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PREFACE

This document contains six translations of USSR reports
on reactor theory and nuclear data topics, some of which have
been presented at the British-Soviet Seminar on Nuclear Constants
for Reactor Calculations held in June 1968 at Dubna, and at the
Dutch-Belgian-Soviet Seminar held at Melekess in February 1970.
This document does not presume to represent the proceedings of
these two meetings. It is hoped that the methods of treating
resonance self-shielding for fagt reactors and of comparing
microscopic evaluated data with the results of critical facility
experiments as developed particularly at the Institute of Physics
and Energetics at Obninsk and presented in these reports will be
of interest to reactor physics and nuclear data groups outside
the USSR, This document was compiled, partly edited, and pub-
lished by the IAEA Nuclear Data Section (NDS) in agreement with
the authors and the Obninsk Nuclear Data Centre,
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§ 1. C 1 of the Protlem,

1. A HTunbar of yeactor ocaloulatiom problcas involwve the
bhonogoncous oquations

X(E)
Ly = A T Q(r) (1.7

Lo=dvyp+ 2.0- 5 [dE'zs(F.E’)J da'W{F 3.4 E,E)pEa E)Xe2

1}t
QE = [dEVFOL,FE)| oFde di )
0 -1
with an additional ocondition
¢ (FZ,e)=0, (8,A)<0 (t.8)

gt the reactor external boundary, where n is the unlt outside
nomal to the surfeco of ths boundary,

The funotion O ( F a E ) is the wimom quantity
equal to vxn (F QO € )y vhere U i tho volooily o2
8 noutron with enerey By and n{ F , 0@ , E ) is ncutron disie
%ty in the phase soeoce R x N x€ , R ig throe-dimendicnal Tuoli-
doan cpaco of points © 4 0 - o oot of all the pointe for the
unit ophere oorresponding to the all poseible dircotiloas of
neutron £2ight O , cnd B - a got of all pousible valuves for
neutron enorgios B. The fanotion ¢( r ) deternmined by the ecaus~
tion (1.3) 15 called a dictributionfunotion of ccoondary L£isoion
noutrons or fission neutronge.

5+ (F,E) is the total macrosoopic ovoss cection for
Becnergy neutr»onag ot the T -point, calculated Zor a unit volu=
ms in R; 3 (F E) - tho soattering oroes seotion 2, (F .E)
~the fisgion oross section W (7 0 .02’ E E') ~-the probabili-
ty far a neutron ot point T with the @ersy B before peatto-
ring ond the flight direcotion O’ , to have cftor coattering
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the enorgy T and direction O $
Tho ﬁmotion W is normalized so that

jdsj daW(F.E.8E.F) =1 ¢1e5)
o I =4
Y(F,E) =~the ovorage munmber of sccondary neutrons emitted in
ono Pission event por ono captured neubtrone
X(E) ~tho function dosoribing the encrgy distritution of fic-
slon nefuzz'tms. %Z(E) is pormslized so that

| 21 de =1 (1:6)

Thoe system under conclderation is acsumed to consist of a fi-
nite nmumber of rogious (reanctor sones) Adifforing in their oone
positions Tho functions doperibing physical characteristiocs of
the medium (¥, I, sotc.) aro step-functions T o Tho funo-
tiom W(F 1, E ) i3 limited and contimiocus in all tho
varicbles everywhere except sone interfaces vheve its continu-
ity in T 4o rvoquired along the {1  directian.

tha problenm is t0 £ind a few first olgemvalues 1 ayreme
ged in an increasing oxddr and oorresponding distribution eigenw
functions YW ( ¥ ,qa , E % In order to solve the problem
let us apply the group mothod [1] « The neoutron encrgy interval
i eupposed to bo divided into a 2inite nmumbexr of nartial in-
tervales (emcxrgy groups)e. YRthin cach group the phyciocal charaoe
terictics of medium and the functions to be found cre oomgbant
end do not depemd on B, Then the 4nitial problem (141)=(1.4)
may be repxresmmted as o multigroup set of single ~veloolity eque
ations:

Uy’ = A 47 Q(F) =12, ¥ (147
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N
_ 6, —f,. I
Q) = QZ’O (r)Z*(r)J Y (F'3)da £1.9)
C 1d1=1
where @’ (F @ ) ore the group neutron fluxes defined by
the integrals

E;
Ve - -
@ (fF,1)= S @(F . a.E) dE (1.10)
Ep
In the multigroup approximation the boumdary condition et the
external boundary will look ag:

‘PJ(F.FL)=O (8,R) <0 (1:11)

IPurther simplification of y_}ge probiem i conneoted with appro-

zimate representation of ) (F @ & ) as a function of

ag
Let
€-j - b~;
L (Faf)= L) «3aa 2@ C1442)

With such aseunption the set (1.7) will look as:

. . j €= b, j .
avy + T 0= 17 [D,,0.F) + 3553 @) 5 QF) 1013
t=14

where j=1,2,..., N
g, (F) = S ¢’ (F.5)da (4.14)
141=4
6 (= | gei(F.arda (1415)
1511

2e¢ A Jolnt equation 4,2,3 4o widely used along with the

L’¢* = 1 ‘)(E)f;(a Q' (F) (4616)



o'’ 5.0~ 22 (4 [a e ads ogea (o
I T B

Q') = deﬂE)j ©* (F.8.E) dii €1.18)

IfL1=1
A boumdary conditian for the Joint equation is

0 (F,8.68)=0 la n) >0 {(1.19)

The funotion Y" ( ¥ ,A E ) is gemerally called as the
noeutron valus function [3 ]

The multigroup analog for the systom (1:10)~(1.18) with
the assunption (1.12) haa 201w of

e §Y 24)
".Q_V(P + zt qrz [ZSLP “ BQZMLPM")]"'}‘ QX 1+20)
Q) = 5 x4E O F) (1e20)
£=1

with the condition a¥ the extermal boundary of thoe syotem:
‘j — —
W (F0)=0 (L, n)>0 (1.22)

3¢ The method for 2inding the least eigenvalue and coxres-
ponding non-trivial solution is as follows. let Q™ ( 7)),
Ne1,2,00s be successive approximations determined fyom reocurrent
relations

n)
Q (7= deV(E)Ef(E)J Q™(F.d.e) dd. (1423

1at=1
satisfying the boundary condition (1.4), and QCO) (¥ ) - come
Initial approximation ,
Then the least oigenvalue 4 33 determined from the rolae

1= lim 10" | (1.25)
Ha™ i I

tion
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and corresponding distribution of pecondayy neutrons is dotere
mined from

AF) = im Q%M
N - oo
The least eigenvalue of tha joint prodlem (1.16) is enloulated
in tha sone mamere Then oolving the direct and thoe joint equae
ticns simmitancously in oxder to determine A , it is strongly
recomaended to use the relation

1 - o Q.07 )
neee (Q™(F), Q"™ (7))
where ( Y , v ) ic the soalar product of the functions and
W 4in the space Re
The above procoss with scme modification may be used fLor
f£inding some other values for tho problem stated (sce § 3).

C1.27)

§ 2. _P, = Approximation of the Spherical larmoniog Hethod,

1, 7he structurs of the multigroup equation syotem (1.13)
revozls that the caloulatliom of spetial and angnlar neutron
dictribdbution reduces t0 cucoessive solution of single-velocity
equations of the following form

G+ 20 = (Tl + 32588, +4) (2.1)
whoyoe
9. (7 = [ ¢(F.ada (202)
1di=1
Y (M= [ deFEdE €2.3)
$=4(F . Q) - ia the given function.

The nost widely usod method for solving tho equation (2.1)
i tho nethod baopaed on ropresentation of the unimown function



=T~
P(F 7) 4n the forw
QF.a) = = [0, + 383, (M) (244

Iy owbgtituting the expressicm (2.4) into (2.1) we obtain 14,2]:
VQ4 + 20 \Po = }o

' e (2:5)
3V, + S,P = gi
vhe
T Te= T-Js | T4=3-3s
J,,:S fda . J,:S ﬁ.}dﬁ (2.6)

12l=1 \6.[:1
the system (2.%5) must Le supplemented with the bLoundary condi-

tion. With that oim in view we mey use the approximete repreccenta~
tion of the conditions (1.4) in the Marshrlc forml 21 . As a Yow
oult we ghall have

('po = 2(()1[7', = O (2l7)

whera P,;n 1s the component of the vector-funotion fp’, along
the cutside nomal. At the limer interfaoccs of zones there is
asgunted a condition of oontimuity for the nomal component
resulting from contimuity of Y, (F ,Q ) over T along the
direotion Q@ o

2, P, - approximation, Im the probdlems of shielding ocalculas
tion a morked refinement of the results 1s cchieved by means
of trancition {from P,-appmximation to P,~approximataon of the
spheriocal haimonios mothod which deseribes botter tha behavio
uwr of neutron f£ieclds far from the reactor core. The tranaition
to Pa-approximtion is recallzed espeodally eacily in one-dimom=
sional prodlems (srhare, infinite oylinder, flat layer). In tais
cace the gyotem of equations has the same struocture as tho gyo-
tem (2.1) [1,8]

.3s In calculations of ome-dimencional reactors the mmerile
cal algoritims baged on the sphorical bharnonios method with not-
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rix footorization ere widely uped, The principle of theme mew
thods will ba concidered on an czample of a spherically syTHICw
trical trcnsport problem (for a more detailed information see

1|5,G )l

In this case the oquatlm (2.1) has a form of

? L)

pil LR S‘—}‘j +5p= 2 jddjdp g +F gy
T Mo T Y cosed
The solution of tho egquation (2,8) will be sought for in the
forn of
1

9(rp= 2 (YR, )= 22 QR dpp €209

For expanslon coofficients o2 Wy ( ) wo obtain

e ad*( ) (1) uz ar (rw oot )+ (20+0)Z G = (220+9f,(2410)
b= 0,2....,n

(20+1)
4T

where

+H
fo =22 [ 0 B(dp, Te=3-2x[ g P(pdp. €211

In thae equations (2410) the functiona with negative mboeripts ond
with the cubscripts moye than 1 8re assumed to be 20D
The systea (2.10) may be writton aa

KJ + aLP =¥
where the veotors ) ans J are
¥, - 0
¢ - \?a. , = :’3 (2013)
q n-t Pn

o and b are the diagonal netrices

0= 10-40%2 1, b=1(3+40)% 200 (2.18)



K

K and L cxe tha operators

d 2d.3
Lge O 0 g ra’ 0
d1 3d 4 pd 1 4d s
= Qrdrt‘ var’ L= 0 dar r? rsa-"r.(2.15)

r3

0
sd 1 5 d s
U ar dr r‘drr“'

f ondg ureﬁhawotmwiththe-’-‘-‘zl componenta.
The ayoiem (2.12) may bo easily reduced to the difforence
equation of tha type

-—

(ﬁkn - erﬁx + Ck(p“_,_ = - Fk c2016>

whera D,y G, ove tha square matrices of the B3l omder,
and ¢, F, oo the values of the vectors § and F  in
tho moshepoly’ Re The syotom (2:16) is sunpiementod with two
oconditions whioh may be found by approximnting tha initial boune
daxy oonditiocus wiith difZexrence oporatard.

One of vha effactive methods for polving the systems (2.16)
i the method of matrix footorization [ 1] « The finasl formalas
vhich congtitute the mmsrical schiemd for solving the system
(2.16) has a Zorm of

ﬁku = Cwe (Bn"y’K)-i
ZK&{ = Pnu (ZK"' Ek)

Yy = (Bu"fht.f1 ((?'xn + 3+ Pg)
vhere B4, 2., Py are detomined from boundary come
ditions.

The agbove algoritha with a fow modificationg is extended
to othior ono-dimensionnl tramoport problams. It 18 sseumed es
8 bagio for 3 munber of progremans of ono~dimensional reaotor
caloulation in P3~md P;-approximtiona.

(2:47)
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§ 3 220 C 2. ! e LA
I Fizss Ong.,

Lot us sosume now t¢hat Q ( » ) in the richt-hond pers of
the oquation (1.1) is the knowm function T

Then thoe solution of the initial problem may be pregented
ag followa:

O(F.3,6)= 4| W(FF, §.6) QF.) dF. (3.1)
D)

vhere Y ( F.Fo’ﬁ‘E ) 48 tho solution of the equati
_ () 5w 2,2
Ly - a7 S(F-71) (2.2)

patinfying the boumdary condition (1.4).

S(F - TFo) is the Dirno function nomalized as

| 8(Fr-Fydv =1 €343)

i)
D 48 tho vesgsiom ocoupiod by the veaoctor core.
liow lot us mltiply the equation (3.1) by V(E)I ¢(E)
mmd Integrate over all B-emergics and ovor the total sarface of
an unit apher 191 aie
Than, acoording to the definition (1.2) we shall have [7] :

Q(F) = 2 | K(F,F) Qo dr, (3.8)
i
D}
K (.= w5y @de| o@r.8.0d3 (3.5)
o i =

Por solving tha equation (3.4) wo divide the reogion D 4n-
to n partlal nom-interseoting rogiong Dys Doy eevees D) ythen
the rolation (3.4, may be rewritten as:
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QM = 4 Y | KF.R)F) dF, (3.6)

"1 nj
oy approximatoly, os

QR =AY Q(mj K (7,7 dF, (3.7)

i=1

vilere T, 29 @ polnt of tha region Dy« Ty integrating (3.7)
within the region D.‘} wa obtain:

Q. = jl_i Ay Q; (3:8)
ere J=1
Ay = L §dr | w(FF)dR, (3.7
; ;
Qi = (Qdr _ a; - fm dv (3,10)

Therefore; the initial problem of £Linding eome eigemvalues
end corresponding functiong is reduced t0 the partial problen
o2 lixecar algebra, For its eolving we ey usme dilforaent motlioda,
in partdoular, the exhoustion method [8] «

let us point out o mothod for calculating the clements of
thoe matrix NALS L o

Tet
V;,(F.a.5)= | v (7R .3.E)dF. (3011
mmtime(?ff,E ) 15 the solution of the oque
ation
Ly; (7,4,E) = ZLE) hj (F) ¢2.42)
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4 F e D;
ht(F)=J & j=1,2,...n

The eleamento of the matrix |l A1)l axe rolated to the funoe
tdomn w ( 7 g E ) na followsn:

Ay = | df @ 3e)de [wiFg,eda (309
3; ° 1 1et

It 10 neceseaxy €0 not on conclusiom that tho above slymoe
ritim 15 poant foxr thae nrobiem of Linding o reat nunmbor of
lganvrlues amd eigonfunctions. For finding two or threos eiggone
valueg, wo ooy apply tho prineiple of the eoxzhoustion mothod
dtrectly to the initial cquation (1.1) solving 1% together with
the joint equation (1.10).

9 4¢ An Rvalustlon of Reactor Pavamebersg hy the
Honte=Caxlo Hethod

0fton we have to colve the Doltzmonn equation for very
coriplex regionsg in ordor $0 he o3 closo as possible t0 a yeal
miltivlying acsembly.

It 48 Imowvm that there are threc olasses of the recotox

mioulation errorsg:

a) Tha errora of tho kinetioc equation solution resulting
from idealization of tho nctusl process ol ncutron trasport
(oeg8ey diffucion approzimation), a3 well as the crrors of tho
numerical solution an anpproximoto equation;

b) The eorrors reculting €rom idealization of the real goo=
metrical compogition thich is alwvoys o thrco-dinansional oncs

o) andy ob laost, the errors caused by inacourcoy in the
data on the procecees o2 neutrons interaction with muoclei of
matoriale

Tha total caloulational orror is a composite 2unction of
the above errarse It is very diffioult to ovaluato them scepo~
ratoly in prectical caloulationse In additiony the faoct of
thoir bteirg, not indepandent, oouplicatea the prpblens It 19
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eopocislly difficult to evnluate the effect of crrors in cono-
tants bocauso it is disguised by orrors of othor origine

Therefore, variocus mothods using the yesults 0f mioYoscoe
plo (iategral) oxperdments £oi improving the constants require
a calculatlonal teoclmique vhich has a roliable eccuracy with
roopact 10 the errors of the a) and b) typae

Foat reaotor calculations are pexformed wlth the use of
the 2ixed systems of group conctants. It is obviously juaportant
to have a8 wmeans for the control) of the munorical methods with
ratalning one and the scme system of congtanto.

At laat, at cexrtain stage of reactor desiming thera ari~
scs a naed for oblaining the most precise predictions of reaoe
tor paruamectorss

All these argumentts yreoult in tho nocessity of using the
Konte«Carlo nethode, WVhen choosing a sufficiently gemoxal thrco-
dimensional compooition of wezotor zomes tho mothod will provie
do a Sero errors for the &) olass and an casily estimatod proe
per svatiobiocal errore

An integyal oquskion for the functiom Q(F,4.E) =
= S4+(FE)Q(F,5.8) vwhich iz tho fission mte function for nout-
rons of direotion and I enorgy, wmay be eaplly obtained
fron (1 .1)2

Kegy Q(7,8.E) = j QIF 8" E) v, (F.E) P (7 F~ F,a E)x(8.1)

2s(F' E)
2a(F E')

di’ dA'dE’, Key= §

vhere 2o ( Ty I) is the maorosoopioc sbsorpilon oross section
ineluding £icolom; P (F' E'~ F.fi,E) is the prow
bability density for a neutron bomm at T as & result of mio-
leus fisoion with the b’ ecnergy neutron to be abgorbed at point

T laving the diroction ond cnergy of 2 aond B, respectivoe
1y.
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Thiag funotion is nomalined so that

| P.(Fe ~ FaE)dFdade = 1

For the fission noutyon donsity
we bave fron (4.1)

Keﬂ, O(F g £) = J OF 5 )R (FE~FAE) x

{8.2)
X ‘)i (P.E)Ef (,F .E’.} dF'd.ﬁ" d.EI
La(FLE)
Let us introduce a modiflied £ispion probability

Pm't (F:E,__,’F’ﬁ'E) = ,%'(F:E'ﬂF.E.E) q*z‘ (rilE) 9
GZa(”'E)
vhore

a = max 0+2;(f.£)
FE Za(F.E)

Then

& Key ©Fa.8) = J P, (F e~ F.4 E)O®F 5 E)dFdade(se3)

The equotion (4.3) may be considerod ag an equation Lfor
tho fiotitious fission yete &  under the asocunptiom thab
one and the came numbor a of soecondary ficcion neutions ia
borm .4 oach fission (though sctuelly (& 4s tho ficoione
neutron density)s The kemmel P ,2( FE'— F.0.E )
controls the ilarkov's ohain process X, Xpyeoees Ty in the
phase npacee In this prooess & finsion ncutron borm at x4
when belng absorded at point Tyd would eithor produoe the

aZq(¥.E)
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or would Yo shoorved without f£ission anld, therefore, the chnin
would be brorame I pivotics wien using the Uonto Carlo method
3% 1o oxbranoly lacouvenient ¢o deal wiltia cuch dcgcnareting
chain becauso the nunber of ficcion points 13 repldly decreasede
Thexrefore, tho methods "with peoscxvation of the fisaion point
mmber? are widely spread [9-12] o Jiow wo desoridbe one of theso
nothods proposed by 4eDe Frank-Ramenotaly [9] «

wt  x,2P xf
be the phose coordisntos of M fisslom points in the 1-th gonerae
tic, Deginning from these fincion poluls, end aftor lociting
through the Yhistoriee® of the corresponding Iicolon acutrons,
we eholl ges m;, 2itsion pointa for the (1 + 1)ethe gonow
ation nculizonge Tho wicoing I - oy fiesion points of thoe
(1 + 1)~tb generation cre taken by means of rondom chiolce £rua
all U pointe of the prceoeiing, i-th gomoraiione

Tme the chein of cucccosive gemerciions T X
i detemined vhich is tho hoooscnecus Larkovio chain in tho
ppoce of wveotors X = (x,,x.,..., Tn).

As 1% Rollows Lrom tho Harlmovto chzin theory the statiorary
distriwtion U (x,, ., ..., Tn) of W fipsica pointc io
dotaamined Ly tha homogoneous acuation

l) w(")
R

?

U(x.'xz,_..,Iu)=J...jU(x.,mh___‘xH)G(x','J;;’_._‘x(a_:w
— X, x,, ..., x)dx) dx.... dx'y
In this casa the "cne-perticle™ distribution
O = Su-(x'.:rz. o dr, . day (4.5)

is not, goenerally speciing, o solution fox the homogenoous equa
ti0n (243)e Whis yewmult in soixw dizplacemend in tho reactor
charactericiios which should be smalysed theoroticallye

It may bo siown that for the sdbove mothod 02 inorcacing
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the 2Zission poind mmbor the kernel G is cqual to

Glai 2y, @y = Tz m) = [Py E -2+ gy
=
whero + (4= Py (ze) ':2‘:'6‘(9:2_ Te)

pm}(’xl) = S Dm} (11—’ x)dx
It ay be eapily vorified that

XG(xi T Xy - T,xz ... ®y)dx,dr,dxy =1

Dus to the symeiry of the kemel G tho solutlom of the
equation (4.4) 13 grwetrieal and all tho "ono-paxtiolo” Gistrie
bution functions

@i. (x) = j . Jd:rq s e oy dxi-idxiu ...dxnu(ms 1 L2, ... .ai.ﬂ)
coincide; thorefore @ (z) may be reprosented as

Btw= 17, [ fdv...de, Ule,,., 205 (2 2) 4D

W
Then we miltiply (Al by L T O(xw- 2) and
intograto 1t over all X, X.,... .Tn" e Taking into sccount
(4.6) and (4¢7) tro obtain tho following equoiion for the “anoe
particle® distribution function Q (x)

S Py (2= =) O (z9dx = k(%) O () (48D

whare
{ < o
k”(x) = 50 f : .Jd:r.d:tz,__dx,,U(:c. Xz, ... x,,))%éé‘(:-x;)&fmg.
This cquation differs fron (4.3) only in tho Aependence
of k, @ T oAt suffioiantly grest I the fumotion

L2 Py (30) 59)

c et
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diffors nlichtly from nome oconstant K and, thevefore, ky % k.
Prootloal calewletions cnd rodel emcmlen reveal [10)
thot dloplacenett of K, po cauced by the finitcness of Wy s on
ordor of -}; ¢ In proctice 1t is onogh to take N vithin the

linits of some hundredde

Agter traning neutron "higtorlesY £yom come nunmber of gence
rations Dy whon the couroe distribution hos been settlody Koas
10 ostinated over each following Jeth cenerction ccoording to
tho gonoral theory of oveluatdons of the lincar functionzls Ly
the lionto Carlo method [13] « For emmmple, the catimation by
means 02 the colliplon density looks like

ZZ ( \)+Z+ )L,j‘k (4.10)

(=t W

U

vhore csummation is performod over all the collisliom points of
the 4~th noutron in the J-th generation. Other eotimnfions am
2lo0 posslblie for exomples the cstinntion by neans of tho path
length and the optimm orbimtion (13] .
Thon the obtained valucs of Koy arve averaged over M
genexationa

and thua the oatimation for the cffoctive mliiplication coefe
fioient over a2ll I, noutron "historieo™ is obinined. In this
ocosa sone off the £irst gernerationa of neutrons are exciuded £oon
the process of aversging to avoid the effcot of non=oottled
gouros distribution.

The estinotion of pome other reactor percmetors &s also
roduoed to the uoe of ths peneral theory of tho flux funotio-
nals eatimmtions end ¢0 following averaging of thece eolimtie
ong over neutron geaerationos. As an exanple let us consider
tha estimation of the mean prompt-ncutron 1ifotime T which 3o
of great importance Zor yeactor kinetlco.

Acocording to tho above schomo of otatistiocal tecsts let ug
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detesuing the random 1ifotina o2 o noutron between w0 ocucoc-
aciva Tisslone The normalizsed distributilion of f£isalon pourcaos
(%) being settied dowm, covidently the noan lifetine is

_ 5@(:)61:1“,_[’1“ M(x,x'1) dz'dr

LT> = (4e11)
jQ (I)dacj M(x,x1)dxdo
wvhere |V (x . x'.1) io tho densldy of figcion vrompt noute
ron birth st point % at o time T  oZter the ficsion

nautron arrival at point x.
16t Q(:zyt) Do tho ficsion noutron denolity ot point x st

a timc t. Then, in the aboonee of external neutron aourcess
t

Q (1) = X Q@ )Mzt~ =t)dx' dt’ (4.12)
Using tho so;nmtion o2 voriablea
Qzt) = Qz) e “t
e oblain
Qz) = (Qdr | de e M (z,2'7) (8e19)

0

Taking into scoount the fact that In a ghlate noar 4o erdtioznl

e*t 13 closo to 1 in tho xegion vhere M Qi2zors noticow
ably from Zoro, we obiain, wiber cxpanoion e®F - into oT
degiress ond rotaining the Lirgt two termo, the followlng oxprcoe
sions

oo

Q(x):j@(m’)dxfj MGex' 1) dr + dJO ) da/ JTM(x,x"r) dt  (he1)
Tho volue 1 (z.x) = J T M(x,2,v)dr
4p proportional to tho meen 1ifctime of a routron botween two
guaccaoive £insions et = end x'. Yaking into acocount that
Pms (2 - =) = f Mz x't)dt
tho equetion (A.14) may be writtean es

Qw = [ Q) P, (- 1y da’ + 2 J Q@ T(a'~ =) dx’ (hat5)
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Iy introducing the equation

+ {

Qo (T) =

which 1g the Joint cquatiom to the oor;zditianally oritical (34.3)
mitinlying the equation (4,15) wy Q. (x) =ad (4.16) vy Q (x)
Q(x) intesrating over x and subtracting tho obtainod equationg
wa f£ind

1 QL) Py (2 =2 da’ ¢1.16)

K est

ol:-———-———f——k‘” -1
T
On the other hand, it may be shom that the lifetime

T $50@ Q0 (=) T (=~ =)dx d=’

SQ: (x) Q=) d=
coincidos with the cxpression for tha lifotime preocnted in ths
woxk by L.M.Usachev [3] under the assumption tuat Qix)= ©(x)

Tho exprossion (B.17) differs from <T>  in two respocte.
Tirotly, T(x - x') i1 (417) 18 weighted with the woignd
Q(x) whichis the first eilgmfunciion of the equation (4.14) but
not with the welght © (x) « 02 coursoy in oritical yesotor

ol=0 and Q(x) = © (=) ; howover, for tho risle very far
fron oritical the replacemant of Q(x) by O (x) mmy lead to
noticecbls orIvrs.

Secondly, besides Q(x'), Q, (x)(Joint integwel equatiom
solution) 48 also a woichting fwmetion for T(x'— X) . V0
migt be suxe that the yoplaccront of Q. (x) by the constant
(then <T> is redueed to 7) would not rooult in conciderabe
le eryorse. Sinoe the functional T is a vatio 02 two lincar funce
tionals the difforence of Q’ from tho oonstont does mot ususlly
produce any significant errors; nevertholeess, tiieve arices s
problen of cvaluation of the bilinesr fumotionzls £oxr thoe horoe
goncons integral equation which has not Leen yot rosolveds

C8417)
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§ S« A Survey of Mogt Importarti Rrogrammeg

The moethodo presonted sbove have becn realized ag the proe
gxranznes for the compuicr 1=20 which aye widely used fox 1cao-
tor cnleulationse A brief desceription of thelr principul choe
racteristios is gliven holow.

a) “he complex Sl ia intended for caloulating the spuco-
energy dlstribution of f£luxzos and joint flwws of noutroms in
raactors in P1- ond P_,.i-appmximatione in the one~dinengional
geonetrys. The calculations are performed on the basis of tha
total conscrvative £ile for the 10~ and 21 group microscoplo
crospeacetions written on il magnetio toepes The organization of
211 tho calculationg is perlormed wltvh thwe use of a speslal con-
trcl prograrme which complex a set 0L PIOUYGINICE & CIrOGo=GC0w
tionsy ieee un operstive Tilo Lor golving a given problons

The princincl charactorisiiom of the progranme are: thie
nuaber of energy croupe, up o 21; the munbey of difleront elew
nentp oconctituting roastor compositvicn, up to 43; the nunber of
zones with differcnt phvoiozl coapocition, up 4o 93 the nwasbex
of mesh=-points in a enatial varisbles up to 80.

On tae bacis of the O cooplox thoe Pollowring operatilons
a2y be carries out: the calculation of the varilstion of tho
gyotenm reactivity with the use 02 thoe perturbation theory fore
milag (wesk and strong perturbatioms); the colculstion 0f ucute
Ton ficlds by the mothod of conditionzl separation of varlabe
los; tho calculation of ncutron £1o0lds within shielding loyers
in Yeapprozxinotion with the use o2 the experimentzl relaxation
lengths in the first group; tho calculation rexotion ratos
(aapturc, fiosion) and of the comversion yratio componenioc; the
calculation of the damping decrement in a nonestationary probe
lem and o the fastencutron lifetime; the calcoculation of the
refined values Zor critical maeses in tho onewvelocity P=cppros
ximation Lor spuerical gystemo; the calculation of the cemtral
absorbing rod elflolency;
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b) The complex th26 e2llows to calculate the principel fact
reeotor churactoristics with the wee of 26-rroun mocroscoplo
eroco-scctions [14] « Whe min progrormoe for calewlabting tha
space-~energy digtribution 0f o neutron £lux i the ONo=dimonsle
onal programme 126 in the I,-or Po=approxinntion (vhich 2liowa
2lco to use 18- end 21-rroup syctams of conctonts)e The princle
pel parameters of the programme are! geometry-~nphere, cylinder,
21at luyery the number of zoncoy up to 93 tne number of spxwco
mesh-points within & zore, not nore than 21; the total nucber
of opooe mesh=-pointn, up to 130; the mumber of differont olements,
up to 25; thie number of auergy groups, 18, 21y 206,

Inclastio transitions for cevery cleoent aye talien into 2=
gount within the limito of the firgat eleven groups.

The complexz =20 includes the progrerxies £or? procecsing
the nicroscopio croasswsectionn; calculating and processing the
masrocconic crocsesactions; 2ormpntion and factorlzation; wnrel-
locted rezotor calculation; calculating the corrcstions to the
macroscopic olestio-moderation croso-ocotione; eveluating the
abeorbing rod cfficlency; the calculation o the square leusth
of moderation T (1) ; calculating the renction rates; averce
ging o2 the microscople cid nmacroscopic crocse-sectionss calcuw
lating the ncutron fLields within the chiclding loyers in P =anw
proxination wlth the uce of the cxperimental reolovobion lengihs
in some Tirst groupoe Tho nanber of chilelding layers ids vp to
30« 1% 19 possible 4o tale into account aprroximately the cir gano
betwoen shlelding layers and to caloulato the system reactivity
chenge according to tho perturbntlon theory forrmlag,

A1l the above progroznes syo combined by tho control pros-
rame that allows o arrange the programmes according to somo gle-
ven problem, Yhoe complex of programes Hw-26 tozether with tho
£ilo of nicroscople crospesccticns Jor 45 elenments exe gtorod
on the magnetic tape. The poosibilities cre provided for calou-
lating a cell and a re: ™ with the contrrl absordbing rod ot
the smiurfaoce o0f which thoe value of the logerithnmic derivotive es
o fwactlon of the rod properties is deflned,
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The ratos of differend zeactions om ayy leotores at any
rosotoyr cone are cvaluaied 2rom the cslculated noutzea f£lux
values with 1130 uco of bLlocked micxooconic oroas=sectlonn. ‘hen
oalculating tuc roootion rotes we mey upe tho milorvooopic eroooe
peotions storod in the ile =20 or introduce ndditional ancea.
ho prograrme 207 averning the macrosconic and nicyxooooniae
orongencctions nllows to obitain the cxono-wecotion Lfor a mmzller
nuaber 02 groups (mininum munmber of grouns ie 3) on the basio
of 2G=group oroso-scctions and ppace-oneryy digtribution of
neutron fluxes calculated in Py- and Pu-am)roxlmations. with
the use of the reduccd mucroscopic crocoe=scoetions we may carry 0
out the calculations with the progrommes 9, P3 and P5 as well
as with the {two=dimmsalonal roactoy progIumacse

o) The copmlax of progrommoa foy the fapt yeecotor oalcue
lations in P.‘ and P,.-annm'dma’ciom allowa to obtaln tho ande
CO=CYTY distritmtion o2 ncutron {iuwms and noutron Joint
fluxes In one~dimomsional £lat, oylindrical and sphiworical. foo=-
matrios.

2he main paromotors of the progromme sret the runbey of
eneysy gyoups, up to 263 the ymmber of renctor zonesy up to ©
the muber of ppotial nmechepointsc, up to 653

The programme for calculating o gphorically-s/motrical rc-
actor in .T:’S.ap;_u'oximtion.

The main porometers aro: the mmbor of energy pgrouns, up
to 26; the munbey of reactor sones, up to 53 {he munber of spow
t1al mochenointo, up 40 506

On bosis of global Llures oclcoulated 4in PB-PS-appmxim-
tions thore is provided a ponsibility for caloulating amall rore
turbations and tho differentisl ncutron flux Lunotionn.

d) Por two-dincnsional roastor calculationa two prograrmes
aro uced gt tha Ingtitute of Yhyolos and Fower Dnglinseringt
small-group and mlticroup progrumes £or nmuicleay reactor 08le

Sion in diffucion epproximation [1y 154 16]

A snllegroup programs has the 2ollowing peroamoterpt the

goomatry (me7)s (rez) and ( v, ¢ ); the rumbor of groups < 43
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the munbey of zemoes differing in physical choraoterigtios, < 063,
tha nuaber of zones differing in geoccetxical cusracteriotlics,
4 25603 the number of spatial pedh=-points 1000e Tho mACIOSO0-

plc crosg-coctions are tokon from the punchoed cerdss

A miltigroup progrucme perfoms a caloulztion in (x,y) and
{42) ceomatries vwith the number of groupns being not more than
2%1e¢ Ita novancters and nstmeture coincide with the precoding
proyvrmes I conctant to the smollezroup programae it enplays
tho accoeleration of the external iteration convergence with the
uss of {the extrmpolation method btased on Chebychev'n pelynomi-
alsoe The nacroocople arossescotions Zor this programne are Cale
oculnted with the use of one o2 the programmes Jrom 91 or =20
connlcd, The rymmning time depends considerably on the charecter
0f tha problem end its parameters and ip about 2«4 hours per one
variant in the (ry2) goometyye

8) The prograrma for the three~dimengional resctors by theo
Honte=Carlo noathode The librmary ¢f proceduses 13 written in the
conputer codoge Vith the uso of theoo procedures the vrosrarmes
moy be construoted perfocming the following colculations: the
calculcotion of K_ .. and of the fiesion neutron source distribuw
tion over soncs ;:i?.h the use of the optirmum combinntion of esti-
mations over the collision density and over thio rath length Lor
caloulating ¥ ., {13 ] end evaluntion over the colliclom density
Loxs cc.lmzlatif;%”tlm oeccondary noutron soireess the caloulation
of K,np and of ithe secondary neutrom sourcs distributlon over
gomes with the upse o2 the arithmetioal everaga foy the cobinte
tians over the peth lencth and collision density for calculae
ting X Kooeld the caleulation of K,,M and A Yo-'“” for two reactors
having similar geowetrical oonfiz;xmtim and diflerent conpopie
tion in como reactor recions [17 ] .

The aystoms 0f 18w, 26 snd 21-group conctaunts nay be used
in the caloulationse

The oaloulatlon is performod in tho™modified, traunsport
opproximation” [14] for the reactors without hydrosene In hyde
vogeneous reactors tlw scottering from lydrogen 1o modolod giric-
tly end at ccottering from the muclol of other elementp the
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traneport approximation is usod.

The conposition of a ronotor which may be caloulated with
thies progroume ropresents a net of noneinterscoiing oxinllye
parallel circular cylirdexe of equal height enclosed into a cye
linder of the scame heighte Any yreactor volume contained between
tho oylindrical surface and the suxlsces of tho Zivst otep of
ingertion may be cut into parts by thse plance pcrnllel {0 the
cylinder botitome Such part is called a gecmetrical sone.

The library of procedures contasinsg olso a ‘geomotrical® proe
oedure allowing to calculate tho reactor ropropenting a comploz
of non-intersecting sphores enoclosed in a ephore of greator die
cnetor.

The reactor porameters which may bte caloculated by the deegw
oribed programme are limited only by the cizo of the ocoxe menory
nvailable with & computer and hy the time spent for tho ocalcu=
latione So tho mumbor of physlcal zones {yoaoctor rogions diffe—
ring in composition) is not more than 64, and the numbes of geow
motrical zones 1s atout 400,

&ny igotope for vhich thews ora group comctants in the libe
rary may be presont in the reactor.

In the develorment and putting into pruotio of tha programe
mog decoribed in this reonorts besides the cuthors, the L£ollowing
parsons took an sotive poawtt Baryta llidey Elizarov Geley Tumew
t60va Leley [1080l0ova Halley lioviniton AeTe, Hovikovaitnya Lele,
Penonlco V.V, Polivannkil V.P.
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Abstract

This report describes a method of average group cross-—section
calculation which takes into account resonance self-shielding in
unresolved resonance regions. Parameters of quasi-random sequence
of resonances, taking fluctuations of neutron widths and level spacings

into account, are calculated.
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1. Introduction

The object of this work has been to devise a method to obtain
average group cross—sections taking into account the temperature and
the resonance self-shielding in the region of unresolved resonances.
In order to give this problem the average parameters (average widths
V; and I strength functions Sc and 83 , average level spacing D,
as well as the width distribution and distances between levels must
be known.

There exist many methods to calculate the width fluctuation and
level spacing fluctuation in the region of unresolved resonancesj; in
particular the Monte-Carlo method and the analytical method [11. The
application of Monte-Carlo method for this purpose is not economical
because of the need for a large number of random selections in order
to obtain a sufficiently high degree of accuracy in the very wide
distribution of reduced neutron widths. The analytical method to
account for the fluctuations described in reference[:ilis not uni-
versal and is inconvenient when it is necessary to average the
different dependences.

The present report develops a somewhat different approach to this
problem. Hirst, one selects a quasi-random sequence of resonances
which satisfies given distributions of reduced neutron widths, and
level spacings. Using this sequence it is then possible to obtain
average group cross—sections in the region of unresolved resonances
using (computer) programmes, like URAN (reference [?]), which are

used in the resolved resonance region.
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2. Selection of a Resonance Sequence Satisfying Given Distributions

of Widths and Level Spacings.

2.1 The Substitution of Integral Distributions by Finite Sums.

Let us take f(x) as a distribution function of the considered
quantity. Substituting the integral distribution by a finite sum, we

have 50

/f(x)dx =§: V(:(x)dx (1)

0 =

Por this we divide the x axis into n intervals so that the integrals

in these intervals are aequal to
u; W;

/f(x)dx =_1.. OR /:f‘(x)dx =_].'_ (2)
m n

u =) o

From this condition we find the value of intexrval limits Ui' It is
necessary to select the value of Xi in every interval so that the

average values of ; are equal to 1.

X =—}§: X.= 1 (3)

At the same time

o

.7-( -/xf(x)dx (4)

or writing the integral in the form of a sum over the intervals we

obtain -

% =E/xf(x) dx (5)

P Arg



-31-

From equations (3) ard (5) we obtain
u;

X = r/x £(x)dx (6)

WUiay
The fluctuations of neutron widths obey a ¢)(—distribution with one
channel (¥= 1). The fluctuation of fission widths obey aX:distri—
bution with a different number of channels (7= 1,2,2 ). In the

general case the Jc—distribution has the form [T3_7}

*(x)dx 1.r(%) ("x‘)"j Y (1)

Level spacing distributions assume the form of a Wigner distribution

_Tx?
, s e %
10— (x) =3>¢ (8)
B
¥
or y—distribution with Y= 10, /1 7/
-$oC
_£ (x) = -—~—-3f25 xie (5)
40

Equations for calculating Ui(2) and X;(6) for different distributions
are listed in Table 1.

As it was shown above, upon selection of X ,conditions (2) and
(3) guarantee the conservation of the zerolh and the first moments
of the distribution. The other moments are described by the finite
nunibers X; not exactly. The values ?‘ and XEwere calculated to check
the accuracy of their description. Also the values .\YT- and (x /()(1-&))
have been calculated because they directly enter into the investigated

functions: the combinations with Y; were necessary for the calculation

A
(71u+7})

was necessary for the calculation of capture cross—section. Thus the

of self-shielding factor of cross-section and the value xy?x+q)-

following integrals were considered:
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= - (& {edx
T = | wvm 0o (1)

* = [ =t (x)dx

The exact int.. ral values (10), obtained for difterent distributions
are listed in Table 2. A comparison with the approximate values gives
us a feeling for the precision of the considered approximation of these

distributions.

2.2 The Selection of the Optimum Number of Resonances

In order to obtain X;, the neutron width distribution was divided
into an optimum number of intervals n. For a more exact description
of this distribution, it is necessary to break it up into more inter-
vals, On the other hand, a more detailed subdivision of the distribution
range generates an increased number of effective resonances, which
proportionaly increases the computing time of the cross—section energy
dependence for each 8pin state of every nucleus being investigated;
in other words, the method becomes unsuitable for large scale calculations
Also, as will be shown below, as one increases the number of intervals,
it becomes more difficult to order the resonances in a given seguence.

Values of X;were found for the -G}x) distribution for different
numbers of intervals, namely, for n= 4,8,10,20 and 50 (see Table 3).
The results of the calculations of f (x) with different number of
intervals (n) and their comparison with the exact values (n-woo),

taken from Table 2, are shown in Table 4. The comparison of the
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function
x [ X fyde s 1B &L-d(E)] (2)

(-4

with exact values, for 7 = 1, is given in Table 5.

On the basis of the results given in Tables 4 and 5, it was decided

to stop at 20 resonances. Another factor which influenced tais
decision is the fact that the URAN Programme 2 , which will be used
in the future to calculate the energy dependence of the cross—-section,
considers the influence of 10 levels lying on either side of each
resonance being calculated. It must be noted that if -0 resonances

are enough to describe the fl—distribution, this number of resonances
is certainly enough to describe the more '"nmarrow" distributions

8

the f, and £, distribution in the case of 20 resonances (n = 20) are

% (n>1) and f « The results of the calculations of Ui and X; for
[

listed in Table 6. The comparison of the exact values with the
approximations leads to the conclusion that 20 resonances suffice to
describe the considered distributions. For the f-distribution, this
can be seen in Table 4, for the f3—distribution the deviation from

the exact solution is (-0.3%) even for x2.
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3. Quasi-Rzndom Sequence of Resonances

3.1 Sequential Ordering of Resonances by Widths

After selecting a resonance sequence which satisfies the width and
level spacing distributions, it is necessary to order the X, values
(Table 4) in a "most random fashion". In the case of the assumed
sequential order of chosen resonances, it is particularly essential to
avoid correlation between the widths of neighboring resonances. In order
to satisfy this condition, it will be necessary that the assumed sequen-—
tial order describes the theoretical distribution of the neighboring
resonance width dependence as well as possible. The latter can be easily
achieved if one assumes that the resonance widths are not correlated.

In this case, the distribution of Z = X/Y is:

F(z) = Tix[x (=)] % Lyl d xgz.g'l cly (13)

Where fx and fy are distributions which are a function of x° and.)f.

L ad

F(2)- i xx(gz);f%(g)gdj (14)

For the case when ¥ and)y are widths of neighboring resonances, then

o= A
Ti- and )/ = TTT

Then,

fx(x) and fy(y) are distributions of the form £,

4
T (=) STz (2+d) (25)
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o
It is easy to check that the normalization condition j I (Z) e 1
°

(Equation 16) is satisfied.

The F(z) distribution, just as f(x) can be subdivided into intervals.

For the interval boundaries ij and the mean values ZK in the interval

(d

can be obtained from the following equation:

tg" ()

Zé.k (17)
Where K = number of the interval
M = total nunber of intervals
-y
= M T = .Z_hl - -—
Zom [z Fode- 2 [z Zo)-t o
TP

The results of the calculation of Zb,u and Zk for n = 10 are given in

Table 7.

In the process of sequentially ordering the chosen resonances according
to their widths, they were separated into two groups. All X, . _,

resonances were assigned to the first group and all x2k resonances were

assigned to the second group; where X.k is the sequence of the values

according to their increasing magnitude (see Table 6).

It was assumed that in the case of a random sequence, the resonances of
these groups must alternate. Furthermore, a wmatrix A;_‘\ s Whose terms
were equal to

a.. = xi/x_ where i =(2k - 1)and j = 2k (19)
L4 J

was constructed for every set of 20 resonances. A4 the same time, it
was necessary to determine to which "K" Group, the piece-wise continuous
3— (2) approximating function belonged. The resulting A‘.j and the
distribution of a‘j according to groups ( Bf_i Matrix) are given in

Tables 8 and 9.

It was then necessary to choose two sequences of a‘ from the Alj Matrix,
[ ]

each of which satisfied the following two conditionss
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1. That each Group "K" would contain one pair of resonances

(i.e. By w@lein)

2. That each resonance is considered only once.

In this case, tor each resonance, it will be determined which
resonance lies to its right (tae first aksequence), and which to its
lett (the second @, sequence). These two sequences cannot overlap at
any point, otherwise it can happen that a given resonance level lies
both to the left and to the right of the given resonances.

Figure 1 gives the F(z) distribution for fl and the 10 group
description of this function for the finally determined élK sequence,
is shown in Table 9. From this curve it can be seen how well the
chosen resonance ordering sequence describes the theoretical Srfaj
distribution. The final sequence of the x:f:/!':,"— values for the

case of twenty resonances is given in Table 10.

3.2 The distribution of distances between resonances

Having determined the resonance sequence according to tueir widths,
it is now necessary to find the most likely distribution of the distances
from one resonance to another, based on the chosen inter-resonance
distances (D) (see f in Table 8). This is important so as to correctly
account for the fluctuations in the interfering terms. The distribu-
tions of the relationship of the resonance widths to the distances

between them and to that of the preceeding levels have been described.

Definings: Ke

n\lﬂ
~
“

{ - ;’f—— (20)
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It is agsumed that X is a function of {-(x), and that ;/ is a function
\

of {’ 97))and that they are independent. It results then, that
8

LO4[E w08, @

3
The theoretical distributicul{f(f) was obtained by nummerically

integrating expression (21). The differential distributionjé yielded

the integral
. R o
5?_'3 = (§ 25 (2 ’) ¢ gl (22)

which was subdivided into 20 groups in accordance with the chosen

numbser of resonances. In order to obtain the earlier values of X;

and )1 sy & Matrix with the following terms was constructed

§. - X /y_. (23)

J

Then, in the same manner in which it was done for the otherx
distributions, 20 values osz sy which describe the distrubtion well
enough (see Figure 2), were chosen from the set of S‘j values. The
resonances were thus distributed according to the distances between
them. The values of x’=EL,/t? , and the corresponding values of

)/ =]%K§; for 20 resonances are listed in Table 10.

The above described method can be used to account for the
fluctuation of the fission width E for known nummbers of channels,
as well as for the fluctuation of the neutron width D. Since this
1eport had primarily a methodological character, only the fluctuation
of T and D have been investigated, i.e. the results obtained here

are pertinent to non-fissionable nuclei.



4. The Method to Calculate Group Cross—-sections

On the basis of known averagze parameters, such as q ,1), S;,etc..”
as well as selected values of X and b4 (Table 10), it has been
possible to construct quasi-random sequences of resonances for every
state of a given nucleus. For instance, for U-238 in the region where
the d-wave does not have any contribution, this state is ((==o,¢'= V?)
and (£=1 s+ J = 3/2). 1In principle it is possible to take intc account
any number of states which contribute to the group values of a given
element. Furthermore, using a computer programme like URAN (see reference
2) for each of the i-states it is possible to calculate transmission as

a function of thickness (t), thus
_P‘.sti_'t'
T4, (b= fe olu

by
&
-f: sti{. (24)

‘TC_; (J‘—)?'JA?—;; e oLu,
b

where ZE&Ll — the width of the considered energy group in
a' units of lethargy

G;,GQ. - the total and capture cross~sections as a
’ function of energy

fz -~ density of the considered nuclei
From this notation it follows that it is possible to perform the
same calculations for mixtures of nuclei. Following the evaluation of
‘ft; and 12: for each of the components, one determines then the
transmission values for the given element. However, since the different
states are correlated, it is advisable to use the following transfor-

mations.

Tf(i) :fa.é&é

AU,n (25)
-Zp; Gi: t
L= | au(ze)e™” ™ S UATEEYT0]

’

-'iZ,PLO'J;i
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Sp—
Similarly, just as for /,(¢), it is possible to calculate

transmissions 7g (¥) and Z?(f) for scattering and fission.

The transmission values for each considered element were
calculated for various temperatures. From these, it is possible to
L . ! Ge
obtuin average group characteristics such as -afr and 7;:—

+

by integration of the transmissions over the thicknesses (Ref—l).

Finally, depending on the given problem it is also possible to
calculate resonance self-shielding factors for cross-sections at
difterent temperatures and dilutions (Reference 2), or sub-group

parameters (Reference 4).



~-40-

REFERENCES

1. S. Collatz. Kernenergie, II, I, 1968.

2. L.P., Abagyan, M.N. Nikolaev, L.V. Petrova.

USSR Nuclear Data Centre Bulletin,
Vol. 4, 392 (1967).

3. P. Creebler, B.A, Hutchins. "Physics of fast and
intermediate reactors". Vienna, 18/59, 1961.

4. M.N. Nikolaev, Z.F. Chochlov,

USSR Nuclear Data Centre Bulletin,
Vol. 4, 420 (1967)



Equations for Calculation Ui and X
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igble 4

i
Distribution type

The type of
distributior

1, (x)

—

PUE) = £,
Tl (/e ¥ fFeE)

£ (z)

w, = Ln(+73);

[

Z; = (w2 1)e™™ . (yet)e="],

f (4

N 2 fBq, =~34 -
C/z)(rid‘:)‘i'/-i—”‘e T oL

2= g [PUEw)- @ (/Fas)L

Gar (V5 €™ % (103/3) - /2,0 ¥ 0.,+3/3)]

7/9/3'/

(2uiet) e - 7%,

o 2n /(2 247 o™ (i )€

o () i s
X, = n ¢(2@4J_¢/.‘£.iz/‘-,,)-@ e-%fa ,6'- :'7]
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TABIE 2

of Different Moments.

{, (z) | 4 (x) {a (=) £, (x) £s ()

— 4 V;. 2/ 3.7

= | V& = |5 | 2Vz

o~ 2 3 RAN FIRN BN
Nz | 2V7 7 o TViv |z V47

=T £ 3 kd
x 3 z 3 F) T
TAEQE 3

Values of Xi

for the

f1 - Distribution.

:S%a X1 & ; T:Q) 20 |, S0

110.0332 |1}0.00817] 1|0.00522) 1{0.00134| 1{0.0002 |21{0.290 | 41!1.72
210.2521 {2/0.05573] 2]0.03598] 2}0.00915| 2]0.00169 |22]0.328 | 42{1.88
310.3203 | 3]0.1781 | 3{0.IC44 | 3{0.02502| 3{0.00383 |23{0.354 | 43{2.12
42,3944 |410.338 | 4]0.2116 | 4]|0.04922] 4]0.00907 | 24{0.394 | 44{2.25
510.610 | 5(0.356I | 5{0.08217| 5/0.01I6I |25|0.425 | 45|2.55
6]1.03 6[0.5743 | 6]0.I241 | 6}0.0I98 |26|0.487 | 46{2.88
11.77 710.879¢ | 7{0.1763 | 7]0.0273 |27]|0.526 | 47|3.29
314,01 8l1.335 | 8|0.2392 | 8]0.0330 |28{0.566 | 48|3.85
9{2.105 | 9|0.3I5I | 9|0.0483 |29|0.628 | 49|4.74
10|4.393 |10]0.4071 |10]0.6531I |30(0.673 | 50(7.17

II10.5112 |11]0:0760 |3Z|0.746

I2]0.6376 |12]|0:0866 |32{0.802

13]0.7881 {13 ]0:0990 |33|0.870

1410.9704 |14(0.1I99 | 3%{0.944

15(1.19% |16]0.1379 . |35|1.034

16|1.476 |I6{0.1441 |36(I.I2

I711.846 |17]0.1949 |37]I.23

182.368 |[18(0.2I02 {38]1.32

19]3.203 |1310.2575 |39(I.44

s im T wndn Acn LN AT CQ
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IABLE 4

Comparison of Approximste
with the Exact Values

Values

1

of Moments
for the f. Distribution

Comparison of Approximate Values of

2
A +a

S =
T+ 0O

with the exact values £0r +the f, Distribution

‘<;2;\~lt\ 4 8 I0 20 50 o2
0.000I | 0.999 | 0.998 | 0.998 | 0.996 | 0.991 | 0.988
0.00I | 0.992 | 0.984 | 0.980 | 0.976 | 0.964 | 0.958
0.003 | 0.978 | 0.958 | 0.952 | 0.948 | 0.938 | 0.937
0.0I 0.939 | 0.907 | 0.901 | 0.900 | 0.894 | 0.893
0.026 | 0.880 | 0.852 | 0.849 | 0.845 | 0.844 | 0.844
0.05I | 0.828 | 0.807 | 0.804 | 0.80I | 0.800 | 0.800
0.1 0.776 | 0.762 | 0.759 | 0.758 | 0.755 | 0.755
0.2 0.731 | 0.718 | 0.715 | 0.713 | 0.712 | 0.7I2
0.3 0.7I3 | G.70I | 0.698 | 0.696 | 0.69% | 0.69%
0.5 0.702 | 0.688 | 0.685 | 0.683 | 0.682 | 0.682
1.0 0.713 | 0.698 | 0.694 | 0.690 | 0.690 | 0.690
2.0 0.758 | 0.738 | 0.734 | 0.729 | 0.726 | 0.726
3.0 0.794 | 0.773 | 0.768 | 0.763 | 0.76I | 0.761
5.0 0.843 | 0.822 | 0.818 | 0.812 | 0.809 | 0.806
10.0 0.903 | 0.886 | 0.882 | 0.876 | 0.873 | 0.868
30.0 0.961 | 0.953 | 0.95I | 0.947 | 0.945 | 0.930
100, 0.988 | 0.985 | 0.984 ' 0.982 | 0.982 | 0.980

Number of
imtervals 4 8 10 20 50
= 0.8229 0.8073| 0.8039) 0.800I| 0.7989 | 0.7979
deviation(g) 3.12 | 1.18 | 0,75 0.28 0.13 -
X Vx I.449| I.524 | 1I.542 | I.570 | I.584 | I.596
deviation (%) -9.2I | -4.51 | -3.38 |-1.63 |-0.75 -
x2 2.279| 2.599 | 2.680 | 2.831 | 2.921 | 3
deviation (7%)=-24.0 ~I3.4 -10.7 =5.6 -2.6 -
TABLE




- )
14 4'5
u oy i VR B Wowe |oxe i) owe | o>
v
| - i0.0639{0.00134 | II{0.5706{0.5I12 1]/0.255510.1694 {I1]1.008{0.9732
{ 220.0158 0.0091I5 | I2|0.7083| 0.6376 210.3663|0.3I42 {I2|1.080(1.0436
. 5]¢.0358{0.02502 |13|0.8734}0.788I 310.454910.4II0 {I3(I.I56(1.1II9
E ’450.@642 0.04922 | I4|I.074 | 0.9701 410.533010.4952 {I4{1.238({1.197
i 5:0,I01510.08217 |I511.323 | I.194 510.6052}0.5692 | I5|1.329|1.282
i D!U.I485 0.1241 IclI.642 | I.476 61{0.6739|0.6404 |I6|I.432|1.378
. 710.205910.1763 |17(2.072 | 1.846 710.740610.7070 | I7{1.554]1.492
; 8'0.2’?50 0.2392 I8 1|2.706 | 2.368 810.8065{0.7728 | I8|1.712|1.628
! 9’u.3573 0.3I51 I93.841 | 3.203 910.8725}0.8400 | I9(1.953|1.822
iIC‘;O 454910.407I (20| oo 5.577 I0|10.239410.9060 | 20| o |2.240
TABLE
Values of Z%,L'& and Zk for k=20
N - -
‘ < I el 3 4 5 © 7 8 S 10
}Zop,H0.0253| 0.7056 |0.259 | 0.5279 |1.000 {1.894 | 3.852 |9.472 |39.86| o=
’?x 0.0083| 0.0601 |0.1752 | 0.3818 | 0.7408]1.396 | 2.733 |6.095 | I9.60{ -—
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TABLE 6

Values of Ui and Xi for n=20 ofthe f; and fi Distribution




The Matrix AiJ for 20 Resonances

I 2 3 4 5 6 7 8 9 10

\dK-{

» I 3 5 7 9 II I3 IS 17 19
2 6.85 0.366 0.II1 | 0.05I9 0.0290 0.0179 | 0.0II6 | O.uu766 | 0.00496 | 0.UG286
4 36.7 1.97 0.599 1 0.279 0.156 0.0963 | 0.0625 | 0.0412 0.0267 0.0154
6 92.6 4.% 1.51 0.704 0.394 0.243 0.157 0.I04 0.0672 0.03567
8 179 9.56 2.91 I.36 0.759 0.468 0.304 0.200 0.130 0.G747

10 304 16.3 4.95 2,31 1.29 0.7% 0.517 0.341 0.221 0.127

12 L6 25.5 7.76 3.62 2.02 I.25 0.809 0.534 0.345 0.1I99

I4 724 38.8 11.8 5.50 3.08 I.90 I.23 0.813 0.526 0.303

Ie | 1101 59.0 18.0 8.37 4.68 2.89 1.87 I.24 0.799 0.461

I8 | I766 94.6 28.8 13.4 7.51 4.63 3000 1.98 1.28 0.739

20 | 4162 223 67.9 31.6 17.7 10.9 7.08 4.67 3.02 I.74

-
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TABLE 9

The ¥Matrix B“ for 20 Resonanoces

2t 1 {3 | s|7| 9] 1z 13 15| T2 19
2 | 8 |s | 3|l2|@IE@|1l1|1!1
4 9 |7 |Bllal3]|2]2t2]2 |Q@
6 | I0 | 8 5@#33%{22
8 |10 | 9| 7[6|5]|4 312
I0 |10 | 9 8765%43
12 10%7 7165|514 |3
I+ | 10 ol 8|[@i7 6!5 |4 |4
6 |[10|10| 9@ 8@ 6|65
18 |[[Toj|10 | 9| 9|8 |87 7|®)5
20 | |10 |10/ 9t9|9|8]s8 7@

O, O -selected resonance sequences

TABLE 10
Values of X = 7':: and }g g for 20 Resonances
T
x Y ) v ocC 4
2 5.577 555 12 |Xp = L.476 " Yeor
2 5. 205 L'gll':‘i"”z'sg“ T [, = 01763 |21~ T.04%6
E 0.04922 315: T T4 | X, = 0.141 | —412° 53147
5| 0.08217 _41s= 1-17 5 | Xqo= 1.196 | —f2 - —°
- —y, = 0.7070 Yo = 0.B400
& | X 1,= 0.6576 b 16 | Xg = 0.2392 e
75 = 0.02502 | $16° 20 7 | Xyp= 0.7881 |45° 2o
I STok B LA S i 8 [ Xqp= 0-6071 |41 =]
5 |y = 03151} 318: e T [ X Lo 46 -
0.5 13° 2 Ny Sppreay 2 - o]
0] X, = 0.00915 g 090 20 | X 1g= 2-368 o 2290
L
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1. introduction

In fast power reactors using ceramic fuel and sodium coolant, the
Doppler effect or the temperature coefficient of reactivity is the basic
factor which compensates for any increase in reactivity during accidental
ejection of sodium from the core. For this reason, a fairly accurate
knowledge of these competing factors is essential if we are to make reliable
assessments of nuclear safety in power stiations using fast reactors. The
most difficult problem is to calculate the Doppler effect as our information
about the average resonance parameters which determine the Doppler effect in
the unresolved resonance region (very important in the case of fast reactors)
is not very reliable. Hence there arose the problem of carrying out sufficiently
direct measurements of the parameters which govern the Doppler effect on the
main isotopes undergoing fission -~ over the whole energy range where this
effect occurs. The present work aims at a solution of this problem. As the
first object of study we chose 238U, which accounts for 205 of the total

Doppler effect in fast power reactors.
2. Method

In the resonance region, capture and scattering cross-sections and the
diffusion coefficient of the medium, averaged over the neutron spectrum, can
be represented as shown below in expressions (1) and (2), with the approximation
of constant collision density and isotropic scattering(which is justified in the

case under consideration):

T ) Ze>
<A /Zt> (1a)

C

LT/ Te>
s L) T, > (11)

(M



-51-

A ™
D (1c)
3 <4/ Z,>

Here the angular brackets denote averaging over an energy range containing
many resonances but narrow enough for the energy dependence of the mean
resonance parameters or collision density to have little effect on the results
of averaging. A bar above the symbols indicates that they are effective
parameters of the medium with which the resonance-averaged neutron flux can

be calculated.

Doppler broadening of the resonances changes the results of averaging,
i.e. it changes the effective parameters and hence the multiplying properties

of the medium.

238

Let us assume that U is the only resonance absorber in the medium over

the energy range considered. Then,

8

+Z gL <">
<§- /Z> (8Té>n-‘§=8 <Zt> (2)

2
Here the superscript 8 denotes that the quantity relates to 38U,gn is the

density of nuclei of the n kind and

o= 2 2 p. <S> (3)
§8 Wiy

is the "cross-section of dilution" of 238U by other components of the medium.

The temperature dependence of <ZC/£%:>is given, under the conditions considered
here, by the first term on the right-hand side of expression (2). In the same
way, we can also represent other average qualities on the right-hand sides of
the equétions in (1). Thus, to determine the temperature dependence of the
effective macroscopic parameters in (1) which are governed by the Doppler

238

effect on U, we need to know the average values of



<

¢
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(4)

as a function of the mean energy of the averaging interval - generally

speaking for any values of o, -

The quantities in expression (4) can be written as integrals of the
transmission functions T(t) and Tx(t) for a beam of neutrons (‘iistributed
over the energy range 4 E, the averaging interval) passing through filters
of the material under study with thickness t, measured in "good" geometry
by means of a deiector with constant energy sensitivity (T(t)) or a
detector which registers x~type reactions in a thin sample of the material

located beyond the filter (Tx(t)):
U

- M, t
1 1 b -1 °
- ol t
(6f +¢.)" > (n-a)! gt Ftoe (52)

Ne L

& oo. ~ o
égi"‘ S = (s8> £Tx(b)€ At (5b)
‘e o

where g
Ne “(€)+t
T(ty=2 (e V%6
AE AE . (63,)
- Nef(e) t
P ke e tdE
T () - L& (6b)
fdxg (g) dE
AE
The purpose of the present study is to measure the functions T(t) and

238

Tx(t) and their temperature dependence, mainly for U. So far the temperature

dependence of T(t) has been measured at energies up to 120 keV (i.e. over the

2 . .o
whole energy range where the Doppler effect on 38U is significant) and a
preliminary analysis of the results has been performed. Tentative measurements

of Tc(t) have also been carried out.

3. Experimental lay-out

The experimental lay-out is shown in Fig, 1, A beam of neutrons from the
core of the IBR pulsed fast reactor was passed through an evacuated neutron tube

+0 fall on a detector installed at a path length of 1000 m. A vacuum furnace
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containing a set of metallic uranium samples 1-128 mm in thickness and 195 mm

in diameter was placed at a distance of 75 m from the reactor in a gap in the
neutron tube. Before reaching the furnace, the neutron beam was narrowed to a
diameter of 50-180 mm by a collimator. The transmission functions were measured
at room temperature as were the variations in these functions wiih rising
temperature up to 770 + 30°C. The variations were determinad by alternate
measvrements of the count rate from hot and cold samples of equal thickness

(the latter installed outside the furnace, since heating and especially cooling
of the samples inside the furnace required a lot of time). A liguid scintillation
detector_Z—};7 with a scintillator surface area of 800 cm2 was used for these
measurements. The efficiency of the detector was almost independent of energy
and amounted to about 30% at 10 keV.

We also performed preliminary rough measurements of the "capture" trans-
mission functions Tc(t), using a liquid scintillation detector / 4 / in which
the ratio between the gamma-ray and scattered-neutron detection efficiencies
was about 150. The detector was placed at a path length of 240 m. The results
thus obtained are not, however, sufficiently reliable owing to the high back-
ground level and the difficulty of calculating it. In future, we intend io
use improved detectors for measuring the Tc(t) functions. For the basic
measurements the IBR was operated in two régimes — in pulsed reactor and in
microtron conditions. In the first case, the average power of the reactior
was n = 3 ki, neutron burst frequency was £ = 5 ¢/s and burst width at half-
height T = 60 pusec. In the second case, the reactor worked as a booster multi-
plying the neutrons generated in the target oi an electron microtron accelerator.
Here n = 0.6 kW, f = 50 ¢/s and ¥ = 3 usec., The resolution, with allowance for
the time-channel width of the analyser, was 68 nsec/m in pulsed reactor operation
and 3.5 nsec in microtron operation.

For time analysis of the pulses from the detector 2048- and 4096-channel
analysers were used, and the information thus obtained was transmitted to a

Minsk-2 computer for preliminary processing.

4. Background and other corrections

The intrinsic background of the detector was highly stable and could easily
be taken into account. Let us denote by N(t) the count rate of the detector

in some time-channel, minus the intrinsic background, when the beam passes
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through a filter of thickness t. Let @ (t) be the proportion of background
pulses due to the operation of the reactor in relation to the total count rate

of the detector. We then have, for the channel under consideration,

N(o) fq—d(o)j v (0) A ~ = (9)

T(*) =

vet) [1— =<()] ML) oc('t)‘ot(o)]
= A
(N

The values of a(t) were determined by means of resonance filters (manganese,
iron, sodium, aluminium and uranium-238 filters) up to an energy of 7 keV
in the case of pulsed reactor operations and up to 35 keV in microtron
operations for thicknesses of tg64 mm. It was found that the background
accounted for 10-20% of the total count rateand, within an error of about 2%, did
not depend on filter thickness in the above-mentioned thickness and energy
ranges. It was assumed that the backgrourd would continue to be independent
of thickness at t § 64 mm for higher energies as well, but the validity of
this assumption diminishes with increasing energy and the accuracy is only
+ 4%k at B ~ 100 keV. This very slight dependence of the background on
thickness is due to the weak energy dependence of transmission for thicknesses
up to 64 mm: average transmission for energies in the 1-100 keV range differs
from the maximum by only 15h. Since the background itself accounts for 15%
of the total number of pulses, the difference betwean background attenuation and
neutron attenuation in the filters should not exceed 20%.

The background was not measured with thicker filters. However, for t = 128 mm
the quantities measured were not the transmission functions themselves but their

ratios:

T (t.) N (ta) [4 el ~ 2(ty)

1 . _ " 8)
T (k) V() A= wlta) (

Here tl—tz was not more than 64 mm. Therefore, the term in square vrackets

in expression (8) could also be taken as equal to unity, with the same accuracy.
Apart from the background correction - which, as has been pointed out, effects

only the error and not the quantity being determined, T(t) - corrections for

counting losses were made in the count rate. When transmission functions for

relatively small thicknesses (t = 32} 64 mm) were being measured in pulsed reactor
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conditions in the high-energy range, these corrections were sometimes very
considerable and highly approximate owing to the time dependence oi the
dead time of the recording system, which resulted from overloading of the
detector. To eliminate overloading we had to reduce the intensity by
collimating the beam and attenuating it with a lcad filter. There was no

detector overloading during microtron operation.

The change in transmission with heating of the filter is due not only to
the Doppler effect but also to the reduction in filter thickness which
accompanies thermal expansion: t — t (1 - 2248 ) where a is the linear
coefficient of thermal expansion and 29 1is the temperature increment. Thus,
a hot sample represents a somewhat thinner filter than a cocld sample. The
experimental results were not corrected for filters of different thicknesses,

a fact which should be taken into consideration when these data are used.

5. Results of measurement

Tables 1 and 2 show measured transmission functions for thicknesses up
to 256 mm and the temperature~induced variations in these functions. The
results are given for fairly wide neutron groups so as to reduce the effect

of statistical fluctuations in neutron widths and level spacings.

The effect of these fluctuations can be seen in Figs 2 and 3, which
show the temperature variation of the transmission function versus neutron
energy for thicknesses of 20, 32, 64 and 128 mm (with a more detailed energy
break-down than in Table 2). It is interesting to note that all characteristics
of the temperature variation of T(t) falling outside the limits of error
correlate with the characteristics of the erergy dependence of T(+t) for large t

(i.e. a large Doppler effect corresponds to the minima in the total cross-section).

Fig. 4 shows the energy dependence of the temperature variation of
"capture” transmission: Tc(s mm, 20°C)/TC(8ﬂMH 770%).

The temperature effect in all the transmission curves changes sign as
energy increases. In the case of the normal transmission functions this is
wholly due to the effect of thermal expansion, which is opposite in sign to
the Doppler effect on T(t). However, the effect of Doppler broadening on
Tc(t) can also change its sign.



56—

The transmission functions thus obtained, after correction for thermal
expansion of the filters, can be used directly for calculating
< l/(ot8 + 00)n>' by formulas similar to (5a):

o
< (44_.-:40)" >=uj-_4>! fth-z’,-~‘°+[5c(t)+2x43§-§.e]dt )

Here, Ty°(t) = Kpg(t)Tg (%)

where Kpg is the experimentally measured ratio of the itransmissions obtained
when the temperature of the sample is changed from room temperature (30) to
temperature 9; and TSO(t) is transmission at room temperature. It must be
borne in mind here that for large thicknesses the transmissionsibb(t)
have to be calculated as products of a whole series ot experimentally measured
transmission ratios; the accuracy is accordingly reduced owing to statistical
errors and the accumulation of possible systematic errors associated witn
inaccurate background correction (in the case of thin samples @(t) —a%L§l

1l - o
may differ appreciably from zero). Therefore, the accuracy of the quantities
in expression (5a) will diminish rapidly with increasing n owing to the
greater significance of the values of T(t) for large t, which involve
correspondingly large errors. However, when n = 1 and 2 the accuracy with
which the integrals are calculated should be fairly high (1-3%, according

to evaluations).

To enable the data to be used in tnis manner, we are now subjecting the
transmission functions to mathematical processing with a view to representing
them as the sum of two or three exponents. The parameters required for this
presentation have not yet been fully determined.

238

6. Detemination of average resonance parameters for U

As has been pointed out, the information we now have on the cross-section

238

structure of U is not adequate for direct determination of the necessary
average characteristics by the formulas in expression (5), since we have not
yet measured the functions Tc(t). We can, however, try to use the whole set
of data obtained thus far to determine the average resonance parameters for
23%1 and to calculate, with their help, the quantities of interest. In any
case determmination of the average resonance parameters naturally has an

independent value of its own.
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We shall denote the whole set of 102 experimental quantities given in
Tables 1 and 2 by yfy and select by the method of least squares that group
of average resonance parameters which best describes this set. The group of

resonance parameters to be determined consists of:
- the average reduced neutron width for s-waves -l:z H
- tne average reduced neutron width for p-waves - F§ 3
n

- the average spacing between the s-levels of the compound
nucleus - p 3
o

- the potential scattering cross-section normalized for zero neutron
energy -Upo; and

- the average radiation width - py .

For the energy dependences of the widths and potential scattering the

following equalities were assumed:

— —o — _ -—QQ — ) i _ 1. -1- ‘
Moo = Tha VE_',' r:\/.‘lruvg Ve, €p " YW X STw (RR')
(&R)

1+ (RR)"
R' being determined from the condition Ob(E = O)= o

Va s g (4= R X g () ST

/

po
The spin dependence of D was taken equal to
—_ J+
DJ = -_.D e QAT
2 J+4
2 " =2..5/3 i .
where 0~ = 11210 °*A . The spin dependence of the p-resonance widths was

determined from the condition of the spin dependence of the strength functions:

—

(r..:) _ (m")
’.D— J= ‘i _5 '\‘3"'

Fluctuations of radiation width were ignored; fluctuations in neutron widths

were described by the Porter-Thomas method by'X2-distribution with one degree
of freedom, and the distribution of level spacings by an X2-distribution with
ten degrees of freedom. Let us now denote all the parameters of interest by a
vector @ with components e.J.. The values of these parameters are then determined

from the minimization condition of the functional

©; (9)
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*P are values offX} calculated by means of the set of

- e
where xi(a) andy ;
average resonance parameters and experimentally hydetermined values of {x } '

respectively; and.Ui represents the errors in X (see Tables 1 and 2).

The transmission values in terms of which the values of {x:l are
expressed were calculated by means of an algorithm described in Ref-[~5;7.
The average value of the transmission function in (6a) can be calculated by
integrating exp(-Nott) over energy in the region between resonances and over
the width of each level (neglecting the contribution of other resonances).

In the algorithm used here, it was possible to reduce the quadruple.
integration needed for this procedure to a calculation of two double integrals,
given the properties of the X2—distribution with ten degrees of freedom. The
cross—-sections were calculated by means of the single-level Breit-Wigner
formula; and the resonances were additively superimposed on each other. Since
the cross-sections were calculated only between resonances, none of the com-
binations of widths and resonance spacing could give rise to negative cross—

sections.

In calculating the observed temperature variations of the transmission
functions, we also took account of the effect of thermal expansion of the
samples. For this purpose the coefficient of linear expansion was taken as
23 x1070/%.

The MIREPA programme for minimization of the quadratic functional in (Y)
was written in the ALGOL-60 language. In order to find the miniwum, we need
to solve the system of normal equations obtained from the condition that the
derivatives of S for parameters aj(j =1, 2 ....n) are equal to zero. This
system of non-linear equations was solved in the MIREPA programme by a linear—
ization method which consisted in expanding the non-linear functions in a Taylor
series around the chosen test vector 2.» Once the vector-al has been found
(in a first approximation) by solving the resultant linear problem, we repeat
the expansion of the functions, this time around the vector 5&. If the zero

approximation is correctly chosen, this iteration process converges rapidly.

Since it proved an extremely cumbersome operation to calculats the
coefficients of the system of normal equations in our case, We confined
ourselves as a rule to only one or two iterations and subsequently refined

the solutions by determining the approximate minimum of the functional S
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-

along the vector 6_5.1: if S(_a'.l)<S(-8-o), we calculated 5(31 +5—a'1) where
531 =.31 —'30 and determined the point'32 corresponding to the minimum
of a parabola passing through the three points found. In cases where

5@ )> s('a'o), the third point was calculated ford =3,

+-§52.

The dispersion of the parameters is determined by the diagonal
elements of a matrix reciprocal to the matrix of the system of normal
equations. The dispersion values calculated in this way do not allow
for the fact that the values of‘xeJCp are obtained by averaging over the
final number of levels and therefore differ from the general average
values. Possible systematic errors in the experimental results are
not taken into account either. To allow for the effect of these
factors, we multiplied the diagonal elements by Sminxb—n)lwhere Smin
is some minimum value, m the number of points and n the number of
parameters. When there are no random errors and no random deviations
of xieXP, from the general averages due to the finite number of resonances
in the energy grouPS,Smin/(m—n): 1 . In our case Smin/(m—n) was of the
order of 3. As will be seen later, this high value of Smin/(m—n) is

due to systematic errors in calculation or experiment.

The results of the calculations are given in the first column of
Table 3. The fifth column gives the figures recommended by Schmidt on
the basis of his analysis of data on the parameters of the resolved levels
of 238U Z76_7. One is struck by the good agreement between the values
of the s-wave strength function and the potential scattering cross-section,
which naturally emerge most reliably from total cross-section data.
Substantial discrepancies are found between the values for the remaining
parameters ~ particularly large in the case of the p-wave strength
function. Here, however, we must bear in mind that the errors given
in Table 3 - especially the large errors, as in ?2 - may by nature depart
substantially from the Gaussian; in particular, the probability of
deviation from the average by a quantity greater than the error itself
can appreciably exceed the probability that would follow from a Gaussian
distribution (0.682). Therefore, to find the accuracy with which these
parameters have been determined, we need to perform a whole series of
calculations, keeping one or more of the parameters constant. The
preliminary results of these calculations (one iteration) are given in
columns 2, 3 and 4 of Table 3. It will be seen that a deviation of D

and i; from the most probable values, even by two to three times the
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root-mean-square error, leads to a comparatively small increase in
Smiﬁ?m—n); moreover the s-wave strength function and the potential
scattering cross—-section, are affected very little when these parameters are
kept constant at the levels mentioned, though the effect of this procedure

on the p-wave strength function can be very ccnsiderable,

Let us now examine the problem of Smin/(m—n) and consider why it differs
from unity. Aralysis shows that deviations of the average values in the
energy groups of a finite width from the general averages cannot result in
values of Smin/(m-n) substantially higher than 1l.5. Therefore, the reasons
why the sum of the standard deviations exceeds the expected level must be
sought in systematic deviations between the calculated and experimental
values of X;* Such deviations have in fact been found. Thus, the
experimentally determined transmission values for a filter thickness of
1 mm have been found to be systematically lower than the calculated values
by factors of 1-5 (3 on average) times the error. For t = 2 mm, the
deviations drop to 1.5 times the root—-mean-square error, but remain systematic
as before. This means that the average cross-sections determined from the slope
of the initial segments of the transmission curves appear systematically
higher than those calculated from average resonance parameters, evaluated

on the basis of the whole set of data.

Systematic deviations also occur in the values obtained for the

temperature variation of the transmission functions (see Fig. 2).

The systematic deviations mentioned above may be due to experimental
errors as well as to imperfections in the calculation model. TFor example,
the high value of the average cross-sections may be due to hydration of
the surface of the cold uranium samples: absence of hydration was not
verifiede Nor do we know for suwre how neglecting inter-resonance

interference in the calculating model affects the results of calculation.

The study of these and other possible reasons for the above-mentioned
systematic deviations is now just beginning. Therefore, the experimental

results presented in this paper should be regarded as preliminary.



Experimental transmission values for
background of the detector and reector background)

Table 1

238

U (corrected for dead time, intrinsic

Thicknesses are given in millimetres

T(160 T(192 T(22%

Egr(keV) 313 2(2) 04) e T16) T(52) TE6s) 1(126) T:m; T:m; ,gmg
0.46-1.85  0,900%0.000 0.860%0,006 0.76420.016 C.63620.010 0.812%0,011 0.200%0.014 0.050520.0060 0,0u4810,0016 0.49120.050 0.56520.060 0.585%0.060
0.105-3,30 .0.90020,005 0.84820.009 0.76610,013 0,59410,010 0.384%0.002 0.209%0.012 0.0511%0,0050 0.012020.0020 0.631%20.060 0.68720.060 0.768%0.060
3.30-6,85 0,91220.007 0.872%0.006 0.773%0.011 0,594%5.0C8. 0.37220.009 0.16510.011 0.03%6%0.0035 0.0045%0.0009 0.458%0.050 0.56120.050 0.61620.050
€.05-13,50 0.916%0.005 0,86720.008 0,77320.018 0.609%0.010 0.37520.609 0.16510.011 0.03450.0035 0.0034%0,0008 0.37720.050 0.473£0.050 0.51520,050
113.5-21.8 - 0.925%0.008 0.870%0.006 0.78610.625 0.61330.007 D0.387%0.022 0.15620.0I8  0.032810.00AB 0.002430.0009 D.34510.040 - 0.43510.CA0 0.4B920,040
218490 0.928%0.006 0,881%0,010 0.760%0.008 0.657%),0C6 0.800.010 0.165%0,610 0.035210.0030 0.002310.0008 0.330%0.030 0.38310,040 0,MAOL0.0N0
0.8C920.010 0.662%0.010 0.4220,020 0.18210.015 ©.057020.0030 0.002310.0006 0.31820,030 0.345%0.030 0.36520.040

149,0-120  0,93620.009 0.88320,009




Table 2

Experimental values of temperature-induced transmission variations (T,~0 /T ,)
238 20°¢/ 170°¢C
for U, uncorrected for thermal expansion of filters
Egr(kev) 8 nm 16 mm 32 mm 64 mm 128 nm

0.46 - I.45 I1.004 *0.010 1,020 L o0.009 1I.022 % 0.007 I.IOI %£0.,008 I.54I % 0.032
1.45 - 3.30 1I.0II *0.004 1.030 £ 0.005 1I.050 * 0.0I3 I.I56 % 0.008 1I.550 t 0.032
3,30 -~ 6.85 0.999 * 0,004 1I.02I ¥ o0.009 1I1.038 fo0.012 1I.140 0,010 I.978 % 0.I50
6.85 — 13,50 0.988 ¥ 0.005 1.007 £ 0.009 1.009 %£0.007 I.II5 % 0.008 1I.665 % 0.09%
13.5 - 21.8 0.989 X 0,008 1,000 ¥ 0.0II 1.050 *0.008 1.I30 ¥ 0.009 1.840 X 0.I73
21.8 - 49.0 0,985 ¥ 0.006 0.978 £ 0.009 0.982 *0.0I0 1I.052 £ 0.0I0 1.367 % 0.072
49.0 -I20.0 0.976 t 0.004 0.990 ¥ 0.008 0.957 £ 0.0I3 0.964 % 0.012 1I.II7 % 0.045




Average resonance parameters of

Table 3

2 38U

Results of processing of transmission data

Recommended in

Parameter All parameters FY P—Y and D -P—Y and p compilation [6_7
varied constant kept constant kept constant
f,‘;:/g /09 0.90 ¥ 0,07 fo.06 0.86 ¥ 0,04 0.89 0,004 0.90 % 0,10
/9 - /0* 1.28 ¥ 0.33 20,13 2,19 ¥ 0,07 1.87 * 0.03 2.5 0.5
25.1 1.4 o9 20.8(kept const.) 20,8(kept const.) 20.8 ¥ 1,1
10,71 ¥ 0.17 Io0.17 10.25 % 0,15 10,30 ¥ 0,13 10,6 ¥ 0.2
17.2 X 4.6 19.1*(kept const.) 19.1*(kept const) 24.8(kept const.) 24.8 X 5,6
Shein {f‘!-h) 2,96 3.01 3.52 3.40 4.78

From data in Ref. [ 7_7.

~€9~
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fi!'.". 4 .

218

Ixperimental lay-out for studying the Doppler effect in U.

Doppler effect as a function of transmission ratios T2OOC/T800°C

in 238y samples 20 mm and 32 mm $hick.

- i . e .
Doppler effect as a function of transmission ratios TZOOC/TBOOQC

in 238y samples 64 mm and 128 mm thick.

Joppler effect as a function of ratios W where

2o°c/“77o°c,
and N800°C are the gamma detector counts from a 0.25 mm

238U 238

“20°%

sample of o, at different temperatures of the 8 mm U

20°C

filter, corrected for the intrinsic background of the detector

and the reactor backgrourd.
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Introduction

The accuracy of the group cross—sections used for reactor calculations
depends, in the resonance energy region, on the accuracy with which resonance
self-shielding effects are taken into account. The data on cross—section
structure required for this purpose are known, in the comparatively low energy
region, from high-resolution experiments. Where higher energies are concerned,
existing spectrometers do not enable us to resolve the details of the energy
dependence of the cross-sections. On the other hand, computational evaluations
of cross-section fluctuations in the region of unresolved resonances are not
reliable either because specific effects not found in the region of resolved
resonances appear here, viz. inter-resonance interference, a ccutribution of

neutrons with high orbital momenta and so on.

For this reason experiments aimed at determining the average characteristics
of cross-section structure have a special interest — experiments from which we
can determine the effects of resonance self-shielding without having recourse
to high energy resolution. The Institute of Physics and Power Engineering has
accordingly proposed a new method.zri, 2_7 for determining the characteristics
of the cross~section structure by analysis of transmission functions measured

to significant attenuations.

In the present paper we conszider the results obtained with this method when
it was used for an analysis of the total neutron cross-section structure of a
number of elements in the energy region from a few tens of keV to several M:V.
The conditions in which the experiment was carried out and the methods used in

processing the results are also described.
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Method

The experimental method used for detcrmining the structure of the
total neutron cross section for energies from E to E + I consists in
measuring the transmission function T(t), for transmission of neutrons
distributed over the energy range of interest through samples of the
substance under study, as a function of the thickness t of the samples.
If the conditions of "good geometry" are observed, the deviation of the
measured relationship from exponential gives a measure of the cross-

section structure.

Let us assume that the total neutron cross—sectionﬁ;ot (E) under-
goes substantial changes in the range from E to E + E, which depends on
the energy distribution f{E) of the neutrons over this range which is
used in measuring the transmission function T(t) with the help of a

detector of efficiency € (E). Then the transmission

£+ AC
-6, ,(ext
ot -
(geerewy et o E
e ] E

| ()= E+AE
j{(e) €(e) oE
€ (1.1)

differs from the values given by the simple exponential law

- <e t
-r;(_‘:) = e Eot>

(1.2)

calculated from the average total cross-section
E+AE

f{ce,\ E(E) G_L_ot(E)olE

<f6%ott> = =

E+ A
f gus) €CE) dE (1.3)
€

and coincides with it only at sufficiently small thicknesses, when the

expansion of the exponent in expression (1l.1) requires only one term:
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E+AE
f;FCE)GUE) {A - G (E) t -} ol
- = ©
Tty = = -

I:FCEJ EC(E) ol

£
= A=K St 4 ~ o~ St
(1.4)

In the general case, however, the values of T(t) should be higher than
values given by relation (1.2) because of the effect of resonance self-—
shielding in the total cross-section. The physical significance of this effect
lies in the fact that, when the beam passes through the sample, neutrons with
energies corresponding to the total cross—section maxima are extracted from
the beam more rapidly than those of other energies. As a result, the neutron
spectrum acquires, as the beam passes through the sample, a structure the
maxima and minima of which are the inverse of the resonances of the total
cross—-section, and the total cross—section values obtained after averaging
over such a spectrum tend to be low. To take a specific example, let us
consider an analytical expression for the average cross~section obtained when
the neutron beam has already passed through thidmess t of the substance under
study:

cE+4&

'd{-ot (e)t
f;(’(s) e ECE)Q (&) dE

tot - T T +AE
e T At PR AN Y

(e

E

E(E) ol

(1.5)

Comparing this expression with relation (1.3), we conclude that in fact the
whole difference lies in the averaging function and that this difference is
such that regions with high total cross-section values are suppressed when we
average by formula (1.5); moreover, the higher the value of t, the greater is

the suppression.
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Let us now introduce a function d_fdi%),, which is the probability density of
findings in the given energy range A E,a value of the total cross-section equal
to 6. Knowing this function we can calculate the average value over 4 E of any
function of the total cross~section. Instead of the usual form of averaging

over energy,

oy = L [ g [ew) e
A
(1.6a)

(where f{o) is any function of the total cross—section), we have only to

integrate over the cross—section

G o

< >az )

Ae

i

(1.6b)

where integration is performed over all values assumed by the function o(E) in

the range AE.

. - dp(o) . . .
Obviously the function Tﬁ(_)- is given for some range of cross-section values:

(DE) G

¢ ¢ ¢

Vi -~ WOy

(where Glg?f) and ¢ x(nzfc:) are the minimum and maximum values of the total cross-

section in the range AE). Let this function also be normalized to unity:

(29
j) ol' (‘> dd ':-4'

(AE)
h--'w

(1.7)

We then find the relationship between changes in the cross—section over the

range AE and the function %o_).

with respect to the cross-section and no longer with respect to energy as in

For this purpose we integrate, in the range AE,

expression (l.6a), regarding energy now as a function of the cross-section
= E(o) (the inverse of the function o= o(E):
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“hﬂl"
<§(<)>A€ = A:LE J‘; [é(E)Jd,i zZ— j’ (:))"LE(‘)\AQ
Ae dhvu'u-

(1.6¢)

The intesrand contains the absolute value of the derivative, since in the

descending sectors of the curve o(E), where >0, integration for the cross-

[sha}
do
section should ordinarily be performed from larger to smaller cross—sections.

To avoid this inconvenience and to be able to integrate with respect to the
variable O consistently in one direction, it is advisable to use the absolute
value of the derivative. Comparing the resulting expression with relation (1.6b),

we see that

dP(<)
o ¢

d E (<)
A¢

A1
- —
a
(1.8a)
If the function 0(E) is non-monotonic in the range A%, the function E( o) will
obviously not be single-valued (i.e. identical cross-section values will recur
at several energy values). Hence the derivative %%égl will not be single-valued
either, In this case we must take into account all branches of the function

%?égl in expression (1.6b). A more rigorous formula will accordingly be

ol P( ¢) AdE (¢)
0“ ) d. ;E: I E (¢

.
]
1<

(1.8b)
where ¥ is the number of branches of the function E(o).

Let us consider what possibilities of determining the distribution function
of the total cross-section %%éﬂl are available to us once we know the transmission
function T(t) for a given energy range OE. We first try to determine the
analytical form of %Fégl. The analytical expression for transmission (1.1l) can

be rewritten in accordance with relation (1.6b):

o ¢
A¢ (1.9)
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Here the measured total cross—section disftribution generally differs from
the true distribution because of the influence of the transmission averaging
function t{(E)£(&), but we can neglect this difference provided the neutron
spectrum is close to rectangular and the detector efficiency has a smooth
energy characteristic. =xpression (1.9) is an integral equation from which
we can normally determine éiégl provided the transmission function T(%) is
known. In fact we shall consider T(t) as a Laplace transform of the
function éﬁé%l . Then, representing the transmission function T(t) in an
analytical form for which there also exists an analytical form of the inverse
transformation we can find the unknown function QE&QL « I'or this, however,
it is essential that the form of the inverse trans18£mation should have

characteristics typical of the function d§(°l .
a

This cannot be done, in the general case, for a function as complex
as Qgigl_ But even if it were possible to choose the appropriate analytical
form,dghe accuracy with which the funciion 92331 can be established from
the integral equation in expression (1.9) - t%e left side of whieh is
inaccurate owing to experimental errors - would still be insufTicient to

Justify the attempt to determine 9%3}1 in full detail.

We may, nevertheless, try to determine ézé%l in some approximate form
which would adequately refle.t its most essential characteristics. One

possibility is to represent it as a table of moments My 2

dP(¢)
My = { ¢ ¢ £, W= £4, £2,----

(1.10)

Let us perform a Taylor-series expansion of some function f(o), whose
average value in the range AE is to be determined, around the value o= o

and insert this expansion in expressiOn (l.€a). We then have

(Sop~§@ T T oA f““[ O (¢-7y"4e <
p=a B
_ > A" (¢)
= ) -+ ZE: <L . (:
f(é ’K':Z,k! da‘h— “Ae

(1.11)
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where Ck are the central moments of the %gégl distribution related to the

moments Hk by

) j\ AP(2)

C
A Al cle

( ¢~ ?)«dd

(1.12)

Thus, if the moments of the %fégl distribution function are knowm, the average
values of the different functions of the total cross-section can easily be
calculated provided the series in expression (1l.1ll) converges rapidly enough.
To determine the positive moments Mk (x>0), we represent the transmission

function T(t) in the form

T = —_—— olé = ¢

_<C>f > —4)41' A
APC) —ct PUD i C,,]
A A 2= !

3

(1.13)

Using this form to approximate the experimental curve by the method of least
squares, we can determine the moments sought. The maximum number of moments
which can reasonably be determined for the specific transmission function given

above can be found with the help of the Gaussian criterion.

Equation (1.13) also allows a graphic detemmination of the moments M. The
average cross-section <o> = Ml is determined from the slope of the initial sector
of the curve ‘kr(t). The second central moment 02 can be found from the slope
<>Tpn(t) = £(+%). The curvaturc of

this relation for small t determines 03, anc¢ so on. As we see, positive moments

of the initial sector of the relation e

of the distrivbution function are determinzd by differentiation of the
iransmission curve. Therefore, to determine them we need a very accurate
measurement of the transmission function, in particular its initial sector. 1In
this region P &1 and 4nT & 1-T. The values of these small differences contain
fairly sizable errors and for this reason the positive moments are determined from
the transmission functions with comparatively low accuracy. We need, therefore,
to find an approximate representation of the distribution function for the

cross—-section %?%21 in the form of a set of weighted delta functions:

AP (<) = ia; S(¢—¢i)

o A

(1.14)
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Physically, a representation of this kind is equivalent to changing from a
continuously distributed cross-—section to a cross—section given in the form of

a histogram.

Inserting relation (1.14) in the expression for the transmission function,

Wwe obtain

. —ét 2 -t
TH’.)C Z Qr _[ S(“(:) e Add = Zq; e

v i N4 1S

(1.15)

Thus, to find the parameters (ai, o, and n) of such a representation of the
distribution function, we must approximate the transmission curve by a sum of
exponents., Tor each number of exponents n this approximation can "2 performed
by the method of least squares, which will give the parameters a; and o, for
the representation in (1.14) together with all their matrices of errors. The
minimum necessary number of exponents n should be taken to describe the
experimental points accurately ‘o within the limits of error. To determine

this number we may, for instance, make use of the Gaussian criterion 174_7.

The average value of the arbitrary total cross—section function f(o) is

now determined as

Tw
CEOD = T %o 00

T4

(1.16)

(where the even parameters Xy; are the cross-~sections and the odd parameters
X,; 1 are their contributions to the distribution in (1.4)), and the dispersion

of this quantity is expressed in terms of the elements of the error matrix Qij:

3fF ¥0f
D(<£(<)>) - Z1 ;;\_3—% £

(1.17)
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The advantage of representing cross—section structure data in this manner lies
in the fact that two or three exponents are generally sufficient to describe the
experimental transmission functions, i.e. the number of unknown parameters is
comparatively small. Given two exponents, for example, we need scek only three

independent parameters, a9 g, and g,, since ay is found from the condition

?
a, + 2, = l. The proposed r;;resentition is such that the total cross—section
structure data can be used directly in reactor calculations by the method of
sub—-groups Z—i;7; this makes it possible to allow for the influence of cross-—
section structure on neutron propagation in media without making any assumption
regarding constant collision density in the neighbourhood of the resonance.
In this method, neutrons having energies within a given energy group AE are
divided into several sub-groups, each of which is assigned its owm total cross-
section value = this value now being constant. For example, one sub-group
includes the resonance neutrons and another the inter—resonance neutrons. The
values of cross-sections in the sub-groups and the relative contributions of these
sub—groups can be determined, for example, from the measured traansmission function
for the whole group AE and its approximation by formula (1.15). Then a; represents
the "weights" of the sub-groups and o5 the sub—group cross-sections. It is

interesting to note that the method of sub-groups was actually conceived as a

result of interpretation of the data obtained in transmission function analysis.

In the present work, all information on cross-section structure is

represented in accordance with formula (1.15).

Experiment

To determine the characteristics of the total cross—-section distribution
function of a number of elements for fast and intermediate neutrons, the
Institute of Physics and Power Engineering has for a number of years (since 1960)
been measuring transmission as a function of sample thickness in conditions of
"good geometry"™. The experiments have been carried out on the Institute's Van
de Graaf generators. Neutrons were obtained from the T(p,n)3He and D(d,n)3He
reactions. After passing through the sample under study without scattering
and through a collimator in the shield (Figs 1 and 2) the neutrons impinge on
the detector. Batteries of proportional boron counters of the SNMO-5 type placed
in the water-containing moderator block constituted the detector. Below we
consider the overating characterigtics of the neutron source and detector and

the basic steps of the measurement procedure.
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Source

To obtain neutrons with energies below 4 MeV the T(p,n)3He reaction was
useds A few measurements were performed at higher energies with
neutrons from the D(d,n)BHe reaction. Hydrogen ions were accelerated
by Van de 3raaf generators designed for S million and 2.5 million volts,
respectivelys, Neutron energies were determined from the emission angle
and from the proton energy. Using the T(p,n)3He reaction with a large
accelerator at 0° to the proton beam we were able t¢ obtain mono-energetic
neutrons with energies up to 4 MeV. Lower neutron energies were obtained
with a different apparatus which used neutrons emitted at an angle
? = 100° on bombardment of tritium by protons from the smaller

Van de Graaf generator.

It must be noted here that strictly mono-energetic neutrons need
not be used for transmission function measurements the purpose of which
is to determine average characteristics of cross-secticn structure.
Indeed, a certain spread of neutron energies in the beam is essential
if this structure is to be revealed through transmission. It is necessary
only that the form of the energy spectrum used in the experiment should
be as simple as possible; and it is desirable in particular that the

neutrons should be grouped around some average energy.

Ordinarily, solid tritium targets were used; each of these consisted
of a molybdenum disk 14.2 mm (or 45 mm) in diameter, to which a thin
layer of titanium (or zirconium) containing tritium was applied. The
ratio of the number of titanium nuclei to the number of tritium nuclei
was usually of the order of 1-2. When working with neutrons emitted
from the target at an angle of 10o to the proton beam, we used a holder
providing water-cooling of the target: a layer of distilled water 2 mm
in thickness flowed over the back side of the target at a rate of 1 litre/h.
Such cooling proved sufficient to compensate for the thermal effect of the
proton current for powers up to 200 W {current up to 50 pA and proton
energy Ep <4 MeV) without any appreciable change in the target
characteristics, i.es the yield and average energy of the neutrons.
Moreover, the apparatus comprising target holder and cooling system was light
enough to cause practically no distortion of the neutron spectrum formed
in the reaction. The experiment was also facilitated by the fact that
the neutron yield was generally at a maximum in the direction in which
the measurements were performed (i.e. at an angle of 0° to the proton
beam)., However, when working at an angle of 100o to the proton beam
(to obtain neutrons with E_ <300 keV) we found that the neutron yield
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in the required direction was 3-5 times lower than in the forward
direction, and a less effective method of cooling - by air jet with a
water spray - had to be used in order to reduce the contribution of
neutrons scattered by the holder into the detector. With this method

of cooling we were able to extract powers of up to 500 W (current ~ 25 pa
at Ep ~ 2 MeV) from the target.

Qur deuterium targets - similar to the tritium targets in design and
nuclear density — were usually cooled with water as fairly wide spectra
(AE ~ 1-2 MeV) were generated and the contribution of neutrons scattered
in the holder was accordingly less significant. Nevertheless, the
deuteron current was usually kept at only 5-8 pA so as to minimize the
time change of spectrum characteristics.s The large cross-section of
the D(d,n)3He reaction enabled us to obtain adequate neutron intensities

even at these low values of deuteron currente.
Detector

To register fast and intermediate neutrons in these experiments we
used batteries of proportional counters of the SNMO-5 type, connected
in parallel and located in the paraffin moderator (see Figs 1 and 2).

To prevent counting of scattered radiation, the detectors were surrounded

on all sides by a reliable shield which made the experimental setups very
bulky. As it was desirable to move the detector as little as possible,
we conducted the experiments with two units — one for neutrons emitted in
the forward direction and the other for neutrons emitted at an angle of
1000. Let us now consider the design and operating characteristics of
the two unitse.

The experimental setup for neutrons with E <300 keV (see Fig. 1)

consisted of a cylindrical tank containing water (# 2 m x 2 m), mounted

on a carriage which could be moved towards the target in a direction
perpendicular to the proton beam and pushed aside after completion of

a series of measurements. With the experimental setup in its operating
position, the distance between target and detector was 2 m. The detector
was placed in the tank in such a way as to be shielded in front by 1 m of
water; the water shield in the back was slightly thinner but nowhere less
than 50 cm. The neutron beam entered the detector after passing through a
collimator, the diameter of which was normally 45 mm but could be narrowed
by means of special plexiglass or steel inserts. The detector proper and
the collimator leading into it were surrounded by a layer of boron carbide

and water.
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The extension of the collimator aperture in the shield was a continuous
channel passing through the detector and the back shield. During
transmission funciion measurements a thick (T ™ 0.01) organic glass
neutron scatterer was placed in this channel at the centre of the
detector. Twenty~three counters, chosen in advance on the basis of
their characteristics, were located in the paraffin moderator of the
detector by means of two cylindrical rings 8 and 12 cm in radius

around the axial aperture (¢ 5 cm).

The efficiency of the detector, measured with neutrons from a
standard plutonium source (En =1 MeV), was 10%. The energy dependence
of the detector efficiency, measured in a fission chamber with a layer
of uranium-235, was low enough to have no effect on the measurement -
results. Under typical measuring conditions (target thickness 2.5 mg/cmz,
current 20 pA and proton energy Ep ~ 2 MeV) the count rate of neutrons

3

in the free beam was ~ 1 x 10° pulses/sec, and the minimum count rate
at which the measurements could still be carried out was ~ 0.1 pulses/sec -

about twice the detector!s intrinsic background.

The experimental sectup for neutrons with E 300 keV (see Fig. 2) had a

slightly smaller water shield ( 50 cm in front and not less than 30 cm on
the sides). The detector and collimator tube (30 mm in diameter) were
surrounded, as in the other unit, by a layer of aboron-containing absorber.
Seven SNMO-5 counters were placed in the moderator (paraffin) perpendicular

to the collimator. With a titanium—tritium target 0.7 mg/cm2 in thickness,

and with Ep ~ 2 MeV and current ~ 20 pA, the neutron count rate in the

free beam after its passage through the collimator was about 150 pulses/sec.

Transmission values were measured to T = 0.005.

Background

Since the count rate in the open beam was quite high, the maximum
beam attenuation that could be measured was determined by the background

level,

As a result of the measures adopted in our experiments (bulky shielding,
boron layer surrounding the collimator tube and detector, small transverse
dimensions of samples and so on), the background level during measurements

4

in the high energy range was never more than 10 © x the count rate in the
open beam. At lower energies the background represented as much as 0.1%

of the open beam count.
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Analysis of the geometry of the experiment showed that the
contribution of multiple scattering was always negligibly small, i.ee

the conditions of "good geometry" were satisfied.

Subtraction of the background at high attenuations sharply increascs
the error in the corrected transmission values; it would require extremely
reliable determination of the background and its error. Therefore, no
background corrections were introduced into the neasured transmission
curves; the correct value of the background as a constant component of
the decreasing transmission function was determined by mathematical

analysis of the measured transmission curve,

Resolution function

The energy resolution in these experiments was generally determined
by the thickness of the target under studye. Other factors [-5;7, such
as the angular spread of neutron energies (1-2 keV/degree), instability
of proton energy (0.5-1%) and especially thermal motion of the target
nuclei in the falrly thick targets, made a negligibly small contribution,

as can be seen from the table below.

Table
. . Energy E<=<300 keV Energy E:>300 keV
ch:Zgilifigﬁtlng (target 0.6 mg/cm?, (100° to beam,
: 0° to proton bheam) target 2.6 mg/cm?)
Target thickness 40-30 keV 300-150 keV
Angular spread ~ 3 keV ~ 2 keV
Instability of accelerator ~ 3 keV ~ 10 keV
Doppler effect ~ 1 keV ~ 1 keV

When deuterium targets were used, the resolution was determined to
an even greater extent by the target thickness, the figure here being
of the order of 1 MeVe Since the distribution of tritium through the
titanium layer in the targets could be considered uniform and the cross-—
section of the T(p,n)BHe reaction in the energy range determined by the
target thickness usually varied little (except in the 300-600 keV range
for E>300 keV and in the E<<50 keV range for the experiments conducted
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at an angle of lOOo), the assumption of a rectangular resolution function
Wwas generally a good approximations The neutron energy was determined

from the kinematics of the nuclear reaction used, from the energy of the
bombarding hydrogen ions and from the angle of neutron emissione. The
proton energies were calibrated in advance with reference to the threshold
for the T(p,n)SHe reactions For not-too-thick targets (of the order of a
few tens of keV) the energy scale of the neutrons was further verified by
measuring the position of known resonances in the total cross-sections of
magnesium (B = 85 keV,I'* 8 keV), bveryllium (E = 620 keV,T = 25 keV) and
carbon (En = 2080 keV, Ih = 7 keV). The shape of the measured cross-section
in the region of these resonances was also used for an experimental
determination of the energy resolution from the maximum of the measured
cross—-section 1—6;7, and for evaluating the form of the resolution function
from the shape of the peak observede The energy resolution measurements
confirmed the calculated values and the shape of the peaks showed that

there were no "tails" in the resolution function.
Monitors

The constancy of the beam was monitored by several methods. The
monitors were usually one or more boron counters in paraffin, ar.anged in
such a way as not to distort the beam of neutrons in the direction in which
these we.: usede Sometimes a fission chamber with a layer of uranium~235
placed very close to the target was usede Monitoring the constancy of the
neutron beam emerging from the D(d,n)aﬁe reaction was somewhat complicated
by the fact that not only the target itself but all parts of the ion tube
on which the beam of accelerated deuterons was incident acted as a neutron
source — especially the magnet of the analyser located in the same room as
the targete However, the collimated detector '"sees" the target preferentially,
and it was therefore possible to use a fission chamber placed beside the
target as a monitore An ion current integratcr which registered the ion
current passing through the target was also used for purposes of monitoring.
This integrator, based on the Ellmor-~Sands circuit was likewise used for

measuring the threshold energy of the T(p,n)BHe reaction.

Samples
Chemically pure substances were generally used for measuring the
transmission function, the amount of impurity not exceeding 0.3—0.5%
as a rules Elements like Be, Mg, Al, Si, Ti, V, Fe, Ni, Cu, Zn, Ga,
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Zry Nb, Cd, Pb, Th and U were in the form of regular cylinders.
Chromium and tungsten were in powder form densely packed in cylindrical
steel containers with walls 0,03 cm thick and sealede Sulphur was
melted and poured into tubes, the ends of which remained open. The
diameter of the samples was 3550 mme The thicknesses (i.ee the height
of the cylinders) were so chosen that, by combining a set of samples
before the colliimator, the greatest possitle number of thicknesses
could be obtained between the maximum and minimum thickness used. For
this purpose we increased the thickness of the samples successively by
a factor of two — 0e4, 0.8, 1¢6, 3.2, 644, 12.8 cm and so on. The maximum
thickness of the sampleswas generally quite large (as much as 1 m) so
that extremely small transmission values could be obtained - so small
that the detector count was in the end due almosi wholly to background.
The density of the samples was measured by weighing in water, with an
error of the order of 0.5-1%.

Special manipulators were used for remote handling of the samples
in front of the collimator during the operation of the accelerator
(Figs 1 and 2)s The movement of the samples and their position were

monitored with the help of signal lamps on the control panel.

Measurement procedure

The experiment consisted in measuring the neutron count rate oi the
detector as a function of the thickness of the sample placed between the
target and the detector, for each of the neutron energy ranges used.
Three to five measurements were carried out for each sample thickness
(including zero thickness) in order to verify the stability of the pulses.
For this same purpose the count rate measurement in the free beam wags
repeated periodically (every 57 thicknesses)s The resulting root-mean—
square error of transmission was somewhat higher than the statistical
accuracy ~ 0.5-1% at the initial points of the transmission function
(T ™ 049-0.7) and 3-5% at the last points (T ~ 0.0l)s The transmission

function was measured at 15-40 points, depending on its complexity

Before measurement, the samples suspended in front of the collimator
were carefully adjusted to ensure complete closing of the apertures
Control measurements were performed periodically, at different magnitudes
of the current passing through the target, to make sure that there were
no counting lossese For most elements, three to five measurements of
the transmission function were performed in each energy range. The
results of these measurements were averaged. Altogether about 1500 trans-
mission functions were measured.
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Treatment of transmission curves

The treatment of the experimental data consisted in determining by the
method of least squares the parameters a; and o, having the analytical form:
(%]

“ —¢:t B
T(-k): Z @, ¢ ¢ ~+ (A - Za;) (18)

- 1=
Yo 1
which describes the experimental points of T(t) (18)s In our case, the

problem to be solved by the method of least squares was as follows:

(a) We wished to find those values of the parameters a;, and o, which

would give the minimum value of the functional

noom -t *
Foe & 2wy (ore” 71=T5)
n T - ‘ (19)
s ,) =4
where m is the number of experimental points,
n the number of exponents in expression (18),
Tj = T(tj)=the experimental value of transmission at
point tj' and
W, = —-li the statistical weight of the point, equal to
JooaT,
J
the reciprocal of the square of its error;

(b) Secondly, we wished to find the matrix of errors for these
parameters. Differentiating the expression for functional Fn
with respect to ay and o, and equating to zero the derivatives

o Fe dF,,
: 3 6
we obtain a system of 2n iranscendental equations in relation to
the unknown parameters a; and o,
1 4] Laal -
- 6' 't ’ - 6: t—) )
- * . — g ] 0
>_ 2 Wy © 1 (cx.e ‘ri
‘T j:.'
(21)

which ias solved by the method of successive approximations by

linearizing the equations.
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This treatment gave us the parameters a; and Oy the dispersions of
these quantities and the matrix of the correlation coefficients qu.
Calculations were performed successively for an ever-increasing number of
exponents in expansion (18). The algorithm for minimization of the
functional did not enable the unknown parameters to be determined when their
number was not justified by the accuracy of the experimental data (in this
case the process of successive apprnximations did not converge). This was
precisely the criterion for choosing the number of exponents in the super-

position, The processing was done on an M-20 computer with the help of the

NMK-1 programme prepared by M.Z. Tarasko.

The data obtained were used for calculating the following characteristics

of the cross—-section structure in the corresponding energy ranges:

average cross—-section

<6>= ZO;G;

;=4

dispersion of the cross-section

D =<g®> — <57 = io.-e;‘ - (Z are)

and the quantities

eS &> Zac

(%Y
P
- ¢
and . .
4 Q.
(<> 1 £
A Tz n .
<é> T e 5 :_L

=

These describe the effects of resonance self-shielding of the cross-

sections in the medium 1—3_7. Expression (25) is essentially the resona ce

(22)

(24)

(25)

sel f-shielding coefficient of the transport cross-section. Expression (24) is

the reciprocal of the self-shielding factor of the scattering cross-section

when the capture cross-seciion is small.

The above-mentioned characteristics and their dispersions were calculated

on the M-20 computer with the supplementary ALGOL progtramme RAMO.
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The final results of processing of the total cross-section structure data

are given in the tables in the_Appendix.

Results

Below we consider total cross—-section data for 27 elements from beryllium
to uranium. The element tables given in the Appendix contain the most
comprehensive information. The first column gives neutron energy and its
scatter, and the second the parameters as the even parameters being the cross—
sections and the odd their contribution to the distribution. The errors in
the parameters are noted alongside. The third column gives the correlation
matrix of the parameters found. The last column gives, for each energy range,
the average cross-section<o> (first line), dispersion of the cross-section
<P>- <0>2(second line) and the coefficients K = <°><'16> and f =<%>/(<a><%?)
needed for calculating the mean range of neutrons and the transport cross-
sections, For the sake of clarity the parameters of cross-section structure
and its average characteristics are illustrated - for many elements - by means
of graphs. Numerical values are shown in the graphs by rectangles, the hori-
zontal dimension giving the energy interval to which the value relates and the

vertical dimension the error in the value.

Beryllium 4§g

The transmission functions for 4Be, the cross section of which is well
known, were measured largely for purposes of control. Below the energy of
the first level of the 9Be + n system at En = 620 keV, the contribution of
one cross-section component predominates in the distribution (see Appendix).
The second cross-section component shows up very weakly as its contribution
is small, so that the values for the contribution and for the cross section
itself are not very reliable. At high energies the two cross-~section com-
ponents describing the cross—section structure are closer to equality, and
the values of the average distribution characteristics (Appendix, fourth
column) show the cross~section structure appearing outside the range of error.

It has been reported Z—B_7 that peculiarities in the behaviour of the
cross-section of 4Be appear at E ~ 200 keV. The experiment in question was
performed with a resolution of 10-20 keV. The authors interpreted their resuli

as an S-resonance with parameters Eo = 208 keV and J = 1. We measured the
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total cross-section cf 4Be in the range 160 keV<E< 250 keV with a resolution
of 8-10 keV, using different sample thicknesses ranging from 0.06 x 1024 to
0.36 x lO24 atoms/cmg. The results are shown in Fige. 3 together with the
atlas data from Ref. 177_7. They show a monotonic cross-section pattern in

the range of interest.

The possibility of peculiarities in the behaviour of the beryllium cross-
section was further checked by analysing the dispersion values of the cross-
section measured over energy intervals of ~35 keV, In the energy range
under consideration, the dispersions through all intervals were found to be
~0.03 barnz, a figure which is in good agreement with the value of 0.023 barn2
obtained on the assumption of monotonic variation of the cross-section

- aE (a = 0.0065 barn/keV), and an order cf
2

according to the law g (E) = % onst

magnitude lower than the value of 0.26 barn® obtained by numerical calculations
based on the assumptions in Ref;[f8_7. However, this value may be regarded
only .s the lower boundary in view of the inaccuracies in the calculation and

the influence of resolution.

Magnesium

In the 0.6 < E < 3 MeV energy range studied, the total cross-section of
magnesium exhibits a clearly defined structure. The distribution of the total
crogs--section (see Appendix, second column) is well described by two cross-
section components whose magnitudes and contributions are determined with
reasonable accuracy. The average values found are in fair agreement with
those given in the atlas [—7_7 (see Fig. 4). In the energy renge considered
the dispersion of the cross-section first tends to diminish (up to EnA/l.SMeV)

and then remains more or less constant, as can be seen from Fig. 5.
Aluminium

The total cross-section structure of aluminium has been studied in
considerable detail, It is clearly exhibited over the whole energy range up
to En ~ 245 MeV. We note from the characteristics of the cross-section
distribution given in the second column of the Appendix that first of all there
are cases where the structure is described by three cross-section components,
At E<200 keV the intervals AE were comparable with the level spacings,
so that the cross-section structure here varies considerably from interval

to interval, At these
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energies the transmission functions were combined in pairs and treated again
in order to obtain better averaging. The final results are given in Fig. 6.
The sub-groups describing the structure are clearly separated. Agreement
with existing total cross-section data (Fig. 7) is good. The dispersion

(Fig. 8), as was to be expected, diminishes uniformly with energy.

The dotted line in Fig. 6 represents the sub-groups calculated in Ref. [-9_7
from the data on cross-~section structure given in Ref. 1_3_7. The agreement
between the calculated and the measured structure, as can be seen from Fig. 6,
is on the whole very good except at the lowest and the highest energies. At
low energies preference should clearly be given to the calculated data since,
as we have noted, the experimental values were obtained by averaging two
transmission functions, a procedure which could lead to loss of the cross-section
structure. There is also the possibility that an insufficient number of points
was used in measuring the transmission function and that the neutron spectrum

was assymetric; these factors must be taken into account.

At high energies (E > 1.5 MeV) the cross—section structure is too weakly
defined in the calculations, so that the dispersion of the total cross-section
(Fige 8) exceeds the calculated values by a factor of two. In this range the
experimental data are more reliable.

Silicon
The distribution functions of the total neutron cross-section for silicon
are well described by two cross-section components (Fig. 9), which make roughly
equal contributions, and the measured values of the average cross-sections
t>- agree with the atlas data [T7_7. The anomalous energy dependence of

the dispersion of the total cross-section for silicon is interesting in the

<dg

energy range studied: the dispersion increases with energy (see Fig., 10),
attaining a value of about 2 barns2 in the 1.5-2 MeV range, although the
average cross-section diminishes at the transition from 0,5-1.0 MeV to
1,5-2,0 MeV,

Phogphorus

The total cross—-section of phosphorus was measured in the neutron energy
range 0.9 MeV< En~< 2 MeV with a itanium-tritium target 0.30 m/cm2 thick
giving a resolution of AE ~ 40 keV at En ~ 300 keV and AE ~ 20 keV at

En ~ 2.5 MeV. The sample of red phosphorus 0,281 atom/barn thick was placed
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in a steel container with a 0.2 mm wall. Agreement with the data of other
authors /[ 7_/ (see Fig. 11) was satisfactory, and the position of the peaks

at E ~ 950 keV and E ~ 1150 keV shows fair agreement, though the cross-section
values obtained are, on the whole, slightly higher than the results obtained
at high and low energiesfrom the atlas ZT7_7' The cross-section structure

for phosphorus was not measured.

An interesting peculiarity of the energy dependence of the measured total
cross~section, as can be seen in Fig. 11, is an apparent intermediate structure
with widths of the order of 100 keV - much greater than the level spacing of
the compound nucleus.

SulEhur

As the total cross-section for sulphur is fairly well known [ﬁ[;7, we can
compare the observed energy behaviour of the cross-section distribution
characteristics with the expected behaviours The average cross-sections
(Fige 12) agree well with available data and show a broad maximum at E = 3 MeV
which cannot be described by the optical model and is most likely due to
335. Thus, the

"smoothing out" of the fluctuations in the cross-section distribution was not

fluctuations in the level density of the compound nucleus of

sufficiently complete in this case, although, as with beryllium and silicon,
the experimental transmission functions were combined in pairs before treatment
for adjacent energy intervals. This evidently explains the sharp dispersion
peak at ~3 MeV (Fig. 13).

Corresponding anomalies are also found in the behaviour of the larger

of the cross-gsction components 66 and its fraction a.,
Potassium

The total cross-section for potassium was measured in the energy range
Ou4 MeV < B «<3.9 MeV with a resolution of ~100 keV. The results given in
Fige 14 were obtained from measurements of the transmission functinns, which
showed no substantial deviations from the exponential law,. From this we may
conclude that within the limits of the resolution function the cross—section
shows little fluctuation. Agreement with existing data is quite good over

the whole range studied.
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It is interesting to note that the cross-section values given in the atlas
/[ 7/ for the interval 0.9 MeV< E < 1.7 MeV, evidently obtained with a rather
high resolution, display at first sight a fairly detailed structure. The
dispersion of the cross-section calculated by us from these values for the
interval in question was ~0.15 barnz. However, the error in this calculated
quantity, determined from the accuracies (Ao & 0.15 barn) given in the
atlas Z77_7, was 0.18 barnz. Thus, these data do not contradict our con-
clusion that there were no appreciable changes in the total cross—~section of

potassium over the energy interval considered.
Titanium

The results obtained for titanium 22Ti provide a good illustration of
the proposed approach to the description of cross-section structure. The
values of the cross-section components ("sub—groups") describing the distri-
bution of the cross-section (Fig, 15) were determined with good accuracy and
vary smoothly with energy. The average total cross—sections are in good
agreement with known values., The dispersion of the cross-section (Fig., 17)
decreases smoothly on the whole with energy. The downward jump at En~10.3MeV

corresponds to a similar characteristic found in the shape of the average
cross-~sections,

Since this element had not been studied sufficiently, we also carried
out separate measurements of the cross-section with an energy resolution of
~20 keV in the range 0.3 MeV <« En‘< 2.5 MeV, with an energy step of
~10 keV (Fig. 16).

Vanadium

A fairly good determination of the total cross-section structure for
vanadium was madee. The parameters of this structure — the magnitudes of the
cross—sections (Fig. 18) and their relative contributions - were found with
good accuracy and vary smoothly with energy. The average cross—sections agree
well with the values given in the atlas [—];7. The dispersion (Fig. 10),
decreasing smoothly with rising energy, reaches a constant level of ~0.3 barn
at En ~ 1.5 MeV, The values of the average cross-sections and dispersions
show quite good agreement with the results of calculations [-9_7 performed
for small energies (up to ~100 keV). Further, our dispersion data at
E, ~ O.7 MeV do not agree with values obtained numerically from the results
given in Ref, [_7_7. This is apparently due to a flattening in the trend of
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the cross-section structure given in Ref. Zf7;7 as a result of inadequate

resolution. Another possible explanation is that the structure was not

mezsured in sufficient detail.

Measurements of the total cross-section of vanadium were also made in
the range 1.1 MeV < E <« 2.1 MeV with an energy resolution of 20 keV and an
energy step of 5 keV. Three metallic samples 0.106 x 1024, 0.170 x 1024
and 0.212 x lO24 atoms/cm2 in thickness were used. In the processing of the
measurements, the results for the different thicknesses were averaged and
combined in pairs for the various energy intervals. The final data, together
with the results of other authors [_147, are given in Fig. 20. At low energies
the agreement is good but at En ~ 2 MeV our results are about 0.5 barn higher

than the atlas data [_147.

Chromium 5 Cr

4

The characteristics of the distribuition function of the total cross-
section for chromium (Figs 21 and 22) were determined fairly precisely, though
the peculiarity of the structure at En ~ 2 MeV was not fully understood, The
impression is that up to this energy the structure increases and then decreases.
The dispersion results (Fig. 23) also lead %o the same conclusion. The average
cross—-sections obtained in these measurements of the structure agree with the
atlas data /7_/ for E > 2.5 MeV and also with the data (Fig. 24) for lower
energ1es which we obtalned in another experiment with a resolution of 20 keV
using a sample 0.228 x 10 24 atoms/cm thick.s We should point out that the
dispersion values calculated from these data for the 0.6~1.0 MeV and 0.8~1.2 MeV
intervals were lower than the measured values approximately by a factor of two.
Here, as in the case of vanadium, the advantage of direct determination of the

total cross-section structure is apparent,
Iron 25Fe

Examining the characteristics of the total cross-section distribution
for iron (Figs 25 and 26), we note that below En ~ 0.5 MeV three sub-groups
are needed to describe the cross—section structure. The more pronounced
structure of the iron cross—section (compared with other elements) is due to
a whole series of properties, viz. magic nucleus, low level density at high

strength function values, predominance of one even-even isotope 5626Fe in
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the natural mixture, etc. The resonance structure of the cross-sections
for iron cannot well be averaged (see Fig. 27) even over intervals of
the order of 200 keV obtained by combining 3~5 experimental transmission

functions measured for © 40 keV intervals.
Figures 25 and 26 also give calculated values for the characteristics

of the cross-section distribution (the dotted line for three cress-section
components and the dotted line with crosses for two cross-section componentéL
It will te seen that agreement with the experimental representation of the
structure (white squares denoting three cross-section components, half-
shaded squares two cross-—-section components) is not bad as regards the magni-
tude and relative distribution of the contributions. As it happens the upper
boundary of the region in which the experimentally determined structure is
represented by thres cross-section components is ~ 1.7 HeV and in the case

of the calculated structure ~1.4 MeV., However, the numerical characteristics
of the structure, as can be seen from the dispersion graph (Pig. 28), is not
affected,

Figure 26 deserves separate comment in the interests of clarity. In all
the results considered in the present work we have given the contribution ag,
of the larger of the cross—-section components, In Fig, 26 this is what we do
for En<70.7 MeV, At lower energies, however, where the cross-section struc-
ture is described by three cross-section components, we give not only the
contribution of the largest of the cross-section components (which is always

smaller) but also the values of the average cross-section,
The solid line in Fig. 27 shows calculated results for the cross—section

of 26Fe obtained by averaging the atlas data [f7;7 over intervals of 4E = 100 keV;
and the dotted line represents the values of the group constants é—};7. We

must draw attention to the appreciable discrepancies between calculated and
experimental dispersion values (Fig. 28) at the lowest (~ 100 keV) and

highest (En < 4 MeV) energies. As in the case of aluminium, at lower energies
the calculated values (which are considerably higher than the experimental

ones) appear to be more accurate, while at higher energies, where the calculated

dispersion is lower than the experimental, the latter should be used.

Nickel o8

The total cross-section for nickel shows (Fig. 29), over the whole energy

Ni

range investigated, a clearly defined structure decreasing smoothly with
energy. 1t compares satisfactorily with the calculations in Ref. Z—9 based
on average cross-sections (Fig. 30, dotted line); but the structure

(Fig. 29) at En'< 0.7 MeV shows up rather less clearly than would be expected

from the calculations - the smaller the values of the larger cross-section,
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the greater is its contribution; It is therefore not surﬁrising that there
should be a divergence between calculated Zf9;7 and experimental dispersion
values for these energies (Fig. 31). The values given by the experimental
representation of the cross-section structure seem to be confirmed by the
fact that the experimental dispersion value of 4.8 ¥ 0.4 barns2 in. the
interval 120 keV < En <260 keV agrees well with the value of 4.3 barns?
calculated from the accurately measured cross—section behaviour 177_7 at

these energies.

Copper 2923

The total cross-section structure for copper (Figs. 32 and 33) decreases

smocthly with energy. The calculations in Ref. [—9_7 describe, on the whole
satisfactorily, the experimental values of both the parameters and the average
characteristics of the structure - average cross-section and dispersion of the
cross-section. The calculations actually give a somewhat larger cross—section
structure at high energies but this difference is not perceptible in the
dispersion values (possibly owing to insufficient accuracy of the experimental
dispersion values). For the reciprocal moments (<%—>, <-152 >, etc.) this
difference should be smaller, since the values of the smaller cross-sections

show better agreement between calculation and experiment.

zinc ,42n

The total cross—section structure for zinc was studied in a comparatively
narrow range: 20 keV < En < 300 keV. At these energies the average cross-—
section (see Appendix) diminishes gradually with energy; the dispersion

assumes fairly high values, but was determined with poor accuracy.

The data relating to this element are of a preliminary nature; the

measurements are to be repeated later on and extended to higher energies.
Callium

The total cross-section of gallium in the energy range 5 keV < En <500 keV
is not well known (Fig. 34), and there was accordingly every reason to
attempt simultaneous measurements of the average cross-sections and the
structure. 1In the upper part of Fig. 34 we have plotted average cross-section
values measured with a resolution of ~ 30 keV and in the lower part the

dispersions obtained for the same intervals from analysis of the transmission
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functions. Then, in order to obtain better averaging and a more compact
representation cf the cross-section structure, we combined the transmission
functions into grou»s of three - after which the transmissions seemed to be

smooth functions of energy - and processed the results anew.

The final data on the cross~section structure of gallium are presented
in FPig. 35 and in the Appendix. The structure found is small; the relative
contribution of the second cross-section is approximately 0.05, and the
value of this cross-section itself — as known at present — contains a fairly
large error. Fven so the dispersion of the cross-section (Fig. 36) has been
determined with satisfactory aceuracy. The points show dispersion values

calculated for the corresponding intervals from the data provided in Ref. 177_7]

- . -
Zirconiuimn T
e le===

The total cross-section structure of Zr (Appendix) showed up in measure—
ments up to En ~ 0.6 MeV; at higher energies it was not possible to find
deviations of the transmission functions from the exponential law with any
degree of reliability. The average cross—sections (Pig. 37), measured with
a resolution of 30 keV at En ~ 30 keV and with a resolution of = 100-200 keV at
high energies, show good agreement with the corresponding data in Ref. ZT?_7
and with calculations based on the optical model / 10_/.

Niobium 41§E

The total cross-section structure of niobium (Figs. 38 and 39) appeared
at energies below E ~ 0.5 MeV. The average cross-sections (Appendix) are in
good agreement with the available values, which are shown in Fig. 40 together
with our results for the intervals used in the experiment (AL ~ 30 keV at
E< 500 keV and AE ~ 200 keV at high energies), and with calculations based
on the optical model 1710_7;

Molzbdenum 42ﬂ2

The total cross-section of molybdenum ,.,Mo exhibited at En'< 350 keV a

fully defined structure (Figs 41 and 42) dggreasing with energy, as can be
seen from the gradually increasing predominance of the contribution from

one of the cross-sections that describe the str.ctures (Fig. 42) and from

the diminishing dispersion (Fig. 43). The average cross—section (Fig. 44) is

in good agreement with the atlas data 1-7;7.

The results indicate that in the system of constants in Ref. [ 3 / the
cross-section structure of molybdenum and the self-shielding of the average
group cross-sections due to it at high energies have not been sufficiently
evaluated. The authors of Ref. [3_7 assume that for En> 10 keV resonance

self-shielding is not important.
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Cadmium Cd
__——48-_

[leasurements of the transmission functions for 4BCd over the range
10 keV < En < 300 keV and our analysis of these measurements did not
revezl the structure of the cross-section (Appendix); +the fraction
attributable to the greater contribution is equal to unity within the
limits of error, and the dispersion of the cross-section, also within the
limits of error, is equal tu wero. Tige 45 gives the values obtained for

the averaze cross-sections together with the available atlas data.

Tungsten 74E

The cross-section structure of tungsten over the range 20 keV<rEh<100 keV
is such that the smaller of the cross—-section components can be determined
satisfactorily. In the determination of the larger cross—section component
there is a considerable error and it makes, moreover, a small contribution,
as one would expect in regions with sirong resonances. It is therefore not
surprising that the dispersions of the cross-section (Appendix) should be
determined in these preliminary measurements with poor accuracy. The average
cross-section values obtained in the present work are about 20% higher than

those in the atlas 177_7; but the reasons for this discrepancy are not clear.

fhenium __Re, Osmium 769§ and Iridium _,Ir

15 17

The total cross-sections of these elements were measured in the 20 keV-
7 MeV range. The thicknesses of the samples of osmium, rhenium and iridium
24, 0.0545 x lO24 and 0.0332 x 1O24

atoms/cmz, respectively. The osmium and rhenium were in powder form and the

used in the measurements were 0.0588 x 10

iridium in the form of a metallic disc 5 cm in diameter. iieasurements below
400 keV were performed at an angle of 100° to the proton beam and the energy
3

resolution for neutrons obtained from the T(p,n)He’ reaction was 40-20 keV;
up to 3 MeV the measurements were performed at an angle of 0°, also with
neutrons from the T(p,n)He3 reaction (AE ~ 100 keV); and those at higher
3 reaction (OE ~ 0.5 MeV). The

measured cross-sections (see Figs 46, 47 and 48) were, as one would expect

energies used neutrons from the D(d,n)He

for such heavy nuclei, smooth functions of energy - a point which is clearly
illustrated by the nearly perfect coincidence of the measured total cross-

section for iridium 77Ir with the known 177_7'cross—section of platinum 77Pt

in the energy range around 0.15 MeV. We note, moreover, a systematic

divergence of the results for GOS and Ir from those recommended in the

T 1
atlas 177_7. This divergence may be attributed to the fact that the total

cross—-section values for 7605 and Ir recommended by the compilers of the

77
atlas 1-7_7'are based mainly on tiie results of the Newson team at Duke University.
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After publication of the atlas ZT7_7; Newson and his colleagues reported
that their earlier results had been on the low side because of scattering
into the detector. They have not yet published their new results, but
they have reported 171147 that the values. became higher after the geometry

had been improved.

Lead 8222

The cross-—section structure of 82Pb shows up below En < 1.2 MeV (Fig. 49),
while at high energies one of the contributions predominates in the
distribution (see Appendix). The average cross-sections are, on the whole,
in agreement with the atlas data [-7J7.

Thorium

Thorium o\Th

Thorium has been studied comparatively little and the results (see
Appendix) should be regarded as preliminary. None the less, the total cross-
section structure can be followed up to energies En ~ 100 keV. A4s in the
case of osmium and iridium, as well as uranium (see below) the average
cross—sections found by us above ~ 150 keV systematically exceed the values

recommended in the atlas ZT7_71

Uranium 22

=

The total cross-section of uranium shows a well-defined struct.re up to;f
E ~ 150 keV (Figs 50 and 51). The sub-groups characterizinz the distribution
of the cross—section can be distinguished quite clearly. The dispersion of
the total cross-section (Fig. 52) decreases with increasing neutron energy
and reaches an approximately constant value of 1.5-3 barn52 at E ~ 150 keV.
The average cross—sections (Fig. 53, rectangles) are in good agreement with
the atlas data [77_7 at low energies but are considerably higher at En ~ 200-

300 keV. As in the case of 7608' 771r and .,Th, the discrepancy seems to be

90

due mainly to the data of the Duke team (crosses in Fig. 53) which, as has

been noted above, are low owing to poor geometry.
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Figure captions

Experimental arrangement for measurement of transmission
functions of neutrons emitted in the direction of a beam

of charged particles: (1) tank with water; (2) back ghield;
(3) organic glass insert; (4) detector; (5) boron counters;
(6) collimator; (7) boron carbide layer; (8) diffuser;

(9) support; (10) wheels; (11) rails; (12) amall motors;
(13) bracket; (14) samples; (15) target holder

(16) 1location of target; (17) /missing in original_/;

(18) diaphragm on proton beam path; (19) filaments for
suspending samples; (20) limit switches; (21) counterweight.

Experimental arrangement for measurement of transmission
functions of neutrons escaping at an angle of 100° to the
proton beam: (1) detector; (2) boron layer; (3) water shield;
(4) collimator insert; (5) samples; (6) target; (7) boron
monitor; (8) collimator; (9) shield of boron carbide and

paraffin; (10) thin-walled guide pipe; (11) air blower.

Total neutron crogs—-section of beryllium at energies around
200 keV. White circles represent the atlas data / 7_/ and
both kinds of crosses the data of Ref. / 8_/. Our data are
represented by dark circles for resolutions of 8-10 keV and
triangles for a resolution of ~ 40 keV. The squares in the
lower part of the diagram represent the dispersion values
obtained for ~ 40 keV intervals. The dashed line (and
letter P) and the dot-dash line show dispersion values
calculated from the data of the atlas / 7_/ and of Ref. /8_/.

Total cross-section of magnesium,.
Dispersion of the total cross-section of magnesium,.

Cross—sections (sub-groups) describing the total cross-section

structure of aluminium,

Total cross-section of aluminium.

Dispersion of the total cross-section of aluminium.
Total eross-section structure of milicon.

Dispersion of the total cross-gsection of gilicon.
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Figure 11, Total cross-section of phosphorus. The s0lid line and
triangles represent the data of the atlas 177;7 and the

dots refer to the present work.
Figure 12. Total cross~section of sulphur.
Figure 13, Dispersion of the total cross-section of sulphur.

Figure 14. Total cross-section of potassium. The triangles represent

the data of the present work and other symbols the
atlas data [ 7_7.

Figure 15. Total cross-section structure of titanium.

Figure 16, Total cross-section of titanium. White circles represent

the data of the present work and other symbols the atlas
data [ 7/

Figure 17. Dispersion of the total cross-section of titanium,.
Figure 18, Total cross-section structure of vanadium.

Figure 19, Dispersion of the total cross-section of vanadiume. The dashed
line shows the results of calculations based on the data of
Ref. / 9_/ and the dots those based on the atlas data / 7 /.

Figure 20, Total crosas-section of vanadium. The solid line representis
the data of the present work.

Figure 2l. Cross—sections (sub—groups) describing the total cross-

section structure of chromium.

Figure 22. Contribution of the larger of the cross-sections describing

the total cross—section structure of chromium.

Figure 23. Dispersion of the total cross-section of chromiwa. The

points represent the results of calculations based on the
atlas data /[ 7_/.

Figure 24. Total cross—section of chromiume The solid and dashed
lines represent the atlas data‘zﬂ[Jz and the points those of

the present work.

Figure 25. Cross-sections (sub-groups) describing the total cross-section

structure of iron (see the text).

Figure 26. Contributions of the cross~sections describing the total

cross-section structure of irone.
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Total cross-section of iron. The solid line represents
the average of the atlas data 1—7;7 and the dashed line
calculations from Ref, Z—QJ7.

Dispersion of the total cross-section of iron. The dashed

line represents calculations from Ref. [-QJ7.
Total cross-section structure of nickel.

Total cross-section of nickel. The dashed line represents
calculations from Ref..Z_Q;7.

Dispersion of the total cross-section of nickel. The dashed
line represents calculations from Ref. [-9_7 and the points
calculations based on the atlas data 1_7;7.

Cross-sections (sub-groups) describing the cross—section
structure of copper. The dashed line represents the
calculations from Ref. 1_9;7.

Contribution of the larger of the cross-sections describing
the total cross-section structure of copper. The dashed
line represents calculations based on data from Ref. 1—9_7.

Top: +total cross—gection of gallium, The solid line and
dark circles represent the atlas data 177_7, the white circles
represent our valuess Below: dispersion values obtained

with the average cross-sections shown above.
Total cross-section structure of gallium.
Dispersion of the total cross-section of gallium.

Total cross-section of zirconium, The dashed line represents
the atlas data 1—7_7, the squares calculations based on the
optical model / 10/ and the points the data of the present

worke

Cross-sections (sub-groups) describing the total cross-section

structure of niobium.

Contribution of the larger of the cross-sections describing

the total crosa-section structure of niobium.



Figure 40.

Figure 41,

Figure 42,

Figure 43.

Fig\lre 44.

Figure 45.

Figure 46.

Figure 47.

Figure 480

Figure 50.

Figure 51.

Figure 52.
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Total cross—section of niobium. The dashed line and white
circles denote the atlas data [ 7_/, the squares represent
calculations based on the optical model [ 10_7 and the
points the data of the present work.

Cross-sections (sub-groups) describing the total cross—

section struoture of molybdenun.

Contribution of the larger of the cross-sections describing

the total cross—section structure of molybdenum.
Dispersion of the total cross—section of molybdenum,

Total cross—section of molybdenum, The dashed line and
white circles represent the atlas data [ 7_7 and the points
the data of the present worke.

Total cross-section of cadmium.
points show the atlas data [ 7_7 and the white circles the
data of the present work.

The black triangles and

Total cross—section of rheniume White circles and crosses
represent the atlas data [ 7_7. The dashed line shows the
values recommended in Ref, [ 7_7 and the dark circles those

of the present work.

Total cross-—section of osmium., The solid line and the dark
circle represent the atlas data [ 7_7. The dashed line
shows the values recommended in Ref. [ 7_7 and the white
circles those of the present work.

Total cross-—section of iridium. The dashed line represents
the values recommended in Ref. / 7_7, and the squares show

the cross-section of platinum [ 17,
Cross-section structure of lead.

Cross-sections (sub-groups) describing the total cross—section
structure of uranium.

Contribution of the larger of the cross—gections describing
the total cross-section structure of uranium,

Dispersion of the total cross—section of uranium,.

Total cross-section of uranium.

and half-shaded circles represent the atlas data [7_7, and the
rectangles the data of the present worke.

Rhombuses, iriangles, ocrosses
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Abstract

The paper presents results of experimental investigations of per-
turbations for different materials in the BFS-16 fast assembly.

The comparison between calculated and experimental values has been
carried out with due account for the effects of the sample resovnance self-
shielding and perturbations of the neutron field by the sample.

The method and calculation results of the scattering sample influence
on the change of resonance cross—sections near the sample are alro given

in the papere.
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Introduction

One of the methods for checking muclear-physical constants used for
reactor calculations is the analysis and comparison of calculation results
with measurements of the reactivity effects from different materials. Such
an analysis together with that of other macroscopic characteristics (critical
mass, ratios of average cross-sections, etc.,) can point out the inaccuracies
of the multigroup cross~-sections used in the calculations.,

For this purpose we studied the reactivity effects from different materials
in BFS assemblies. The results of such investigations were given in the
papers [E}g71 The investigations were carried out in considerable detail in
the BFS-16 assembly which is the model of BN-350.

In contrast with earlier models this assembly had more uniform composition
which allowed more exact calculations., Detailed information on the assembly
composition and its sizes is given in reference Z?i;7 and also in the appendix
of this paper.

When making the indicated experiments it is rather important to choose
sample weights and sizes so that the inTfluence on the neutron field is as
small as possible. In this case one can use the 1§E approximation of the
perturbation theory. But the decrease of the sample size results in an
increase of the experimental error. Therefore in practical measurements one
uses samples having an influence on the neutron field (this influence cannot
be neglected) which demands the introduction of suitable corrections to the
perturbation theory calculations,

Together with the experimental results, the paper presents a discussion
of the calculated values obtained from the first approximation of the per-

turbation theory, taking into account the corrections for the neutron field
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disturbance (depression), the sample resonance self-shielding and its
influence on resonance shielding in the nearby region. Inclusion of such
corrections for a number of materials allows considerable imrrcvement in
the agreement between experimental and calculated values.

Aside from the efficiencies of homogeneous materials we used BFS~16
for investigating several mixtures of absorber materials which are of
interest from the viewpoint of their application in fast reactoxr control

rods.

l. Experimental Technigue

When measuring reactivity effects produced by the materials studied
we used the method of measuring the stable reactor start—up period. The
measurements of the start-up period were carried out before and after
placing the sample into the reactor. The reactor, which has a void in
the core centre, was driven to above-critical state by moving the control
rods. The start-up period (T = 50 f 150 sec.) was selected depending on
the value and sign of the reactivity effect produced by the experimental
sample.

After measuring the value of the stable period the reactor was shut
down by means of one or several control rods. The sample to be studied
was placed in the void of the channel removed from the reactor. After re-
placing the channel with the sample into the reactor the control rods were
moved to the initial position and the stable start—up period was measured.
The difference in the reactor reactivity before and after placing a sample

is the reactivity effect produced by the sample, The reactor reactivity
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was calculated by the "inhour formula':
- Z‘/ / + A 7
¢//

where T is the stable reactor start-up period; &; =ﬂ/ﬂ//
' <

is the relative contribution of the i-—th—group of delayed neutrons; and

Xi is the decay constent of delayed neutrons of the i-th-group.
The quantities B‘. were determined by averaging over the fluxes
and importances obtained from the multigroup diffusion calculations in

this case the data of delayed neutron yield were taken from reference 5_7.

a.‘- 0.328 0.1947¢ 0.18171 0.40248 0,15071 0,03751

The value of B Z'/é obtained from the calculations will be
equal to ﬁﬂ,_o 0072 for BFS—-16 assembly.
The start-up period was measured Ty the electronic equipment consisting
of a normal boron chamber, current integrator, two scalers and a quartz stopwatch.
The integrator transforms the chamber current into a pulse train and the
pulse frequency is proportional to the current. The quartz stopwatch switches
on scalers in turn in equal time intervals of At - 20,40,80,100 sec.
Successive readings at equal successive time intervals are used for determining

the start-up period.
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Y- yaN 2
‘g" (/”A’; /’/k—/)

where JaN is the measurement time interval, and no, 0 1 are the quantity
readings from adjacent intervals.

When calculating the period we used 6 to 10 successive readings obtained
at the stable start-up period. The measurement error of the reactivity effect
is caused by many reasons. The main ones are:

1., Mechanical oscillations of the core during chsnnel rechargings.

2, ZIisplacement of the reactor materials in the central channel

during sample rechargings.

3. BReactor temperature effecte.

4. Accuracy of returning the control rods into the initial state.

5. Accuracy of the period measurement.

The indicated errors were not differentiated in detail. The measure-
nents with one sample were repeated successively several times alternating
between sample and chamber. The inaccuracy in the rasult obtained from the
measurement gseries contains probably all the possible errors.

When applying methods to provide sufficient core stiffness, and thus
eliminating material displacement in the central channel, the measurement
accuracy of reactivity introduced by a single sample in the BFS-16 was equal
to r\zl.10-6¢Shy/h e In this cape, with the use of the mentioned technique,
the error in the period measurements equals about 0.1%,

Characteristics of the samples exploited for measuring the reactivity
effecta axe presented in Table le.

The rTesults of the experiments are given in Table 2.
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2. Comparison of experimental
and calculated resulis

The reactivity effects were calculated by means of the IEE order per-
turbation theory by means of computer programmes written for the M-20 computer.
This programme uses neutron fluxes and importances obtained from solution of
mltigroup diffusion equations in one—~dimensional geometry. The formula for
calculating the reactivity produced by the studied material sample placed in

—r
the reactor at point ( ¥ ) is of the form

[EZL-]('E) 4//53 / ZJ@:‘@: (2)-¢. (?:)_

vy C ==/
"Z 6o  Pr ['F)Q},c(Z) 26—4{. ¢7¢ Z)QSL{Z)-F
5 3 60002 (9) g ENGRGIE, 1S 0

=f &=/

7 4
”m . -
. - ) *ﬂ ‘ ¢x: (t)ﬂ/V

whore LKA =/ 2 V.2 PBl? g}t’

- £ e £=/

v L=/
is the importance of fission neutrons in the whole reactor volume,
¢ ("E.) ¢+(%’) is the distribution of fluxes and importances of the s
k 2 7%

energy group in the reactor. \/.:> , 63’ are volume and nuclear density of

the material studied respectivelye. G_t' ) S" -r) 6~'a.re micro-

c‘)
scopic cross—sections of the studied material.
For solving the diffusion equations we used the conventional method of

- ? -
. . . ted i
the separation of variables; é ('C ) and g (Z) were presented in

the form:

Be(Z) = Ple) D (2
D7) =) @ (z)

s P(z)= ¢(2)- cos fiz whore _/3 :/\/?}—/
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Parameter 522:' determining axial leakage was taken to be the same for
all assembly zones ( 213:: 0.03518).,

In the calculation we used an 18-group constant set obtained from the
26—-group set 12;7 by combining a number of energy intervals below the 1232
group., The coefficients of crossg-section resonance self-shielding for new
energy intervals were derived simply by averaging over lethargy. The
results of these calculations are presented in Table 2. The results for the
reactivity effects obtained by the perturbation theory formula were corrected
for resonance self-shielding of the samples taking into account heterogeneity
as well as the flux depression near and within the sample. The resonance
self-shielding of a single sample was taken into account according to the
method described in reference Z;:7, where the shielding coefficients are
congidered to be functions of the dilution characteristic GO which is the
sum of the total cross-sections of all the sample elements per micleus of
the given element. For the sample containing only one element C3; =0
the finiteness of the sample sizes is taken into account by adding the
term 1/,:[ to G, , where(o is the nuclear density of the material in the
sample, £ is the 4V/S characteristic sample size (4?= 4V/S), V being the
sample volume, and S its surface area.

As the calculations have shown, consideration of the sample resonance
gelf-gshielding effect gives imfortant corrections to the resulis carried out
with the use of un-shielded cross-sections.

We used such corrections for those materials having a noticeable

resonance part inm the cross-sections (e.g. U-238, Fe and others).

material: T-238 Ta §b No w Fe Re Eu

Corrections % : 643 25 13.2 6.2 8.7 17.3 18 10.3
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For U-238 and Fe, which enter into the composition of the assembly,
the czlculations of the corrections were applied to the cross-—sections
shielded over the assembly core composition. In this case the calculations
produced too low results. However, the under-estimate was not too great
because the calculations which assumed infinite sample size give a correction
of 8% for U-238 and 21.4% for Fe. In addition to the corrections which take
account of the sample resonance self-shielding one must also introduce the
corrections related to the neutron field depressicn produced by a sample,
This effect was experimentally determined for boron carbide samples, see
reference z@i;7. In order to determire the non-shielded reactivity effect we
used boron carbide samples of natural enrichment with weights ranging from
~120g to ~0.92. The 30g to 120g samples were composed of standard slugs
of the BFS assembly ( 1 - 4 slugs 46 mm D). The samples, weighing less than
30g, represented thin-walled aluminium containers which were filled up with
boron carbide powder. All the containers had the same diameter-(46 mm) but
different height. The measurement results are presented in Table 4. The
value of boron carbide non-shielded reactivity effect was obtained by extra-
polation from the tabulated data. This value is equal to
(5.76 2 0.10) . 1073 OK/K/kg. 1In this connection the value of the shielding
effect related to the neutron field depression for the boron carbide sample,
presented in Table 2 will be equal to about 14%, We also obtained the
calculated data for evaluating the shielding effect of the boron carbide sample,

These calculations in Pl and P_ approximations for the spherical sample whose

3
weight and volume are similar to sample No. 1 of Table 4 gave a corrected value
near to the experimental one., In the same way we evaluated the corrections

for the neutron field depression for tantalum and U-238 samples. This cor-

rection is about 10 per cent for the tantalum sample and akout 4 per cent

for the U-238 sample, being a less strong absorber.
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The correlation between experimental and calculated results, taking
into account both resonance self-shielding and neutron field depression, shows
that the difference between the calculated and experimental values is about
10 per cent for most of the materials studied (U235, U238, Ta, Mo). Such
accuracy may be considered good considering the errors in the calculation
methods and the multigroup cross—sections usel, For a series of other materials
a greater difference Q~30%) is observed, In particular, for boron carbide it
is about 25 per cent and cannot be explained by cross-section inaccuracies.
Appaiently it is related to the softer neutron spectrum of the real assembly
in corparison with the calculated one. Some spectrum softening sucurs due to
the heterogeneous assembly structure. However, the calculations show that
the neutron spectrum softening due to heterogeneity can increase the calculated

boron carbide efficiency not more than 5 per cent. The greatest difference is

observed for carbon and it demands further analysise

3, Calculation of the Effect on the Resonance Cross—Sections
of the surrounding medium when Introducing Scattering Samples
in a Fast Reactor

The effoctive widths of uranium and plutonium resonances (the main
elements with strongly pronounced resonance structure in the cross-sections)
dv not exceed about 1 eV, while the neutron energy losses upon scattering
on the same elements considerably exceed this value at E>100 eV (ifAﬁ 'E’ﬂ-E,
then for mass numbers A=200, dﬁg%aa). Therefore when introducing a sample
with any atomic weight into a fast reactor, there occurs an effect connected
with an additional resonance absorption of the neutrons being scattered on

the sample muclei. This leads to a decrease of he self-shielding of the

surrounding element resonance cross—sections, i.e. to an increase of neutron

absorption in uranium and plutonium near the sample. It should be noted
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that the magnitude of this effect is comparable to the other components of
the reactivity effect due to sample—scatter and must be taken into account
in the perxrturbation theory calculations.

Let us consider a sample of small sizes ([«/\, where € is the sample
size, A is the neutron meanfree patk in it). For the sake of simvlicity
we shall not take into account effects connected with absorption in the
sample itself, with the change of the average neutron importance due to modera-
tion, and with diffusion. These effects are included in the general per-
turbation theoxry equatione.

Consider the relatior of the reaction cross—section i‘_j(t-':element
of the surrounding medium) averaged over the neutron flux ¢(€ ) ~ 7 /Z[E) to
the scattering cross-section, ZS s of the surrounding medium. Since -Z—:,
is a function of (Z,,), then the change of '2=:,: due to the introduction of
& gingle nucleus with the scattering cross—section CZOJ in the surrounding

unit volume, will be

= 55,
23 NI

As the sample is small, the influence of the scattering process on the
reactivity change, when introducing a sample of volume V_ 4 and nuclear

densityf s Will be equal toz

[4]--2 W oy P e - E) DE)

6770 > zz

If X-reaction is fission then the formula (3.l.) changes sign and

3.1,

-

is the neutron importance, and ¢ Z x ¢* éz /52’ s Which can

be either obtained from the known values of the shielding cross—sections [ _7,

~
acquires (if K =l.0) the Pactor equal to (1/ "?f" - 1) s where ¢*
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or be evaluated from the consideration of two cases of the cross~sections
with resonance form (strong ani weak resonances). This consideration is
similar to that given by the authors in reference [5;7.

Taking these considerations into account, formula (3.1.) can be

written as: AL +
Lo X e Voo [ e Ple) D7) x
= 5
3.2. ' Zx z, Rt J

where {: is the factor of the resonance shielding cross-section 22

All the above mentioned comsiderations are valid for a sample which is
small in comparison to the neutron meanfree path length so that neutrons under-
go not more than one collision within the sample., Therefore, the reactivity
effect appears to be proportional to the number of scattering neutron collisions

o5

in the sample ¢(E) V/J 2{: e Also, when measuring the reactivity co-
efficients one is obliged to use rather large samples to obtain noticeable
reactivity values. If the sample is of the order of one meanfree path oxr
more,then double or multiple scattering becomes possihle. THowever, just after
single collisions the neutrons are distributed uniformly over energy,land
further collisions do not alter the situation., For large samples, therefore,
one observes a decrease of the self-shielding effect with the increase of the
sample sizes. Therefore, in order to consider the effect of the sample size
it is necessary to know the ratio of the rmumber of neutron collisions in the
sample ¢(E)-\£s-Z:f to that of the first neutron collisions which fall upon
the surface S of the sample.

It is known that ¢(E)-§?— neutrons fall upon the sample surface, these
can either undergo a first collision in the sample (total scattering cross-
section of the sampls nuclei is \(Zzs)or pass through the sample without any

collisions with the sample muclei, and escape through the back surface
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(the neutron collision "cross—section" with the sample surface is S/4). Thus,
the probability that neutrons collide with the sample muclei only once is
od oe
!
equal to Ved Z; /(\4.( Z_‘ + %) and the mumber of first neutron col-
lisions in the sample will be equal to 4>(E) %-\/' 2;/(\/2‘ + 5:3
od
This is different from the total number of collisions 4)(5)-\4.# Z‘

by the factor:

SA4 (
V.- Z+ Sk | + Lz,

where

L= 41/s

Thus, considering the sample size under the integral in formula (3,2)
one ought to introduce this factor which, particularly for large size samples
(ZZ;M»/), leads to gk../’ instead of JZ—J,/.( for small j .

Fimally, formula (3.2.) assumes the form:

%g_ Zé,/%@ V./¢/£) O*(E) x

Y ' @ /27 ‘27 /- K&' Zéng
(/‘2_4 2::(#&2) % z/ "/Vfaffff /) -

In our discussion we assumed that the average neutron flux is distributed

uniformly in the sample and near it.

Large departures from this assumption in the resonance region can be
expected only for the samples being either strong absorbers (Boron—lo) or
strong moderators (hydrogen). However, in these cases the effect considered
plays a relatively small part in the total reactivity effect of the sample.

In the BFS-16 assembly we studied the reactivity effect produced by the
materials for which the reactivity contribution of the absorption and scat-
tering processes are approximately equals The reactivity effects for these
materials (carbon, iron), calculated from general formulae of the perturbation

theory, are not in good agreement with experiment (see Table 2).
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In our paper an attempt was made to consider the effect of the sur-
rounding medium resonance cross~sections in the calculation of the reactivity
worth of carbon and iron in the reactor center with the above described methods.
In the calculations we used the resonance cross—sections and the self-shielding
coefficients as giver in reference Z?L;7-

The calculation results are given in the table below.

A k/K / kg.lO5

characteristic . perturbation calculation
experiment R
sample size theory using
calculation equation (3.3)
Carbon  3.17 +19,1 + 1.2 +1.9 1.64
Iron 3.78 - 2.6 -'t O.l "4.04- '-4--1

As peen from this table the consideration of the reactivity effect of
the surrounding medium resonance cross—sections does not improve the agree~
ment for moderating materials. One probable reason for the discrepancy
between calculation and experiment for these materials may be due to the
influence of the assembly heterogeneity on the distribution of the neutron

importance.
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Table I
Charactexristics of Samples

Hoe. ilalerial Sample weight, g Saomple type and sizes, na

I. Uraniun-235 ( 907 U-235) 205,2 2 slugs 4=45.7 h=5.6 -

2. Urunium-238( 0.42U=235) 3220 A slug d=46.7 h=100

3« Tantalum 94743 20 slugs d4=46.7 h=I.0

4. Racnlun 362 Powder in container

5. Iuropla o©xide 45.69 Pouder in container d=45 h=A0 o

6 Boron carhide(of natural v
enrichzent) eI.I2 2 pellets d=46.7 b=I0

7. Niobium 6423 S slugs 4= 46.7 bh=I0

8. lolybdenum 817.25 discs d= 45,7 h=50

9. Tungsbten II45.45 dlscs d= 4637 bh=50

I0, Ferrun I332 I slug d= 46.7 h=I00

IX. Cardbon 1572.7 I slug d= 46.7 h=50

I2. Tantalun diboride 282 poliets d= IO b=I0 in container

13, (Boron of natural enrichment)

Chrone dlboride
(Boron of natural emrichment)

55 pellets d= I0 h=10 in contalner



Contimnation of Table L

No. Materisl Sample weight, g Sample type aud sizes, mm
I%e Fhenium boride (Soran 30T pellets d=I0 h=I0 in-container

of natural enrichment)
IS. BEBuropium hexaboride

( Boron of xutubal enrichment) 5.I03 pellets d=I0 h=I0 tn container
IS. Boron carbide (Boron is en—

riched up to 80% B~I0) 5.232 pellets d=8 bh=5 in container
I7. Europium hexzboride (Borom is

enriched up to 80% B-IO) 8427 pellicts =8 b= 5 in contalner
I8. Chrome diboride

(Boron is enriched up to 80% 9.878 pelless =8 b= 9% in contalner

B-I0)

=191~



Table 2
Roagtivity Effects Produced by Different Materials when Placed in BFS-I6 Asseubly

: g A%/ kg IC)3 ECalculauion : Cogeg?:;on m!(lorrec:cd
No. { Mpterizl i e T FTE Foa - for calcula- 1C.:Llculat:.‘l.o;;
H 1 Exporiment perturbation tbeoz:y' Experinent 1 ted cffect { Bxpexriment
X 2 3 & 5 6 7
I. U=235 +I.28 + 0,02 I.48 I.I
2, U=238 =0.I0I #+ 0.00I ~0.I2I 1.2 1% 1.07
e Ta ~0.424 » 0.008 =0.562 I.33 35% 0.86
4, Re ~0.6G8 +_ 0.033 ~0.7I0 I;06 18% 0.87 .
Se Eu, 03 2.2 # 0.0I =I.29 0.85 I0% 0.78 N
6. B,C «5.07 + 0,02 4,64 0.91 pLiv A 0.78
7. ™ ~0,235 + 0.005 =0.360 1.53 3% 1.33
8. ko 0162 + 0.00I ~0.I92 I.I3 &% I.12
9. w «0.I56 # 0.00I =0.22 I.aT % I.28
I0e Te ~0.026 + 0.00I -0.0404 I.55 20% .24
II. ¢© +0.I9I + 0.0I2  +0.0I9 0.I
I2. TaB, ~I.06 % 0.0L ~I.I2 1.06

I3. CzB, =I.86 + 0.02 <I.76 0.95



Continuation of Table 2

¢ 2 3 5 5 6 7
I8 ReB; -I.38 + 0.06 ~I.47 1.06
I5. EuB ¢ ~3.57 + 0.I8  -3.0I 0.84
164 B4c°:‘ «20.24 +0.18 ~I9.1 0.9%
17. EuBg ~8.97 & 0.I8  <8.3I 0.93
18. CxB," ~7.45 % 0.08 ~5.7% 0.90

3 Bozon campounds enrichod by the isotope B-I0 up to 80%.

=91~

#) %) The correction contalning resonance self-shielding effect and neutron field

depression near sample and within it.



Table 3

Nuclear Concentration (xIan') of Elcments Entering into Composition of BHPFS-I6 Assecubly Zones.
( ILateral Interlayers End shield
%10 ZBO0  shield
- Side ghield Top __ Bottom Lop Bottom
U - 235 021415 022185 0%52 - o5 o%s
U=238  0°666 075763 0.0II93 = - 02998 0964
Oxygzen 0.0I585 0.0I6I  0.02397 = - 00201 0.0I%
Aluminium 0.01056 02938 0%8II  0.0I522 0.0I76 0.0I46  0.0I45
Stainless
) 0.02067 0.0205  0.0I374 0.0368 0.0370 0°58I 0°581
1
g

& Stainless stedl contains 73% Fe, I8% Cr, 9% Ki.



Table &
Dependence of Reactivity Effect Producel by I kg of Boron Carbide of Natural Enrichment
and Experimental Correction Value for Seutron Field Depression on Sauple Thickness.

No. Sample weight Sample thickness, om Redct,ivz.by °§f cct tggﬁﬁiogefg’ésggg;

1. 122,48 40 4478 + 0,01 I,18

2e 91,77 30 4,87 3 0,0I I,I6

3 6l ,I2 20 5907 2 0;02 I, 114

4. 30,53 10 5,24 + 0,02 1,073 3
5. I4,75 9 5,52 & 0,02 1,06 ¥
6e 6,515 4 54583 + 0,03 I,01

2 6,1 4 550 & 0,05 I,025

8. 3,151 2 5,6 &+ 0,I7 1,005

Qe 2,739 2 5,64 + 0,08 1,0

I0. 0,935 0,6 5,83 ¢ 0,46 -




Design Diagram of BF3-16 Assembly
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Abstract

The present paper considers the changes in the 26—group cross-
sections of U-235 fission and U-238 capture occasioned by new
measurements and by the current analysis of the whole complex
of microscopic data for the indicated cross-sections. Considera-
tions of criticality calculations of the ZPR-III critical

assemblies, using the (INAB* set, were also taken into account.

* Translater's note: the'BNAB set' refers to the group constants
published in 1964 by Bazazyants, Nikolaev, Abagyan and Bondarenko.
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1, Description of Initial Data.

The present paper is part of the program designed to revise and
improve the 26-group BNAB set published in 1964 [1] on the basis
of new nuclear data and the resultis of critical and exponential
experiments. It was convenient to take advantage of the experi-
mental results of the ZRP-III critical assemblies [2] for this
purpose. To analyse the experimental data of the ZPR-III critical
assemblies calculations of 22 assemblies using the 26-group P-3
approximation in spherical geometry was carried out with the
computer programme M-26 [3] (a slightly corrected transport
approximation with isotropic transitions was used [1]). The
adequacy of the P-3 approximation to take into account the kinetic
effect on keff of the considered assemblies is based on paper [4]
presented at éhis Symposium. Altogether there were 4 series of
calculations. The first series was calculated with the BNAB get;
in the other three series the U235
set was changed in accordance with the recommendation of Davey [5]

and Hart [9]. In addition the U238 capture cross-sections of the

fission cross—section of the BNAB

BNAB set were changed in the 3rd series according to L. Abagyan's
recommendation (IPPE), and in the 4th one according to V. Tolstikov
and L. Abagyan's recommendations (IPPE). In doing so &%ot and

of U235 as well as Gyo of U238 remained the same and all of the
changes introduced in the fission and capture cross-sections of

the indicated elements were compensated by adjustment of the

elastic scattering.

235

Table 1 lists the U fission and U238 capture cross-—sgsections used

in these calculations. > 238
Tables 5 — 7 show all the group cross-gections of U 3 and U 3 used

in the four calculation series.
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ZPR-III critical assemblies are heterogeneous systems of n2ar-
cylindrical geometry having a central air gap. Therefore, in order to
obtain the calculation model of these reactors it is necessary to
introduce the following corrections into the experimental critical

parameters:

a) heterogeneous effects,
b) irregularity of the core boundaries and the central gap,
c) difference between the calculated spherical geometry

and the cylindrical one (form-factor).

In the present paper we proceeded f'~om the homogeneous

spherical calculation models of the ZPR-III critical assemblies
calculated by Davey [2] taking account of structure peculiacrities.
The following corrections were introduced into the results of these

k calculations:

eff

a) the difference between Davey's semi-empirically evaluated
form-factors and those rigorously calculated by Zizin M.N. [4]

using the Pl-approximation.

b) the difference between the corrections for heterogeneity
introduced by Davey and the corrections calculated more exactly by
Baker [6]. Introduction of these corrections has not influenced the

conclusions which were drawn from the present analysis.

It should be noted that the evaluation of heterogeneous effects
by Baker and Davey did not take into account neither the resonance
heterogeneous effects nor the heterogeneous effects on the diffusion
characteristics of the medium; therefore, the results of our cal-
culations contain systematic errors caused by these effecis. We hope,
however, that these errors do not exceed 0.1 - 0.2% in keff for the

considered critical assemblies have rather hard spectira.
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Finally, we note one more reason of possible systematic errors in the
calculated results. In the M-26 computer programme which we used [ 3]
(as well as in paper [2]), the influence on the elastic neutron slowing
down group cross-section of the difference between the spectral shape
within the group, and the standard spectrum assumed in the construction
of the group constants [1], was carried out by smoothing of the cal-
culated histograms which were obtained by the P1 approximation in the
preliminary calculations. The errors inherent in this method to account
for the elastic slowing down is estimated to be 0.2% to 0.4$ in ke

£f*
Thkus the resultant systematic error in keff can be ~ 0.5

The velumetric material fractions of the cores and reflectors of the
ZPR-III critical assemblies are taken from paper [8]. These are given
together with the results of the keff calculations in Table 3.
Nuclear densities of the materials of the cores and reflectors are

given in Table 2.

235

2
2. Discussion of the changes of the U and U 38 cross—sections.

In the considered ZPR-III critical assemblies the principal effect

2
on the value of k is produced by inaccuracies of the U 35

eff
and U238 capture cross-sgsections. This conclusion is drawn both from

fission

the critical assembly analysis carried out by Baker [6] and from

the perturbation theory analysis performed at our Institute. The de-
termining influence of these isotc:res on Kopr is clearly seen from

Pig. la, where the values of Ak . = keﬁ.-l, obtained in the lst
series of calculations (with the BNAB set) are plotted as a function

of U238 puclear concentration ratio fa?/f% . It is evident that for
the critical assemblies with low Uranium-238 content the calculated
keff are over-evaluated by approximately 3 %. As the U238 concentration
increases, these discrepancies decrease, and when fbAh; 7~ 10,

they disappear completely. Hence we coggéude that the u235 cross-

sections are too "supercritical®™ and U cross—sections are too

"gubcritical™, so that at ,05/7%7 ~ 10 there occurs an error
compensation.,
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The perturbation theory analysis shows that in the case of U235, k

is decisively affected by the fission cross-section (i.e. 11‘?? ),eff
and in the case of U238 - by the capture cross-section. Influence

of uncertainties in other cross-sections of these isotopes and the
cross—sections of other elements is negligible.

The conclusion that the earlier adopted U235 fission and U238

capture cross-sections should be changed, is confirmed by ana-

lyzing the whole complex of the data of these cross-sections,

taking the recent results into account. It follows from the above
that the analysis of the criticaiity data of the ZPR-III critical
assemblies gives the possibility to introduce corrections to the

11235 fission and U238 capture cross-sections, or to confirm the
changes in these cross-sections made on the basis of evaluating
new nuclear data. In the present paper the second way of improving

these constants is adopted.

To minimize the influence of experimental errors in critical
parameters and inaccurate constants of other elements (Al,Na, C, O)
contained in the core composition of separate critical assemblies
we described the systematic dependence of A keff on {9&/‘95 by

a straight line.

It was intended that through the impirovement of the constants, that
this line generated by a least squares fit of the calculated
points, deviates from the abscissa, in the considered range of

f%/f; , by not more than a fraction of a percent, i.e. not
exceeding the possible magnitude of the systematic error of the
calculated results.

2
As it is seen from Fig. 1b, the change of the U 35

fission cross-
gection according to Davey and Hart's recommendations (based
primarily on the experimental results of White [7]) leads to the
elimination of the systematic discrepancies between theoretical

and experimental keff datz, for critical assemblies of considerably
low U238 content. However, as it should be expected, the calculated
values of keff became considerably lower than unity for critical

assemblies with high fa/fsa ratios.
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In the 3rd series of calculations (see Fig. lc) the 0238 capture
crosgs—sections in the resonance energy region were taken from

L. Abagyan's reevaluation (FEI) performed on the basis of new
U238 resonance parameter data, using sufficiently precise methods
which took account of resonance self-shielding [10]. The re-
evaluation of the capture cross-section extended also into the
higher energy region. The agreement between theoretical and
experimental data was markedly improved, as it is seen from

Fig. lc. Finally, the 4th series of calculations, included re-
sults of recent evaluations of the U238 capture cross-section,

the resonance region (L. Abagyan, FEI) as well as in the region
above 20 keV (V. Tolstikov, FEI); the results of these calculations
are given in Fig. 2a. Fig. 2b shows the same data corrected for
heterogeneous effects and form-factors (see Reference [2]) which
were mentioned above. It is clear from the last two figures

that due to the reevaluation of the U235 fission and U238 capture
crogs-sections we can describe the whole complex of keff of most
ZPR-I1] critical assgemblies down to accuracy limits of possible
systematic errors. Further improvements of these cross-sections

by minimizing the deviations of the calculated keff from ex-
perimental values will therefore be justified only if one performs
more precise calculations taking resonance heterogeneous effects,
elastic slowing down and other factors into acccunt, which could
lead to systematic errors on the order of 1%. Presence of such

errors in our calculations is demonstrated by the difference of

the curves of Akeff depend.nce on €8/€ 5 given in Figm. 2a, 2b.

Proceeding from the above, we consider the U235 fission and U238
capture cross-sections adopted in the 4th series of calculations

(Bee Table 1) as optimal and recommended for use in practical
calculations, One should bear in mind, however, that rather coarse
methods were used in adjusting the cross-sections; the criticality

of the considered critical assemblies therefore, is a weak function

of the choice of cross-—sections in the comparatively low energy region.
Table 4 shows the effect of changing the group cross-sections on keff
for one of the assemblies with the softest spectrum. In this
connection our recommendations are reliable only in the energy region

above ~, 1 keV.
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3. Some considerations concerning oxygen, steel, carbon and sodium,

Among 22 critical assemblies under investigation there are 6 for
which the calculated values of keff differ from unity by not more
than 0.9 %; for three of them (nos. 30, 31, 35) k oo differs from
unity by more than 1.5%. Let us consider the possibility of ex-
plaining these discrepancies on the basis of inaccuracies of the
nuclear data., One observed that keff exceeds unity considerably

in all thkree assemblies containing oxygen in the core (the groups
of assemblies 4 and 6; assemblies no. 29, 30, 35). However, this
does not constitute svidence that the used oxygen constants are
inaccurate, because all of these assemblies contain also much steel
in the core. At the same time, in the 1st grour of the assemblies
235 and U238,

there is a tendency to increase A keff as the iron volume fraction

which contain only steel in the core, except for the U

is increased. This tendency is consistent with the calculation

resulis of k for the second group of assemblies containing

aluminiums Ffzithe asgemblies containing ~, 25% of steel Kopp 18
higher than for the assemblies with 10 - 15 % of steel. Since the
steel concentration and the concentration of other elements in
these assemblies changes relatively slightly , it is reasonable

not to expect a distinct manifestation of investigated effects

in this group of assemblies. Thie tendency manifests itself most
clearly in the results of the calculations of the 5th group of
assemblies containing sodium. The substitution of U23 for steel,
retaining the volume fractions-of U235 and sodium in the core,

led to a strong rise of keff in assembly no. 33 in comparison

with assembly no. 36. Finally, oxygen influence on criticality manifests
itself principally in a softened neutron spectirum at the

expense of elastic slowing down. It is difficult to allow so great
inaccuracies in the oxygen scattering cross-section that can lead

to discrepancy of 1.5 % in keff' It would be more sensible to assumz
the existence of inaccuracies when taking into account elastic
slowing down in a group approximation. However, this assumption must
alsc be eliminated; because the criticality of those assemblies con~
taining carbon in rather 1large concentrations (in the 4th group

of assemblies) is not badly described.
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On the basis of the above we suppose that those steel constants which

we used are in need of improvement. The noted tendency for k to increase

eif
with an increasing volume fraction of steel in the critical assemblies
under consideration is not so pronounced that one can give any re-

commendations to change the steel cross-sections on the be3is of their

effect on criticality in this analysis.



4.

10.

-176—

REFERENCE 3

L.P. Abagyan, N.O. Dazaziantz, I.I. Bondarenko, M.N, Nikolaev,
"Group Constants for Nuclear Reactor Calculations"
Atomizdat, 1964.

W.G. Davey, "An Analysis of 23 ZPR-III Fast-Reactor Critical
Experiments". Nucl, Sci. and Eng. 19, 259, 1964.

Sh. 8. Nikolaishvili, V.G. Zolotukhin, I.P. Markelov, A.A. Bliskavka,
"Methods and Programmes for Fast Reactors Calculation". See paper

no, 1 of this Compilation.

M.N. Zizin, "Calculation of Integral Experiments on Fast Criticel
Assemblies ZPR-III, ZEBRA, VERA, and BFJ".

232
’

and Pu242

W.G. Davey, "An Analysis of the Fission Cross-~Section of Th
) 2 2 2 0
U333, U235, U234, U236, U 38, Np 37, Pu 39, Pu24 ' Pu241

from 1 keV to 10 MV,

A.R. Baker, "A Systematic Study of the Accuracy of Multigroup
Criticality Calculations for Fast Critical Assemblies". The
British Nuclear Energy Society. 6, 249, 1967.

P.N. White, "Measurements of the U235 Neutron Fission Cross-
Section in the Energy Range 0.04 - 14 MeV", Journal of Muclear
Energy. P A/B, 19, 325, 1965.

W.G. Davey, "K Calculations for 22 ZPR-III Fast Reactor Assemblies
Using ANL Cross-Sections set 635". ANL-65To, 1962.

2 2 2
W.Hart, "Fission Cross-Section Data Files for Th 32, U 34, u 35, U

0238, wp23T, Py Pu24o' py241

14 MeV". AHSB(S) R 124, London, 1967.

236

in the Energy Range 1 keV to

L.P. Abagyan, M.N. Nikolaev, L.V, Petrova, "Calculation of the
U-238 Cross-sections with the URAN Programme". Nuclear Data Centre
Bulletin, Volume 4, Atomizdat, 1967.



-177-
Table 1

Group Values of U235 Flssion and U238 Capture
Cross—-Sectlions Used in 4 Series of Calculation
of the Critical Assemblies

64(U=>) 6c (U*9)
K variants variants
groups E"' 1 2 I 2 3
series of calculation series of calculations
D544 1,2

I 6.5 = T0.5 Mev I.75 I,€3 0.00 0.00 0.00
2 4.0 - 6.5 I.I5 I.115 0.0I 0.01 0.0I
3 2.5 - 4.0 I.25 I.200 0.02 0.02 0.02
4 I.4 - 2.5 I.28 I1.280 0.06 0.06 0.06
5 0.8 - I.4 I.25 I.2I0 0.13 0.1I3 0.I4
6 0.4 - 0.8 1.23 I.160 0.13 0.13 0.I3
7 0.2 - 0.4 I.41 I.315 0.I5 0.15 0.I4
8 0.1 - 0.2 I.70 I.521 0.22 0.I8 0.I8
9 46.5 - I100. Xxev 2.10 1.802 0.35 0.27 0.26
I0 2I1.5 =  46.5 2.65 2.257 0.46 0.45 0.41
11 10.0 - 2I.5 3.40 2.872 0.60 0.68 0.61
I2 4,65- 10.0 4.40 3.722 0.78 0.91 0.8I
I3 2.15- 4,65 5.40 4,968 I.20 I1.30 I.I6
I4 1.0 - 2.1I5 7.30 6.838 2.10 2.00 I1.84
I5 465 ~ 1000 ev II.0 II.0 3.60 3.40 3.2
Ie 2I5 - 465 16.0 I6.0 4,50 4,35 4.4
I7 100 - 2I5 22 22 I7.0 20.0 20

I8 46.5 - 100 35 35 I5.0 I7.0 17.0
I9 2I1.5 - 46.5 45 45 58.0 57.0 57.0
20 I0 - 2I.5 45 45 82.0 78.0 78.0
21 4,65- I0 57 37 I71 I74.0 I74.0
22 2.15~ 4 .65 20 20 0.54 0.54 0.64
23 I.0 - 2.15 35 35 0.47 0.47 0.48
24 0.465~ I.0 64 64 0.58 0.58 0.52
25 0.2I5- 0.465 I55 I55 0.90 0.20 0.76
26 0.0252 582 582 2.71 2.71 2.73



Pable 2

Composgition of Critical Assemblies ZPR-III

(nuclei/cm3o10"22)
5 A
Yo vl % | | o g2 | o | |
8 =2 [Ca 235 238 55,87 58,71 52,0I 126,98 22,99|12,01 |16,0 [ 95,95 |91,22
B §,l%70m3 18,75 18,97 7,85 8,90 6,91 2,70 0,84 1,67 [ 2,55 | 10,19 | 6,4
7] - v lei ]
S 10722 NPPhe0 s80 84 903 8,00 | 6,03 2,20 8,37 | 5,60 6,40 | 4,25
Assenbly : | refleo- M Sph
. [ {tor type I'lCr. core
25 0,34 3,56 0,555 0,0840 0,140 A 564 46,44
24 0,363 3,50 0,566 0,0858 0,143 A 456 42,49
I 1I 0,457 3,44 0,555 0,0840 0,140 A 239 31,75
10 0,569 2,78 I,I7 0,178 0,296 A I53 25,43
32 0,445 0,0317 4,92 0,747 1,24 A 2I3 30,83
94 0,662 1,82 0,863 0,131 0,218 | I,%0 A ISI 25,42
20 0,292 0,9II 0,869 0,I32 0,220 | 1,52 0,322 O0,I84] B 408 44,02
31 0,279 0,439 I,49 0,226 0,376 | 1,42 A 437 45,75
2 6F 0,672 0,763 0,76 0,II3 0,189 | I,89 A I33 22,9
5 0,672 0,763 0,70 0,112 0,187 | 1I,% @ 156 24,21
24 0,671 0,049 1,67 0,254 0,422 | I,90 A Isk 23,58
23 0,445 0,0336 0,55 0,0831 0,139 | 2,58 A 249 32.46
3 34 0,224 0,49 I,49 0,226 0,378 | 1,58 0,760 i A 475 50,59
4] 0,239 0,579 I,50 0,227 0,379 | 1,57 T,39 X L2 45,58
4 30 0,284 0,43 I,49 0,226 0,376 | I,4I 0,697 A 377 43,30
36 0,450 2,38 0,770 0,I17 0,I9% 0,401 A 217 30,90
5 33 0,445 0,0326 3,86 0,586 0,976 0,400 A 225 31,38
3 35 0,195 0,0I39 3,01 0,457 0,760 0,782 0,398 C 485 53,38
16 0,450 2,4I 0,555 0,084 0,140 1,52 [ A 202 30,16
12 0,450 1,70 0,555 0,084 0,140 2,68 A I72 28,58
1T 0,450 0,989 0,555 0,084 0,140 3,82 A ISI 27,37
14 0,450 0,0336 0,555 0,084 0,140 5,35 A 132 26,17
REFLBCTOR
type 4235 4128 Z A Ca AL Mo Mo
A 0.009I2 4.00 O0.440 0.0667 0.II2
lect d ity is 0
B 0.00480 2.I8 I.I8 0.I79 0.298 0.608 0.157 In all these cases the reflector density 30 om
¢ 0.00432 I1.90 1I.I5 0.I7  0.290 0.715 0.140
0.00384 I.9I O.444 0.0676 0.II2 I.48 Internal reflector, demnsity 18.1om
= 0.00912 4.00 O.444 0.0676 0,112 0,137 _ “External reflector, density 18,1 cm

L1~



Table 3

Results of Calculation of Critical Assemblies

*
oups Vol k¢ t i £ th terial h - L/
51'0:r apsem- /,(”9 olume fractions o e core materials ’B‘I"‘m AKgpe, = (Ketf. = 4) ’ /'
asgen- | blies | 7 rre 238 aKT. * ¢ series g
vlies PN w 72 steel M M C 0 aou | OFgee,| 4 3 2 I

25 10,3 7,17 n,17 9,22 46,44 -0,44 -0,44 ~I,41 -4,II -0,25
24 9,6 7,57 72,90 9,41 42,49 -0,55 0,44 ~I,28 -0,84 ~0,03

I II 7,5 9,51 71,72 9,22 31,75 -0,08 | -0,41 0,9  -3,I9 0,45
10 4,9 11,85 57,90 19,47 25,4 0,44 0,09 -0,34 -2,17 I,33
32 0,07 9,26 0,66 81,77 30,83 0,92 1,23 0,88 -0,06 3,36
94 3,2 11,70 38,00 I4,35 21,50 25,42 0,57 0,3 -0,07 -I,s?7 I,7
20 3,1 6,09 18,97 14,45 25,I4 lsdy |2 0,22 | -0,I3  -0,6°6 -2,I2 I,84
31 1,6 5,81 9,14 24,76 23,49 45,7§ 1,85 I,41 0,90 -0,46 3,25

2 6F I, 14,00 I5,90 I2,41 31,40 22,96 0,52 0,62 0,26 -0,98 2,20
5 I,I 14,00 15,90 1I2,31 31,50 24,21 0,58 0,88 0,48 -0,52 2,68
24 0,07 I3,97 1,02 27,77 31,44 23,58 0,51 0,81 0,48 -0,56 2,56
23 0,07 9,27 0,70 9,I6 42,82 32,46 0,34 0,84 0,44 -0,75 2,50

3 34 2,2 4,67 10,30 24,83 25,50 9,08 50,59 0,20 0,60 ~0,I6 -I1,30 2,76

4 29 2,0 4,97 9,97 24,93 24,40 I4,50 | 46,88 I,I0 1,73 0,9 -0,I8 3,9
30 I,5 5,91 9,04 24,73 23,35 7,26 | 43,30 2,58 2,17 1,61 0,33 4,IS

5 | 36 5,3 9,37 49,51 12,80 18,23 30,90  -0,1& | -0,23  -0,71  -2,67 0,92
33 0,07 9,27 0,68 64,20 18,20 31,38 1,09 I,54 I,22 0,21 3,55

6 35 0,07 4,06 0,29 50,02 35,56 4,I5 153,38 I,78 I,46 I,I4 0,54 4,07
16 5,3 9,38 50,10 9,22 18,10 30,16 0,18 | 0,02 -0,69 -2,59 I,24
I2 3,8 9,38 35,40 9,22 31,96 28,58 -0,57 -0,I3 -0,87 -2,36 1,49
17 2,2 9,38 20,60 9,22 45,68 27,37 -0,60 | -0,I0 ~0,82 -1,96 1,73
I4 0,07 92,38 0,70 9,22 63,92 26,17 -1,27 -0,I7 -0,55 -1,38 1,68

*
AKert. =4 K,ff. (of the tsE series) + corrections for the calculation inaccuracy of the formfactor and heterogenelty for
the initial model, obtained by Zizin (4] and Baker [6] .

-6L1~
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Table 4

The Perturbation Theory Coeffiocients (R) of the 295 Agsembly
in Reference to U235 Fission and U238 Capture

A/”Zﬂ.)% =k g%

Mo E Coefficients R
n
groups 0235 fission U238 capture

I 6.5 - 10,5 MNeV 0.00I73 0.00000
2 4.0 - 6.5 0.00618 -0.00008
3 2.5 - 4.0 0.0I437 -0.00091
4 I.4 - 2.5 0.02804 -0.00233
5 0.8 - I.4 0.0398I -0.00773
6 0.4 - 0.8 0.06978 -0.01784
7 0.2 - 0.4 0.09937 ~0.02773
8 0.I - 0.2 0.09343 ~0.03292
9 4.5 - I00  kxev 0.08886 -0.04005
I0 2I.5 - 46.5 0.04674 -0.0I928
II I10.0 - 2I.5 0.02434 -0.00940
12 4,65 - 10.0 0.01079 ~0.00376
I3 2.I5 _  4.65

I4 1.0 - 2.I5 0.00423 ~0.00150
IS 465 - 1000  ev

Ie 2IS - 465 0.00157 ~0.0005%
I7 100 - 215

I8 46.5 - 1I00 0.00025 ~0.00008
I9 2I.5 - 46.5

20 10.0 - 2I.5

21 4,65 - 10.0 0.00003 -0.00000

22 2.I5 -  4.65

23 1.0 - 2.15

24 0.465 ~ 1.0 0.00000 -0.00000
25 0.2I5 =  0.465

26 therme)
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Table 5

Group Cross-Sections of U
(series 2, 3, &)

235

T 5, oy ) 6c 6w 6. Me §

1 e
I 6.30 I.630 3.40 0.0I9 I.03 3.621 0.84 0.00I3
2 7.40 I.TJI5 3.04 0.029 I.92 4.336 0.80 0.00I7
3 7.70 I.200 2.79 0.038 I.9I 4.552 0.7I 0.0024
4 7.00 I.280 2.63 0.060 I.76 3.900 0.55 0.0038
5 6.60 I.2I0 2.52 0.II6 I.38 3.89%% O0.45 0.0046
6 7.40 I.I60 2.46 0.160 I.20 4.880 0.35 0.0054
7 9.20 I.3I5 2.47 0.253 I.00 6.652 0.23 0.0064
8 1II.Z2 I.521 2.45 0.358 0.60 8.72I 0.I3 0.0073
9 I2.5 I.802 2.44 0.515 0.I8 1I10.00 0.07 0.0078
IC  I4.0 2.257 2.43 0.852 0.06 10.84 0.04 0.008I
II 16.0 2.872 2.42 1.267 - II.86 0.02 0.0082
I2 1I9.0 3.722 2.42 I.77% - I5.50 0.0I 0.0083
I3 23.0 4.968 2.42 2.530 -~ I5.50 0.00 0.0084
I4 27.0 6.838 2.42 3.560 - I6.60 0.00 0.0084
I 32.0 II.0 2.42 6.3 - I4.70 0.00 0.0084
I5 38,0 16.0 2.42 9.5 - 12.5 0.00 0.0084
I7  47.7 22 2.42 1I3.5 - I2.2 0.00 0.0084
I8 69.0 35 2.42 22 - 12 0.00 0.0084
I9 88.0 45 2.42 31 - 12 0.00 0.0084
20 III. 45 2.42 54 - 12 0.00 0.0084
21 93.0 37 2.42 44 - 12 0.00 0,0084
22 39.0 20 2.42 7 - 12 0.00 0.0084
23 6I.0 35 2.42 I3 - 3 0.00 0.0084
24  88.0 64 2.42 10 - I4 0.00 0.0084
25 205 I55 2.42 35 - I5 0.00 0.0084
T 698 582 2.42 101 - 15 0.00 -
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Table 6

Group Cross-Sectlons of U238
(series 3)
gowr { Gy 6, ) 6o 67 G Me E  E3¢)
1 6.30 I.00 3.48 0.00 I.80 3.50 0.84 0.00I3 0.023
2 7.50 0.58 3.09 0.0I 2.5I 4.40 0.80 0.001I7 0.025
3 7.70 0.58 2.87 0.02 2.60 4.50 0.7I 0.0024 0.027
4 7.10 0.49 2.67 0.06 2.25 4.30 0.53 0.0039 0.029
5 6.90 0.02 2.58 0.I3 2.I5 4.60 0.42 0.0049 0.040
6 7.80 -~ - 0.I3 I.65 6.02 0.33 0.0056 0.049
7 9.60 -~ - 0.I5 I.05 8.40 0.2I 0.0066 0.080
8 II.5 - - 0.I8 0.55 1I0.77 0.I2 0.0074 0.1I6
9 1I3.23 -~ - 0.27 0.19 1I2.77 0.07 0.0078 0.I29
I0 I3.7% -~ - 0.45 - I3.30 0.04 0.0081 0.140
II I4.59 -~ - 0.68 =~ I3.91 0.02 0.0082 0.I48
I2 15.86 -~ - 0.9 - I4.95 0.0I 0.0083 0.I61
I3 1I7.93 -~ - I.30 - I6.63 0.00 0.0084 0.I8I
I4 2I.0I =~ - 2.00 =~ 19.0I 0.00 0.008% 0,207
IS5 22.7 - - 3.40 - I9.3 0.00 0.0084 0.2I1
Ie 22.15 -~ - 4,35 - I7.8 0.00 0.0084% 0.19
I7 87.9 - - 20.0 - 67.9 0.00 0.0084 0.741
I8 42.2 - - I7 - 25.2 0.00 0.0084% 0.275
I9 I34.7 - - 57 - 77.7 0.00 0.0084 0.848
20 I1I10.8 - - 78 - . 32.8 0.00 0.0084 0.358
21 193.1 - - I74 - I°9.I 0.00 0.0084 0.208
22 9.54 -~ - 0.54 - 9.0 0.00 0.0084 0.098
23 9.47 = - 0.47 = 9.0 0.00 0.,0084 0.098
24 9.58 =~ - 0.58 -~ 9.0 0.00 0.0084 0.098
25 2.90 =~ - 0.90 -~ 9.0 0.00 0.0084 0.098
I1.7 - - 2.77 =~ 9.0 0.00 - -
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Table 7
Group Cross-Sections of 0238
(series 4)
gowr 6, 67 J 6 6, 6¢ ke T G

I 6.30 1.00 3.48 0.00 I1.80 3.50 0.8+ 0.00I3 0.023
2 7.50 0.58 3.09 0.0I 2.5I 4.40 0.80 0.001I7 0.025
3 7.70 0.58 2.87 0.02 2.60 4.50 0.7I 0.0024 0.027
4 7.10 0.49 2.67 0.06 2.25 4.30 0.53 0.0039 0.029
5 6.90 (0.02 2.58 0.I14 2.I5 4.59 0.42 0.0049 0.03°
6 7.80 =~ - 0.I3 1.65 6.02 0.33 0.0056 0.045
7 9.60 =~ - 0.I14 1I.05 8.41 0.2I 0.0066 0.080
8 I1.5 - - 0.I8 0.55 10.8 0.12 0.0074 0.II6
9 I2.8 - - 0.26 0.I9 I2.4 0.07 0.0078 0.126
I0 I3.5 - - 0.41 - 13.I 0.04 0.008I 0.I38
II 14.0 - - 0.61 - I3.4 0.02 0.0082 0.I43
12 I15.5 - - 0.81 - I4.7 0.0I 0.0083 0.I58
I3 16.5 - - I.Ie -~ 15.3 0.00 0.0084 0.I67
I4., 18.0 - - I.84 - I6.2 0.00 0.008 0.I77
I 23.0 - - 3.2 - I9.8 0.00 0.0084% 0.216
16 18.5 - - 4.4 - I#. I 0.00 0.008% 0.I54
I7 80.0 - - 20 -~ 6D 0.0C 0.0084 0.655
18 40.0 - - I7 - 23 0.00 0.0084 0.25I
19 140 - - 57 - 83 0.00 0.0084 0.906
20 I20 - - 78 - 42 0.00 0.0084 0.458
21 IS0 - - 174 - Ie . 0.00 0.0084 O0.I75
22 9.5 = - 0.4 - 9.0 0.00 0.0084 0.097
23 B.47 = - 0.48 =~ 9.0 0.00 0.0084 0.098
24 9.58 - - 0.52 =~ 9.06 0.00 0.0084 0.099
25 9.90 - - 0.7 -~ .9.I4 0.00 0.6084 0.I00
T I1.7 - - 2.7 = 8.97 0.00 - -
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