24x107 —~2.10x1071 | —3.13x107! | —2.45x107!
Pu239 o 1.48x1073 —2.75%x107% | —4.42x107% | —2.17x107
v —6.25%1072 | —1.21x107 -1.72x107! | —1.48x1071 2.50x107!
o | —2.04x1072 | —2.87x1072
Pu240 o 1.60x107% | —7.6 x107% | —1.62x1072 | —5.20x107%
v —2.22x1072 | —2.78x1072
o —7.45%107% | ~1.71x107% | —495x10"2 | —1.33x1072 1.93%107%
Pu241 o 1L77x1073 7.7 1074 | —857x107% | —4.42x1072
v —8.40x10™3 —1.‘34x10"2 —4.19x1072 | —6.29x1072 | 260x107!
g, 8.89x107% | 3.99x1072 9.66x1072 2.49x107} 8.06x1072
N in 1.22x1072 | 1.85x1¢72
0 oy 9.23x107% |  6.62x1072 1.68x107¢ 3.30x107? 4.55x1072
Fe 4 ~1.97x1072
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7. Btudy on the required accuracy for nuclear constants

7.1 Iethod of determining the required accuracy

It is quite natural that the target accuracy for the design
values of the core characteristics and the sensitivity coeffiw
cients obtained in Chapter 6 become important factor in determin-
ing the required accuracy for nuclear constants. The studies on
nuclear constants, which have hitherto been made in Japan and
abroad were aimed mainly at the nuclear constants with large
sensitivity coefficients. However, if the required accuracy is
determined by paying attention only %o sensitivity coefficients,
it would result in imposing unrealistically severe accuracy re-
quirements on the nuclear constants with large seﬁsifivity co-
efficients. |

Such being the case, we studied the required accuracy by
taking into consideration the uncerbtainties of nuclear constants
at the present time.

id

GaX which was defined by

If the sensitivity coefficient
equation (3.12) in Chapter 3 is used, the total uncertainty D,
of the core physical quantity a which shows the core character-

igtics is determined as follows.

P72 47 .2 |
D= [ T (er) x (a) (7.1)
xid

where dig ¢ uncertainty for nuclear constant X of element i with

neutron energy J. Our object is to obtain le

- by giving Da

according to eguation (7.1).
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Te2

Therefore

igJ K
dx = iJ oid (7.2)
2 x ax

Asff : neutron energy J of element i, uncertainty presently
possessed by auclear constant X of element i with aeutron energy

J. If K is obbained from (7.1) and (7.2), the required accuracy

for nuclear constants becomes

. D
iJ a 1
d:c - 1 o iJ GiJ (7.3)
N
x%J( id ) X ax
Oy

The ratio of required accuracy to the preseat uncertainty is
evaluated in order to give the degree of importance of the study

in the future,

dli D, | 1
iT ~ (L. 17 2 A7 (7.4)
&ox -oxiJ iJ Sy ax
Oy

Target accuracy for design values of core characteristics

It is extremely difficult to clearly define the tafget value
for the design accuracy as a btarget for the development and
research of the design of fast reactor cores,

An aceuracy which 1s considered appropriate from the follow-
ing viewpoint was used as-a target accuracy of a physical guan-
$ity showing the core characieristics.

“i@ the s#agerwhere é fést reactor is put to practical use,
an eCOnoﬁical and éafé.deéign ;;n;bé ﬁade without meking engineer-
ing mockup experiments". |

The target accuries for the core characteristics design

values from this viewpoint are given in Table 24.
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Required accuracy for nuclear constants

The uncertainties of nuclear constants up to now are given
in Table 25. The reguired accuracy fog nuclear constants to
satisfy the results in Chapter 6 and the accuracy requirements in
Table 24 was obtained by use the equation (7.3) and the results
are shown in Table 26. The most severe of the accuracy require-
ments is the effective multiplication factor due to the uncer-
tainty of nuclear constanis up %o now. The accuracy requirements
for the nuclear constants of fuel elements come from the accuracy
requirements for effective multiplication factors. However, the
accuracy requirements for o¢¢& of 258U at below 400KeV are held
down by the breeding ratio and the accuracy requirements for 7%
of Na and O by Doppler reactivity.

Comparison between accuracy requirements and uncertainities of
nuclear congbtants up to now —

If the ratio of the acoﬁraoy requirements to the uncertainties
of nuclear constants up to now is obtained by equation (7.4) from
the results given in Tables 25 and 26, We‘éﬂfain_the‘results as
shown in fable 27. Studies made with emphasis.on those lower
than 6:1,”thaﬁ is, the present uncertainty is more than ten times
the required accuracy and those ranging from 0.3 to 0.1, that is
the present uncertainty is 3 to 10 times the required accuracy
are most important for the improvement of nuclear consbants in
the fulure. Such uncertainties are summarized below.

Those which are more than 10 times:

2587 gc (100~10KeV), 238y %in (10~ 1.4MeV)
239py °r (400~10KeV), 259Pu oc (400~ 0.4KeV)

241py ‘£ (400 ._0.4KeV), 241py oo (100 ~0.4KeV)



Na “in (10~0.4KeV), 160 ®t (400~ 100KeT)
Fe %c (100~10KeV)

3 to 10 times:
238y °f (more than 1.4ileV), 2387 %c (lower than 1.4MeV
-106Kev, 10KeV), 239Pu "f (lower than 1.4~ GC.4MeV,
10keV), 239Pu ®¢ (1.4~0.4MeV), 240Pu °f (more than
0.4MeV), 240Py ®c (lower than 1.4ileV), 24ipy f
(more than 1.4MeV), 24lpu ®c (400~100KeV),

160 94 (100~10KeV)

Table 24. Target Accuracy of Core Wuclear Design.

Nuclear Properties of Core Target Accuracy (%)
effective multiplication lactor 1.0
breeding ratio 2.0
Doppler reactivity 1G.0
void reactivity o 30,0
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Table 25. - Usncertainties of Nuclear Constants up to now.
= (%)
energy '
auclids 10.5~1.4MeV | 1.4~0.4 MeV {400 ~ 100 MeV {100 ~ 10KeV| 10~ 0.465KeV
cross sectio
U238 o 6 6
o 10 10 10 10 10
Tin 20 15 15 15
7 3 3
Pu239 oy 6 6 10 10 10
I 20 20 20 290 20
v 2 2 2 2 2
Pu240 oy 15 15 30 30 30
9 40 40 40 30 30
v 3 3
Pu24i o 25 25 25 25 25
o, 40 40 40 40 40
4 3 3 3 3 3
Na oy 10 10 7 - 10 10
T in 50 50
e o, 10 10 20 10 5
e a 35 35 35 25 25

_71._




Table 28,

Requared Accuracy for Nuclear Constants.

(%)
energy
nuclide ™ 10.5~1.4MeV | 1.4~0.4MeV | 400~100KeV | 100~ 10KeV |10~0.1KeV
cross section a T
gs 1.86 6879 — —_ —
U238 o 326 2.00 .81 119
%in 1.7 4 1281 9.44 31.24 —
4 223 8255 — — -
o 2.54 1.31 0.55 0.58 193
Pu239 a, — 6.38 1.90 0.75 0.70
v 379 258 1.79 177 412
f¢ 279 218 — — —_—
Puz40 o — 883 5438 3.21 3.78
v 209 7.23 — —_— —
ot 3.97 2.0 0 0.89 0.456 0.8 9
Pu241 T — 1474 4.07 159 229
v 2207 10.86 488 2.55 476
7y 2464 1550 9.4 7 2438 7.6 7
Na |
%in 200 3.28 — — e
0 oy 1993 4.25 1.8 4 1.87 2719
Fe o _ — — 229 —_—




Table 27.

Ratio of Requared Accuracy to Uncertainty of

Nuclear Constants

afi el
energy
nuclide 10.5~1.4MeV | 1.4~0.4MeV | 400~100KeV | 100~10 KéV | 10~ 0.465K¢eV]
cross sectiod
oy 0.310
U238 o 0.326 0.200 0.081 0.119
Tin 0.087 0.854 0.629
v 0.743
o 0,423 0.218 0.055 0.058 0.193
Pu239 o, 0.319 10095 0.038 0.035
o 0895 0.8 85
g 0.186 0.145
Pu240 o, 0.221 0.137 0.107 0.126
v
gg 0159 0.080 0.036 0.018 0.036
Pu241 o, 0.369 0.102 0.0 40 0.0 57
¥ 0.850
ay 0.248 0.767
Na
%in 0.0490 0.0686
0 ¢4 0.425 0.092 0.187
Fe Op 0.092

Note: Value= are shown only in the case of dif /

iJ
X

1



8. Postscript

_Finally, we will briefly discuss the direction sensitivity ana-
lysis and the improvement of nuclear constants in the future.

As for sensitivity analysis, present study was made on the reac-
tor core of "Monju", dut invthe future we would proceed with the ana-
lysis for large-size reactofs.

With regard to +the nuclear constants, precise, studies may be
required further on the basis of experimental data of those whose un-
certainties are 10 times thg required accuracies and the theoretical
nuclear considerations.

For those whose uncertainties are 3 to 10 times the required
accuracies, we think it advisable to situdy them by comparing them
with the nucleer constants which have been studies in Japan and abroad
(mainly abroad, perhaps). As for other nuclear constants, if would be
necessary %o make judgement of them by revaluating the importance of
nuclear constants after studying the nuclear constants of higher degrees

of importance.
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