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R. LLORET, R. PERDREAU, TRAN DAI Phuc.
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Abstract :

<.perimental program has been undertaken to confirm divers fast neutron
spectrum czlculations. The verification of calculational methods ccmsists
to compare measurements in a highly heterogenous media to two dimensional

calculations effectuated on approach geometries.

The measurements have been carried out in two testing facilities located
in the centre of the core and near ' - the reflector of the MELUSINE Pool-

type reactor.

Counting techniques used for the determination of the reaction rate by
Beta~gamma activity measurements and activation foils are described. The
following reactions have been selected : "7Au(n,y) 1"Au, ‘!sln(n,n')
“sxnm, “71i(n,p) *7sc, *°Ni(a,p) *°Fe(n,p) **Mn, Ti(n,x) “*sc, **Fe(n,p)
**¥a, ¢3Cu(n,a) *°Co, *’Al(n,0) ?*Na, **Nb(n,2n) *Nb_, **Ni(a,2n) *7yi.

A spectrun form has been elaborated from such activities by using the
wnfolding code SAND-II.

On other part, spectrum determinations are performed with transport
computer codes ANISN and DOT-III. The spectrum obtained from Unfolding

and Transport Codes have been compared.

Good agreement between the measured (foil activation)and caleculated

(SAND~II) activities were found with all detectors.

Reasonable agreement hetween transport {DOT-III) and iterative (SAND~II)

solutions are observed in the two test cases.

This analysis permits to retain a spectrum determination procedure 1n

the actual case of a composite testing facility.




CALCULS ET MESURES DE SPECTRES DE NEUTRCNS

RAPIDES DANS UN REACTEUR DE RECHERCHE.

R. LLORET, R. PERDREAU, TRAN DAI Phuc.

Service des Piles de Greunoble

RESUME

Un programme expérimental a &té entrepris pour confirmer divers calculs

de spectres de neutrons rapides. ' '

Cette vérificarion de méchodes de calcul consiste 3 comparer des mesures
en milieu fortement hé&térogéne aux calculs 3 deux dimensions zenés sur

des gécmétries approchauces.

Le mesure est effectude dans deux éléments d'irradiacion situés dans la
coeur ot prés du réflecteur du ré@actaur piscine MELUSINE. On décric les
détecteurs par activation et les techniques de comptages utilisés, pour
les réactions ?7 au(a,y) '?%au, ''¥In(a,n") ‘{’Inn, *’Ti(n,?) “7Sc,
538i(n,p) %%Ce, *“Fe(n,p) **Mm, Ti(a,x) “%Sc, 3%Fe(n,p) *%Mn,%Cu(n,z

$3co, ¥7Al(n,3) **¥a, *2yp(g,2a) *yp . *i¥i(n,2m) S7yi.

Une forme de spectre est &laborde 3 parctir de ces activicéds en utilisant

la méthodie de déconvolution SAND-IL.

D'un c3té, les calculs de spectre sont conduits au moyen des codes d=2
trangport ANISN et DOT 3, Les spectras obtenus par ces deux méthodes

de calcul onc &té comparés,

Une bonne concordance entre les activitds mesurées (Méchode activation)

et calculées (Méthode ddéconvolution) a &té observie.

Une raisonnable concordance entre les spactras obtenus par les cal:cuils

de transport (DOT-III) et de déconvolutisn (SAND~II).

Cette analyse permet de vetenir un procédé de détermination du spectre

dans le cas concret d'un dispositif d'irradiacion composize,




CALCULATIONS AND MEASUREMENTS OF FAST MEUTRON

SPECTRUM IN A RESEARCH REACTOR

[ - INTRODUCTION

The development of several areas of reactor investiga:iohs
such as integral reacticn rates, radiation damage, dosimetry,
isotope production, etc ..., is stroncly dependent on the abi-
lity to determine accurately the neutron spectral distribution.
Present calculation techniques which are used to obtain the
spatial variation of the neutron spec<r 1 using the S, methods

and the P-1 or P-3 épproximation to s "he Boltzmann +trans-
port equation seem to be adequate f- “ricing the neutron
spectrum in a testing reactor. Hov grent limitaticns
exist when they are applied to : .lex c.ructure (heterocean-

eity) and to a large shield thickness. F¢ ' this reason, it is
desirable to verify the accuracy and the approxirmations used
in numerical techniques by measuring the neutron spectra at a
specified location in a reactor system. Hence an experimental
program has keen carried out *c prcvide test cases £or neutron
transport codes, o verify the input average neutron cross
sections and the spatial variation of the calculated neutrcn
spectrum. The measuremen=s consist in irradiating several types
of threshold detectors in two testing facilities, one located
in the center of the core and the other near the reflector of
the Melusine pool-type reactor. Aciivation rates are hence
obtained for each tyge of considered £oil and the data arc th-




Truzil i Tnzesdold deteciors fer fast apeetiTum letatmigatisn

-
Liteczive
Reagtica T lIz . chreshaid 8 l' Seferentesn
arergy v
Me¥) (a¥) ()
197, (a.v108, .74 .9 10t 0.412 9.8 | 14,6008
13, (a2’ tisay, 3 1.20 0.336 a7.2 3.4,8
Vo (apderg 1.194 2.2 0.159 $9.023 | 1,3.4.9
38, (0.0)38 70.78 ¢ .8 0.8 .44 2.6.8
Wy (02138, N2.6 ¢ 3 0.833 9.9 2,3.4,8
0.009 9999
Lhp (o m)ab, .85 ¢ 3.9 121 99087 | N3s
S6gg (0236, 2.576 .. 0.867 ’”. ' 1,2.5,8
1173 9.8 |
3 (n,2)80, s.27 X} 1332 . %06 ; 13,6,
7, ta,a12ey, 15,0058 1.2 1.249 99.99) i 1,3,6,8
B (BN 10064 | 10.2% 3.938 9. 1,5,5.
. . . 1.370 (T8 ¢
50y, e imsry 6n 13.5 oty " 1.3.%,8 ;
! 1
b o hour . K
4 = day 3
y = yest

temactis Mol
123346 WLt

k-1

102223253 {3iL 3;acee8

M 22 22431.3 Tives.
M,;
Fiils agLler ila
Jare. é//

S Irraciitiia liles.

Padl pLiTyg T e

Irradieciic sig3est,

AR %Y




—

transformed to energy spectrum by a multiple foil iterative

code SAND II. This code is presented in part 2 of section II;

secticn III deals with the transport calculation techniqgues;

and comparison between calculated and measured results, dis-
. cussion andéd remarks are given in section IV of this wcrk.

[I - EXPERIMENTAL METHOD

1. = Irradiation technijque

The experimental set-up for the irradiations is
shown in Fig.l. Each mandrel cf the testing facility heclds two
sets of foils which are laocated at -~ 15 mm and - 50 mm from
the median plane (maximum £flux) of the reactor core. The moni-
tors were in the form of 3 to 10 mm diaceter anéd 0.1 o 1 mm
thick samples, fabricated from 99.99 % pure natural metal,
except for the resonance detector (197 Au) which is in %he

. form of an alloy (Al-C.l1 % Au) . The £oils were irradiated in
groups of 6 or8 and separated by aluminium foil spacers to
prevent cross contamination. The stacks of foils were wrapped
in a 0.6 mm thick caémium ccver t9 aninimize the interfering
activation reactions by thermal neutrons. Two irradiaticn
ccmpaigns have been undertaken, one for short half-life and
the another f<or long half-life detectors, respectively cne hcur
and 24 hours, in ihe reactor core with steady power level at
& MW. The set cf detectcrs utilized for determining the fast
neutron spec.rum, is giver in Table 1 (1)to(8).

2. -~ Counting technigue

Activation detectors are well suited £o =he pro:zlems
of &ternmining and comparing fast neutron energy distributicn.
In adéition, the adwvantage of sirmplicity, small volume, low
flux requirements and negligitble gamma sensitivity, make then
indispensakle for the establishment of neutron spectra in
nuclear reactors. The only limitastizn of such measurement is
insuificient knowledge ¢n enercgy dependence cf :the cross sectzinr
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of some reactions in current use. When a material with a cross
section, for a neutron reactor ¢ (E) is exposed in a neutron
flux % (Z), the reaction rate per nucleus may be represented
by the relation.

' A -[ou:) $ (E) &E (1)

For spectrum monitoring, &1 ideal monitor is one for whic

the cross section as a fu;ction of energy is zero up to some
threshold, at which it would rise abruptly to a precisely

known constant value. Such step-functicr foils would provide

an accurate measurement of the integrated flux above che thres-
hold. Even with non-ideal detectors it is cften use_ul <2
define average cross se~tions and effective thres'clds when
some knowledge of the spectrum is available. Th. cguantities.
are defined by

| / 34 (E) ¢ (E) QE -EI 5 (E) &F =g, j. 3(E) &z (2}
) ’ eff

where J is tha average crJss Section,Ty_ s« and =
the effective cross secticn ard threshold enercy of the i
respectively.

After removal £rcm the reactor and suitable cccling tirme, tlhe
garma-ray activities of the irradiated samples were measured
with a2 xrigh resclution Ge(Li) detector of 50 cal3 vclume. Sarmples
were placed cn a thin plexiglass hoder a: a distance of 35 zn
from the dezecicr head. The Ge(Li) detector was well shielded
by a 10 cm thick lead high volume enclosure. The aksolute ef-
ficiency 3£ the Ge(Li) detecicr for the Zetecticn of gamma-rays
nas been calitrated with 153%,; multicamma standaris and eighc
Tcno-energitic standards of activity, furnished by cthe 21T or
calibrated in our laboratory by the coIncidence technigue. The
pulse heizht spectrum is reccrded by the Plurimas analyser

2 Laboratcire de Metrslcgie ies Rayonnements lcrisants.,
Commissariat 3 1'Energie Atcmigue = CIN = SACLAY
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(Intertechnique). The Block-diagramn of the experimental se%-up

for gamna counting is givea in Fig.2. Corrections are a2ppli

to the deasurenents to account for the flux disturbince due to

the foils durirg irradiation and self-absorption of the gammas

during the counting pericd. Both of these effec:s are estimated
to be very small due to the small dimensions of the detectors.

The photcpeak counts were analysed and ccnverted numerically by
the Multi-20 comxputer to disintegration rates suitakle for input
to the spectrum deterninirng code SAND-IXI (9) (spectrun Analysis
by Neutron Detecicrs) by a2 numerical progra=m which takses into
account, isotcpic aburndancies, atomic weight, ccunter efficiency,
decay constant, irradiation time, cooling tize, counting tixme
and gamma branching ratios of each foil, as inputs. The resul:ts
of this computation give the saturated activity is disintegra-
ticns per second (Secquerel]) per nucleus; accuracy of such mea-
surements is within 1.5 to 3 & (12). )

3. ~ Spectrun derived frcom measturements

The shapes anx

1

plitudes of the specira were then
deterainaed by the unfcldin

0

cmputer code SAND-II which proceeds

rh

-
from a «rial £1 {obtained from transpert calculations deve~

loped in section ITII) ¢to an iterative £lux scolutizcn. Frem the
trial flux, the iteraticn precedure +o a solution flux spectrs
< -

may ke summarized as follows; it is Zescriked in detail
ference (9).

o
The calculated activisy for th 1% £0:1 induced bv neutrons

in the j:h energy interval (betweern E. and . ,) based on the

th ( J i+l
k™ iteraticn is given by the relationship.
x Ej‘l X = e 3
° = - bt
Ai,j = gy (B) 27 (5) 2E (3)
. Ej
SAND~-II asgsumes the integral in eguztion (3) may be approximated
by
AR k

1,4 "%, % (4)




where o’; = / of (£) ez (5)
k4

3

S
- - A g, (E) €E (6)
and S5, 5 i i
/Ej-'-l ¢E
E

p

are the CSTAPE (auxillary program of SAND-II) average cross
section and are indegerndent of k, and do rot, therefore, requira
recalculation at each iteraticn.

The iteraticn Proceeds by introducing an activity weighting
function.

. XK . .k X
wf'j 1/2 (af 5 + Ai’j_l)//'n; (7)

i = £0il index
j = energy interval iadex (2...620)
x = {teratior inde-r
. th

For tiae i foil

620

x X
Al =& A7 (8)

=1

is the total calculated activizy of the ith detector as the

th < . .
k fteration, w; 3 represents =ie importance of interaction
’
: g
with nevtrons in the 3 B
th
0f the & £foil, The ratio of rmeasured to calculated activicy

zh

energy ¢roup to the total activizy

.
fc. the it wonitor ar the X iteraticn 1g 2afined as

RS 2 AL/ A (3
Ffinally c? is defined by
k n X %y n I S
n . W In Ry v 10
1 CJ -(%1 L, n "‘/(éfs]. Y (10}
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which is the correcticn factor to be assigned to the next iter-
aticn. It is affected most by those foils vhere the reaction
rate with nectrons in eaxexgy group j is largest. From Cf and 3

the next flux is hence cozpuyted according to

<

[

k+1 k cx
o = . . 11
03 OJ j . (11)
for all j's such that ﬁ_l ":,j Fo .
For all 5's such that é h.!it . = § (which means there :is a
i=] = 4

regicn in wkich none of the cross section is sensitive), the
next k + 1 value of the &differential flux is interpolated from
neighbecring regions (tihe nearest lower 3 and the neares:t highers

J for which = Ht j # 0). Mcreover, if such an insensitive
regian occursl:é eitée: extreme stace, extrapolaticr is then
perfcrmed (below or abcve, as required) by SANL-II according
to orn2 of several zlterrate ancé classical forms specified by
the user,
Tteraticns are repeated unti]l standard Zeviaticn of the calzoul-
7izies Szom the neasured activities is less than 2
gercentace specified tv the user, cr until the change in the
stancdars deviaticn of activities from one izeraticn &2 the nexs
is iess than 1 %, or until a specified nusber cf iteraticns tas
tesn Teached.

The measured and calculated (b7 unfslding code) activizies

are cgiver. in Takles 2 ancé 3.

CAZSTILTION METHITS

The irradiaszicon cf reactor siructural materials are
cfzon perfcrred in test reactors with special testing faciliities.
The purzose of thesa faclilities L3 %0 represent physically an”
chemical.y (temperature, ~cdecatsr, neture znd intensity of

nucigar radizticn, e%22 ...) 2as well as pcssisle the anszicizat2a:
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working conditions of such materials in a nuclear power recactor.
Such apparatus form highly heterogeneous media with regazd to
the radiation source of the reactor, as shown in figure 3 with
the complex structure feature of the testing rig Chouca B used
in Melusine.

Under these circumstances, the accurate determination of the .
neutron flux distribution within reactor lattices is often
difficult for the two following reasons : firstly, reasonably
high order angular approximations are regquired to determine

the detailed flux variations within lattice cells, and secondly
because reactors tend to be large in terms of the numbers of
both lattice cells and mean-free-paths. So many spatial coarse
mesh intervals are required to represent the lattice structure
accurately and to reduce truncation errors to an acceptable

level. The finite element method is more suitable to treat

such problems but unfortunately a transport code using the
finite element model is nc: yet available. Hence multigroup
discrete ordinates transport codes ANISN and DOT-IIXII have been
adopted to reproduce the neutron spatial distribution in the
two irradiation loccations in the Melusine reactor.

1, - Calculation prccedure

For the fast neutron spectrum analysis, the trans-
port discrete ordinates (Sn) method can give a good represent-
ation of neutron flcw near boundaries and other loccations of
the reactor where the flux is rapidly varying, because the
angular dependence of the flux is explicitly determined, in
spite of some ray-effects cbserved in such a method.

Calculations have been performed for the two speclal irradia-
tien leocations (44G and 64G) in the resacior core (Fig.4) in
the following ranner : .

a) 100 energy group cross-sections are derived from ENDF/B-ITI
nuclear data £file,

b) Cross-sectinns and neutron physical constants of homoycniuc
rells are obtained by reducing inio 26 suitable energy groups

- ——— —— i i o -t .+ #9
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(with reasonable short lethargy intervals to reduce errors
caused by averaging the constant over the interval) the 100
energy groups spectrum by the one-dimensicnal transport code

ANISN (10), (11) (Discrete Ordinate Transport with Anisotropic
Scattering).

The typical reactor core consists of discrete local regions
of fuel, moderator, coolant, control rods and structural ma-
terials all homogenized and arranged in a "semi-regular" cy-
lindrical geometry; as shcwn in figure S; global flux distri-
bution is obtained from transport approximation 56/P3. Fuel,
water and structural materials are assumed to be homogenized
over the volume of the unit cell,and the characteristics of
the cell (e.g. densities of nuclei, & Burn-up etc ...) are
computed for the homogeneocus mixture, and are distributed in
concentric cylindrical layers. A suitable energy-distribution fis-
sion source has been considered in the calculation.

¢) The core cross-section as a cylinder based on the (x,y)
model is considered in the two-dimensicnal transpert code

© DOT-III (12), (13) using the homugenized cross sections and
physical constants from part b); the reaction rates and the
spatial flux distribution are determined with 512/P3 appro-
ximation for the twc test cases.

Simplifying assumptions to make a mathematically tractable
physical mcdel for'the reactor structural features (heteroce-
neity) are reguired; and in order to reduce the computer
memory and the time in the C.P.U., a hypothetical symmetrical
geometry assumption is made, as represented in Fig.6. Thus

the exact reactor power level distributicn could not be correci-
ly reprcduced. In spite of such simplification, up to 28 radial

and 45 axial fine-mesh intervals are required. They represent
about 1260 calculated mesh-points.Since the .important problem

asscclated with homegenization is the difference in flux levels
in different materials within the cell, the region of interest

should be at least one diffusion length from a material inter-
face sourcze discontinuity, so 10 fine-mesh intervals are used
in the(44G and 64G) coarse-mesh cells considered,

O




el i s H & : e
: : : 1 H H b is
..no" . - r v T T
S 2 T - § i i3
P - - £ - LN 3
g
b -
i
|
w. w0t
b4
-
-
-
=
1
~
- .
-
1
w03
t
\
|
|
1
10°2 L L [ : Al [N EE! , !
SETHASGY
Fig.7. Calculated asutson spectrum of the 4ul ii-core irrsdlatisa
DYETL S
§ z i i 3 3
: s H F 1 ! -
uou. - - . -
. 2 - . - , '
14 - - é $ []
b s M “ ’ - mm :
W |
'
! $ _
i 3 |
wr H \
o |
g w0 = !
z 3 m
. !
5 i {
< ! !
i
{
: |
* |
b
! :
16°3 - !
» N
:
.
' i
|
M
19°) - .

32 cne e L3ee329




LS

L 3]

Suitable radial and axial power distribution throughout the
core have been considered. Energy group discretization has
been chosen to represent adequately cthe energy domain of
interest (0.1 to 10 MeV) and for the considered threshold
detector cross —sections.

The results of calculated differential neutron energy depen- -
dence spectra are plotted in Fig.7 and 8.

IV - RESULTS AND DISCUSSION

The comparison of differentiai fluex spectrum between
unfolding and transport calculations are represented in Fig.9

and 10, for the two irradiation lccations.

The solid curve is the theorétically calculated iaput spectrun
and the dashed curve is the iterative solution. A close simi-
larity between the expected (DOT-III) and the SAND-II solu-
tions is observed in the limited energy region between 0.1 MeV
and 10 MeV, even though individual experfmental uncertainties
exist with respect to activities and accurate xnowledge of
cress-section data.,

The diffrential flux compariscn given in Fig.9 and 10. Shews
rather substantial disagreement between the theoretical and
the SAND=-2 solutions over certain energy limits, for both test
cases (314G and 64G), notably from 0.1 to 1 MeV where errors
are within + 10 % (error already present due to the inaccuracy
of the cross-secticns !).

The results have been arbitrarily normalized at the energy
over 1 MeV (as stated {n Part ¢, paragraph 1l of section 2 Jue
to simpiifying assumptions in reactor gecmetry; ti.e real re-
actor power level is therefore not correctly reproduced hy
the transport codes). Such normalization does not necessarily
optimize the comparison for all neutron energies. The ratics

of differential flux of transport and unfolding calculations

—~— ———— s .
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9% DOT-III ¢ SAND-II )
with a normalization factor p (p =

é5 DCT-II 454 SAND-II
are given in Tables 4 and 5, and represented in Fig.ll and 12

for the 44G and 64G irradiation locations, respectively.

The large deviation + 15 % observed from G.067 to 1 MeV may be
due to the insufficient number of foils with overlapping energy
in that region, and the utilization of the single resonant
detector 197 Au (with most of its sensitivity outside the well
covered energy region) may have introduced additional errors.

The accuracy to which the spectrum are known gan be estimated
from percent deviations of measured and calculated activities
given in Tables 2 and 3. The deviaticns vary from less than 1 %
to about 3 8 for various reactions utilized in the two consi-
dered spectrum. The sign of the deviation from those foils with
nurerically large deviation is consistently positive or negative,
suggesting that there is considerable uncertainty in the kncw-
ledge of the normalization of scme of the activation cross
sections, as stated in studies made by Vliasov (14}, McElzoy W.Y.
and Kellog (15), rabry (16), Grundl (17), 2iip (18), Paulsen (13),
Sironsk.I. and McELROY W.N.(20) and zmany others; and alsa that the
integrated accuracy of present evaluated cross.sections is

within + 10 8%, depending on the energy region, for a great number
of foil detector reactions in current use. It is concluded that
guasi every trial spectzum £its the measured activation data

and represents correctly the real irradiation locations urder
consideration,

Y - CONCLUSION

Ir. spite of the difficulties arising in interpreting <he
experimental results, it should be emphasized that part of the
uncersainties are due to the inherent non-unigueress of the
solution of the type of integral equations, to the inaccurate
knowledge in available cross secticn data and to the measurca
values of saturated activities, and the simplifying assumptione

.
- e
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to make a mathematically tractable physical model used in the
transport code represent Guite well the real condition of the
experiment developed above in this work. The multiple foil
iterative method, apart from determining neutron flux spectra,
could be used as an adjunctive test to the reactor physics cal-
culationnal methods; even though the iterative soclution obtain-
ed by SAND-II is not unique. The method should give energy-de-
pendent differential neutron flux results with accuracies 10 ¢
depending on experimental conditions. Within adequate foil co-
verage, differential flux spectra reflect roughly the true
structure but can introduce fluctuation resulting errors in

foil reaction crcss sections or measured activities; as expected
in Fig.9 and 10, the sclution are more tightly defined in the
central energy region considered than at the ends where fewer
aetivities con thresholds cccur.

The use of a large number of foils with overlapping energy
regions of sensitivity (especially from 0.5 to 3 MeV in our :ise :
radiation damage sctudies) and subsequent analysis ¢f the iterative
and transport sclutions of the differential flux spectrum may
help distinguish the true spectrum I{rom that caused by errors

in cross secticn, in activiiy measurements and from foil stack
self{-absorpticn scattering., A simple Zoil with most of its sen-
sitivity outside the well overlapped energy region is not reccn~
nerded, due to its additicral errzers.
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