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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 fast 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» General outlineo of, the Profrlea*

Л Buabor of reactor calculation problems involve the

equations

L<p = Ь ̂ f- т (1.0

O»

CO

j ф(ГЛ.Е)с1Я

an additional oarulition

at the reactor external boundary
t
 cboro a is the unit outside

normal to the cur£aoo of the boundary•
The iTtsiotion (j) ( г д . Е ) is the itnlcnovaj auantity

eqpal t o v x n ( г ,Я ,Е )• «uuare tr is tho volooity of

a neutron witli energy B
f
 and n( г , il , E ) ia neutron danci-»

ty in the phase apaoo R ^ * g « H i s throe-diraenaicaal 2uoli-

doan cpooo of polnto r
 t
 Л - a cet of all tho ixjintn for tlio

unit ophere oorraopondins to the all poeciblo dircotioas of

neutron flight R
 f

 ond 8 - о cot of all pooeible valueo for

neutron cnorgioo E« 2he funotion QC г ) dotcirainod by the eqir>-

tion (1*3) is called a diotributlonfimotion of ocoondoxy iiooion

neutrons or fission neutrons*

H t (P" • E)
 i o

 *k° total naoroooopio os*oss coction for

&*energ/ neutrono at the т «pointy oaloulatod for a unit volu-

me In R; 2 l
s
( F , E ) - tho eoattoring ото с о ccotlon L + ( r , £)

•»tho fiooion cross ceotion WLr ,И,Л.\ E ,E') -the probabili-

ty faa» a neutron at point зГ with the energy В'before ocatto-

ring and the flight dirootion о!
 9

 *o bavo after
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tbo onorgy 13 and direction XI |
Tho function ff la normalised со tbat

CIO

] cl£ j d5W(rI21a'.EiE
f) = i (

о \Ш = \

-the oversee пшЛеу of ucoondary neutrons* emitted In
ono flesion enrcsrt por ono captured neutron*

~tho Emotion doaorlblas the energy distribution of fie
neutrons* X(E) Is soroaXlsod eo that

j J f ( E ) d E = 1 (1.G)

system under consideration la acsuxaed to conoict OS a f i -
nite number of rogiono (roootor йоаов) dlfiTorlne in their ooa*
pooition» Tho functions doacrlbins physloal obaractcrlotioo of
tho crediua ( j t 21 s »oto.) aa?o Btcp-funotions 7" • Tho йшо~
tlon IJ> С F , Л , E ) la l iaitod cad oontlnuouo In Gil tbo
variables everyvriier© exoept aone Intsrfaooo where i t s continu-
ity In IF lo required along the Л dirootlon»

thb pxttblera le to find a fow f irst eigenvalues X Eapresn-
ged In an incrcadnc oxuur and oorrespondlne dietributlom oi^on-
funotlons Ц> С г , л , E )• In order to eolve the problam
let us apply the group aothod [ 1 ] « ПТЬа neutron energy interval
le euppocQd to bo divided into a f inite nunber of partial in-
terval о (energy groupsO» vmthln each group tbo phyoioal charao-»
terletloo of oddlua and tho functions to be found are oonotant
cead do not depend on E* !Ebon the Initial problea (1.1>-C1«^>
nay be xepxeoonted as о nultigroup оеЛ of single -volooity oqiw
otione:

1 ^ ) 3 - 1 . 2 . . - . X" (1,7)
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N

Q(r) = U ' ( F ) l J p ) j фе(г;Л)сШ C1.9)

iThere ifJ ( F , & ) ore the group neutron flusos defined by
the Integrals

CpJ ( г Д ) = j if (г .й .E) dE (1И0)

In the naltigroup approximation the boundary condition at the

external boundary will look as:

фЧ^.Л) = О (Л,к) ̂ 0 0«11)

Further cimpllfication of |;be problem is connected t?ith appro-

repreeentation of /1 5 ( г ,5 ,Ii' ) ao a fanotioa of

Lot
Ы f-j !-j

1&(Г,л,Л')= Z s o ( r ) + ЗЙЙ^иСг) (1И2)

17lth euoh ooeuaptlon t̂ io об* (1*7) will look as:

where

Jills 1

2» A joint equation 1#2
t
3 lo widely ueed alone with the

equation (1»1)
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*Q*(r)= JdEX(8)J ф*(г,Й.ЕЫЯ (1И8)

Л boundary condition for the Joint equation is

The funotion Ц>*( F ,Я , E ) i o generally called as the
neutron value function [ 3 ] •

The multigroup analog for the ^rctoa C1«1G)-^1#18) with
the assumption (1*12) hsa fovra of

QV) = Z (

V7ith the condition s* the external boundary of tho eycrten:

*J Я ) > 0 (1.22)

3* Thd method for finding the least eigenvalue and corres-
ponding non-trivial eolution is as follows* lot Q

M
( p"),

n»1
f
2,»»

t
 be Buooessive approximatioaiB detexrained from recurrent

relations
со

eatiefying the boundary oondltioii (1*4), end Q^ ' ( ? ) -
initial approximation »

Then the least eigenvalue Я is determined froa the

и л И
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aad corresponding distribution of oooondary neutrons la deter-

mined from

leaofc eigenvalue of the joint problem (1»1б) 1в calculated

In tho вайе плппозч Ш и т solving the direct and tho joint equa*

tiono cimultunoouely in order to determine X , it is

recoamended to use the rolation

X =

where С ф , ^ ) io the saalar product of the fuactiono and

Яр In tho ераос П*

The above ргососо rrith ccme modification may be used for

finding oorae other valued for tho problem stated (see § 3)«

§ 2«JP
n
 - Appgoslaatlon of the Spherical Harmonioa Kothod»

1« The Btruoturo of tlie raultigroup equation pyotem (1»13)

revoals that the oaloulation of spatial and angular neutron

dlctribution rcduoee to Eaiooocelve solution of Dinglo-velocity

oquationo of the following form

whore

= J
^ - 13.1 = 1

^ - M i- ,ii) ie the given function*

The noet rridely ucod oothod for nolvins tho equation (2,1)

is tbo oothod haood on representation of the uaknotm function
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In tiie fore

Jty cubeftitutine t3ie espreosloo (2*4) Into (2.1) w© obtain [ 1 | 2 ]

- 7 T - T 7
Z-so % 2. i — 2. 2. s i

syetea (2.5) »uct Ъе euppleisented with tbo bormdasy ooiiui-
ticei. Wi-th that nia In view we may use the approximate representa-
tion of the oonditiono (1*4) in the Uarehate form t 2 3 . As a ro«
0olt vro ehall have

Фо - 2 ф1л = 0 (2.7)

where фщ i e the component of the veotos«~:?unotion lf>1 nlong
the outside noxnal. At the inner liiterXaoee оГ zones there io
as£ained a oanclltion of oontlnuity for the noroal oonponent
re«aatixs« from continuity of Фо ( r , Я ) over r along the
direotion Л *

2* P2 - approximation* In the problens of Ghloldln^ calcula-
tion a marked vetinement of the results i s achieved by taoono
of trsncltioo froa P^-approsioatioa to P2-approxijtap.tx3n of the
epherloal haataoniofl method trtiich describee better the behavio-
ur of neutron f loldo for from the reactor о ore, The transition
to P/>-approxioation la realised especially easily in one-dioon*
eional problems Csphere» infinite cylinder, f lat layer)* In this
oaea the cyct&m of equations has the same structure ее the eyo*
tea (2.1) [1,4] «

• 3* In oalculatlone o£ one-dliaencional reactors the numeri-
cal algorithma based on tbe ephorioal bamonioo isothod vlth mat-
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rlx factorization ere wiaely need» Tho principle of there me-
thods will ba concldertxi on an esaraple of a spherically цутаае
trioal transport problem (for а юопэ detailed inforoation see

In this оаве the equation (2*1) bag a fora of

The flolutian of tho ©quation (2,8) ITIH ba

form of

C 2 t S )

н
for In tho

Рог expansion cocf Jioiente of ( r ) ao obtain

whore
= 0,2.. ...H

d/л C2.1O

In tha equations (2«10) tbo functions with nccative EUbccripto cad

with, the eubscripto того than n are aosunod to be

She eyetea (2*10) nay to written aa

t o + ф Г

aro«here tho vectors Ц and

If =
if n

a and Ъ are the diagonal oatrloee

a=
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K and L arc the operators

i d
dr

L
dr

0

2

i
r

5
r*

0

d r«
dr r

dr r

0 . . .

0 . .

1 ? d " r r 6 -

0 . . .
dr

drr2 r s ^ - С2И5)

ond 6 ore the vootore with tba ^f- ocs3poneate#

The qyetos (2.12) ноу Ъо easily reduced to the difference
equation of the typo

K+1 = - F, (2.16)

os*e the square natrioes of the
со the valuoo of the veotore цГ and F in

the meah*»po&r' K« She ц/otom (2» 16) i s eurmieraentod with two
oouditions widoh may bo found by approximtl&g the init ia l boon-»
dary oondltions olth differcnoo oporatara*

One of vho effective methods fa* oolvlug the cyatcmo (2«1б)
i e the ctethod of matrix factorisation [ 1 ] • The final fonoulaB
nhioh ooncrtitute the nuasrioal eoiieod for solving the eyoten
(2*16) baa a fora of

, 1 1 , Ф N aro detoxnlned from boundary
ditionfl#

The above al^oritba vith a faw modifioationa i e oxtaided
to other ono^disvunsional tvanoport ргоЫсеш. It ie aeeuood со
a bcoio fop а гдутЪвт* of prog^Goneo of ""о—^^nK^>nionn^ x*oaotor
calculation in P^-oad
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5 3» fflo .CalQU^a-tigg o;ff
fl First One.

Let tie oosume now that Q ( p ) In the rififtt-haad peart of
the equation (1*1) i s the knovffi Emotion 7 *

IHhon tho solution of the init ial problem nay be presented
a© follows:

.n.E) = Я] Ф(гЛ.Л.Е) Q(F.)dFe C3.1)
IJ»

«Ьегв Ф С г ) г о > Я ,E ) 4e tha eolutlcja off the equation

- г . ) (3.2)

oatio?yins tl«j boandaiy condition
8{r - г,) ie the Diroo fuoctian noroaliaed as

] b{F- F.) dv - i (3*3)

D lo tbo regicm oooupiod by tho reaotoa» coro#
По» lot из nailtiply tlie equation (ЭЙ4* Ър 9(Е)1^(_Е)

ond Intograto over a l l B-cnorgioa Dnd over tbo total mxxrSaoo of
an unit Qpher lill »1,

Tben» according to tho definitioaa (1*2) ce oliall b£tve [ ?] ;

Q ( F ) = Л J K ( F , r 0 ) Q ( r e ) d r e ( 3 . 4 )
ID!

«here

К (?/.)* Jv(E)Ii(E)dEJ Ф(г,г..Л,ЕЗап (3*5)
о

Рог Dolrlns the equation (3*4) wo divide the region D
to n partial noa*into2*sootin^ Toglana IXJ» D̂ » ••»*•»
the eolation (Э«4/ шел be revrlttoa as:
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n = -Я Z i KCP,F.)Q(f
o
)dF

o
 (3.6)

Or» approximately * ae

f
 в

 СЭ.7)

vfoer© r^ ia a point of tba rocion D^« Ду Intesratinc (Э«7)
within the region D* t?9 obtain:

(3.0)

Qi = ^Qtr)dF д; = j dv

the Initial problem of finding оосю oiconvalucG
end oorreopondine funotiona is reduced to the partial probleo
Of linear algebra* ?ar its oolvin^ vro caoy uoe different ootbods,
in partuoular> tho ezbauetion oethod [8] •

Let ua point out a aorthod for calculating tho elements of
tbo matrix

Tab

,гС Д ,E) d f о (3.11)

!Tho funotloa Ф j < F . it , E ) Is the eolution of the equ-
ation
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0 ~

Йю eloaento odt the taatrix It A1JII are related to tho funo-

ti<» ty С ^ , i t ,E ) 'M1 followo:
Oo

A i.j = j d r J\>(E) Zf CE)d-E j iVjCF.fi ,E) с1Я ( 3 . 1 4 )

I t lo noceaeaxy to not on oonoluoion that tho above al£o~
ritlsa is Doant fox* tlio problea of fiiMiiae a exeat cumber of
oî QDvclues and oifpQjrfunotiotto* l?or finding tvro or tlireo tjifjoiv-
valuoo, wo сюгу apply tbo prinolplo of the oxhcvuBtlon nothod
dlrootly to the init ial equation (1И) oolvlns i t to^othor with
the joint oquatioA (1.10)*

A* An ..EpaCmgrfclctt̂  o^ f a c t o r ;РауэдеЬега Ту the

0£ton wo havo to colve the Coltaaarm o<iuation Hctr vciy
oonplex regiona In order to bo 00 oloso ao possible to a real
railtlplying aoaembly»

It io laio\m that thore aro threo olanoeo of tbo reactor
ccloulotion crroro:

a) Tho orrora of tho fcinetio equation solution resulting
frota idoaliaation of tho ootual ixroceao o* neutron transport
(e*6»t diffualon DpproyJjaatlon), 00 troll ao tho orroro of tlio
muncrioal oolution en apTjrosimato equation;

b) 2ho огзюго rcdiltlns from idoalisafcion of the real
wotrloal ooapooltlon x£iich io а!шуз a tlirco-Kliisonsional one;

0) ondf Gt lacrtf the еггогз caused by inaccuracy in tho
data on the ргооеовоо of neutrons interaction with nuoloi of
material»

Tho total oaloulational error is a oorapooite function of
the above errors» It io very difficult to evaluate them серо-
rotoly in practical oaloulatlono* In addition, the faot of
thoir boic^f not indepondostf ooaplioateo the prpbleo* i t la
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oopooially difficult to evaluate the effect of errors In oon»«

tanto booauco it is disguised by оттого of other origin*

Choreforo» variouo mothodo using the rooulto of шаоговао-

pio (integral) experiment о foi. improving the constant a require

a calculational technique which baa a rollablo aocuraoy with

roopoot to the errors of the a) and b) typo»

Eo3t reaotor oalculations are porforaod with the uoo of

tho fixed eyeteme of group oonctanto* It la obviously important

to havo а иеаиз for the control of the nuaorioal oethod3 with

rotaining one and the csme ayetea of oonstantut

At last, at oertain ctago of reactor designing there aid-

ees a need for obtalnina the most precise predictiono of rcao-

tor parometors»

All these arguoento result in tho noooeoity of using tho

Konto-Carlo nethodc» iviiea ohooolng о cuffiolently eeaorol tfcreo-

dljncnelonal ooapooition of reaotor zonoe tho raothod will provi-

do a zero erroj^s for the §) olaaa end an caoily ectlioatod pro-

per statlotloal error»

An Integral oquaticra for the function Q(r,H,E.) =

= I+(t%E)(p(i\Iz.E) wbioh is tho ficaion rate function for neut-
rons of direotion and 2 energy» may bo eaoily obtained
from (1*1)J

T7iicro Za. ( r, E) ia tho oaorosooplo absorption orooe eoetlon

including £iooiou; Pa (F', E' •* r ,a ,E ) Is the pro*
babillty density for a neutron born at r' as a reeuTfc of nuo-
lcua fission with tlio в'-energy neutron to be absorbed at point
r lavtnQ the direction and energy of Л acd S

f
 reapectivo-
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function le noraolirad во thsxt

j Pa O.'E' — ГД.Е) dr d&dE = 1

For the fission neutron density
we bare from (4*1)

Let \ш introduce a modified fiction probability

"..* (?'.E'- F.5.E) -

tshovo

The equation (4*3) nay Ъв oonoiderod as aa equation for
tho f iotltlous fiooion rate О under the aoounption thnt
ono and the csaa» number a of secondary £lselon neutxone la
bom iii oaoU fission (thou^i actually 0 la tho £imri.on-
noutron donoity)» The kernel 3?n»f( P'.E

7 -* ^.Й.Е )
controls the l&rkov'o chain proooco x^

f
 x^tv»»** з?

0
 1д tbo

phsiae cpaoo« In this prooooa a f isoion neutron born at z^
when bo ins ©boorbod at point s^^ mmld either produoe the
no*t »fiaoioa point" x

u
^

 С л ш
 ^ ^ ^ ь и ц у

 o 5
 M L U E
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or could bo obsorvod without fIceion and» therefore> tho oh&5n
would Ъо brolraru In ргооЫсз vLicn usinc the Conto Caz»lo method
i t lo oxtiroiJoly lacouveuiaafc to deal with ouch descziau&tine
chain bocauoo tho nunbez1 of ficoion points la rapidly decreased*
•Therefore* tho Lietlioda "with pcroecrvation of tho £Icoion point

are widely spread [9*12] • Jlozr wo desoribo one ctf thceo
proposed by A«I>« Preok-KamenQtsky [9 ] •

Ъе the phaoo coordioatoe of If £isclon points in the 1-th
Ginninc; £som tliose fir.aloa points» end e£tor
tho "hicrfcorioe11 of tho oorroepcsidi2^{ £looloa aoutroncf

we eholl got m-t fiesion pointe for the ( i + 1>»tho
ration neutrons» Tho nicolns S7 - n^ f icsion points of tho
( i + i)~th exoneration UTO taken by means o£ roruiom oholoo
oil H pointo of tiis prcoodins» 5.-tii ccnorctlon» (ri)

ThU8 the chain of caocosalve coaerationa ac? x- z , . . . , ф

1э uetcaniiiod ^эhioh i s tho Ьоаоссззооио Liarisov'a obaun In tho
opaco of vootore cc= (эс, , x b , . . . , sCwJ-

Ae I t follcwB froa tho Eoiikov^o ohala tticory tho
dicrbribntion U d i . K i , . . . , « « ) o£ H f lesion poiutc la
dotoralnod 1зу tho

thio OOOQ thft *<Ш£«?а?Ыо1е" dictrlbution

la not» соаогзИу Bpoddngg a solution for the hos»ccnoous equa-
tion (A»3)# 0?hlo reoilw in sono di3placczaczrt In tho soaotor
Oharoctcrlotloe which ehould bo uoalyssd, thoorotioally*

I t nay bo ^юш that for tho above Eaothod of
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the fleoion point number the kernel G la equal to
N

Zt йау Ьо coolly verified that

Duo to the syrnoGtry of tho kornol G tbo solution of the
equation (4.4) i? едшв№1еа1 'ала a l l tho "ono-partiolo*1 d istr i-
bution ftmotione

L (x) = j • • • J dx, d^ tdi£ 4 1 . . . dr „ U (x, ,x*,... ,ft

; t5ioixjforo © (x) cay Ъе rexawaonted as

N

Then we multiply (4*4) tgr Jj X &ЧзСп- it;
i t over a l l x 1 t 3c l t . . . . г / ' 1 , Pairing into aooount

(4*6) and (4«7) tre obtain tho following equation for the "ono-
partiolQ* diat3?ibuti«i foaotion Q (x)

j -» xj у (_зс ; c(x = к к (x) Q

equation differs froa (4*3) only in tho
Of lc N on X « At eaffioiontly groat U tbo function

L 1 P m i
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differs nlightly froa воае constant К and» thereforet кц * к.
Practical calculations end raodol езззлр1ся reveal \_'\Q~\

that dioplaoecaetrfe of ^ c ^ cauoed by tho finltcneca of II» 1ыз an
order of Jj • In practice i t io onoupji to take 21 within tho
limits of nooo hundrodEi«

After trooinc neutron "historico11 from cooe number of
rations Щ х&иях the ouuroe distribution has been cottloti» IC^^
ia osrtinated over each followins Д-th concretion cooordlns to
the в&йот&Х theory of otvaluatuouo of tho linear funotionalo bj
the Konto Carlo method [13] • 2?or eiaaaplc» tho estimation by
тешш of the coll ision density looks 1Ия»

yhoro ouraoation i s perforood over a l l the oollioion points of
the 1-th neutron in the 3-tti generation^ Other ecrfcinatlons aro
aloo pocsiblo for example % tho estimation by neans of tho path
lengfti and the optiisua OLrtir̂ ation [13 ] •

2hon the obtained values of К e^- are averaged over M
generations

i ~ т л UJ

and thua the ositixaation for the effoctivo mltipl loatlon coef-
f iolent over a l l IVJ. noutron "hlatorloo" lo obtaixiod* In this
oaeo вопе оЛ the f irst generations of neutrons are excluded foon
tho procGBO of 37cx&eli3^ to ovoid tho effect of non-ooirfclcKl
oouroo diotrlbution*

!She eotiiaotion of oomo other reaotor paraioetore i s aloo
roduoed to the use of the conora! tiioosy of tho flva funotio-
nals ootimatiane ond to following avovoGlng of tbeee Gcrtta3ti-
one over neutron ccacrationo» Ав on caanplo l e t uo consider
the estimation of the ooan prompt-neutroa l l fotiao T which la
of great importance far reactor kinetloo»

Accordins to tho above ec&oma of otatictioal toots l e t na
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the random lifatioa of a neutron betvTCon two oucoo-
seivo fiocion» Я1те nomalisacl distribution of fisnion Dourcos
Q(x) ЪС1ЛД oettiod down, ovidontly the позл. lifctina Is

x Jt М(г.г',г) dx'dr .

JQ(.x)dxJM(x1x'1'r)dx/dt:
?7hcs«o !V\(x ,x'tt) io tho density Q£ flacioa proapt
ron birth at point a># at a tinic r c^tor the f iocion
noutawn arrival at point x»

Let C2(^|t) Ъо tho fiGolon ncutxxm donoity at point зс at
a t ies t» 22isn» in Urn аЪооасв of external neutron oourceo*

t

QCx.t) = j QCx'.-t') M (x'.V- x.-t) d i ' d t ' Cft.12)

s tJao soparatioa o£ variable s

CUx.t) = Q ( * ) e "fc

obtain
oo

Q (x) = ] QUOdx j dr e a t IYI (z.x'.rj (4.13)
0

into aooouxit tlio fact tlxat In a ubnto noar to oritiosX
i3 cloeo to 1 in tlio rccion wlioro M uifi'o^po notico-

ab!ljr £von soro, we obtauaf a^ter cxpanoion е ы г ' into <=&
and rotaining tiio f irst two tcrmc^ the following oxprco*

|
1
x

(

l
t ) dv (4.1ft)

oo О

•Che value T(x.x') = J т JVlfx.a'.TJclr
ie proportional to tho mean lifetime of a neutron between two

fissions ot s end. x*« ?akins into account tnat

[
tbo equation (ft* 1ft) my bo written од

Qlx)-jQ(*';P
n
*(z

l
-:Od»

i
+cjQcc) TCx'-Jcjdx' C4.15)
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introducing tha equation

Q* (r) = J - J Q
+

O
(V) P

M
 (x - x'J dx' (4.16)

which ia the joint equation to tho conditionally oritloal (4*3)

nultiplylne the equation (Л»1
1
3) Ъу Q „ (xj пай (4*16) "by Q

Q(x) integrating over x end eubtrootine tho obtained

wo find

T
On the other hand* i t may Ъе slum that the lifetime

T =,

ooiiioidos with tho о:̂ ргове1оп for the llfotlmo prooontod la tho
wosi: Ъу LtlT*I7eaober 133 undcj* the aosuoptlon that Qix)= (3>(xJ

Tho exprooolon (^#17) differs frosfa <^> in "two rcepoote.
Firctly» T t x -* x'3 in (4.17) i s ?rei$itea with tlie woioht
Q(x) \ТЫОЬ10 the flrufc eigon^unction o£ the equation (4.14) but
not with iiiio wol£bt О С*} • 0£ oouroo» In crit ical reootor

oL-0 and Qtx) = © Cx) » hovrovDrf for «10 crfcate very far
froa crit ical the roploooncnt of Q(x) *oy ©(JC; ИК7 lead to
noticeable errors»

Secondly, beoldee Q(at*)» Qo C3r)(3oint Intecwil equation
solution) i s also л «oightine function for T ( x1-» л; ^ « e

nnurt Ъе волга that the roploocraont of Qo (x) Ъу the oonetant
(then <t> ±0 roduoed to 2) would not rooult in ooneiderao-
le огготв* oinoe the functional T i s a ratio OS ttro linear func-«
tlonalo tho difference of Q* from tho oonotont doeo not u^-ually
produce any oignlf ioaot errors; nevcrthelees, tlicro аг1соз a
problem of evaluation of tho bilinear funotlonals for the hono-

integral equation whioh has not hocn yet resolved»
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5 5» A Survey of Host iOTort

The movhodo pscoonted above have boon realised GQ the pro—
grsraoes for the computer 11-20 which are widely used for rcao—
tor onloulations* A brief description of theis? principal cha-
racteritrfcios is £lven bojorre

a) i'lie eoaples %\ ia intended for calculating the врело-
energy distribution of £1U>:US and ^oint Л ш в of neutrons ia
roactors in P̂ «* raid P^-a^proxiaationa In the one-KiinenBlonal
geometi'y. 'fhe calculationc азге performed on the baBio of the
total conservative file for the 10- and 21 croup microccopio
crosD-ncctiona written on tlio na{?ietlo tape» 'Лю orj^aniaation of
a l l tlio calculations is ixjî onaod with tlie UCQ of a opeoial cort-
trol prosranno which cooplex a set of рот&гасасо end crosc-cco-
tions» i#o» «'ш operatlvo filo for oolving a civen problca*

Ulie principal cluiraotcriotioe of the рго^гиите arc? tlis
number of energy groups» up to 21; the number of different ele«
raente oonctiiruting roaotor eonpoaition» up to 43; the number of
аопов with different phyoioal ooapocition, up to 9; the пгдлЪег
of Benh-pointB in a epatial variable, up to 06»

On tba bacio of the 5"J conplox t}io follov/ing operations
»ay be carries out: the calculation of the variation of tho
Exeter! reactivity with tho иве of tho perturbation theory foiw
dulao (vealc аай strong pcrturbationfl); the calculotioa of iieut-
ron f ieldu by tho oethod of conditional separation of varlab-
loo; tlio calculation of neutron fioldo within chielding layers
in IVapproxination with the UDO of the experimental relaxation
lengths in tho first croup; tho calculation reaction ratos
(oapturo, fioolon) and of the conversion ratio componerrio; the
calculation of the damping decrement in a non*ntationary prob*
lea and of the fact-neutron lifetime; the calculation of tho
refined values for critical taaoeeo in tho one-velocity JWippro-
xioation for eplierical systeao; luxe calculation of the central
absorbing rod efficiency;
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Ъ) 2h3 complex К-2б allovrc to calculate the principal fad»
reactor characteristics with tho v.eo of 26-rroun roaoxoecopio
croca-fjectionn [1/;] « "he cnla ргоезгаетао for crvlculabir^
opace—encrcy dicrtributian of a neutron flux I ' tho
onal ргосгааг-ю &-2б in the P^-or Po-approxination (vrhich
ей по to иов 1S«» bud Si-f̂ roup nyctono of conrrfcnntG)# The princi-
pal pnrGactors of the pvoeraone are: cootaetr^'-opherc, cylinder»
i'lat layer» tlio nuabci» of гизг-со» up to 9; txic mimbor» o£ op»co
mcali-poiat3 vd.thin a cono, not позлэ than 51; tho to^^il nunbor
ot cpaoo meslwpointn, up to 1Э0; the number of difforcirt olGQGntsf

up to 25; the nunbor OJ? Guiorsy groupa, 10, 21» 26,

Inolastio transitiouo for evory olecwnt aro tnJccn into a
oount v/itliin the l ia i tn of tho f irot eleven croupo

WIQ ooaplex I*»-2G includes tho 1>зхэсгЕах!ео for: p
the dicroocopio croas«coctionr>; caloulatln^ ®n& processing the
naoroccopic croc&^soctiono; 5or.ay.tion and factorisation; unrclT-
looted rcr.otor calculation; calculating the corrcctio»is to tho
шасгозеорхо olafltlo-noderation cpocjo-ncotions; ovalvuitins the»
absorbing rod cffiGicncy; tho calculation of the oquaro length
of moderation T G 2 ) ? caloulcitins tlio reaction ratoe; avcra-

CiriG of the microscopic aid nacroscopio croco-ccotiono; calcu-
lating the noutroa f iolda within tho rjhicldinc Icycva in ?o-cr>-
proxiiuation with tho uco of tho c:q>erincntal rolac^ition lcnG"i;h3
in noms f irst eroupo# ĴIio trunbor of ohieldiiig lar/oro io up to
30» I t io poooiblo to talco into account approximately tlio Gir С р̂
bctwoon shielding layers and to caloulato the cystem reaotivity
clianso according to tho perturbation theory fornulan»

All the abovo ргодгаиаюз ciro combined by tho control ртод-
rsme that allows to arraneo tho progronraeo aocording to ooc» gi-
ven рхюЫсщ, 'S!ha coaplex of programea 13-»2в to^ethor with tlio
£ilo of nicroscopio егоsG~ecc/fcions s'or 45 olcancnts Rre otorod
on the raosnetio tape» 2ho poosibilities ore provided for calcit*
latin^ a cell cold a roaotor with the ccntrr^ absorbing rod ci;
the f̂ urfao^ of rahlch tho valuo of the locsi'ithniQ clerivtitivo со
a fwiotion of. t3ie rod properties i s defined.
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The r a t о о of different reactions on ац? isotopes at any
reactor яогю are evaluated froa tiio calculated neutron flux
valuoe with tlio uoo of blocked raicroncopio orOGo-aeotioan. ',Люп
calculatinc tlio reaction ra tes we raejr UDQ the aloronoopie сгооэ-
oootiona otorod ±a the i i l o LJ-26 or Introduoe additional oaee»
5?he programa for ave:ratfing the Daoroocoplo and niox\>ooopio
orooQ-oectiona ollcr^o to obtain tha сгосо-tioo-fcioa i'or a nnallcr
nuabor of groupo (miniaum пшЪег о£ groiipo ie 3) on tha baoiD
of 26-group orooa*eootione aad оросе-юпогоу diatribution of
neutron £lusca calculated In P,j- aad P^-approxiaationa* iVith
the uoo of tho rcduood raacroocoplo стосэ-ecotiona we nay cai*ry 0
out the oalculationo with tlio рго<рлжцое 911» P« QUd Ре аз vrell
as with the two-dloanolonal reactor

o) The еора1ол of рго̂ ргсашюа for tho fact rosotor oalcti*

lationa l a P̂ — and Pp- înproxiDa-fciono allowo to obtain tho
diDtributioa of noutron -Xluxoo and neutron

In ono-«iuiao2isiceml flat» cylindrical and ophorlcal
taotrloo.

?he nain poromotors of the prograono a r e : tho number of
energy (?roupct up to 263 tho number of reactor вопео* up to 9;
tho rruaber of opatial noch-poiiitc» up to 05;

The prograooo for calculatlns a Bphorioal3y-»£r^iX9etric3l r o -
eotor In ?r»app^oxioation»

Cho main porarastcra aro: tho niaabor of energy croups, up
to 26; the nunber of reactor sone&f up to 5; tho хшпЪег of opa-
t i a l rMolv-poirrfcot tip to !30«

On baoio of global f liuroo ooloulated in S^Vr^vweosiaai*
tiono there la providod a pooaibility for ccuoulatins oraall i>or-
turbatlons and tho ulfforontlal uoutron flux funotions»

d) Por two-ditacnoional reactor calculations two programs8
aro used e t tlio Inot i tute of Phyoloo oad Po\7cr Еас1поог1Е^:
eoall-sroup and milticroo? pro^raociea for uuoloor roaotor ool-
oulauion in diffuolon approximation [1> 15» 1G] ,

A coall-croup progennne has the following parcootcrot the
goomotry (a»y), ( r 9 s ) ana ( r, tp ) ; the nunbor of groups ^ 4;
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the кшпЪег of acnes differing in physical ohcraotoricstioo» ^ G3;
the number of zonea dii^erins in eGOGet îeol oliaractericrtlcc;»

^ 256; the nuraber of npatzal oejjh-ix>into 1000» Sho iaacvocoo-
pio crooo-EOQtionG are» taken from the punched cards»

A cjultitfroup progrtjane perfcrao a calculation in (z»y) and
(r^s) ceoniotrieG with tho nunbcr of £rouwo bein# not йоге than
21 e I t s rwroaotGro aac» r>tructui?G ootaoido with tho precodins
зэгогзггагтов» In constant to the Eaall-sroup рго^^кюоо i t cnployo
tho accolcrotion ot the external iteration convcr^cnco with tho
uoo of the ex-tT."apolatlon uothod baned on Clicbychov'a poloTiomi-
aln. !?ho naoroocopio orooo-ocotionc for tliie ргосз?мапю aro cal-
oultitfQd with the uec o* ono 0:? the progrfira^ca Лтош 9iJ or U-2G
oonplcd:» l'ho running tine depends considerably on tiiQ oharaotcr
of tba рзгоЫега and i to parazaetero and io about 2-4 houro per one
variant in the Cr,s) cooiaetry*

a) Tho procraraaa for the three-dimencional reactors by tho
Monte-'Jarlo nothod* The library of prooetiusx>s ia written in tho
coaputer oodoa. With tiio uco of thooo proocdureo the tjrocranraes
шоу be conatruoted pcrfocnias tho follovrlng calculations: tho
oaloulation of К„.м о*к! of t!ie f icsion noutron Богатое distribu-
tion over Bonce with the us8 of tho optinua combination of ecrti-*
mat ions over the collision density cuid over tlio path length for
oaloulating Кп Л Л [13] and ovoluatioa over the col l ide» density
foi» calculatins the oecondary noutron courees; the calculation
Of Ес.лр and of the ffooondary neutron ooures dictribution over
ssonoo with the uno 02 the aritlmetioal overagQ for the e«jbia»-
tion.1 over tho path length and collision donoity for calculo-»
t ins Kc^p; the calculation of К *« and 4 IC 0^ for two reaefcoro
bavins similar eeooetrioal oonfi^urution and different oonpooi-
tion in coao reactor regions [17 ]•

Ihe c^otoao of 13-f 2й~ end 21-croup oonotaato nay be uood
In tho calculations*

The calculation ia perforood in tho "modified, transport
opproxlraation11 [14] for the roaotore t7it3iout hydrogen» In hyd~
soceneoua reactors tl» ocatterinc fron l^drogen io nodoled otric-
tly end at ccattoriac froa tho nuclei of other elensento the



transport approadmtion la usod.
Тле composition of a roaotor which nay be oaloulated with

t h i s prograusao ropro sent в a not of uon-irrteroooting a:cially««
para l le l c ircular oylindcro of equal height enolosed into a cy~
llador of the саше height* Any reactor volun» containod between
the cylindrical surface and th© mtrfocoe of tho f i r s t otcp of
insertion may bo out into part в by "the pianos pcLrallol to tlio
cyllndor bottoa* Suoh port io called a eeoaotrloal воле.

The l ibraiy of prooeduroo oontolna aloo a "eoomotrlcal11 pro-
oodure allcr,7iiw5 to calculato tho roaotor ropro ocnt ing a oonplos
of non-interoootiiiG opboroo onolooed In a cphore of creator di«
Gaaeter.

The ronotor ixiraoetero wbioh may be oaloulatod by tho dee*
orlbcd ргоргади» are litaitsd only by tlie else of tho oos*e menory
ovailablo vzith a computer end by the tiiao cpout for tho oalott-
l a t i o n . ^o tho meabor of physical zoneo (roaotor roslane diffe-
Tins in composition) io not того than 04, and tho nuabo? of geo-
metrical zones io about 400»

Any iisotope for TThlch there are group oonotanto in the l ib*
гагу Day bo prosont in tho reactor»

l a the development and patting Into pruotio of the
шов deoorlbod in tlile report t beoldos tlio carthoro» the following
persons took aa active ports Basyta U»A«» Elisarov G*I* f Xusne~
toova L*I. § r:ooolovn Н.П. t Hovinltoa A«l«t Uovikovt^coya Б»1«9

Pononko V,V,t
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A b s t r a c t

This report descries 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

Jv. and \, , strength functions S and S^ , 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 resonances; in

particular the Monte-Carlo method and the analytical method Til. 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 £ljis 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. First, 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 ]J2]), 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 ^ „

f S* /
J f(x)dx = £ J f(x)dx (1)

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

in these intervals are equal to

/f(x)dx=i OR / f(x)dx =i_
J (r\ In
U
 J

(2)

Prom this condition we find the value of interval limits U.. It is

necessary to select the value of X
i
 in every interval во that the

average values of X are equal to 1.

At the same time

xf(x)dx (4)

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

obtain .

- V /
f(x) dx (5)
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From equations (3) arid. (5) we obtain

• " ' •

(6)i = n/ x f(x)dx

The fluctuations of neutron widths obey а сД-distribution with one

channel ( V = 1 ). The fluctuation of fission widths obey a J(-distri-

bution with a different number of channels {v= 1,2,£ ). In the

general case the «Л-distribution has the form /~3_7*

" г1» Ст; I T ;

Level spacing distributions assume the form of a ftigner distribution

~Т (в)

ог Д -distribution with V= 10, J\J

е (9)

Equations for calculating U^ (2) and X-(6) for different distributions

are listed in Table 1.

As it was shown above, upon selection of X; jconditions (2) and

(3) guarantee the conservation of the zerotti and the first moments

of the distribution. The other moments are described by the finite

numbers X,- not exactly. The values К and X»X were calculated to check

the accuracy of their description. Also the values Jx and (,

have been calculated because they directly enter into the investigated

functions: the combinations with gx were necessary for the calculation

of self-shielding factor of cross-section and the value X/cXf'O'
4
*

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

following integrals were considered:
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О

«о

(10)

о

The exact intvjral values (10), obtained for different 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 *
t
-, 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 spin 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 sequence.

Values of X^were found for the у(x) distribution for different

numbers of intervals, namely, for n= 4»8«1O,2O and $0 (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-**•<*>)»

taken from Table 2, are shown in Table 4« The comparison of the
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function

о

with exact values, for V = 1, is given in Table

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

to stop at 20 resonances. Another factor which influenced this

decision is the fact that the UEAN 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 eithor side of each

resonance being calculated. It must be noted that if Z0 resonances

are enough to describe the f-,-distribution, this number of resonances

is certainly enough to describe the more "narrow" distributions

Jr (n>l) and f . The results of the calculations of U. and X.= for
•ft» 9 !

 x

the f̂  and f
ft
 distribution in the case of 20 resonances (n = 20) are

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 f,-distribution the deviation from

the exact solution is (-0.3%) even for
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3. Quasi-Random 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
t
- values

(Table 4) i-
n 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:

Where f and f are distributions which are a function of У and V
f

For the case when y( and у are widths of neighboring resonances, then

П

f (x) and f (y) are distributions of the form f. . Then,

J L - — — (15)
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It is easy to check that the normalization condition / -^0%) &
f
 X ^

(Equation 16) is satisfied.

The P(z) distribution, just as f(x) can Ъе subdivided into intervals

For the interval boundaries Z
7
 and the mean values Z* in the interval

can be obtained from the following equation:

Where К = number of the interval

/*Y = total nunber of intervals

/ •

The results of the calculation of Z
b K
 and Z^ 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 X ^ resonances were

assigned to the second group; where X^ 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 lM.a"f>>V M;j , whose terms

were equal to

6L = X./X. where i =(2k - l) and j = 2k (19)
•* J

was constructed for every set of 20 resonances. A-t the same time, it

was necessary to determine to which "K" Group, the piece-wise continuous

j (2) approximating function belonged. The resulting A., and the

distribution of ft,, according to groups ( в
г
 Matrix) are given in

Tables 8 and 9»

It was then necessary to choose two sequences of fit from the A,- Matrix,

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

(i.e. 3-j t̂ ei''
1
*)

2. That each resonance is considered only once.

In this case, for each resonance, it will be determined which

resonance lies to its right (the first ft sequence), and which to its

left (the second (|
k
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 rifrht of the given resonances.

Figure 1 gives the F(z) distribution for f and the 10 group

description of this function for the finally determined <2.
K
 sequence,

is shown in Table 9* From this curve it can be seen how well the

chosen resonance ordering sequence describes the theoretical

distribution. The final sequence of the X"- 4»1/C values for the

case of twenty resonances is given in Table 10.

3.2 The distribution of distances between resonances

Having uetermined the resonance sequence according to their 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 proceeding levels have been described*

Defining: >C= — ± — ; V = -^— ( = Л - (20)
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It is assumed that У is a function of X ( x ) , and that V is a function

of / (y) and that they are independent. It results then, that

8 '

The theoretical distribution / (J ) was obtained by nummerically

integrating expression (2l). The differential distribution A. yielded

the integral

which was subdivided into 20 groups in accordance with the chosen

number of resonances. In order to obtain the earlier values of X±

and У- , a Matrix with the following terms was constructed

(23)

Then, in the same manner in which it was done for the other

distributions, 20 values of f , which describe the distrubtion well
J
<

enough (see Figure 2), were chosen from the set of f,, values. The

resonances were thus distributed according to the distances between

them. The values of / « I A / I ^ , and the corresponding values of

V "!>/£& for 20 resonances are listed in Table 10.

The above described method can be used to account for the

fluctuation of the fission width П for known nummbers of channels,

as well as for the fluctuation of the neutron width D. Since this

ieport had primarily a methodological character, only the fluctuation

of P and D have been investigated, i.e. the results obtained here

are pertinent to non-fissionable nuclei.
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4. The Method to Calculate Group Cross-sections

On the basie of known average parameters, such as 'y , D , S
eJ
etc...,

as well as selected values of xT and у (Table 10), it has been

possible to construct quasi-random sequences of resonances for every

state of a given nucleus. For instance, for U-23^ in the region where

the d-wave does not have any contribution, this state is (i = о , /= /2)

and (< = 1 , j = 3/2). In principle it is possible to take into account

any number of states which contribute to the group values of a given

element, if'urthermore, using a computer programme like UBAN (see reference

2) for each of the i-states it is possible to calculate transmission as

a function of thickness (t), thus

(24)

where /\ i • - the width of the considered energy group in

^"^ 9
r
 units of lethargy

GT ,C^ ~ the total and capture cross-sections as a
*' function of energy

P - 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

T t - and *Tc. 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.

Ttfr) * J

•4/
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Similarly, just as for /c ( O > i* ^
B possible to calculate

transmissions 7^{t) and 7^{t) for scattering and fission.

The transmission values for each considered element were

calculated for various temperatures. From these, it is possible to

obtain average group characteristics such as \ '&"* S ant* \. VT^ •

by integration of the transmissions over the thicknesses (Eef-l).

Finally, depending on the given problem it is also possible to

calculate resonance self-shielding factors for cross-sections at

different temperatures and dilutions (Reference 2 ) , or sub-group

parameters (Reference 4)«
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Isble Л

Equations for Calculation U± and X.

Distfriout ion type

The type of

distribution

- it

-e *);

*<.,*1)e

where i s "the probability integral
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Bract values of Different Moments.

Id

IF

3

2.

z

з Ьп

y

AM

iW

3_
2

2
г
3
4

U

0.0332
O.:52I
0.3203
г. зл*

\
I
2
3

5
6
n

3

Values

0.00817
0.05573
0.I78I
0.338
0.610
I.Q3
1.77
4.01

I
2
3

5
6
7
8
9

10

of X̂^ for the I.j -

Ю

0.00522
0.03598
0.I0H
0.2II6
0.3561
0.5743
0.8794
1.335
2.105
4.393

I
2
3
4

5
6
7
8
Э

10
II
12
13
14
15
16
17
18
19
—

20

0.00134
0.00915
0.02502
0.04922
0.08217
0.I24I
0.1763
0.2392
0.3I5I
0.4071
Q.5II2
0.6376
0.7881
0.9704
I.I94
1.476
1.846
2.368
3.203

Distribution*

I
2
3
4
5
6
7

8
9

10
II
12
13
14
I*
16
17
IS
19

0.0002
0.00169
0.00383
0.00907
0.0II6I
0.0198
0.0273
0.0330
0.0483
0.0531
0^0760
0*086€
Qi0990
0Л199
0.1379 .
0.I44I
0.1949
0,2102
0.2575

SO

21
22
23
24
25
26
27
28
29
30
31
32
33
34

&
36
37
38
39
л n

0.290
0.328
0.354
0.394
0.425
0.487
0.526
0.566
0.628
0.673
6.746
0.802
0.870
0.944
1.034
1.12
1.23
1.32
1.44
T CO

41

42

43
44

45
46
47

48
49
50

1.72
1.88
2.12
2.25
2.55
2.88
3.29
3.85
4.74
7.17
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TABLE A

Comparison of Approxiasrte
With t h e Exact Values

Values of Moments
for tbe f. Distribution

Humber of
intervals

deviation(%j

deviation ( %)

"SET
deviation (%)

4

0.822E

3.12

1.449
-9.21

2.279
-24.0

8

0.8073

I.I8

1.524
-4.51

2.599
-13.4

10

0.8039

0.75

1.542
-3.38

2.680
-10.7

20

0.8001

0.28

1.570
-1.63

2.831
-5.6

50

0.7989

0.13

1.584
-0.75

2.921
-2.6

0.7979

—

1.596

3

j

TABLE 5

Comparison of Approximate Values of

with the exact values for the f1 Distribution

0.0001
0.001
0.003
0.01
0.026
0.051
0.1
0.2
0.3
0.5
1.0
2»0

3.0
5.0

10.0
ЗОЛ)

100.

4

0.999
0.992
0.978
0.939
0.880
0.828
0.776
0.731
0.713
0.702
0.713
0.758

0.794
0.843
0.903
0.961
0.988

8

0.998
0.984
0.958
0.907
0.852
0.807
0.762
0.718
0.701
0.688
0.698
0.738

0.773
0.822
0.886
0.953
0.985

10

0.998
0.980
0.952
0.901
0.849
0.804
0.759
0.715
0.698
0.685
0.694
0.734

0.768
0.818
0.882
0.951
0.984

20

0.996
0.976
0.948
0.900
0.845
0.801
0.758
0.713
0.696
0.683
0.690
0.729

0.763
0.812
0.876
0.947
0.982

50

0.991
0.964
0.938
0.894
0.844
0.800
0.755
0.712
0.694
0.682
0.690
0.726

0.761
0.809
0.873
0.945
0.982

0.988
0.958
0.937
0.893
0.844
0.800
0.755
0.712
0.694
0.682
0.690
0.726

0.761
0.806
0.868
0.930
0.980
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T-ABLS б

Values of U^ and X^ for П»20 ofthe ^ and fR Distribution

1

i I JG.0G39
j 2 0.0158

S3 G.0358
! л 0.C642
; 5;0.ICI5
i ..
l о 0.1485
i 7J0.2059

i

! 9

0.2750
0.3573

ilO; 0.4549
j :

1,

G.0GI34
Q..C09I5
Q.02502
0.04922
0.08217
0.I24I
0.1763
0.2392
0.3I5I
0.4071

I I
12
13
14
15
16
17
18
19
20

0.5706
0.7083
0.8734
1.074
1.323
1.642
2.072
2.706
3.841

*o

X ;

0.5II2
0.6376
0.7881
0.9701
1.194
1.476
1.846
2.368
3.203
5.577

I
2
3
4

5
6
7
8
9

10

0.2555
0.3663
0.4549
0.5330
0.6052
0.6739
0.7406
0.8065
0.8725
0.9394

U

0.1694
0.3142
G.4II0
0.4952
0.5692
0.6404
0.7070
0.7728
0.8400
0.9060

I

I I
12
13
14

15
16
17
18
19
20

1.008
1.080
1.156
1.238
1.329
1.432
1.554
1.712
1.953

C O

"XL

0.9732
1.0436
1.119
1.197
1.282
1.378
1.492
1.628
1.822
2.240

TABIB 7

Values of and for k=20

<

?*

I

0.0253

0.0083

2

0.1056

0.0601

3

0.2596

0.1752

4

0.5279

0.3818

5

1.000

0.7408

6

1.894

1.396

7

3.852

2.733

8

9.472

6.095

9

39.86

19.60

10

—
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The Matrix for 20 Resonances

г\

2
4
6
8

10
12
14
16
18

го

I

I

6.83
36.7
92.6

179
304
476
724

IIOI
1766
4162

2

3

0.366
1.97
4.96

9.56
16.3
25.5
38.8
59.0
94.6

223

3

5

O.III
0.599
1.51
2.91
4.95
7.76

II.8
18.0
28.8
67.9

7

0.0519
0.279
0.704
1.36
2.31
3.62
5.50
8.37

13.4
31.6

5

9

0.0290
0.156
0.394
0.759
1.29
2.02
3.08
4.68
7.51

17.7

6

II

0.0179
0.0963
0.243
0.468
0.796
1.25
1.90
2.89
4.63

10.9

7

13

0.0II6
0.0625
0.157
0.304
0.517
0.809
1.23
1.87
ЗеОО
7.08

8

15

0.U0766
0.0412
0.104
0.200
0.341
0.534
0.813
1.24
1.98
4.67

9

17

0.004%
0.0267
0.0672
0.130
0.221
0.345
0.526
0.799
1.28
3.02

10

ID

0.00286
0.0154
0.05b?
0.0747
0.127
0.199
0.303
0.461
Q.15-)

1.74

Y1
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The Matjrlx for 20 Besonanoee

2

4

6

8

10

12

14

16

18

20

8

9

10

10

10

10

10

10

icp
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6

7

8

9

9

9

10

2

4

(5)

6

7

7

8

9

9

5

6

7

8

8

9

II

2

3

4

5

6

7

©
8

9

15

5

6

6

7

8

15 17 19

I

2

2

3

4

4

5

О
 у
 О -selected resonance sequences

Values of

TABLE 10

and

2

2

3

3

4

4

5

for 20 Resonances

• •»

I
i 2

l£1 = 0.00134

Xpn= 5 * 5 7 7

; з x I 9 = З.203
i 4 Хл = 0.04922
! 5 : X 5 = 0.08217
i 6 X I 2 = 0.6376

! 7
8
9

10

JL5 = и.и^иг;
L ^ I 4 S °-9704

X 9 = О.ЯЫ
X 2 = 0.00915

^ 8 = 0.7728
^ I 7 = 1.492
^ I 5 = 1.282
WтУ|~ I » i 9 •a JL*f

«̂jr = 0.7070

y 4 = 0.4952

^ I 8 = 1.628
^ 1 3 " •'••"*••'••'

310е °'y 0 6 0

II
12
13

L_I4
15
16

17
18
19
20

? c

^ J J = 0.5II2
X T 6 в 1.476
X 7 = 0.1763
Xfi = 0.I24I
X T 5 = 1.194
X f i = 0.2392

I3 = 0.7881
SCI0= 0.4071
X I 7 = 1.846

• X.J8- 2.368

n

^ I 9 = 1.822

^ T = 0.1694

y I 2 = 1.0436

Up = U. 514 :̂
4Q = 0.8400|
wq = 0.5692 i
ifTT= 0.9732 !
С XX J
•̂6 = °-em ••

ft-z — U.tllUj
Ч 2 0 = 2.24С ;
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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 stations 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 cnose U, which accounts for 2C$ 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 (l) and (2), with the approximation

of constant collision density and isotropic scattering (which is justified in the

case under consideration):

у <Tc/rt>

- _

ss
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Неге 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.

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

the energy range considered. Then,

p TO

Here the superscript 8 denotes that the quantity relates to ^,0

density of nuclei of the n kind and

i s the "cross-section of dilution" of U by other components of the medium.

The temperature dependence of <2C/Zlj.>is given, under the conditions considered

here, by the f i rs t term on the right-hand side of expression (2) . In the same

way, we can also represent other average qualit ies on the right-hand sides of

the equations in ( l ) . Thus, to determine the temperature dependence of the

effective macroscopic parameters in ( l ) which are governed by the Doppler

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
o
 •

The quantities in expression (4) can be written as integrals of the

transmission functions T(t) and T (t) for a beam of neutrons ( listributed

over the energy range A E, the averaging interval) passing through filters

of the material under study with thickness t, measured in "good" geometry

by means of a detector 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 (T (t)):

V
V
where

° -it- (5b)

8

At

The purpose of the present study is to measure the functions T(t) and

T (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

whole energy range where the Doppler effect on U is significant) and a

preliminary analysis of the results has been performed. Tentative measurements

of T (t) have also been carried out.
С

3. Experimental lay-out

The experimental lay-out is shown in Pig, 1. A beam of neutrons from the

core of the IBR pulsed fast reactor was passed through an evacuated neutron tube

•„о 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 Ъеат 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 with rising

temperature up to 770 + 30 С The variations were determined by alternate

measurements 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 liquid scintillation

detector /~3_/ with a scintillator surface area of 800 cm 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 T (t), using a liquid scintillation detector £4_7 i-n 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 to

use improved detectors for measuring the T (t) functions. Рог the basic

measurements the IBR was operated in two regimes - in pulsed reactor and in

microtron conditions. In the first case, the average power of the reactor

was n = 3 kW, neutron burst frequency was f = 5 c/s and burst width at half-

height T = 60 (isec. 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 c/s andT = 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



-54-

through a filter of thickness t. Let a (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,

ы ( о ) г . .._,-* IV /О) I " 1 - <*tcOj (7)

The values of a(t) were determined by means of resonance fi lters (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 t^64 mm. I t was found that the background

accounted for 10-20$ of the total count rate and, within an error of about 2%, did

not depend on f i l ter thickness in the above-mentioned thickness and energy

ranges. I t was assumed that the background 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

+ t$o at E ~ 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 15%- Since the background itself accounts for 15$

of the total number of pulses, the difference between background attenuation and

neutron attenuation in the f i l ters should not exceed 20$.

The background was not measured with thicker f i l ters . However, for t = 128 mm

the quantities measured were not the transmission functions themselves but their

ratios:

Here "t-1-t_ was not more than 64 mm. Therefore, the term in square brackets

in expression (8) could also be taken as equal to unity, with the same accuracy.

Apart from the background correction - whicn, 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 of 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 i t with a 1-ad fi l ter. There was no

detector overloading during raicrotron operation.

The change in transmission with heating of the fi l ter is due not only to

the Doppler effect but also to the reduction in fi l ter thickness which

accompanies thermal expansion: t —£t (l - 2 &&& ) where a is the linear

coefficient of thermal expansion and &Q is the temperature, increment. Thus,

a hot sample represents a somewhat thinner fi l ter than a cold 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 Pigs 2 and 3, which

show the temperature variation of the transmission function versus neutron

energy for thicknesses of 20, 32, 64 and 128 ram (with a more detailed energy

"break-down than in Table 2). I t 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 energy 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: Tp(8 mm, 20°C)/T (8mm, 77O°C).

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

T (t) can also change i ts sign.
С
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The transmission functions thus obtained, after correction for thermal

expansion of the filters, can Ъе used directly for calculating

, + о ) > Ъу formulas similar to (5a):
X О

Here, T/(t) =K
A e
(t)T

e o
(t)

where Кд$ is the experimentally measured ratio of the transmissions obtained

when the temperature of the sample is changed from room temperature (-Э ) to

temperature 9; and Т„ (t) is transmission at room temperature. It must be

borne in mind here that for large thicknesses the transmissions TvX t)

have to Ъе calculated as products of a whole series of 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 et(t) - »(o)

1 - aCST

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, wnen n = 1 and 2 the accuracy with

which the integrals are calculated should be fairly high (1-2$, according

to evaluations).

To enable the data to be used in this 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.

6. Determination of average resonance parameters for U

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

structure of U is not adequate for direct determination of the necessary

average characteristics by the formulas in expression (5)t since we have not

yet measured the functions T (t). We can, however, try to use the whole set

С

of data obtained thus far to determine the average resonance parameters for
238

U and to calculate, with their help, the quantities of interest. In any

case determination 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 j ^ 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 -1 °̂ ;

tne average reduced neutron width for p-waves - Fp ;
nl

- the average spacing between the s-levels of the compound

nucleus - n~ >
о

- the potential scattering cross-section normalized for zero neutron
energy -° ; and0 7 po

- the average radiation width - i>y .

For the energy dependences of the widths and potential scattering the

following equalities were assumed:

J P *

R
1
 being determined from the condition о (fe = 0)= «

P po

The spin dependence of D was taken equal to

2 -2 5/3
where о = ]»12«LO *A • The spin dependence of the p-resonance widths was

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

Fluctuations of radiation width were ignored; tluctuations in neutron widths
2

were described by the Porter-Thomas method by X -distribution with one degree
2

of freedom, and the distribution of level spacings by an X -distribution with

ten degrees of freedom. Let us now denote all the parameters of interest by a

vector Ж with components s... The values of these parameters are then determined

from the minimization condition of the functional

s -



-58-

where j(. (ei) suid^ . are values of f)f} calculated Ъу means of the set of

average resonance parameters and experimentally ly determined values of { X I »

respectively; and о . represents the errors in )£. (see Tables 1 and 2).

The transmission values in terms of which the values of { )( I are

expressed were calculated by means of an algorithm described in Ref. /~5_У •

The average value of the transmission function in (6a) can Ъе calculated by

integrating exp(-No.t) 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,

2

given the properties of the X -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 -6°

The MIHEPA programme for minimization of the quadratic functional in

was written in the ALGOL-6O language. In order to find the minimum, we need

to solve the system of normal equations obtained from the condition that the

derivatives of S for parameters a.(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 •£•.,., Once the vector a^ 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 a^, if the zero

approximation is correctly chosen, this iteration process converges rapidly.

Since it proved an extremely cumbersome operation to calculate 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 S ^ : if s C a ^ S ^ ) ,
 w e

 calculated S ^ +
ъ
~а-

1
) where

ba.^ = a, - a and determined the point a
?
 corresponding to the minimum

of a parabola passing through the three points found. In cases where

S(a
;
.)>S(a ), the third point was calculated for^a = "a, + -o-6a.

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 % 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 S . ̂ m-п)^where S .

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
exp

of )(• » from the general averages due to the finite number of resonances

in the energy groups, S . /(m-n)~ 1 . In our case S . /(m-n) was of the

order of 3« As will be seen later, this high value of S . /(m-n) is
1
 mm' '

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
О "i ft

of U / б _ / . 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 Г - 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 Г from the most probable values, even by two to three times the
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го ot-mean-square error, leads to a comparatively small increase in

S ./(m-n); moreover the s-wave strength function and the potential

scattering cross-section, are affected very l i t t l e 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 considerable.

Let us now examine the problem of S . /(m-n) and consider why it differs

from unity. Analysis shows that deviations of the average values in the

energy groups of a finite width from the general averages cannot result in

values of S . /(m-n) substantially higher than 1.5. 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 \ . . Such deviations have in fact been found. Thus, the

experimentally determined transmission values for a f i l ter thickness of

1 mm have been found to be systematically lower than the calculated values

by factors of 1-5 (З 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 Pig. 2).

The systematic deviations mentioned above may be due to experimental

errors as well as to imperfections in the calculation model. Рог 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

verified. Nor do we know for sure 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.



Table 1

Experimental transmission values for -
3
 U (corrected for dead time, intrinsic

background of the detector and reactor background)

Thicknesses are given in millimetres

E g r(keV) TU>

0.145-3.JO

«.85-13.50

13.5-21.1

; м.о-мо

0.900*0.004

o.we^o.oos
0.912*0.007

0.916*0.005

0.925*0.0M

0.926*0.006

0.9)i*0.009

T(«

O.KOtO.OOt

o.ws«o.oo»
O.B7}tQ.OM

0.K7<0.00«

0.B7O4.OW

o.mto.oio
O.WJ^O.OO»

II»)

0.7B4><J.ni6

0.766*0.01}

0.775*0.011

o.77**o.oia

0.786«O.C2S

o.veo'o.ooe
o.ecvk'.oto

T i e 1

C.CJo<O.U10

0.59".'0.1)10

O.SysV;.(JCB-

0.60*'O.010

0.61J«O.O07

0.*57»О.ССв

O.Ct?k).OIO

Kit)

0.4Utj.0Il

0.33(1*0.00^

0.572*0.00*

0.575*0.009

o.587jo.огг

о.«онк).о10

о.»гг*о.ого

Т(5г»

о.гогИо.о!'.

о.д»*о.01г

0.16^*0.011

0.165*0.011

0.158*0.01»

0.165*0.010

0.182*0.015

TI 6»)

0.0505*0.0060

0.0511*0.0050

0.05*6*0.0055

0.03*5*0.0035

о.озгвк).о«19

0.0352*0.0050

0.0370*0.0050

Т(12в)

0.0016*0.0016

0.0120*0.0020

0.0045*0.0009

0.003**0.0008

о.оог**о 0009

0.0025*0.0008

0.0025*0.0008

Т(160)
Т(!28)

ОЛ91*О.05О

0.651*0.060

0.«158*0.050

0.577*0.050

0.3Ч9*О.МО

0.530*0.030

О.31«*О.ОЗО

И192)
Т(160)

0.565*0.060

0.687*0.060

0.561*0.050

0.473*0.050

0.435*О.С40

0.385*0.040

0.5*5*0.050

1(224)
Т(Ш)

0.563*0.060

0.768*0.060

0.616*0.050

0.515*0.050

0.489*0.040

0.440*0.040

0.165*0.040

I



Table 2

Experimental values of temperature-induced transmission variations (Топо,,/т,,.,,, о„)
238 2 0 c ' ' ° С

for U, uncorrected for thermal expansion of f i l t e r s

E (keV) 8mm I6mm 32 mm 64mm 128 mm

0.46 - 1.45 1.004 ± 0.010 1,020 t 0.009 1.022 * 0.007 I.I0I * 0.008 I.541 t 0.032
1.45 - 3.30 I .0II * 0.004 1,030 ± 0.009 1.050 ± 0.013 I.156 * 0.008 1.550 ± 0.032
3.30 - 6.85 0.999 * 0.004 I.021 * 0.009 1.038 ± 0.012 I.140 ± 0.010 1.978 ± 0.150
6.85 - 13.50 0.988 ± 0.005 1.007 ± 0.009 1.009 i 0.007 I.115 ± 0.008 1.665 i 0.094

13.5 - 21.8 0.989 * 0.008 1.000 * 0.0II 1.030 ± 0.008 1Л30 * 0.009 1.840 ± 0.173
21.8 - 49.0 0.985 t 0.006 0.978 * 0.009 0.982 ± 0.010 1.052 * 0*010 1.367 ± 0.072
49.0 -120.0 0.976 * 0.004 0.990 ± 0.008 0.957 ± 0.013 0.964 ± 0.012 I.117 ± 0.045

I



Table 3

О "Xftt

Average resonance parameters of U

Paramet er

Results of processing of transmission data

All parameters
varied kept constant

Г and D

kept constant

Г and D

kept constant

Recommended in
compilation /~6__7

10

0.90 - 0.07

1.28 t о.зз

25.1 - 1.4

10.71 - 0.17

17.2 - 4.6

2.96

0.90 - 0.100.91 - 0.06 0.86 - 0.04 0.89 - 0.004

2.19 - 0.07 1.87 - 0.03 2.5 - 0.5

20.8(kept const.) 20.8(kept const.) 20.8 - 1.1

1.31 - 0.13

24.6 - 0.9

Ю.70 i o.i7

19.1*(kept const.) 19.1*(kept conei;) 24.8(kept const.) 24.8 - 5.6

3.01 3.52 3.40 4.78

10.25 i 0.15 10.30 i o.i3 Ю.6 i 0.2

i
ON

V

From data in Ref. /~7_/.
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FIGURE CAPTIONS

Fig . 1. Experimental lay-out for studying t h e Doppler effect in ^ U.

Fig . 2. Doppler effect as a function of transmiss ion r a t i o s T2O°c/T8no°r

in U samples 20 nun and 32 mm t h i c k .

Doppler ef fect as a function of transmission r a t i o s Т-^о./Тп^^о^

2^8in -" U samples 64 mm and 123 mm t h i c k .

4« Doppler effect as a function of r a t i o s К 2 0 с / 7 7 0 с

'"20°G a n c * F̂OO°C a r e ^ c 83imr£L detector counts from a 0.25 mm

sample of -1 b' Qoc at different temperatures of the 8 mm U

fi l te r , corrected for the intrinsic background of the detector

and the reactor background.
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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 contribution of

neutrons with high orbital momenta, and so on.

Рог 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 /~1, 2_7 for determining the characteristics

of the cross—section structure Ъу analysis of transmission functions measured

bo significant attenuations.

In the present paper we consider 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?
w
-

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 determining the structure of the

total neutron cross section for energies from E to E + E 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-section6~ (E) under-
tot

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

£Ce) ote
E (1.1)

differs from the values given by the simple exponential law

(1.2)

calculated from the average total cross-section

] £t£

Г (1.3)
e

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

expansion of the exponent in expression (l.l) requires only one term:
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с се.)

(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 "thideiess t of the substance under

study:

(1.5)

Comparing this expression with relation (l.3)f 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
f
 the greater is

the suppression.
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Let us now introduce a function — } a t which is the probability density of

finding» in the given energy range ДЕ, a value of the total cross-section equal

to a. Knowing this function we can calculate the average value over Д E of any

function of the total cross-section. Instead of the usual form of averaging

over energy,

(1.6a)

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

integrate over the cross-section

(1.6b)

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

the range ЛЕ.

Obviously the function ,\ < is given for some range of cross-section values:

(where e^. ' aлd • ̂  ' are the minimum and maximum values of the total cross-
min max
. aлd

min max

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

(АО

(1.7)

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

range ДЕ and the function •• ^ К Рог this purpose we integrate, in the range ДЕ,

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

expression (1.6a), regarding energy now as a function of the cross-section

E = E(a) (the inverse of the function o= a(Ej:
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(1.6c)

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

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

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 о 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

d £(<)

M.4
(1.8a)

If the function °(E) is non-monotonic in the range ДЗ, 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 , £ ' will not be single-valued

either. In this case we must take into account all branches of the function
dE(o
-j in expression (1.6b). A more rigorous formula will accordingly be

(Q I;

where N 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 , * ' are available to us once we know the transmission
da

function T(t) for a given energy range ДЕ. We first try to determine the

analytical form of , ̂
P
'. The analytical expression for transmission (l.l) can

be rewritten in accordance with relation (l.6b):

- Г Ac

й< (1.9)
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Here the measured total cross-section distribution generally differs from

the true distribution because of the influence of the transmission averaging

function f(E)£(s)t but we can neg]ect this difference provided the neutron

spectrum is close to rectangular and the detector efficiency has a smooth

energy characteristic. Expression (1.9) is an integral equation from which

we can normally determine =£\--L provided the transmission function T(t) is
do

known. In fact we shall consider T(t) as a Laplace transform of the
function Л / . Then, representing the transmission function T(t) in an

do
analytical form for which there also exists an analytical form of the inverse

transformation we can find the unknown function ^ w ) • For this, however,

da

it is essential that the form of the inverse transiormation should have
characteristics typical of the function

dtf-

This cannot be done, in the general case, for a function as complex

as —i-22. But even if it were possible to choose the appropriate analytical

form, the accuracy with which the function dP\?) can be established from

the integral equation in expression (1.9) - the left side of whioh is

inaccurate owing to experimental errors - would still be insufficient to

justify the attempt to determine ffijg./ in full detail.

We may, nevertheless, try to determine °^\
а
' in some approximate form

do

which would adequately reflect its most essential characteristics. One

possibility is to represent it as a table of moments M^:

<mo ., _£
Let us perform a Taylor-series expansion of some function f(o), whose

average value in the range дЕ is to be determined, around the value а = а

and insert this expansion in expression (I.UA). We then have

Z *

(1.11)
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dp(a)
where С, are the central moments of the , * ' distribution related to the

к О.О

moments II Ъу

с,-
(1.12)

Thus, if the moments of the д
 о
 distribution function are known, the average

values of the different functions of the total cross-section can easily be

calculated provided the series in expression (l.ll) converges rapidly enough.

To determine the positive moments II (k>0), vie represent the transmission

function T(t) in the form

AL

(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 determination of the moments M, . The

average cross—section <o> = l.j. is determined from the slope of the initial sector

of the curve «iT(t). The second central moment C
?
 can be found from the slope

of the initial sector of the relation e /nT(t) = f(t ). The curvature of

this relation for small t determines C,
f
 and so on. As we see, positive moments

of the distribution function are determined by differentiation of the

transmission curve. Therefore, to determine them we need a very accurate

measurement of the transmission function, in particular its initial sector. In

this region T 2Г1 and 4iT ~ 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 . * ' in the form of a set of weighted delta functions:
do

(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,

we obtain

г

.- J

(1.15)

Thus, to find the parameters (a., o. and n) of such a representation of the

distribution function, we must approximate the transmission curve by a sum of

exponents. For each number of exponents n this approximation can 03 performed

by the method of least squares, which will give the parameters a. and a. 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 to within the limits of error. To determine

this number we may, for instance, make use of the Gaussian criterion £~AJ•

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

now determined as

(1.16)

(where the even parameters x_. are the cross-sections and the odd parameters

x?. , 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 0,.:

(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 seek only three

independent parameters, а., о and a , since a
?
 is found from the condition

a, + 3p = 1 . The proposed representation is such that the total cross-section

structure data can be used directly in reactor calculations Ъу the method of

sub-groups /~5_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 ДЕ are

divided into several sub-groups, each of which is assigned its own 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 transmission function

for the whole group дЗ and its approximation by formula (1.15). Then a. represents

the "weights" of the sub-groups and o. 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 i960)

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) He and D(d,n) He

reactions. After passing through the sample under study without scattering

and through a collimator in the shield (Pigs 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 operating characteristics 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) He reaction was

used. A few measurements were performed at higher energies with

neutrons from the D(d,n) He reaction. Hydrogen ions were accelerated

by Van de 3raaf generators designed for 5 million and 2.5 million volts,

respectively. Neutron energies were determined from the emission angle

and from the proton energy. Using the T(p,n) He reaction with a large

accelerator at 0 to the proton beam we were able to 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

Ф = 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 nun) 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 10 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 цА and proton

energy E ^"4 MeV) without any appreciable change in the target

characteristics, i.e. 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 100 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 Ц.А

at E *" 2 MeV) from the target.

Our deuterium targets - similar to the tritium targets in design and

nuclear density - were usually cooled with water as fairly wide spectra

( ДЕ ~ 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 (iA so as to minimize the

time change of spectrum characteristics. The large cross-section of

the D(d,n) He reaction enabled us to obtain adequate neutron intensities

even at these low values of deuteron current.

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

100 . Let us now consider the design and operating characteristics of

the two units.

The experimental setup for neutrons with E <У)0_ keV (see Pig. l)

consisted of a cylindrical tank containing water (0 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
 m
m but could Ъе narrowed

by means of special plexiglass or steel inserts. The detector proper and

the collimator leading into it were surrounded Ъу 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 Ъаск shield. During

transmission function 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 (0 5 cm).

The efficiency of the detector, measured with neutrons from a

standard plutonium source (Ё = 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/cra ,

current 20 (iA and proton energy E ~ 2 MeV) the count rate of neutrons

in the free Ъеат was ~ 1 x 10 pulses/sec, and xhe 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 sotun for neutrons with В 300 ЦеУ (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/cm in thickness,

and with E ~ 2 MeV and current ~ 20 JIA, the neutron count rate in the

free beam after its passage through the colliraator 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.e.

the conditions of "good geometry" were satisfied.

Subtraction of the background at high attenuations sharply increases

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 measured 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 study. Other factors /~6_7» such

as the angular spread of neutron energies (l-2 keV/dcgree), instability

of proton ener{jy (0.5-1$) and especially thermal motion of the target

nuclei in the fairly thick targets, made a negligLbLy small contribution,

as can be seen from the table below.

Table

„ . « л . - Energy E<300 keV Energy E>-300 keV

Factors affectmg ^ ^
 Q

^
 / c m 2

 (
100
o

 t o Ъ е а П 1
,

resolution An J. J. -L \ x A. n ^ i ?\

0° to proton beam; target 2.6 mg/cm'
1
)

Target thickness 40-30 keV

Angular spread ~ 3 keV

Instability of accelerator ~ 3 keV

Doppler effect ~ 1 keV

300-150

~ 2

~ 10

~ 1

keV

keV

keV

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 MeV. 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) He 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 100 ), the assumption of a rectangular resolution function

was generally a good approximation. 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 emission. The

proton energies were calibrated in advance with reference to the threshold

for the T(p,n) He reaction. Рог not-too-thick targets (of the order of a

few tens of keV) the energy scale of the neutrons was further verified Ъу

measuring the position of known resonances in the total cross-sections of

magnesium (E
n
 = 85 keV,r-~ 8 keV), beryllium (E

n
 = 620 keV, Г z 25 keV) and

carbon (E = 2O8O keV, Г - 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 /~6_7, and for evaluating the form of the resolution function

from the shape of the peak observed. 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, arranged Ln

such a way as not to distort the beam of neutrons in the direction in which

these we*.: used» Sometimes a fission chamber with a layer of uranium-235

placed very close to the target was used. Monitoring the constancy of the

neutron beam emerging from the D(d,n)Tle 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 target. However, the collimated detector "sees" the target preferentially,

and it was therefore possible to use a fission chamber placed beside the

target as a monitor. An ion current integrator 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) He 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 rule. Elements like Be, Mg, Al, Si, Ti, V, Pe, Ni, Cu, Zn, Ga,
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Zr, 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 sealed. Sulphur was

melted and poured into tubes, the ends of which remained open. The

diameter of the samples was 35~5O nun. The thicknesses (i.e. the height

of the cylinders) were so chosen that, by combining a set of samples

before the coliimator, the greatest possible 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 - 0.4, 0.8
f
 1.6, 3.2, 6.4, 12.8 cm and so on. The maximum

thickness of the samples was 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 almost wholly to background.

The density of the samples was measured by weighing in water, with an

error of the order of 0

Special manipulators were used for remote handling of the samples

in front of the collimator during the operation of the accelerator

(Pigs 1 and 2). 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 was

repeated periodically (every 5-7 thicknesses). 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 ~ О.9-О.7) and 3-5$ at the last points (T ~ 0.01). 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 aperture.

Control measurements were performed periodically, at different magnitudes

of the current passing through the target, to make sure that there were

no counting losses. 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 Ъу the

method of least squares the parameters a. and a. having the analytical form:

I - 1
о

which describes the experimental points of T(t) (18). 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

Fv, = C_ ^ ~j 4 • 4 '
 ( 1 9 )

where m is the number of experimental points,

n the number of exponents in expression (l8),

T. = T(t.)=the experimental value of transmission at
J J

point t., and
J

u. = •= the statistical weight of the point, equal to
0
 AT.

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 P

with respect to a. and o. and equating to zero the derivatives

we obtain a system of 2 n transcendental equations in relation to

the unknown parameters a. and o. :

* (21)

which v,as solved by the method of successive approximations by

linearizing the equations.
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This treatment gave us the parameters a. and o., the dispersions of

these quantities and the matrix of the correlation coefficients P .

Calculations were performed successively for an ever-increasing number of

exponents in expansion (l8). The algorithm for minimization of the

functional did not enable the unknown parameters to Ъе determined when their

number was not justified by the accuracy of the experimental data (in this

case the process of successive approximations 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
и

* : « • (22)

dispersion of the cross-section

and the quantities

< ^ > < <T̂ > * Л *-'*' f- ~ (24)

and и

 и

Го. с. £- 2i (25)

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

sections in the medium /~3_7» Expression (25) is essentially the resonance

self-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-section is smaDl.

The above—mentioned characteristics and their dispersions were calculated

on the M-20 computer with the supplementary ALGOL programme 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 i t s

scatter, and the second the parameters a., 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

<o 2 >-<o> 2 (second line) and the coefficients К = <о><ф> and f = <i>/(<o><-^>)

needed for calculating the mean range of neutrons and the transport cross-

sections. Рог the sake of clarity the parameters of cross-section structure

and i t s 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 .Be

The transmission functions for .Be, the cross section of which is well

known, were measured largely for purposes of control. Below the energy of
g

the first level of the Be + n system at E = 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 /~8_7 that peculiarities in the behaviour of the

cross-section of .Be appear at E ~ 200 keV. The experiment in question was

performed with a resolution of 10-20 keV. The authors interpreted their result

as an S-resonance with parameters E = 208 keV and J = 1. We measured the
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total cross-section of Be in the range 160 keV<E<250 keV with a resolution
24

of 8-10 keV, using different sample thicknesses ranging from 0.06 x 10 to

О.Зб х 10 atoms/cm . The results are shown in Fig. 3 together with the

atlas data from Ref. /~7_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

2 2

~0.03 barn , a figure which is in good agreement with the value of 0.023 barn

obtained on the assumption of monotonic variation of the cross-section

according to the lawa(E) = a , - аЕ (а = О.ОО65 Ъагп/keV), and an order of

const

magnitude lower than the value of 0.2б barn obtained by numerical calculations

based on the assumptions in Re£ /~8_7» However, this value may be regarded

only as 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

croHS-section (see Appendix, second column) is well described by two cross-

section components whose magnitudes and contributions are deternined with

reasonable accuracy. The average values found are in fair agreement with

those given in the atlas /~7_7" (see Pig» 4). In the energy range considered

the dispersion of the cross-section first tends to diminish (up to E ~1.5MeV)

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 E ~ 2.5 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 ДЕ were comparable with the level epaoings,

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 Pig. 6.

The sub-groups describing the structure are clearly separated. Agreement

with existing total cross-section data (Fig. 7) is good. The dispersion

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

The dotted line in Pig. 6 represents the sub-groups calculated in Ref. /~9_7

from the data on cross-section structure given in Ref. /~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 assyraetric; 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

(Pig. 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

<:o\ > agree with the atlas data /~7_7» The anomalous energy dependence of

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

energy range studied: the dispersion increases with energy (see Pig. 10),
2

attaining a value of about 2 barns 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.

Phosphorus

The total cross-section of phosphorus was measured in the neutron energy

range 0.9 MeV < E < 2 MeV with a tLtanium-tritium target 0.30 m/cm thick

giving a resolution of ДЕ ~ 40 keV at E ~ 300 keV and ДЕ ~ 20 keV at

E s; 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_7 ( s e e Pig» H) was satisfactory, and the position of the peaks

at E - 95^ 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 £ l j » The cross-section structure

for phosphorus was not measured.

An interesting peculiarity of the energy dependence of the measured total

cross-section, as can Ъе seen in Pig. 11, is an apparent intermediate structure

with widths of the order of 100 keV - much greater than the level spacing of

the compound nucleus.

Sulphur

As the total cross-section for sulphur is fairly well known /~7_7t we can

compare the observed energy behaviour of the cross-section distribution

characteristics with the expected behaviour» The average cross-sections

(Fig. 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

fluctuations in the level density of the compound nucleus of S. Thus, the

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

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 (Pig. 13).

Corresponding anomalies are also found in the behaviour of the larger

of the cross-section components o\- and i t s fraction a*.

Potassium

The total cross-section for potassium v/аз measured in the energy range

0.4 MeV < E <3»9 MeV with a resolution of ~100 keV. The results given in

Pig. 14 were obtained from measurements of the transmission functions, which

showed no substantial deviations from the exponential law. Prom this we may

conclude that within the limits of the resolution function the cross-section

shows l i t t l e 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_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 Ъу us from these values for the
2

interval in question was ~0.15 barn . However, the error in this calculated

quantity, determined from the accuracies (До - 0.15 Ъагп) given in the

atlas /~7_7i was 0.18 Ъагп . 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
 2 2

Ti 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-aection (Pig. 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 сгозз-seotion (Fig. 17)

decreases smoothly on the whole with energy. The downward jump at E ~ 0.3MeV

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 < E < 2.5 MeV, with an energy step of

-10 keV (Pig. 16).

Vanadium

A fairly good determination of the total cross-section structure for

vanadium was made. 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_7« The dispersion (Pig. 10),
2

decreasing smoothly with rising energy, reaches a constant level of ~0.3 Ъагп

at E ~ 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

Ед ~ 0.7 MeV do not agree with values obtained numerically from the results

given in Ref. £"l_J- This is apparently due to a flattening in the trend of
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the cross-section structure given in Ref. /~7_7 a s a result of inadequate

resolution. Another possible explanation is that the structure was not

measured 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 10 , 0.170 x 10

and 0.212 x 10 atoms/cm 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 /~7_7» are given in Pig. 20. At low energies

the agreement is good but at E ~ 2 MeV our results are about 0.5 barn higher

than the atlas data /~7_/«

Chromium o,Cr

The characteristics of the distribution function of the total cross-

section for chromium (Figs 21 and 22) were determined fairly precisely, though

the peculiarity of the structure at E ~ 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 to the same conclusion. The average

cross-sections obtained in these measurements of the structure agree with the

atlas data /~7_7 f o r E > 2.5 MeV and also with the data (Fig. 24) for lower

energies which we obtained in another experiment with a resolution of 20 keV

using a sample 0.228 x 10 atoms/cm thick. We should point out that the

dispersion values calculated from thsse 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 i s apparent.

Examining the characteristics of the total cross-section distribution

for iron (Pigs 25 and 26), we note that below E ~ 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 26^e ^ n
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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 cross-section

components and the dotted line with crosses for two cross-section components}.

It will Ъе 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 three cross-section components is ~> 1.7 MeV and in the case

of the calculated structure *vl.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 a,

of the larger of the cross-section components. In Fig. 26 this is what we do

for E CO. 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 px-Fe obtained by averaging the atlas data /~7_/ over intervals of ДЕ = 100 keV;

and the dotted line represents the values of the group constants ^~3_7« We

must draw attention to the appreciable discrepancies between calculated and

experimental dispersion values (Fig. 28) at the lowest (~ 100 keV) and

highest (E < 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

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

range investigated, a clearly defined structure decreasing smoothly with

energy. It compares satisfactorily with the calculations in Ref. £~9_7 based

on average cross-sections (Fig. 30, dotted line); but the structure

(Fig. 29) at E < 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 surprising that there

should be a divergence between calculated ^"~9_/
 anc

^ 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 barns in the
p

interval 120 keV < E < 260 keV agrees well with the value of 4. 3 barns

calculated from the accurately measured cross-section behaviour /~7_/ a-t

these energies.

Copper
 2
^Cu

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

smoothly with energy. The calculations in Eef. /f~9_/ 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 (< g->, ̂ т»
 >
>

 e
^

Cm
) "this

difference should be smaller, since the values of the smaller cross-sections

show better agreement between calculation and experiment.

Zinc Z

The total cross-section structure for zinc was studied in a comparatively

narrow range: 20 keV < E < 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.

Gallium

The total cross-section of gallium in the energy range 5 keV < E < 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. In 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 groups 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 Pig. 35
 an(

i i
n
 "the Appendix. The structure found is small; the relative

contribution of the second cross—section is approximately 0.05» and the

value of this сгояп-nection itself - as known at present — contains a fairly

large error. Sven so the dispersion of the cross-section (Fig. 36) has been

determined with satisfactory accuracy. The points show dispersion values

calculated for the corresponding intervals from the data provided in Ref.

Zirconium

The total cross-section structure of Zr (Appendix) showed up in measure-

ments up to E ~ 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)i measured with

a resolution of 30 keV at E - 30 keV and with a resolution of ~ 100-200 keV at

high energies, show good agreement with the corresponding data i.n Ref. / ~ 7 _ /

and with calculations based on the optical model /~10_/«

Niobium .-.Nb

The total cross-section structure of niobium (Pigs. 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 (AE ,- 30 keV at

E < 500 keV and ДЕ ~ 200 keV at high energies), and with calculations based

on the optical model l^^-Oj.

Molybdenum .
0
Мо

The total cross-section of molybdenum «pMo exhibited at E < 350 keV a

fully defined structure (Figs 41 and 42) decreasing with energy, as can be

seen from the gradually increasing predominance of the contribution from

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

the diminishing dispersion (Fig. 43)• The average cross-section (Pig. 44) is

in good agreement with the atlas data

The results indicate that in the system of constants in Ref. /~3_7" 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 E
n
 > 10 keV resonance

self-shielding is not important.
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Cadmium „
o
Cd

4 o —

Measurements of the transmission functions for .nCd over the range

10 keV < Б < 300 keV and our analysis of these measurements did not

reveal 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 to xero. Fie;. 45 gives the values obtained for

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

Tungsten „ .W_

The cross-section structure of tungsten over the range 20 keV<"E <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 strong 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 /~7_7» but the reasons for this discrepancy are not clear.

Rhenium
 7
,-R

e
t Osmium „g-Os and Iridium

 7 ?
Ir

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

used in the measurements were О.О588 x 10 , О.О545 x 10 and 0.0332 x 10

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

iridium in the form of a metallic disc 5 cm in diameter. Measurements below

400 keV were performed at an angle of 100 to the proton beam and the energy

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)He reaction (ДЕ - 100 keV); and those at higher

energies used neutrons from the D(d,n)He reaction (ДЕ ~ О.5 MeV). The

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

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
 7 7
Ir with the known £ij cross-section of platinum

in the energy range around 0»l;j MeV- We note, moreover, a systematic

divergence of the results for -Os and 77Ir from those recommended in the

atlas /~7_7« This divergence may be attributed to the fact that the total

cross-section values for -^Os and __Ir recommended by the compilers of the
(о 77

atlas j_ Ijf are based mainly on the results of the Newson team at Duke University.
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After publication of the atlas ~̂7_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 /~11_7' that the values.became higher after the geometry

had been improved.

Lead_g2Pb

The cross-section structure of о ?

? 1 э shows up below E < 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

Thorium Th

Thorium has been studied comparatively l i t t l e and the results (see

Appendix) should be regarded as preliminary. None the less, the total cross-

section structure can be followed up to energies 3 ~ 100 keV. As in the

case of osmium and iridium, as well as uranium (see below) the average

cross-sections found by us above ~ I50 keV systematically exceed the values

recommended in the atlas /~7__7"«

Uranium Û

The total cross-section of uranium shows a well-defined structure up to '

E~ 150 keV (Pigs 50 and 5l)« The sub-groups characterizing 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
2

and reaches an approximately constant value of 1.5-3 barns at E ~ 150 keV.

The average cross-sections (Pig. 53, rectangles) are in good agreement with

the atlas data £~1_J at low energies but are. considerably higher at En ~ 200-

300 keV. As in the case of 7/-0s, 7 7 I r and qn^» ^ e discrepancy seems to be

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

been noted above, are low owing to poor geometry.
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0.77 -
2.79 £
0.22 £
i.5 i

0.7 £
2.8 i
0.2 £
1.6 +

0.098 -
4.9 *
0.902 i
2.I8I i

0.89 £
2.13 i
o.ii £
3.8 ±

o.i. £
1.6 £
0.6 1
2.6 £

0Л5
0.20
0.15
0 . 3

0 . 6
0 . 7
0 . 6

1.0

0.006
0 . 5
0.006
0.009

0.15
0.09
0.15
1.9

0 . 3
0 . 3
0.3
0.4

1.000 - 0.593 - 1.000 - 0.998 2.50 £
1J0OO 0.993 0.9S4 0.28 £

1.000 0.998 1.067 -
IJOOO 0.861 £

1.000 - 0.994 - 1.000 - 0.998 5.49 1
1.000 0.994 0.9B5 0.3 -

1.000 0.998 l.06«» £

1.000 0.87 -

1.000 - 0.359 - 1.000 - 0.485 2.45 2
1.000 0.367 - 0.308 0,66 -

1.000 0.469 I.C62 -
1.000 C.9I4 £

1.000 0.993 - 1.000 0.987 2.32 -
I.OOO -0.993 0.967 0.3 t

1.000 - 0.987 1.034 i
1.000 0.946 -

1.000 0,997-1.000 0.995 2.22 t
1,000 -C.997 0.986 0.29 i

IJOOO -0^95 1.070 -

1.000 O.e72 £

0.03

0.005
0.016

0.09
0.3
0.019

0.05

0.04
0.20
0.015
0.018

0.05
0.3
0.018
0.018

0.03
0.11
0.008
0.018

A L U M I N I U M

0.035 £ 0.018

0.069 £ 0.018

0.100 £ 0.02O

0.428
8,3
0.572
1.15

C.2£7
1 0 ^
0.632
2.14
0Д01
0.74

0.24

20
0.59

0,17
1.5

- 0Л16
* С.4
* 0.014
- 0,04

- 0.003

- 0.5
- 0.004
£ 0.03
£ 0.004
- 0J36

- 0.07

£ 6
£ 0.06
£ 0.8
£ 0 )̂9
£ o.i

1.000 - 0.870
I.OOO

1.000 - 0.343
1.000

1.000 - 0 . 9 1 1
1.000

- 0 . 9 9 0 - 0 . 9 1 4
0.877 0.734
1.000 0 ^ 5 8

I.OOO

- 0.352 - 0^84
0.108 - 0.212
1.000 0,025

0.138 - 0.921
0.O49 0.757
1.000 - O.Wi

1,000

- 0.476 - 0.208
0.C52 0.3C7

- 0 . 4 6 3 - O.?4B
0 . 6 0 5 - 0.186
1.000 -0J067

1.000

- 0.806 - 0.740
0.631 0.573

- Э.С98 -0.755
C.962 0.915
IJXO 0.985

I.000

4.21
12
2.30
0.298

4.35
16
1.98
0.32

7 . 6
50
I.S8
0.33

£ 0.12
£ i
£ o.O6
£ сою

- 0.12
£ г
- 0.06
£ 0.02

£ о.б
£ 23
£ оде
£ o.o3
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is - с .его

елее i 0.0ie

0.180 - 0.019

o.?oo io.eac

0.220 SO.CIB

0.260 - 0.CI7

0.261 £ С .017

0.298 i 0,017

0JJ36 1 0.016

O.i-
12
w fc- •

3.7
c.co
0.9

II
Q.~9
'I. 1 '

0.03
1.0

;.CB

- I

C.I6
2,37
0.84
5.57

0 .58
2.94
0.42
7.2

0.Й
C,03
C.4

c.u
2
CIO
C.5
0.02
0.1

O.«» - 0.09
3.C6 i C.I8
0.52 i 0.09
6.8 - 0.8

0.04
0*25
0.05
0.19

0.07
0.014
О ,07

1.000 - 0.96!: - 0.937
Г.О0О 0.937

I.COO

- 0.956 - O.86S - 0.018
0.898
0.BC2
1.000

0.618
0.962
I,COO

0.731
C.3;(2
0 .926
0.9V0
I.COO

I.OCO - 0.969 - 0.996
1.000 0.&76

I.CX

1.000

1.000

1.000

; о.оз
- 0.45

0.38
5.-» 7
С.62
1.82

0.257 1 0.024
1.55 1 0.09
0.743 i 0.025
5.17 t 0.17

0.066
1.7
0.9Э2
4.4

0.629
2.42
0.371
6.5

- С .027
« 0,3
- 0.027

i o.i

- 0,044
- 0.07
- 0.044
- 0.6

C.977 - 1.000
1.000 - С .977

1.000

0.982 - 0.9S9
1.000 -0.983

I.OCO

0.984 -0.999
1.000 - С.98Ч

1.000

0.976 - С.837 - O.7C0
0.906 0.740 0.f.64
0.953 С,731 O.P96
1.000 0.927 0.863

I.OCO O.SfiO
I.GPC

0.902
• 0.961

1.000

0.962
0.912

• 0.961
1.000

0.964
0.9 IS

• О.У64
I.CCO

I.OCO - 0.933 - 0.999 - С ,966
1.000 0.935 С .R59

I .ООС- С .963
I.OCC

1.000 0.974 -I.OCO 0.934
1.000 - 0.977 0.862

1.000 -0.932
1.000

1.000 0 .982-1.000 0.960
1.000 - 0.984 0.9С7

1.000 -0.959
1.000

1.000 0.971 -1.000 0.946
Г.ССО - 0.972 0.678

1.000 -0.945

1.000

8.40
22
1.93
0.22

6.82
10

- C.CO
* H
1 O.ii
i 0.00

- 0.17

0.45 -
o.c:
cos

5.01
3.6
1.17
0.74

I 0.17
- 1.2
- С .01
- 0.C3

5.06 i 0.06
1.4 - C?
i.io i ест
C.778 - С.С1Ч

A.70 1 O.!2
4.3 - 1.2
I .21 t С .03
С.72 I C .02

3.4? - C.C-8
4.1 i С .7
1.38 1 C.03
0.597 t C.C14

4.26
2.36
1.28
C.57A

4.18
O."6
1.05
0.834

3.92
3.81
1.24
0.696

- 0.312

- 0.04

i с .и
* С .01
- С . С Г

i O.II

- С.ГЗ
- 0.015
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0.350 1 0.016

0.386 £ 0.015

0.416 - 0.015

0.51
1.95
0.49
5.9

O.II
1.63
0.89
1.33

0.61

з.ог
0.39
5.6

- 0.D4

- оле
± 0.04
i о.*

£ олз
£ 0.19
£ о.оз
- 0Л0

£ 0.39
- 0.60
£ 0,39
t 2.0

0.510 - 0I7C

0.71 i С .15

O.W £ 0.11

0.144 £ 0.016
1.50 i 0.07
0.856 £ 0.016
4J7 £ 0.07

0.090 - OJDII
1.46 £ 0.07
0.910 £ 0.01Г
4.02" £ 0.05

0.031 £ 0.006
I.II £ 0.08
0.969 £ 0.006
3.28 £ 0.02

1.05

1.22

1.39

1.57

1.75

£ 0.13

£ 0.12

£ 0Л

£ o.ii

£ ojo

0J070
1.36
0.930
3.42

0.027
1.20
0.973
3.27

0.123
BJO
0.877
2.98

0.94
3.34
0.06
1.7

0.94
3 J 9
С .06
1.6

£ 0.017
£ o.ii
£ 0.017
£ O.05

£ 0.007
£. 0.12
£ С. 0С7
£ O.02

£ 0.023
£ 1.7
£ 0.023
i oj03

£ 0.C3
£ 0.06
£ 0.03
£ 0.2

£ 0.03
£ oj36
£ ojos
£ 0.2

1.000 0,970
1.000

1.000 С.98Ч
1.000

1.000 0.995
1.000

1.000 O.S72
1.000

1.000 0.974
1.000

1.000 0.9»
0.973 0.858
1.000 - 0.929

1.000

1.000 0.945
0.985 0.894
1.000 - 0.944

1.000

1.000
0.995
1.000

1.000
0.973
1.000

1.000
0.974
1.000

0.991
0.976
0.991
I.0OO

0.924
0.854
0.924
I.000

0.918

0.918

1,000 0.958 - 1 . 0 0 0 0.819
I.COO- 0.960 C.7I3

I.000 - 0.818
I.000

I.COO 0.9B2 - I.COO 0.934
1.000 - 0.982 0.885

1.000 - 0.934
I.000

1.000 0.977 - 1.000 0.884
1.000 - 0.978 0.831

I.00O -0.884
I . 000

1.000 - 0.869 - 1.000 - 0.945
1.000 0.869 0.744

1.000 0.946
1.000

1.000 - 0.962 - 1.000 - 0.989
1.000 0.962 0.924

1.000 0.9B9

1.000 - 0.963 - I.0OO - 0.991
IJXO 0.963 0 ^ »

1.000 0.991
1.000

3.91 1 0.10
4.0 i 0.7
1.34 i 0.03
0.595 £ 0.015

4.04 - 0.04
0.73 £ O.I?
1.10 - 1.01
0.759 £ О.СГ?

4.00 £ 0.14
1.5 £ 1.2
1.09 £ 0,02
0.85 £ 0.03

3.79 £ 0.03
0.8C 1 0.09
I.I40 £ C.0C7
0.703 £ 0.003

3.80 £ C.C2
0.5-'i £ 0.05
1.091 £ 0.C04
0.771 £ 0.006

3.21 £ 0.02
0.14 i 0,02
1.038 £ 0.C02
0^75 £ 0.007

Э.27 £ 0.02
O.?8 £ 0.05
1.060 £ 0.004
0.841 £ 0.007

3.21 £ C.OI
OJI £ 0.02
1.033 £ 0.002
0.910 £ 0.005

3.59 t 0.13
2.7 £ 1.5
i.и £ o.06
0.85 £ 0.03

3.24 i 0JC2
0.15 £ 0.04
1.020 £ 0.C04
C.934 £ 0.006

3.C9 £ 0.C2
0.16 £ 0.04
1.030 £ 0.004
0.921 £ 0.005
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2J7 £ O.09 0.022 £ 0.010 1.000 0.987-1.000 0.946 3.34 1 О Л
2Д/ U.J* i s 1 0.2 1.000-0.987 0.901 0.08 - O.OZ

nVm * O*0I0 1.000-0.91)6 1.020 £ O.O0L
5ST £ 25 X.O00 0.952 £ C O *

>32 * 0 09 0.07 £ 0.03 1.000 0.990-1.000 0.968 3.16 1 O.OZ.
" I 70 £ 0.16 UK» - 0.990 0.934 0.16 - O.O^

• 9 3 t 0 > 0 3 1.000-0.968 I.C30 - OJH*h
3^7 £ 0.05 1.000 0.926 £ O.0«T

3 I L I C O N

0.60 £ 0.25

0.80 - 0J25

I JO - 0.25

1 0.25

1.70 £ 0.25

0.18
1.5
0.82
Э.С

OJI
2 . 2
O.ffl

0.47
2 . 2
0.52
1.9

0 ^ 4
2 J 2
0.16
6

0.26
5.2
0.74
2Л6

£
у

£

t
i

-

*
+

£

1
£

1

0.15
0.7
0.16
0.3

0.19
0.5
0 J 9
0.5

0 ^ 1
0.4
C 2 2
1.0

0.10
0 J 3
0.10
2

0.Ю
1.1

o.ro
0.14

1.000

I.000

I.ООП

1.000

1.000

0.994 - 0.99V 0.990
1.000 - О.У95 0.97?

1.000 - 0.9B8
I.000

0.995 - 0.999 0.990
I.OOO-O.995 0.975

1.000 - 0.9S0
1.000

0.9S2 - 0.999 0.986
1.000 - О.9У? 0.963

I.000 - 0.98?
i.ono

0.981 - 0.999 0.967
1.000 - 0.933 0.921

1.000 -.0.966
1.000

- 0.974 - 1.000 - 0.987
1.000 O.P76 0.937

1.000 0.985
I.OOO

3.18 £
0.62 £
i . и -•
0.76 £

С9 t

i.io £
o.ei £

3,62 £
1.7 £
1.15 £
0.7o £

2.40 -
1.8 £
1.13 £
0.83 £

2.96 £
1.8 £
i. i6 £
0.79 £

0.C7
0.14
c.os
o.m

0.07

o.ei
0.03

0.13
0 .8
0JO3
о.оз

1 3
CO*.
С П?

O.OB
C.7-
0.O2
о.ог
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S U L P H U R

0.82 i 0.22

i.oo г о.??

0.54 ~ 0.C4
1.77 t 0.05

1.52 i 0.21

2.17 t o.?8

2.69 £ 0.16

2.85 i 0.16

3.03 i 0.15

3.20 1 0.16

V»7 £ 0.16

0.46 -
Э.86 i

O.itftf 1

I.*C3 I
0,517 t

3.06 i

o'.ei2 1
г.66 i
0,186 X
1.52 1

0.20 I
1.42 1

o.eo t
2.67 t

0,60 -

3.35 1
o.4o :
2,05 1

0.42 -

*»»7 i
0,58 t

2.43 i

o.» i
«».I6 £

0,42 *
г.39 i

0.924 1

0.08 1

J.32 i

0,19 1

i.ai i
C.80 1

3.23 S

0,© -
3.20 i
0,31 :

1,93 i

0.0*
0.18

O.CIt
0.02

0.011
0.01

0.CI7

0.03

0.017
0.06
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0.0*»

C08

0.23

сзе
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0.27

0.08

0.4
OJOB
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0 J 3
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0.13
0.18

C M
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0.01
0.26

O.II
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O.IT
0.16

0.15
O.?I

0 Д 5

I«000 0.987 - 1.000 0.482

1.000 - 0.988 0.945

1.000 - 0 . 9 8 1

I.000

1.000 0.5BO - 1.000 Э.527

1.000 - 0.590 - 0.315

1.000 - 0.516

I.000

1.000 - C.538 - 1.000 - 0.631
1Л0С 0.558 - 0 , 2 4 2

1.000 O.6C7

1.000

I.COO 0.709 - 0.999 0.659
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1.000 0.990

I.000

1.000 0.99* - 1,000 0.991
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1.000 0.993 0 ^ 7 9
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2.71 t 0.C2

1.09 1 0.12

1.160 1 0.007
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I JO 61 - 0.CJ5

0.S90 '- 0.008

2.452 * 0,013
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1̂ 046 - 0.X7
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2.12
0.25

I.C65

С .86

2.64

O.U)
I.C59

0.850

3.36
1.27

1.Ш
0.226

3.40

0.76
1.077

0.501

3 .083

о.ге
I.06*i

о.ез«с

2.957
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C.C14

C.:T:

0.C-.
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C.011

C.U25
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Л.С2О
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О.СОб

C.C09
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0.С9
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3.55 1 0.16 0.94 * 0.05
2.63 i 0.07
0.06 t o.05
1.08 z о.ад

1.000 - 0.986 - 1.000 - 0.991
1.000 0.987 0.967

1.000 0,993
l.OCO

2.559 - 0.0*0
0.13 - 0.03
Г.СЧ6 t c.OII
0.37 X С.Г-5

T I T A N I U M

0.090

0.140

0.160

0.230

0.280

0.320

0.63

0.78

1 0.050

£ 0.060

- 0.060

i 0,060

£ 0.060

- 0.050

-0.08

io.08

0.38 i
i.a £
0.62 i
6.6 i

0.46 *
1.45 i
0.54 i
4.0 £

0.45 £
Э.4 £
0.55 £
i . 2 i £

0.45 £
3.42 £
0.55 -
1.18 £

«.56 £
3.0 £
0.44 £
0.92 £

0.62 £

O.?8 £
3,67 £

0.50 t.
1.64 £
0.49 £
4.46 £

0.53 £
1.66 £
0.47 £
4.89 £

0.03
0.07
0.03
0.6

OiO8

o.U
0.08
0.4

0.05
0.3
0.05
0.06

O.OI
0.06
O.OI
O.OI

0.10
0.4
0.09
0.15

0.03
0.05
0.03
0.20

0.08
0.12
0,08
0.48

0.05
0,09
0.05
0.44

1.000

1.000

1.000

I.OOO

1.000

1.000

1.000

1.000

O.95B
1.000

0.982
1.000

-0 .971
1.000

- 0.760
1.000

-0 .972
1.000

0.965
1.000

0.982
1.000

0.978
1,000

- 1.000
- 0.962

1.000

- 1.000
- 0.9БЗ

1.000

- 1.000
0.973
IiOOO

- 0.997
0.8II
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- 1.000
0.975
1.000

- 0.999
- 0.976
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-0.999
-0.985

1.000

-0.998
- 0 . 9 8 1

I.OOC

0.843
0.773

- 0.841
1.000

0.955
0.907

- 0.954
1.000

- 0.987
0.933
0.985
1.000

-0.917
0.523
0.885
1.000

- 0.988
0.935
0.983
1.000

0.982
0.905

- 0.975
1.000

0.970
0.926

-C.968
1.000

0.956
0.901

- 0.956
1.000

".72

6.0
1.56
0.433

2.84
1.6
1.28
0.63

2 .HO

1 . 2 0

1.289
0.645

2 .IS
1.24
1.31
0.63

2.09
I.C6
1.38
0.55

c.I4
t.45
1.33
0.63

3.01
1.98
1.27
0.65

3.19
2.6

г.re.
С62

i i.4
- 0.C6
- 0,020

i O.II

t 0.5
* 0.04
- 0.03

- 0.C5
- 0.20
i 0.020
- 0.012

t 0.C2

i o.c6
- 0.01
- O.CI

- 0.09

i o.x
- 0.04
i 0,04

- 0.02
- O.ll>

i o.oi
i o.oi

t C.09
i 0.50

i o.o3
£ 0.02

- 0.09
t 0.6
t ОЛЗ
i 0.02
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0.S3

1.07

£-0.07 0.41
1.57
0.59
4.1

0.18
1.75
0.52
4Л

£ 0 JO
£ B.I9
£ 0.Ю
£ 0.5

£ 0.O9

£ одз
- 0.09
£ 0.4

1.21 - C.09

1.35 - 0.05

1.5 - O

• я- *
А . О . —

- O.."7

2.10 - 0.07

2,21 £ 0.0Б

2.36 - 0.C5

0.15 t 0.09
1.76 i 0.11
0.51 - 0.09
3.95 i 0.31

C.2S-

3 5

I.P9

3.SI

3.T-

ом

£ 0.12
£ о.з
: 0.12
£ о.?

- 0.09
£ 0.18
- Г. .05
- О.й

- C.I4
- 0.3
- 0.14
£ 0.3

0.G5
0.13

O.I1 £ 0.06
T.70 £ С.25

О.870 £
3.71 £
oj3o £
1.86 £

0.18 £
2.II £
0.82 £
3,89 £

о.1ч £
2.6 £
0.56 £
4.6 £

0.27 £
2.4 £
0.72 £
О -

0.019
ОХ-Ч
0.CI9
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0.20
0.69
0.20
0.35
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0.5
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0.3
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0.4

IJDOO 0.987 - 1.000 0.976
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1.000 - 0^71
1ДЮ
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1.000 - 0^93 0.957

1.000 - C.98I
I . 000

1.000 0^92 - 1.000 0.931
1.030 - 0.993 0.960

I.OX - 0.981
I.OX

1.000 0.991 - 1.000 0.985
I.ODO - 0.991 0.961

1.000 - C.935
1.000

1.000 - 0.9Э0 - 1.000 - C.991
1.000- 0.980 О.У57

1.000 C-.>91
I.COO

1.000 - С.ЫЗ - 1.000 - 0.952
I.OCC 0.8'l6 0.661

1.000 C.95C
I . 000

I.0OC 0.996-0.999 C.990
1.000 - 0.997 0.V76

1Л00 - 0^90
1.000

1.000 0,993 - 1.000 0.979
1.000 - 0.993 0.953

1.000 - 0.979
1.000

1.000 0.993 - 1.000 0.972
I.00C - 0.988 0.931

1.000 - 0.967
I.000

3.05

1.24
0.66

£ ojo
£ 0.4
- 0.С2
£ 0.02

2.96 £ 0.06

I.I89 1
0.722 £

2.96 £
1.17 £
1.17 -
0.74 £

3.03 £
0,75 ^
I.I39 t
0.74 -

3.19 £
0.81 £
I.112 -
0.796 £

3.23 £
0.6 -
I.C87 £
0.S28 -

3.32 £
С.43 £
1.071 £
0.840 -

3.17 £
0.39 1
1.056 £
0.870 £

3.57 £
Э.47 £
1.05 £
G.88 £

0.017
0.014

0.05
0.26
0.01
С.01

0.07
0.25
0.01ч
0.03

0.01
0.18
С.Х9
0.012

0.0G
0.2

0.011
0.017

0,04
0.09
0.005
0.014

0.02
0.С4
0.С01
0.008

0.07
0.22
0.00
0.02

3.70 - 0.С9
I.O £ 0.4
1.084 £ 0.CI8
o.e5i £ o.oie

3.75 £ 0.09
0.72 £ 0.25
1.070 £ 0.ГЛ6
0.861 1 0.020
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2.46 * 0.05

2.56 * 0.06

2.67 t 0.05

2.78 i 0.06

2.S8 i 0,06

ЗЛО 2 0.06

Э.И - 0.06

3.28 * 0.12

0.12
2 . 0

0.68

4.0

0Д5 i
2.2 I
0.85 i
4.17 1

0.24 £
2.4 i
0.75 i
4.3 t

0.272 i
2.42 1
0.728 1
4.18 t

0.16 ^
2.2 1
0.84 t
3.94 t

0.25 i
2.48 1
0.75 t
4.22 i

0.21 i
2.4 1
0.78 i
4.17 t

0.042 -
1.4 i
0.96 i
3.70 i

1 0.12
£ 0.6
i 0.12
t 0^»

OJI
0.4
0 . П
0.25

0.12
0.3
0 J 2

0 ^

0.006
0.03
0.C06
0.06

0.10
0.4
0.10
0.20

0.03
0.17
0.08
0.16

O.II
0.3
0.12
0.25

0.048
0.7
0.05
C.I4

1.000

1.000

1.000

1.000

I.O00

I. 000

1.000

1.000

0.995 - 1.008 0.979
1.000 - 0.995 0.958

1.000 - 0.979
1.000

0.994 - 1.000 0.979
1.000 - 0.SS5 0.956

I.OCO - 0.S7B
1.000

0.995 - 1.000 0.981
1.000 - 0.995 0..960

1.000 - 0.931
1.000

0.355 - 1.000 0,217
1.000 - 0.376 - C.670

I.000 - 0.204
1.000

0.995 - 1.000 0.984
1.000 - 0.955 0«95t

1.000 - 0.981
1.000

0.995 - I.COO 0.S85
1.000 - 0.995 0.967

1.000 - 0.985
1.000

0.99? - 1.000 0^83
1.000 - 0.595 0.9£K

I.OCO - 0.983
1.000

0.994 - 1.000 0.971
1.000 - 0.995 0.915

1.000 - 0.970
1.000

3.74
0.41
I.051
0.8B0

3.87 i
0.49 -
1.053 -
0.880 -

3.83 i
0.61 i
i .061 i
0.675 *

3.71 1
0.61 -
1.060 i
0.879 -

3.66 i
0.41 -
1.048 i
0.894 -

3.78 -
0.57 i.
1.054 t
0.839 -

3.78 *
0.56 £
1.056 *
0.8R2 i

3.61 1
0.21 i
1.038 1
0.09 1

- 0.09
i 0.15
- 0.012
£ 0.0I6

0.07
0.21
O.OII
0.012

0.07
0.20
O.OII
0.013

0.04
0.05
0.005
0.010

0.05
0.14
0.008
0.009

0,03
O.II
0.005
0.006

0.06
0.20
0.010
O.OII

0.06
0.11
0.006
C..04

V A N A D I U M

0.07 t 0.05

0Д7 t

0.372
2.03
0.63

огг
1.77
0.78
8.0

4
m»
4
•»
4

4-

4

4

4>
^
4

0^25
0.13-

одг
0 . 6

0.02
0.13
0.02
0.2

1.000 0.898 - 0.998 0.914
1.000 - 0.913 0.7'0

1.000 - 0.910
1,000

1.000 0i937 - 0.999 O.90I
IJOQO - 0.944 0.782

IjOOO - O.B99
1.000

7.8 - 0.2
20 - 3
1.87 - 0.06
0.32 t 0.02

6.66 - O.II
6.8 - 0.7
1.48 * 0.02
0.403 * 0X18
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0.23 t 0.05 0.197 * 0.025
i.eo t o.i5
o.eo * o.c3

0.28

0.35

0.11

0.61

0.6

0Л?

1.2

1.17

1.75

2.05

- 0.01

* 0.05

- o.oS"

±o.ov

io.t

2 0.1

-O.I

i o.io

2 оло

2 0.20

0.21
1.66
0.76
Г.6

0.33
^.01
0.66
5.6

0.39
2&
G.6I

o.v*
2..V
О S3

г.os

0.39

O.fo
*Kl

0.28
2.IB
O . «
3.9

олз
г.53
0.57

С. 18
2.71
0.52
4.3

0.25

гл0.3S"
4.0

с.г.

D.»

•

-

i

-
-

t

i

-

i

-

—

-

•

t
z
i.

*

_
•

1

•

С.ОГ
0.2C
0.05
0.3

0.C5
0.16
:• 0 5

0 . 3

0.11

о л
0,11
0.5

0.09

o.e
0.09
0.13

O.io
O.IS
ОЛ.0

о.з
0.12
0.-20
C.I2
0 . 3

0.17
0.18

O.<>

0 . 4

0.12
0.12
0.12
0.3

0.25
0.1
0.25
OJ

0.3
0.9
0.3

1.000 0,951 -0.9S9 0.929
1Л00 - 0.962 0.813

1.000 -0.926
1.000

1.000 0.970 - 1.000 0.956
1.000 - 0.972 0.P87

1.000 - 0.531
I.000

1.000 0.971 - 1.000 0.963
1.000 - 0.976 0.8S9

1.000 -0.961
I.000

С.ЭТГ- 1.000 0.975
I.OCC-0.977- 0.916

I.CCO -0.971
1.00C

- t .COD - O.96P

i.ceo олл o.ea
1.000 0.967

1.00C

4.O0O
1,00G - О 5 3 2 O.930

I .COO - О.971
1ЛСС

4.000 0.987 - T.COC 0.982
1.000 - C.VbO 0.951

1.000 -С.9Б4
1.000

1.000 C.9S2 - 1.000 0.988
1.000 - 0.95.2 0.966

•f JOOP - 0.9 Ь6

1ЛС0

1.000 0.9V0.-I.OCO 0^88
1.000-0.990 0.962

1.000 - C9ee
1.000

1.000

1.000

0.994 - 1^)00
1.000 - 0.9S1 0.977

1.000 - 0.991
1JXX)

0.9У1-1.000 0^50
I.OC0 - 0.991 0.972

1.000 - 0^90
IJ0OC

5.18 t 0.09
3.7 i 0.5
1.36 1 0.02
0.169 t о .ого

1.83 i OX»
2.8 1 C-J5-
г.гбз i сек
0.581 - 0.025

1.10 - O.07-
2.8 1 СЛ
U « +- 0.016
O.C35 i С .01*

3.66 t

0.66 -

г.а. i
з.о -
i.г*- :
О.66 *

1.135
О.77Ц.

0.6
1.074

0.09
0.6
0.025"
0.03

0.1U-
•i.o
o.ov
OjOZ

OJ06
0 3
0.019
0,016

d.OS

о.г
С.012

С.013

з.ю
0.57
1.055
0.897

3.526 i
0.C1 i
I.C52 i
0.9C1 -

о.го
c.CIl
0.CI2

C.C25
C.I5
0.CC7
0.008

1.026
C.916

C.I1
C.C07
0.010

* 0.063.77
0 ^ 1 * C.2J
1.023 i 0.014
0.950 2 0.C20
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G H R O M I U M

0.59* 1 0.26

0.81 - 0.23

I.C2 - 0.22

1.22 1 0.21

1.35 1 0.17

i,ад ~ его

1.68 * 0.25

2.00 : 0.23

2.28 i 0.20

2.51 i 0.2%

0,13 t
I.5I t
0.57 1
4.39 i

0.18 i
l.SO t

%.3% -

0.45 1
«.67 i
0.55 1
1.73 i

o^6 :
1.75 1
0,44 *
5 1 *

0.46 -
5.1 i
0.5% i
I.S5 i

0.57 1
1.98 i
o,i3 i
?.% i

C.38 i

0.61 1
2.20 t

0.27 1
2.06 1
0.72 1
3.7% 1

o.ao 1

гаг а
0.80 -
4.0 i

0.139 1
1.96 i
0.86 a
JJI i

0.03
0.05
0.03
0 ^ 0

0.0%
0.05
C.04
0 ^ 5

0.03

o.x
0.03
0.03

0.05
0.C6
П.05
0.6

0.03
0.»;
0.03
0.0%

0.C6
0.07
0.06
0.7

O.II
I
O.II
0.12

0.05
0.0?
0.05
0.1%

0.0%
0.09
0.01
0.2

0.0Э
0j07
0.02
0.05

0.959
1.000

0,961
1.000

- 1.000
-0.960

I.OOC

- I.000
- 0.961

1.000

0.935
0.819

- 0.935
IjOOO

0.951
O.R66

- 0.951
1.000

3.15
2.01
1.Э08
C.602

3.03
1.88
1.271
0,61«i

- 0.06
i 0.25
i 0.C20
- п.отг

- 0.06
- 0 ,'X)
- OJ025
i 0^15

I.000

1.000

1.000 - 0.942 - 1.000 - 0.9Ю
1.0СЮ 0 ^ 4 2 0.82%

1.000 0.910
1.000

1.000 0.932 - 1,000 0*932
I.000 - 0.9?2 С.Я06

1.000 - 0.432
1.000

1.000 - 0.R54 - 1.000 - 0,819
I.OOC 0.859 C,r>93

1.000 0.847
J.OOC

3.0У i сое
2.1 - C.«f-
l.2G5 t C.02S"
o.ccf i o.cis*

2.8
t.3I
0.63

2.7
T.20

i 0.13

i COS"
- o.o3

* c.io
: o.5
t 0.0")
- 0.0.5Э

1.000

1.000 -

1.000

1.000

IJDOO

0.930 - 1.000
1.000 - 0 . 9 3 0

1.000 -

•QJfVr - 1 Л » -
1.000 0.947

1.000

0.988 - 1.000
1.000 -0.988

1.000 -

0.988 - 1.000
1.000 - 0.988

1.000 -

C.9B6 - IgOOO
1.000 - 0.986

1.000

0.910
0.605
0.S40
1.0^0

C.B49
0.946
1.000

0.960
0.926
0,960
1.000

0.954
0.915
0.954
I.COO

0.939
0.892

- 0 . 9 3 9
1.000

3.43
2.?
I.?f
0.67

Э.':7
г.б
I.21
С.72

3.28
0.57
Т.074
С.Юб

з.?е
0.55
1,066
0.862

3.64
0.16
1.060
0.864

-
Z.
4-

-

i
ч-

+

+

1

•

4-

Z
z

4-

4-

а
а

с м
С'.13
COS"
0 ^ 3

0.2С
1.6
о.се
0.05

0„С4
С J I
0.СО9
0.OTI

0.03
0.С8
0.006
0.0С7

0.02
0.05
0.004

0.005
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2.72 i 0.15

2.97 i 0.20

3.12 t 0J6

0.07 i 0.02
1.70 i QJ5
0.93 i 0.02
3,75 t 0.07

0.067 i 0.016
1.54 £ 0.12
0.953 J 0Л016
9.68 ± 0.06

IJX» 0.983 . I.00Q 0.916
ijDOO - 0.981 OJ96O

1.000 - 0.916
1.000

I .COO 0.974 - 1.000 0.677
1.000 - 0.975 0.79Э

1.000 - 0.S76
1.000

0.063 i 0.015 1,000 0.976 - 1.000 0.880
1.13 1 0.13 1.000 - 0.977 0.801
0.937 i 0.016 IJ000 - 0.879
3.66 * 0,06 1.000

3.61 i 0.03
0 3 i ofis
1.014 * 0.005
0.886 - 0.008

3.53 t 0.03
0.28 i 0.05
i.05O i 0.004
0,866 £ 0.008

3,52 i O.03
0.29 t 0.05
1.056 - 0,005
0.846 - 0.006

I R O N

0.090 £ 0.060

OJ60 - C.09O

0.220 £ 0-JXO

0,29 £ O.09

0.15
12
0.60
3.7

0.15
0,78
0.62
2.8
0.23
10

0.10
0.71
0,61

0.30
7.1

0.55
3.2
0.10
10
0.35
P.93

i 0.02
£ 0.05
£ o.06
£ э
£ 0.04
i o.3

i ojbk
i 0.14
S O.04
£ o.3
£ o^)6
£ г

£ 0.06
£ 0.25
£ o.O6
£ c.4
- 0.10
£ 1.4

£ 0.05
£ 0.4
£ 0.07
£ 5
£ 0.03
£ 0,05

1.000

0.77 £ OJO

£.000

1.000

IJDOO

0.33 £ 0.D5 0.23 £ 0.07 1,000

0.98Э - 0,791 0.672 0.5H6 0.931
1ЛО0 - 0.722 0.607 0.460 0.873

:,000 - 0^62 - 0.944 • 0.948
1.000 0.956 0,852

1.0ГГ) 0.798
1.000

0.986 0^56 0.957-0.8X6 0,672
I.OO0 0Д58 0.913 - 0.756 0.614

1.000 0.516 - 0.767 0.837
1.000 - 0.943 0.825

1.000 - 0.947
XJDOO

0,992 0.512 0^66.- 0.861 0.759
I .COO 0.440 C.934 -0.815 0.710

1.000 0.712-0.877 0.925
I.OOO « 0,960 0.884

1.000 - 0.972
1.000

0.749 - O^II 0.935 0.459 0.353
1Л00 - 0.952 0.669 0̂ »<i6 0.859

1,000 - 0.966 - 0,784 - 0,702
1.000 0.676 0.597

1.000 0.980
1.000

0.957 - 0.992 0.976
1.000 - 0.985 0.941

1,000 -0.972
1.000

i 0.14

1.74 So.05
0.361 S 0JDI2

0,39

4.16
II £ 4
1.81 £0,08
0^2 £o^3

3.66 i o.i3
5,2 £ 1,6
1.56 i 0.07

0.07

- 0 4 4
£-3

3JI
7
1,74 ,
0.388 - О.0Ю

1,72 i
2.5 t 0.4
X.6 1 0.3

r 0.18
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0.52 t 0.15

0.70 - 0.15

1.00 - 0.15

i.зс i o.i

1.55 - 0.1?.

i.90 - 0.15

2.15 - CIO

2.30 - CIO

2.45 - D.IO

2.65 i O.IO

0.06
0 . 7
0.65
2.5
0.2O
9 . 3

0.63
4 . 4
0.37
1.27

0.36
1.31

- 0.07
- 0.8

i 0.05
+ С ч 4

- 0,06
- I»9

£ 0.03

t ол
- o.c;
- 0.C6

* 03*»
- 0.05

0,41
I.7S

3,76

0.20
1.99
0.80
3.70

i 0.17

- C.05

- 0.0?

- 0.22

0.3? -
1.67 i

1.000 0.9S6 - 0.283 0.973 - 0 3 « 0.696
1^00 - 0.381 0.931-0.783 0.634

1300 - 0.066 - 0.265 0,416
1.000-0.939 C.B05

1.000 - о.9за
I.COO

I.OOO - 0,901 - 1.000 - 0.952
IjOCO C.5C6 0.801

1.000 0.949
1,000

0.01
C.CS

- 0.01
' 0.16

Г-.8Р4 - 0.016
3.il - 0.06
0.116 i C.0I5
1.24 - 0.OS

О Д - 0.04
1.61 - CJO
C.85 - 0*34
3.48 i O.IO

0.109 t 0X2C
1,55 £ OjO8
o.evi i одэо
3.42 £ CjO8

0j05
0.13
0.05
OJO

0.900 * 0Л25
3,63 i 039
OJOO * 0J325
1.6B £ о д г

I.O0O 0.960 - 1.000 0.937
1.0F0 - 0.969 0366

1.000 - 0»93fi
1.000

1.000 О.ЧРГ> - J.000 0.93?
I.OCO - O.Q8fi 0.88'.

I .COO -0.933
1.000

I.OX 0.975 - 1.000 0.910
1.Г-Ч- - C.976 0.875

1.000 - 0.910
1.000

1.000 -
T.OX

- 1.000 - C.969
0 3 H 0,716
1300 0.568

I.ООП

IJDOO

1.000

С.590 - 1300 С.948
1.000 - 0.990 0.917

1.C0C - 0.94S
1.000

0.9B4 - 1300 0.926
1.000- 0.984 0381

1.000 - 0,926
1.000

1300 0,973 - 1Л00 0.957
1300 - 0,974 0.B8O

1300 - 0.956
1300

1.000 - 0.941 - 1.000 - 0.984
1300 0.942 0393

2.75
1.16

0.636

2.94
0.95
I.I43
0.767

3.II
1.01
1.1=9
C.732

?.se
0.36
i.oes

0,804

3.21

0.43
0327

0.3't

1.000

0316

3.347
0.47

036?

0.34

0362

^ 0 . 2 0
io i-з
1.66 -
0^6 i

3.26
2.2
I.II
0.512

- 0X5
- c.ie
1 0.QI9
i o.oi3

i 0.05

t 0.19

- 0.016

- 0.C5

* 0.16
- O.0I5
- 0.014

£ с.сз
- 0.04
£ 0ЛС£
* 0.009

- 0,04
- 0.05
£ 0.008
£ o.oio

£ 0.04
£ 0.05
£ 0/Ю7
* 0.0X1

* 0325

' 0.006
£ 0.009

£• 0.08
- ojyx
£ C3ii
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2,80 i 0ДО

i 1л

i хл

5.0 t

OJ0I24 t
0.63 £
0,9876 £

О.Ю £
1,41 £
0i90 £
3.62 £

Orfs £
1.57 £
0.91 £
3,64 £

0,128 £
1.57 £
0.872 £
3.77 £

0-.0002
0.04
0.0002

0J33
0Л6
0,03
OJO

0.03
0Л8
0.03
O j »

0.008
0.00
0.008
0.03

1.000 - 0.252 - 0.428 0.01Э
1.000 - 0.297 - 0 J45

1.000 - 0.028
1.000

1.000 0.984 - 1.000 0.944
1.000 - 0.985 0.898

1.000 -0.914
1.000

1.000 0.987 - LOCO 0.959
1.000 -0.987 0.921

1.000 - 0.958
1.000

1.000 0,913 - 1.000 0.765
1.000 -0.916 O.?6I

1.000 -0 .763
1,000

3.20
0.080
1.036
0.834

3.39
0.46
1.090
0.784

£ 0.C4
£ 0.C05
£ о «c-04
£ 0.C20

£ 0.05
£ o.io
£ o.cce
£ 0.012

1.063
£ o.o9

3.187
0.542
1.052
C.79T.

- o.on
* 0.C50
* О.СЧЯ
£ u.cc«

N I C K E L

0Д26 t 0.076

0 J 9 0 2 0/168

0,303 i ojoa

0^0 t 0Д7

0.69 £ 0.05

0,75 i 0J5

0.350 £
2,16 £ 0.07
0.6X) £ 0,018
7.28 £

0.268 £ 0.016
1.94 £ 0,07
0.732 £ 0.016
6.88 £ 0J7

0.24
2.И
0.76
5.38

OJ*
1.30
0.86

0.72
2.05
0.27
6

0.15
X.I4
0.85
3.36

•

*
m

4>

£
—

•
m
*
m
4-

4-

•

0.03
o.u
0^)3
0.15

0.04
0.16
O.OH

0J5
0^0
0.13

г
0.03
0.07
OJ33
0JC4

1,000

1.000

1.000

1.000

1,000

0.939 —0.999 0.918
1.000 - 0.948 0.790

1.000 -С.915
1.000

0.932 - I.OOC 0.692
1.000 - 0.938 0.748

1.000 -0.3Б9
I.000

0.978 - 1.000 0.963
1.000-0,979 0.906

1.000 -0.963
I.COO

0,969 - 1.000 0.365
1.000- 0.970 0,765

1.000 - 0.664
1.000

0.S90 - 1.000 0,93?
1.000 - 0.9*1 0.907

ijOOO - 0.933
1.000

0.969 - 1.000 0.899
1.000 - 0.970 0.830

1.000 - 0.899
1J000

5.49 - 0 07
6.0 - 0.5
I.3SC' £ G.CI^
0,534 i O.CCS

5.55 2 CO?
4.8 I o.lt
l.?55 i C.CI5
C.508 1 С .011

, с.оц
l.Sii i C.23
1.17 t 0.ЧХ9
0.692 - 0.010

?.6 -
0,91С £
1.17 £
C.<55 £

3.14 £
, 4-

1^5 £
0.71 £

3.03 £
0.52 £
I.I62 £
0.670 £

0 , £
0.3
С.ОЭ

0.04

C.20
2
0.07
0,03

0.0B
С.1Э
0.019
C.0I9
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0.99 £ 0.05

МУЗ t 0J3

I.'tO £ 0.23

1.75 £ 0.10

1.96 - o.IO

2.35 - 0.10

0.7* £ 0.19
Э.7 £ 0.4
0.2<t £ 0Л8
1.6 £ 0.5

£ соз
£ e n

0.81
3.22
0.19 £ 0.03
1.34 £ 0.07

1 0.01;
£ ОДЗ

0.13
1.56
0.36 t 0.01»
3.11 £ 0Д1

0.805 £ 0.0C8
3.36 £ 0.10
ОД95 1 0.008
i.e? £ 0.06

0.982 1 0.017
2.69 £ 0.07
0.018 - 0.017
0.9 1 0.3

0.C2 1 0.10
3.3 ± 0.2
C.I8 t 0.10
1.78 t 0.20

0.29 £ 0.16
2.1 1 0.2
0.7T £ 0.16
3.6 £ 0.3

1.000 - 0.969 - 1.000 - 0.9S0
1.000 0.S70 0.932

I.CCO 0.999
1.000

1.000 - C.937 - 1.000 - 0.976
T.COC О.9!Г8 0.Э76

1.000 0.975
I.O00

1.000 0.985 -1.000 C.937
1.000 - O.5C3 0.ЯР6

I.CCO -0.037
I.O00

1.000 - 0.K5 - 1,000 - 0.251
1.000 O.I?8 -O.fi?7

1.000 0^56
I.000

1.000 - 0.656 - 1.000 - O."»52
1.000 0.856 0.601

1/500 O.̂ PI
I.00O

1.000 - 0.970 - 1.000 - 0.983
1.000 0.970 0.920

1.000 0.983
1.000

1.000 0.984 - I.CO" 0.972
1.000 - 0.954 0.951

I.COD - 0.?73
1.000

3.?I - O.IO
O.S t o.3
1.13 £ ?..o>
0.76 - 0.C5

2.57 £ COS
0.56 £ С.П
I.IJO - с:г.ь
0.743 £ C.OIf

3.16 £ 0.04
0 ( ^0 — С m 1Г'

1.075 - c.-TO
0.830 - С .С П

3.0fi £ C.07
0.36 £ С .07
1.059 i 0.ОЦ
0.Й7 t 0.02

2 . Go £ С.Гл
ojo5 £ о .:••••
1.0>2 £ 0.Г07

3.0*
o.3'i
1.060
0.C3

£ o.c6
i ci»»
i o.ox?
: 0.02

?.tt £ cos
0.5 £ 0.2
I .CO - 0.CT6
O.I» i 0.02

C O P P E R

0.032 £ 0.C09

0.063 £

0.073 £ 0.011

£ 0.07
U.I8 £ 0^0
0.45 £ 0.07
12.4 £ 1.8

0,23 £ 0.12
2.6 £ 0.7
0.77 i 0.12
8 JO t 1 .1

сад £ o.o5
3.39 £ CI8
6 л £ о.об
IIЛ £ t.2

Г.ОО0

1.000

- 1.000 0.929
1/500 - 0.961 0 .8«

I.0OO -0.929
1.000

0.978-1,000 0.917
1.000 - CS80 0.392

1.000 -O.o(;5
I.COO

0^53 - 1.000 C.9I»
1/5O0-0.95'» 0.811

1.000 -0.913
1.000

7.8 £ 0.4
16 £ 6
1.32 £ 0.06
0.62 £ С .03

5.8 £ 0.4
5~ £ 3
1.25 £ 0.C5
0.59 £ 0.06

7.3 £ 0.3
14 £ 4
1.39 £ 0.05
0.55 £ 0.03
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0.081 i 0.027

O.IIC - O.C*O

О.КЪ "t O.O«tV

o..nc "i o.oV1

- 0.07*

0.ДЛ8 - o.c

to.ovt

-o.it

-civ

-o.u

O."2 - O.I*
3.7 - 0.5
0.57 i 0.1*
9.0 t 1.5

O.*I -
3.60 -

cor.

е й £ o.ov
3.2. t O.I

- о.г

t o.ot
г.? i 0.2.

t.s t 0.3

с.г<г - 0-03
г.% - оле
е..7£ - о.оз
Г.9«Г 1 o.U

0.2s i

Ъ - о.?

- ©.of
i 0.1

^ 0.3

олг. i o.u

i O.Olf
4.4? t O.IS"
0.9f3 - 0.017

o.oe - 0.09
^T i os
GJZ t O.09
3.3V - 0.13

0.ЧЧ6 - OJ016

3.15 - 0.C6
i 0.016
- олг

1.000 0^78 - I.OX 0.950
1.000 - 0.978 0.901

1.000 - 0.960
1.000

1.000 0.976, - 1.000 C.9££
I.CCO - C.977 0.908

I JDCV - 0,9£6
1.000

1.00U 0.980 - I .WO 0.9*9
I.CCO- 0.980 0.8F?

1.000 - 0,91,9
1.C00

I .Of» D.982 - I .OCX1 0SS"f

1.600-o.f« с.эог

Л .000

LOCO OJS4-- -1.000 О.9Й5"

I-.000 - O.SSS" O S I * -
l.ODD- О.96Ц-

1.000
I J D C O O.9B3 - LOOO 0.98V

1.000 - 0.934- O.9<*3
I.O::C- - 0.983

1.000

1.000 G.95O -0.989 0.9«
1.000 - 0.960 0.863

1.000 - 0.957
1.000

LOCO 0 . 9 7 7 - 1.000 O.97S
1.000 - 0.979 О.92У

1.000 - 0.978
1.000

LOCO 0.98*--ГЛ00 0.879
1.000 - 0..98V C.QKf.

I.000 - 0.370
1.000

I.COO 0.950 - 1.000 С.950
1.000 - 0.990 C.9It

I.OOC - 0 . 5 5 0
1.000

LOCO - 0.836 - 1.000 - 0.985
1.000 0.89* 0.B39

1.000 0.985
X.COO

6.8 1
7 1
1.20 -

0.70 i

6.21 1

*.8 -
1.17 i
0.714 i

5.85 1
1.2 i
I.173 *
О.723 I

y.s -
2.7 i

-сл*7 i

0 . 3
3
0.05
Q.O*

0.07

0.5
0.0I
O.CI

0.C6

ол
С .С09
0.008

C.I
0.5
0 .01 *

.tt

2 С .09
.7
.CIS"г

V.93 i

гл i

0.61 -

V.98 1
2.Ц- -
1.16 t
0.72 1

3.90 :

0.2* i
1.035 1
0.900 1

3.21 -
0.19 -
1.034- t
0.915 1

3.0S £
0,16 S
I.037 1
0.848 i

i C.
t с
t 0.

0.08

0

о.оз
COS"

0.08
0.6
0.02
0.0*

0.0*
0.05
0.00*

о.аю

0.07

O.I*
0.013

o.oie

0.03
0.03
0.00*
0X08
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0.05 £ 0.03

0.085 - 0.03

0.125 £ 0.030

0Д70 £ 0.030

O.«3t5 i 0*050
3.52 £ 0.27
0.564 * 0.052
I2J - 1Д

0.7D5 i 0.056
4.77 £ 0.22
0.295 £ 0.C58
17.7 1 О

0.316 - 0.066
3.42 £ 0.26
0,684 £ 0.067
8.80 £ 0.78

0.470 £ OJ035
и.г i 1.6
0.530 £ 0.084
11 - 2 1 i O.>7

0.200 i

t ) ^ £

0.28 £

0.030

0.03

0.03

0.70

4 .7
0,30
11.0

0.57
4.08
0,43
8 . 3

0,456
3.71
0.534
7.71

£ 0.X3

£ сз
- 0J3
£ з.г

- 0Д5
£ 0^4
£ 0.15
* 15

i 0.C33
i одо
- 0.033
- 0.39

Z I N C

1J0OO 0.979 - 1.000
1Л00-0^83 0Л8В

1.000 - 0.9J7
I.O0O

liOOO 0.967 - I.COO 0.922
1.000 - 0.971 0.853

1.000 - 0.920
1.000

1.000 0.975 - 1.000 0.926
1.000 - 0.575 млэо

1.000 - 0.925
1.000

1.000 - 0.944 - 1.00C - 0.981
1.000 0.944 0.8S0

1ЛО0 0.9ЭЭ
1.000

1.000 0.984 - 1.000 0.957

1.000 - 0.985 0^10
1ЛО0 - 0.956

1.000

IJXX) 0.988 - 1.000 0^72
1.000 - 0^88 0.934

1.000 - 0.972
1.000

1.000 0.756 - 1.000 0.619
1.000 - 0.766 - O.IOI

1Л00 - 0.6II
1.000

G A L L I U M

8.«5 i O.?4

1.44 -
0.516 i

8.60 -
35 1
I.ai i
0.599 -

7.10 -
6.3 1
1 Л -
0.658 i

7.4У i
II .9 1
1.25 i
С.6Э -

6.6 1

9 ±

i .n i
0.777 1

5.93 i
4.5 i
1.13 £

c.w £

4.0 £
1.14- £
cm £

0.04-
0.019

О.75Г
19

С.П
0.0«

0 . »

1.9

O^J
O.029

0.37
4 5
0.0?
с.сзг

0.4

6

O.06
G.046

0.22
2..г
0.03
0.02Б

0.8

о.ог.
0.027

0.091

0Д36

0Д82

£ 0.052

£ 0.056

£ 0.063

одо £
2.9 -
0.90 i
б * 8 t

0.051 £
2.0 Z
0^50 i
6.60 £

0 )̂48 £
1.9 £
0.951 £
6.29 £

OJ05
0.6
0JC5

°*2

0.017
0 ^
0.018
0 Д 0

0.017
0.5
ojas
одо

1.000

1.000

1.000

OJ993 - I.OOC
1,000-0^94

1Л00

0^89 - 1.000
1.000 - 0^92

IjOOO

0^90 - 1Л00
ijOOO - 0.993

1.000

0.969
0.946

-0.968
1.000

0.952
0^19

- 0:948
1.000

0.954
0.919

-0.950
U300

6.47 i
1.4 £
1.070 £
0.83 £

6,37 i
i.oi £
1.075 £
0.78 £

6.oe £
0.90 £
1.075 i
0.78 £

0.C7
0,3
0.005
0,02

0.05
0.13
0.009
C.05

0.05
C.II
0.OJ2
0.C6
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0.231

0J277

0.322

0.3Й5"

0.406

£ 0.059

t О.06С

- С.054

- 0.052

- 0.015

0.94
6.02
0.06

гз
0.10
2.8
С.90
5.69

0.63
6.1
0 . 4
3.9

0.92
5.2С
0.С8

г.*
0.55
4.91
О.ОУ
2.3

i о.оз
- 0J2
t 0.02
i о.б

i о.оч
i c.4
i 0.04
- OJI

- 0.03
i C.7
* 0.3
- 0.6

i 0.07
- 0J9
- C.07
* 0.9

i 0.05
- C.I2
: 0jC5

1.000 - 0.945 - 1.000- 0.990
1.000 0.948 0.90.4

1.000 0.9Б8
1.000

1.000 0.993 - O.?99 0.982
1.000 - 0.994 O.95S

1.000 - 0.961
1.000

1.000 - O.S95"- 1.000 - 0.997
1.000 0.995 0.965

1.000 0.997
1.000

I .COO - C.S67 - 1,000 - 0.996
1.000 0.98В С.973

1.000 0.996
I.COO

1.000 - O.SSO - 1.000 - 0.994
1.000 0.981 0.955

I.COO 0.993
1.000

5.80 i
0.81 -
I.D62 -
0.B2 -

5.58 t
0.88 -
1.050 t
0.87 -

5.50 i
I.I ^
1.045 -
0.512 -

4.S9 -
0.53 -
I.042 -
0.8У -

4.79 1
С .32 -
1.020 -
0.S2 i

0.05
0.14
0.008
0.04

0.03
C.I3
O.003
COI

0.06
0.5
0.009
OjOOS

0.03
C.I6
С .006
0.0'i

О.0Э
0.09
С .007
0.04

Z I R C O N I U M

C.070 1 0.018

ОЛ0О i UJ019

0.139 i CJB

0ЛЭ0 1 0JDI9

0.209 £ 0.018

0 ^ 1
5Л
0.69
10.4

0 ^ 8
5.12
0.72
10.6

0.52

0.48
12.*

0 J 1
5.2
0 ^ 8
1 0 ^

O.M
5 ^
0.56

i o.06
- 0 ^
- CJ3S
*- 0.4

i O j M

i ода
t 0^)4
i o^

i 0Л1
i 0.4
t 0Д2
i î

i 0.06
i 03
- C.06
i o^

i 0Л2
i 0.5
- 0Л2

I.CCO

1.000

1.000

1,000

1.000

0.987 - 1.000 0.970
1.000 - 0.988 0.938

1.000 - 0 . 9 7 6
1.000

0.971 - 1.000 C.952
1.000 - 0.971 0.877

i.coo - 0.952
1.000

0.9SI - 1.000 0.983
1.000 - C.991 0.957

IjOOO - 0 . 9 8 5
1.000

0.982 - I.OOC 0,975
IJOOO - 0.982 0.923

1.000 - 0.974
1.000

0.976 - 1.000 0.983
1,000 - 0.976 0.925

1.000 - 0.983

8.72 -
S".9 -
1.112 i
0.794 -

J.07 i
6Л -
1.11 i
0.79 -

9.34 -
9.0 i
I.108 -
0.825" -

9Л -
7 i
1.124 i
0,777 -

9Л2 -
10 i
I.I5 -
0.756 *

0.03
Qja
0.0C7
С .009

0.10
0 . 8
0.01
0.01

C.I3
2
0.012
O.0H

C.I
I
0.010
C.OIO

0.15
3
0.02
C.0I9
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0.257 i 0.017

0.293 1 0.019

0.334 - 0.028

0.45 iO.I

0.39
5.7
0.61
10.8

0.66
6.06
0.32
14

0.06
3 .6
0.94
8.77

0.37
II
0.63
6.8

- 0.06
£ 0.3
* 0.08
i 0.6

- 0.06
i о.го
- 0.06

- г

- 0.02
i 0.4
- 0.02
* 0.14

- 0.27
t 2
- 0.?7
1 C.5

1.000 0.984-1.000 0.У82
1.000 - O.9S4 0.936

I.OCC -0.981
I.000

1.000 0.972 - 1,000 0.573
1.000 - 0.973 0.901

i:000 - 0.972
1.000

1.000 0.932 - 1.000 0.546
I.COO - 0.982 0.900

1.000 - 0.9U5
I.CCC

1.000 - 0.980 - 1.000 - 0.9SI
1.000 0.983 0.Р6Э

I.COO 0.S5I
1.000

8.79 1 0.09
6.2 1 T.2
1.101 *» 0.010
0.822 - 0.010

8.64 1
If -
11.66 *
0.775 -

8.28 -

0.18

0.020
0.016

й.чч- - o.o?
1.6 - 0.3
I.C50 - С.COS
o.ecs - o.ooe

0.917 I

0.18
z
0.019
о.огг

N I O B I U M

0.025

0.050

0.099

0Д21

0.144

0J83

- 0.020

- 0.0T8

- 0.018

- 0,020

- 0.026

i 0.027

0.366
12.3
0.623
5.58

0.44-
5.0-

0.56
II.6

0.49
6.0
0.51
П.5

0.28
f.3
0.72
10.2

0 Л

5.00
C.77
10.Ц.

0 ^ 4
5.2
0.76
X0.4

- 0.050
- 1.0
- С.С50
- C.I4-

т о.п
" 0.6
1 0.10
* 1.2

- 0.10
i o,4
- 0.10
- 1.0

i 0.20
- 1.0
* 0.16

i i.o

* 0.04
- 0.25
- 0.04
t 0̂ 3

t 0.05

i о.?
t 0.05
i 0.3

1.000 - 0.964 - 1.000 - O.96S
I.OX 0.964- 0.883

I.OX

1.000

1.000

I.OX

1.000

8.0* - 0.20

1ЛСО

0.987- 1.000

I.OOC' -0.9ff i
I.000

0.990 - 1,000
1.000 - 0.9P7

1.000

0.994 - 1.000
1.000 - 0.994

T.OCO

0.986 - 1.000
1,000 - 0.986

I.0CO

C.977 - 1.000
1.000 - 0.978

1,000

O.96P
1.000

0,980

0.944
- 0.979

1.000

0.982
0.952

- C.982
I.COO

0.988
0.970

- 0.988
I.COO

0.960
C.92O

- 0.960
1.000

0.9 бе
0.908

- 0.969
1.000

I.IS
0.783

fi.69

10.7
1.16
0.72

8.79
7.6
I.II
0.817

8.85
5
T.09
0.82

9.13
5,2
1.099
0.904

S.IB
5,1
1.095
0.81

- о.ог
- 0.020

* 0,20

- ?-Л
- С.02
- 0.02

i С.12
- 1.8
- С.01

- сою

i 0.I6

± 2
- 0.03
- о.сг

* 0.08
• 0.7
- 0.007
* 0.008

- С .08
г о.8
£ 0.СС8
- O.CI
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0.2* ± 0.02

0.26 i 0.01

0.320 - 0.031

0.37 Z о.С

0.43 £ 0.03

0.50 - 0.03

0.22
5 . 2
0,78
10/)

0 Д 0
4.2
0.90
9.3

a.06
3.5

o°<>
9 Д

0.07?

3.8

0.92

6.38

o.oe i
3.7 i
0.92 i
9.01 ±

0JD56 i
3.3 £
0.944 £
0.23 i

£ o.oe
£ о.*
£ o.oe
i o.«

£ 0.05
£ 0 ^
- 0.05

i o.3

£ о.оэ
i 0.7
£ 0.03

i o.2

£ 0.025

£ 0.5
* 0.03

i 0.15

0.03
П.6
0.03
O.IB

0.014

0.3
0.014
0.08

1.000 0.990 - Г.000 0.97B
IJX30 - 0 ^ 9 0 0 ^ «

1.000 - 0.978
IJXO

1.000 0^Я4 - 1.000 0^73
1 Л 0 0 - C^I86 0.929

T.000 - 0.972
1ЛОО

1.000 0.988 - 1.000 0^40
1.000 - 0.990 О.ВУО

1.000 - 0.930
I.OOC

I.OOC 0.986 - 1.000 0.968

1,000 - 0.9B5 0^24

J.OOC - 0.967

1.000

TJMO 0.9e«s-1.000 0^65
1.000 - 0.936 0^25

1,000 - 0.964
1.000

1.000 0.982 - 1.0CC 0.9W
- 0.9S3 O.SDI

1JXO - 0.547
1.000

9.90 £ 0.09
3.9 £ 0.7
1.07* £ 0.CO7
0.8*8 £ 0.008

8.82 - 0.08
2.4 - 0.6
I.CS £ 0.O05
O.B»7 £ 0.ОГ9

8.80 -
IJR £ 0.5
T.058 £ 0.005
О.Я4 £ 0.02

£ 0.05

i 0.3
0^0
1.8

1.05Э i cool

o.eco £ O.OII

8.59
2.C

- O.Ofi
- 0.Й
- O.0O5

0.839 - 0.016

7.95 t 0.03

1.29 1 O.IB
1.0ЗД - O.0C3
0.866 -• 0.003

M O L Y B D E N U M

QJ)¥\

0,060

0.132

0.217

- 0.021

* 0.033

~ 0.026

i 0.017

0.41
5.8
0.59

0.3$
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Figure 1.

Figure 2.

Figure 3*

Figure 4«

Figure 5*

Figure 6.

Figure captions

Experimental arrangement for measurement of transmission

functions of neutrons emitted in the direction of a beam

of charged particlee: (l) tank with water; (2) baok shield;

(3) organic glass insert; (4) detector; (5) boron counters;

(6) collimator; (7) Ъогоп carbide layer; (8) diffuser;

(9) support; (10) wheels; (ll) rails; (12) email motors;

(13) bracket; (14) samples; (15) target holder!

(16) location of target; (17) /""missing in original_7;

(l8) 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: (l) 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; (ll) air blower.

Total neutron cross-section of beryllium at energies around

200 keV. White circles represent the atlas data £lj and

both kinds of crosses the data of Hef. /~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 £lj and of Ref.

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.

Figure 7* Total cross-section of aluminium.

Figure 8. Dispersion of the total cross-section of aluminium.

Figure 9* Total cross-section structure of silicon.

Figure 10. Dispersion of the total сговв-section of silicon*
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Figure 11. Total cross-section of phosphorus. The solid line and

triangles represent the data of the atlas /~7_7
 a n d

 *
n e

dots refer to the present work.

Figure 12. Total cross-section of sulphur.

Figure 13» Dispersion of the total сговв-section of sulphur.

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

the data of the present work and other symbols the

atlas data

Figure 15. Total сговв-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_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 vanadium. The dashed

line shows the results of calculations based on the data of

Ref. /~9_7
 a n d

 *
n e
 dots those based on the atlas data /~7_7»

Figure 20. Total cross-section of vanadium. The solid line represents

the data of the present work.

Figure 21. 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 chromiuf/i. The

points represent the results of calculations based on the

atlas data

Figure 24. Total cross—section of chromium. The solid and dashed

lines represent the atlas data /~7_7 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 iron.
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Figure 27. Total cross-section of iron. The solid line represents

the average of the atlas data /~7_7 a n d the dashed line

calculations from Ref. /~9_7»

Figure 28. Dispersion of the total cross-section of iron. The dashed

line represents calculations from Ref. /~9_7«

Figure 29. Total cross-section structure of nickel.

Figure 30. Total cross-section of nickel. The dashed line represents

calculations from Ref.

Figure 31. Dispersion of the total cross-sectiori of nickel. The dashed

line represents calculations from Ref. /~9_/ a*1* *he points

calculations based on the atlas data

Figure 32. Cross-sections (sub-groups) describing the cross-section

structure of copper. The dashed line represents the

calculations from Ref.

Figure 33» 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. /~9_7«

Figure 34» Top: total cross-section of gallium. The solid line and

dark circles represent the atlas data /~7_7f "the white circles

represent our values. Below: dispersion values obtained

with the average cross-sections shown above.

Figure 35» Total cross-section structure of gallium.

Figure 36. Dispersion of the total cross-section of gallium.

Figure 37» Total cross-section of zirconium. The dashed line represents

the atlas data /~7_7» * Ь е squares calculations based on the

optical model /lO_/ and the points the data of the present

work.

Figure 38. Cross-sections (sub-groups) describing the total cross-section

structure of niobium.

Figure 39» Contribution of the larger of the cross-sections describing

the total cross-section structure of niobium.
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Figure 40* Total сгова—section of niobium* The dashed line and white

circles denote the atlas data /~7_7, the squares represent

calculations based on the optical model /~10_/ and the

points the data of the present work.

Figure 41* Cross-sections (sub-groups) describing the total cross-

section struoture of molybdenum.

Figure 42* Contribution of the larger of the cross-section3 describing

the total cross-section structure of molybdenum.

Figure 43. Dispersion of the total cross—section of molybdenum.

Figure 44* Total cross-section of aolybdenua. The dashed line and

white circles represent the atlas data /~7_7 a n d the points

the data of the present work.

Figure 45* Total cross-section of cadmium. The black triangles and

points show the atlas data /"*7_7 and the white circles the

data of the present work.

Figure 46. Total cross—section of rhenium. White circles and crosses

represent the at las data /~7_7» The dashed line shows the

values reoommended in Ref. /~*7_7 and the dark circles those

of the present work.

Figure 47* Total cross-section of osmium. The solid l ine and the dark

circle represent the atlas data ^~7_7« The dashed line

shows the values recommended in Ref. fl_J and the white

circles those of the present work.

Figure 48. Total cross-section of iridium. The daehed line represents

the values recommended in Ref. /~7_7» and the squares show

the cross-section of platinum /~7_7«

Figure 49* Cross-section structure of lead.

Figure 50» CrosB-sections (sub-groups) describing the total oross-seotion

struoture of uranium.

Figure 51» Contribution of the larger of the cross—sections describing

the total cross-section structure of uranium.

Figure 52. Dispersion of the total crosB-section of uranium.

Figure 53. Total cross-section of uranium. Rhombuses, triangles, orosses

and half-shaded oirclea represent the atlas data [}J% and the

rectangles the data of the present work.
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Abstraot

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 resonance 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 alpo given

in the paper.
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Introduction

One of the methods for checking nuclear-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 BPS assemblies. The results of such investigations were given in the

papers /l,2J. The investigations were carried out in considerable detail in

the BFS-16 assembly which is the model of BN-35O.

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 /2_J 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 influence on the neutron field is as

small as possible. In this case one can use the 1 — 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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dieturbance (depression), the sample resonance self-Bhielding and its

influence on resonance shielding in the nearby region. Inclusion of such

corrections for a number of materials allows considerable improvement in

the agreement between experimental and calculated values.

Aside from the efficiencies of homogeneous materials we used BPS-16

for investigating several mixtures of absorber materials which are of

interest from the viewpoint of their application in fast reactor control

rods.

1» Experimental Technique

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 ~ 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**:

P d

where T is the stable reactor start-up period; Q; — /$, //$

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

A; is the decay constant of delayed neutrons of the i-th-group.

The quantities 0̂  were determined by averaging over the fluxes

and importances obtained from the multigroup diffusion calculation; in

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

i

a • 0

1

.328 0

2

.1947? 0

3

.18171 0

4

.40248 0

5

.15071 0

6

.03751

The value of 0 ^ V* Л obtained from the calculations will be

equal to / 3 . =0.0072 for BPS-16 assembly.

The start-up period was measured ty the electronic equipment consisting

of a normal boron chamber, current integrator, two sealers and a quartz stopwatch.

The integrator transforms the chamber current into a pulse train and the

pulse frequency i s proportional to the current. The quartz stopwatch switches

on sealers in turn in equal time intervals of A t « 20,40)80,100 sec.

Successive readings at equal successive time intervals are used for determining

the start-up period.
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/it

where £±X is the measurement time interval, and n. j n. are the quantity-

readings from adjacent intervals.

When calculating the period we used б 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 channel rechargings.

2. Displacement of the reactor materials in the central channel

during sample rechargings.

3. Reactor temperature effect.

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

5. Accuracy of the period measurement.

The indicated еггогв were not differentiated in detail. The measure-

ments with one sample were repeated successively several times alternating

between sample and chamber. The inaccuracy in the rasult obtained from the

measurement series 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 rvsl*10~ A R / K • In this case, 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

effects are presented in Table 1»

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

st

The reactivity effects vere calculated Ъу means of the 1 — order per-

turbation theory Ъу means of computer programmes written for the M-20 computer!

This programme uses neutron fluxes and importances obtained from solution of

multigroup diffusion equations in one-dimensional geometry. The formula for

calculating the reactivity produced Ъу the studied material sample placed in

the reactor at point ( T ) is of the form

, >
4,
where -JZ №
is the importance of fission neutrons in the whole reactor volume.

(ш r*Z ) 6$ f"7) ^
s
 "

t
^
ie
 distribution of fluxes and importances of the К—

energy group in the reactor. V О are volume and nuclear density of

the material studied respectively. 6"^
 }
 &~

c
,
 f
 G^ ^ ̂ -^^^-Д STare micro-

scopic cross—sections of the studied material.

For solving the diffusion equations we used the conventional method of

the separation of variables; fls (t ) and ш ft?)
 w e r e

 presented iatin r i s ; fl (t ) ш ft?) p in

the forms

« ФМ-ф(г)
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Parameter &ZL
r
 determining axial leakage was taken to Ъе the same for

all assembly zones ( cC
r
= 0.03518).

In the calculation we used an 18-group constant set obtained from the

26-group set Jj,_J by combining a number of energy intervals below the 1 2 —

group. The coefficients of cross-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 Jjrjy where the shielding coefficients are

considered to be functions of the dilution characteristic G
o
 which is the

sum of the total cross-sections of all the sample elements per nucleus of

the given element. Рог the sample containing only one element &^ « О

the finiteness of the sample sizes is taken into account by adding the

term l/p£ to GJ , where p is the nuclear density of the material in the

sample, £ is the 4V/S characteristic sample size (•€ = 4V/S)» V being the

sample volume, and S its surface area*

As the calculations have shown, consideration of the sample resonance

self-shielding effect gives important corrections to the results carried out

with the use of un-shielded cross-sections.

We used such corrections for those materials having a noticeable

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

material:

Corrections $:

U-238

6.3

Та

25

Sb

1 3 .,2

Ho

6.2

V

8.• 7

Fe

17..3

Re

18

Eu

1 0 .• 3
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For U-238 and Fe, which enter into the composition of the assembly,

the calculations 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 21.455 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 depression produced by a sample.

This effect was experimentally determined for boron carbide samples, see

reference JJ>J» In order to determine the non-shielded reactivity effect we

used boron carbide samples of natural enrichment with weights ranging from

/v*120g to 'v/0.9g. The 30g to 120g samples were composed of standard slugs

of the BPS 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
0
 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«7б - 0.10) „ 10 ДК/к/kg. In 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 14/6» We also obtained the

calculated data for evaluating the shielding effect of the boron carbide sample.

These calculations in F and P approximations for the spherical sample whose

weight and volume axe 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 about 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 (u , TJ , Та, Mo). Such

accuracy may be considered good considering the errors in the calculation

methods and the multigroup cross-sections usei. Рог a series of other materials

a greater difference (~30^) is observed. In particular, for boron carbide it

is about 25 per cent and cannot be explained by cross-section inaccuracies.

Appajjently it is related to the softer neutron spectrum of the real assembly

in comparison with the calculated one. Some spectrum softening occurs 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 analysis»

3. Calculation of the Effect on the Resonance Cross-Sections
of the surrounding medium when Introducing Scattering Samples

in a Fast Reactor

The effective widths of uranium and plutonium resonances (the main

elements with strongly pronounced resonance structure in the cross-sections)

do not exceed about 1 eV, while the neutron energy losses upon scattering

on the same elements considerably exceed this value at E>100 eV (if Д E = Т"

then for mass numbers A=200, Alffi ). 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 nuclei. This leads to a decrease of ohe self-shielding of the

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

absorption in uranium and plutonium near the sample. I t should be noted
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that the magnitude of this effect is сотрахаЪ1е to the other components of

the reactivity effect due to sample—scatter and must Ъе taken into account

in the perturbation theory calculations.

Let us consider a sample of small sizes (»с<**<А, where £ is the sample

size» Л is the neutron meanfree path in it). For the sake of simplicity

ve 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 theory equation.

Consider the relation of the reaction cross-section ^! ft=element

of the surrounding medium) averaged over the neutron flux фС^) ~~ J/£(E)^o

the scattering cross-section, w ^ , of the surrounding medium. Since ̂ A

is a function of ( 2 4 ) , then the change of fcr» due to the introduction of

a single nucleus with the scattering cross-section <5~ in the surrounding

unit volume, will Ъе

As the sample is small, the influence of the scattering process on the

reactivity change, when introducing a sample of volume V
o
^ and nuclear

density P, will he equal to:

If X-reaction is fission then the formula (3*1«) changes sign and

acquires (if К =1.0) the factor equal to (тЛ — ^ 1 ) , where ф*

err г 0* '
is the neutron importance, and ф

 я
 ̂  X. Ф*

m &2*'/££ » which can
Г" "7

be either obtained from the known values of the shielding cross-sections /,4_/,
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ox be evaluated from the consideration of two cases of the cross-sections

with resonance form (strong and weak resonances). This consideration is

similar to that given by the authors in reference /5_/«

Taking these considerations into account, formula (3*1.) can be

written as: ^ £ _. /

where \ is the factor of the resonance shielding cross-section £_.«: .
'к

All the above mentioned considerations 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

in the sample 0(E) • Va£ • £-».s • 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 or

more,then double or multiple scattering becomes possible. However, just after

single collisions the neutrons are distributed uniformly over energy, and

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 number of neutron collisions in the

sample 0(E)»\/r>2_, to that of the first neutron collisions which fall upon

the surface S of the sample.

It is known that 0(E)- neutrons fall upon the sample surface, these

4

can either undergo a first collision in the sample (total scattering cross-

section of the sample nuclei ia \ / 2
л
 )or pass through the sample without any

collisions with the sample nuclei, and escape through the back surface
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(the neutron collision "cross-section" frith the sample surface is S/4), Thus,

the probability that neutrons collide with the sample nuclei only once is

equal to V©J C*
&
 / {у

в
д 2 ^ +" ^ j and the number of first neutron col-

lisions in the sample will Ъе equal to ф £ б ) ' "r-'V/1 2Г / C^<2» +
 ^-

This is different from the total number of collisions ф£Е
)-^©«< £°

by the factor:

V Zs + S/ц.
where

Thus, considering the sample size under the integral in formula (3,2)

one ought to introduce this factor which, particularly for large size samples

^/)» leads to &k~f instead of &k - ^ for small

Finally, formula (3*2.) assumes the form:

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 refp.on 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 equal» 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 given in reference / 4 _ / .

The calculation results are given in the table below.

Дк/K/ kg.icr

characteristic

sample size
experiment

perturbation
theory
calculation

calculation

using

equation (3»3)

Carbon

Iron

3.17

ЗЛ8

+19.1 + 1.2

- 2.6 + 0.1

+1.9

-4.04

1.64

-4.1

As seen 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 X

Characteristics of Samples

So»

1.

2.

з.
4»

5.

G.

7.

8.

9»

Ю.

И.

12*

13-

Material

UraniuG—235 ( 90^ U—235)

Uraniuia-233( O.*2;aj-235)

Tantalum

Hhenlua

Europla Oicido

Boron carbide(of natural

enrichment)

UioMuxa

Uolybdcnua

Tungsten

Ferrura

Carbon

Sample weight, g

295,2

3220

547.3

362

45.69

61.12

642.3

817.25

П45.45

1332

137.7

Tantalum diboride 282

(Boron of natural enrichment)

Sample typo and sizes, пл

2 slwc
3
 <

A clue <

20 slugs <

Bowdor in

Boeder in

2 pellets

5 slugs

discs

discs

I slug

I slug

pollcts

pellets

bfS.7 h=5.6

1=46.7 b=IOO

i=46.7 hsl.0

container

container db45 h=40 м
ON

da46»7 hsIO

da 46.7 hsIO

da 46.7 h=50

da 46*7 h=50

da 46.7 h=IOO

da 46.7 b=50

da 10 h=I0 In container

da XO ЬаЮ in container

(Boron of natural enrichment)



Continuation of Table £

No» Material Sample «eight» g

Enenium boride (Boron

of natural enrichment)

501

Europium hexaboride

С Boron of cutural enrichment) 5«10?

Boron carbide (Boron is en-»

xiched up to 80% B-IO) 5*232

!?• Europium hexaboride (Boron, is

enriched up to 80% B-IO) 8.27

18* Chrome dlboride

(Boron is enriched up to 80% 9

B-IO)

type and sizes, am

pellets

pellets

pellets

pellets

pellets

dsZO b=I0 in container

d=I0 b=I0 m container

ds 8 h=t 5 in container

d= 8 Ьз 5 in container

8 a= 5 In container



ФаЫе 2

Beactivity Effects Produced by Different Materials when Placed in BFS-I6 Asseiably

Н О .

I

I .

2 .

з.
4»

5.

6*

7.
8 .

9.

1 0 .

I I *

12*

13*

i
} Material
I

2

U-235

U-238

Та

Be

Eu 2 0 ,

B^C

ЕЪ

Mo

w
Pe

С

ТаВ2

СгВ

1

3

•1.3* ±

-0*101 +

-0.424 £

-0.6G8 +_

-2.2 +

-5.07 ±

-0.235 +.

-0.152 .+

-0.156 £

-̂ )eO26 +

40.191 +

-1.06 ^

•1.86 •

£/ks :
fc iCalculation

0.02

0.001

0.008

0.0^3

0.01

0.02

0.005

0.001

0.001

0.001

0.012

0.01

0.02

1.43

-0.I2I

-0.562

-0.710

-*.39

-4.64

-0.360

-O.I9a

-0*22

-0.0404

•0.019

-1,12

-1.76

I 1
'.Calculation 1

btheory' Experiraont }

5

I . I

1.2

1.33

I;06

0.85

0.91

1.53

1.13

1.41

1.55

0 ,1

1.06

0.95

Correction ix&

ted efrect

6

11%

35^

ie%

IQJ5

14/5

13*

6%

9J5

2Q3S

.Calculation
J Experimont

7

1*07

0.86

0.87

0.78

0.78

1.33

I.I2

1.28

1.24

I

I-1

I



Continuation of Table 2

EeB^ -1.58 + 0.06 -1.4-7 1.06

EuB
6
 -3.57 ± 0.13 -3.01 0.84

B.C* -Й0.2* 40.18 -19.1 0.9*

17. EuB
6
 -8.97 .+ 0.18 -8.51 0.95

18- CrB
2
* -7^5 • 0.08 -6,74 0.90

Ц} Boson compounds enricbod by ihe isotope B-IO up to 8Q?»«

«) Eie correction containing resonance self-shielding effect and neutron field

depression асэх sanple end within it.

f



Table 5
Nuclear Concentration (xTO***) of Eleiaento Entering into Con^ooition of HPS-I6 Assodbly Sones»

Z.iJ.O. ZBO
( lateral
shieU)
Side cKield

Intcsiayers bnd chield

Tow Bottom ff0T> Bottom

и -
и -

Oxygen

-235
• 238

Aluminium

p
0 141502666

0.01585

0.01056

022I05
0257C3

0.0I6II

02938

0^52
O.OII93

0.02397

0?8II

•

-

0.01522

Steel* 0,02067 0,0205

0.0176

0.01374 0.0368 0.0370

O
2
998

0*0201

0.0146

0
2
58I

0.0194

0.0145

t

* Stainless etoftl contains 72Я Fef 185 Cr, 9^ Hi»



Table 4

Jtependence of Reactivity Effect Produces hy I kg of Boron Carbide of Natural Enrichment

and Experimental Correction Value for Neutron Field Depression on Sample Thickness*

I*
2*

3-

4.

5.

6.

7*

8*

9-

10.

122,43

91,77

61 ,12

30,53

14,75

6,515

6,1

3,131

2,739

0,935

40

30

20

10

9

4

4

2

2

0,6

4,73

4,87

5,07

5,24

5,32

5,53

5,50

5,61

5,64

5,S3'

± 0,01

+ 0,01

• 0*02

± 0,02

± 0,02

± °.°3
t °»°5
• 0,17

• 0,03

± °»^

1,18

1,16

Г.114

1,0.78

1,06

1,01

1,025

1,005

1,0



Design Diagram of BFS-16 Assembly
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Lateral shield
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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

measurementв and by the current analysis of the whole complex

of microscopic data for the indicated cross-sections. Considera-

tions of criticality calculations of the ZPH-III critical

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

Translator'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 [l] on the basis

of new nuclear data and the results of critical and exponential

experiments. It was convenient to take advantage of the experi-

mental results of the ZRP-III critical assemblies [2~] for thie

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 H-26 [3] (a slightly corrected transport

approximation with isotropic transitions was used [l]). 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 this Symposium. Altogether there were 4 sories of

calculations. The first series was calculated with the BNAB set;
235

in the other three series the U fission cross-section of the BNAB

set was changed in accordance with the recommendation of Davey [5l
238

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

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 Gl;ot a n d

of U235 a s w e n a s <5 0̂̂ . of U^38 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.

235 238
Table 1 lists the U fission and U capture crose-sectione used
in these calculations.

235 238
Tables 5 - 7 show all the group cross-sections of U and U used

in the four calculation series.
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ZPH-III critical assemblies are heterogeneous systems of пэаг-

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 peculiarities.

The following corrections were introduced into the results of these

к „« calculationst
efi

a) the difference between Davey'8 semi-empirically evaluated

form-factors and those rigorously calculated by Zizin M.N. [4]

using the P.-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 effects. We hope,

however, that these errors do not exceed 0.1 - 0.2$ in к _. for the

considered critical assemblies have rather hard spectra.
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Pinally, we note one more reason of possible systematic errors in the

calculated results. In the M-26 computer programme which we used [3]

(ae well aa 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 fl], was carried out Ъу smoothing of the cal-

culated histograms which were obtained by the P. 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 O.$> in к _
f
.

Thus the resultant systematic error in k
e f
» can be ^0.5$

The volumetric material fractions of the cores and reflectors of the

ZPR-III critical assemblies are taken from paper [&\]. These are given

together with the results of the к
 f f
 calculations in Table 3.

Nuclear densities of the materials of the cores and reflectors are

given in Table 2.

p^ ?4ft

2. Discussion of the changes of the U and U cross-sections.

In the considered ZPR-III critical assemblies the principal effect
235

on the value of к „_ is produced by inaccuracies of the U fission
248

and U capture cross-sections. This conclusion is drawn both from

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/zes on к *..» is clearly seen from

gig, la. where the values of Д>
k

e
ff

 =
 *" ff~*' obtained in the 1st

series of calculations (with the BNAB set) are plotted as a function

of и^Зо nuclear concentration ratio fa/P$ * I* is evident that for

the critical assemblies with low Uranium-238 content the calculated

к _- are over-evaluated by approximately 3 $>• As the U concentration

increases, these discrepancies decrease, and when \ajP5 ^
 1 0

i

they disappear completely. Hence we conclude that the U ^5 cross-

sections are too "supercritical" and U cross-sections are too

"subcritical", so that at Ро/Ре "̂  Ю there occurs an error

compensation.
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235
The perturbation theory analysis shows that in the case of U , к _»

©I I

is decisively affected Ъу the fission cross-Bection (i.e. t^'^J )
t

and in the case of U — by the capture cross-section. Influence

of uncertainties in other cross-sections of these isotopes and the

cross-sections of other elements is negligible.

О "JC p *i О

The conclusion that the earlier adopted U fission and U

capture cross-sections should be changed, ie 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 criticality data of the ZPR-III critical

assemblies gives the possibility to introduce corrections to the
л -j jr p "l Q

U fission and U 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, 0)

contained in the core composition of separate critical assemblies

we described the systematic dependence of Д ^
e
ff

 o n
 fwfs ^

a straight line.

It was intended that through the improvement 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

Po/P
s
 i by not more than a fraction of a percent, i.e. not

exceeding the possible magnitude of the systematic error of the

calculated results.

235

As it is seen from Fig. lb, the change of the U fission cross-

section according to Davey and Hart's recommendations (based

primarily on the experimental results of White f7]) leads to the

elimination of the systematic discrepancies between theoretical

and experimental к »„ datb, for critical assemblies of considerably
2^8

low U content. However, as it should be expected, the calculated

values of к «_ became considerably lower than unity for critical

assemblies with high fo/fs' ratios.
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In the 3rd series of calculations (see Pig. lc) the D
 J
 capture

cross-sections in the resonance energy region were taken from

L. Abagyan's reevaluation (FEl) performed on the basis of new

U resonance parameter data, using sufficiently precise methods

which took account of resonance self-shielding [10]. The re-

evaluation of the capture сговв-section extended also into the

higher energy region. The agreement between theoretical and

experimental data waB markedly improved, as it is seen from

Pig. lc. Finally, the 4th series of calculations, included re-
2ЧЯ

suits of recent evaluations of the U capture сговв-section,

the resonance region (L. Abagyan, FEl) as well ав in the region

above 20 koV (V. Tolstikov, FEl); 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 U fission and U capture

cross-sections we can describe the whole complex of к
 f
- of most

ZPR-III critical assemblies down to accuracy limits of possible

systematic errors. Further improvements of these cross-sections

by minimizing the deviations of the calculated k f f 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 account, which could

lead to systematic errors on the order of 1%. Presence of such

еггогв in our calculations is demonstrated by the difference of

the curves of Д, к __ dependence on f^/C с given in Figo. 2a, 2b.

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

(see 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 к -
f

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 Bodimc.

Among 22 critical assemblies under investigation there are 6 for

which the calculated values of k
e f f

 differ from unity by not more

than 0.9 #; for three of them (nos. 30, 31, 35) k
e f f

 differs from

unity by more than 1.5$« Let us consider the possibility of ex-

plaining these discrepancies on the baeis of inaccuracies of the

nuclear data. One observed that к
 f f

 exceeds unity considerably

in all three assemblies containing oxygen in the core (the groups

of assemblies 4 and 6; assemblies no. 29, 30, 35)« However, this

does not constitute evidence that the UBed oxygen constants are

inaccurate, because all of these assemblies contain also much steel

in the core. At the same time, in the 1st group of the assemblies

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

there is a tendency to increase Д к
 f f

 as the iron volume fraction

is increased. This tendency is consistent with the calculation

results of к ~_ for the second group of assemblies containing

aluminium: f°r the assemblies containing ^ 25$ of steel k
e f f

 is

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. This tendency manifests itself most

clearly in the results of the calculations of the 5th group of
248

assemblies containing sodium. The substitution of U for steel,
235

retaining the volume fractions-of U and sodium in the core,

led to a strong rise of к
 f
_ in assembly no. 33 in comparison

with assembly no. 36. Finally, oxygen influence on criticality manifests

itself principally in a softened neutron spectrum 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 k
e f
f It would be more sensible to assuma

the existence of inaccuracies when taking into account elastic

slowing down in a group approximation. However, this assumption mist

also be eliminated,- because the criticality of those assemblies con-

taining carbon in rather large 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 ueed are in need of improvement. The noted tendency for к ..
f
 to increase

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 ba3is of their

effect on criticality in this analysis.
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Table 1

23S ?ЭЙ

Group Values of U Fission and U Capture

Cross-Seotions Used in 4 Series of Calculation

of the Critical Assemblies

groups

I

2
3

5

6
7

8
9

10

II

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

6.5 -

4.0 -

2.5 -

1.4 -
0.8 -

0.4 -

0.2 -

O.I -

46.5 -

21.5 -
10.0 -

4.65-

2.15-

1.0 -

465 -

215 -

100 -

46.5 -

21.5 -

10 -

4.65-

2.15-

1.0 -

En.

£235x

variants
I 2

series of calculations

10.5 MeV
6.5
4.0
2.5
1.4
0.8
0.4
0.2

100. kev
46.5
21.5
10.0
4.65
2.15

1000 er
465
215
100
46.5
21.5
10
4.65
2.15

0.465- 1.0
0.215- 0.465

0.0252

I

1.75
1.15
1.25
1.28
1.25
1.23
I.4I
1.70
2.10
2.65
3.40
4.40
5.40
7.30
II.0
16.0
22
35
45
45
37
20
35
64
155
582

2.3.4

1,63
1.115
1.200
1.280
1.210
1.160
1.315
1.521
1.802
2.257
2.872
3.722
4.968
6*838
11*0
16.0
22
35
45
45
37
20
35
64
155
582

variants

I
series
1.2

0.00
0.01
0.02
0.06
0.13
0.13
0.15
0.22
0.35
0.46
0.60
0.78
'1.20
2.10
3.60
4.50
17.0
15.0
58.0
82.0
171
0.54
0.47
0.58
0.90
2.71

2 3
of calculations

3

0.00
0*01
0.02
0.06
0.13
0.13
0.15
0.18
0.27
0.45
0.68
0.91
1.30
2.00
3.40
4.35
20.0
17.0
57.0
78.0
174.0
0.54
0.47
0.58
0.90
2.71

4

0.00
0.01
0.02
0.06
0.14
0.13
0.14
0.18
0.26
0.41
0.61
0.81
1.16
1.84
3.2
4.4
20
17.0
57.0
78.0
174.0
0.64
0.48
0.52
0.76
2.73



Table 2 Composition of Critical Assemblies ZPR-III

(nuclei/cm
3
*10~

22
)

« s
?я
E l

m
ее

I

2

3

4

5
6

7

A

ft/o»3
235
18,75

JQ-22 Jauolei

АаветЫу
Яо.
25
24
I I
10
32

9A
20
31
6F
5
2A
23

34

30

36
33
35

16
12

17
14

0,344
0,363
0,457
0,569
0,445

0,562
0,292
0,279
0,672
0,672
0,671
0,445

0,224

0,284

0,450
0,445
0,195

0,450
0,450

0,450
0,450

»*»

238
18,97

4,80

3,56
3,50

3,44

2,78

О.ОЗ!1!

1,82

0,911
0,439
0,763
0,763
0,049
0,0336

0,494

U, 414
0,434

2,38
0,0326
0,0139

2,41
1,70

0,989
0,0336

55,87
7,85

8.47

0,555
0,566
0,555
1,17
4,92

0,863
0,869
1,49
0,746
0,740
1,67
0,551

1,49

1,49

0,770
3,86
3,01

0,555
0,555

0,555
0,555

У
58,71
8,90

9.13

0,0840
0,0858
0,0840
0,178
0,747

0,131
0,132
0,226
0,113
0,112
0,254
0,0831

0,226

0,226

0,117
0,586
0,457

0,084
0,084

0,084
0,084

а
52,01
6,91

8.00

0,140
0,143
0,140
0,296
1,24

0,218
0,220
0,376
0,189
0,187
0,422
0.139

0,378

и,з/у
0,376

0,194
0,976
0,760

0,140
0,140

0,140
0,140

Л
26,98

2,70

6.03

1,30

1,52

1,42

1,89
1,90

1,90
2,58

1,58

1,47
1,41

22,99
0,84

2,20

0,401
0,400
0,782

С
12,01
1,67

8,37

0,760

1,52

2,68
3,82
5,35

О
16,0
2,55

9,60

0,697

0,398

Мо

10,19

6,40

0,322

* € ,
91,22

6,44

4,25

0,184

1

refleo- M Q Sph
tor type "Cr- К ооге

A 564 46,44
A 456 42,49
A 239 31,75
A 153 25,43
A 213 30,83

A 151 25,42

В 408 44,02
A 437 45,75
A 133 22,96

«50 156 24,21
A 144 23,58
A 249 32,46

A 475 50,59

A 4(£ 46,88
A 377 43,30

A 217 30,90
A 225 31,38
С 485 53,38

A 202 30,16

A 172 28,58
A 151 27,37
A 132 26,17

type

A
В
С

^ 2 3 5

0.00912
0.00480
0.00432
0.00384
0.00912

E B P
^238

4.00
2.18
1.90
1.91

4.00

1 I C I

0.440
I.I8
1.15
0.444
0.444

0 H

j/i

0.0667
0.179
0.174
0.0676

0.0676

0.II2
0.298
0.290
0.II2
0,112

0

I
0

.608
0.715

.48

,137

0
0

Mo

.157

.140

In a l l these cases the reflector density i.° 30 cm

Internal reflector, density 18.1om

External ref lector, density 18,1 cm



Table 3

iiesults of Calculation of Critical Assemblies

groups
of

assem-
blies

I

2

3

5

6

assem-
blies

25

24

I I
10

32

9A
20

31

6F
5

2A
23

34

29
30

36

33

35

16
12

17
14

ft***)
10,3

9,6

7,5
4,9

0,07

3,2
3,1
1,6

1,1
1,1

0,07
0,07

2,2

2,0

1,5

5,3

0,07

0,07

5,3
3,8

2,2
0,07

7,17
7,57
9,51

11,85
9,26

11,70
6,09
5,81

14,00
14,00
13,97
9,27

4,67

4,97
5,91

9,3?
9,27

4,06

9,38
9,38
9,38
9,38

Volume fraotions of

%Ш

74,17
72,90
71,72
57,90
0,66

38,00
18,97
9,14

15,90
15,90

1,02
0,70

10,30

9,97
9,04

49,51
0,68

0,29

50,10
35,40
20,60
0,70

steel

9,22
9,41
9,22

19,47
81,77

14,35
14,45
24,76
12,41
12,31
27,77

9,16

24,83

24,93
24,73

12,80
64,20

50,02

9,22
9,22
9,22
9,22

M

21,50
25,14
23,49
31,40
31,50
31,44
42,82

25,50

24,40
23,35

the core materials

/о, С 0

9,08

14,50
7,26

18,23
18,20

35,56 4,15

18,10
31,96
45,68
63,92

osph
К ,я*
акт.
зоны

46,44
42,49
31,75
25,42
30,83

25,42
44,02
45,75
22,96
24,21
23,58
32,46

50,59

46,88
43,30

30,90
31,38

53,38

20,16
28,58
27,37
26,17

• *

^ K e f f .

-0,44
-0,55
-0,08
0,44
0,92

0,57
0,22
1,85
0,52
0,58
0,51
0,34

0,20

1,10
2,58

-0,14
1,09

1,78

0,18
-0,57
-0,60
-1,27

\ - С e

4

-0,44
-0,44
-0,41
0,09
1,23

0,37
-0,13

1,41
0,62
0,88
0,81
0,84

0,60

1,73
2,17

-0,23
1,54

1,46

r-0,02
-0,13
-0,10
-0,17

ff. ~ '/ > /

С series
3

-1,41
-1,28
-0.У4
-0,34
0,89

-0,07
-0.6P

0,90
0,26
0,48
0,48
0,44

-0,16

0,96
1,61

-0,71
1,22

1,14

-0,69
-0,87
-0,82
-0,55

2

-4,11
-0,84
-3,19
-2,17
-0,06

-1,67
-2,12
-0,46
-0,98
-0,52
-0,56
-0,75

-1,30

-0,18
0,33

-2,67
0,21

0,54

-2,59
-2,36
-1,96
-1,38

I

-0,25
-0,03

0,45
1,33
3,36

1,79
1,84
3,25
2,20
2,68
2,56
2,50

2,76

3,94
4,15

0,92
3,55

4,07

1,24
1,49

1,73
1,68

й K*tt. -
the initial

„th>
#
 (of the ft— series) + corrections for the calculation inaoouraoy

model, obtained Ъу Zizin [4] and Baker [б] .

of the fonnfactor and heterogeneity for
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Table 4

=The Perturbation Theory Coefficients (R) of the 29-= Assembly
o 238in Reference to U Mission and U238 Capture

groups /V
Coefficients

r235 fission U238 capture

I
2
3
4
5
6
7
8
9

10
I I

6.5
4.0
2.5
1.4
0.8
0.4
0.2
0.1

46.5
21.5
10.0

- 10.5
6.5
4.0
2.5
1.4
0.8
0.4
0.2

- 100
- 46.5
- 21.5

MeV

kev

0.00173
0.00618
0.01437
0.02804
0.03981
0.06978
0.09937
0.09343
0.08886
0.04674
0.02434

0.00000
-0.00008
-0.00091
-0.00233
-0.00773
-0.01784
-0.02773
-0.03292
-0.04005
-0.01928
-0.00940

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

4.65
2.15
1.0

465
215
100
46.5
21.5
10.0
4.65
2.15
1.0
0.465
0.215

- 10.0
4.65
2.15

- 1000 «•
- 465
- 215
- 100
- 46.5
- 21.5
- 10.0

4.65
2.15
1.0
0.465

l e i

0.01079

0.00423

0.00157

0.00025

0.00005

0.00000

-0.00376

-0.00150

-0.00054

-0.00008

-0.00000

-0.00000
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Group Cross-Seotions of U

(series 2, 3, 4)

235

group
L

I
2
3
4
5
6
7
8
9

1С
I I
12
13
14
15
IS
17
18
19
20
21
22
23
24
25
T

6.30
7.40
7.70
7.00
6.60
7.40
9.20

II.2
12.5
14.0
16.0
19.0
23.0
27.0
32.0
38.0
47.7
69.0
88.0

III.
93.0
39.0
61.0
88.0

205
698

Щ
1.630
1.115
1.200
1.280
1.210
1.160
1.315
1.521
1.802
2.257
2.872
3.722
4.968
6.838

II.0
16.0
22
35
45
45
37
20
35
64

155
582

3.40
3.04
2.79
2.63
2.52
2.46
2.47
2.45
2.44
2.43
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42
2.42

61

0.019
0.029
0.038
0.060
0.II6
0.160
0.233
0.358
0.515
0.852
1.267
1.776
2.530
3.560
6.3
9.5

13.5
22
31
54
44

7
13
10
35

101

I,.03
1.92
I,
I,
I.
I.
I,
0,
0.
0,

m

m

•

•

•

•

.91

.76

.38

.20

.00

.60

.18

.06

••

i «

3.621
4.336
4.552
3.900
3.894
4.880
6.652
8.721

10.00
10.84
11.86
13.50
15.50
16.60
14.70
12.5
12.2
12
12
12
12
12
13
14
15
15

A
0.84
0.80
0.71
0.55
0.45
0.35
0.23
0.13
0.07
0.04
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

i
0.0013
0.0017
0.0024
0.0038
0.0046
0.0054
0.0064
0.0073
0.0078
0.0081
0.0082
0.0083
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084

0.024
0.025
0.027
0.026
0.031
0.039
0.062
0.092
0.101
0.II4
0.126
0.146
0.169
0.182
0.160
0.136
0.133
0.I3I
0.I3I
0.I3I
0.I3I
0.I3I
0.142
0.153
0.164
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Table 6

Group Cross-Sections of U

(series 3)

238

group 1K, Jt

I
2
3
4
5
6
7
8
9
10
II

12

13

14

15

16

17

18

19

20

21

22

23
24

25

T

6.30

7.50

7.70

7.10

6.90

7.80

9.60

И.5
13.23

13.75

14.59

15.86

17.93

21.01

22.7

22.15

87.9

42.2

134.7
ПО. 8
193.1
9.54

9.47

9.58

9.90

II.7

I,
0,
.00
.58

0.58

0,

0,
*

т

т

т

ш

»

т

ш

а

•

*

я

«

щ

Щ

*

ч

.49

.02

т

—

Я)

•В

•»

• 1

• >

а>

т

т»

я»

• »

3,
3,

2,

2,

2.

*

•

т

т

щ

«

•

•

я

•

•

•

.48

.09

.87

.67

.58

ш>

в

•»

BI

в>

в>

м»

••

В)

В1

• >

HI

и>

м>

• >

• »

• *

0.00
0.01

0.02

0.06

0.13

0.13

0.15

0.18

0.27

0.45

0.68

0.91

1.30

2.00

3.40

4.35

20.0

17

57
78

174
0.54
0.47
0.58

0.90

2.71

I
2
2
2
2
I
I
0
0

.80

.51

.60

.25

.15

.65

.05

.55

.19

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

3.50

4.40

4.50

4.30

4.60

6.02

8.40

10.77

12.77

13.30

13.91

14.95

16.63

19.01

19.3

17.8

67.9

25.2

77.7
32.8

19.1
9.0

9.0

9.0

9.0

9.0

0.84
0.80

0.71

0.53

0.42

0.33

0.21

0.12

0.07

0.04

0.02

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.0013
0.0017

0.0024

0.0039

0.0049

0.0056

0.0066

0.0074

0.0078

0.0081

0.0082

0.0083

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.0084

0.023
0.025

0.027

0.029

0.040

0.049

0.080

0.II6
0.129

0.140

0.148

0.I6I
0.I8I
0.207

0.2II
0.194

0.741

0.275

0.848

0.358

0.208

0.098

0.098

0.098

0.098
-
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Table 7

group I

l-l

2
3
4
5
6
7
8
9

10
II
12
13
14.
15
16
17
18
19
20
21
22
23
24
25
T

6
7
7
7
6
7

.30

.50

.70

.10

.90

.80
9.60

I I
12

.5

.8
13.5
14 .0
15.5
16.5
18
23
18
80
40

140
120
190

9
9
9
9

II

.0

.0

.5

.0

.0

.54

.47

.58

.90

.7

I.
0.
0,
0,
0,

. •

•

M

M

m

m

m

m

Щ

•

Щ

4

Щ

1

i

Group

4
.00
.58
.58
.49
.02

№

to

M i

to

H i

H i

H i

mm

H »

»

H I

н а

H »

3.
3.

Cross-Seotions of

l)

,48
.09

2.87
2.
2.

•

M

m

Щ

*

m

m

•

•

•

•

•

•

.67

.58

H

H >

I B

IH>

H i

H i

H i

H >

• B

••

(series

0.00
0.01
0.02
0.06
0.14
0.13
0.14
0.18
0.26
0.41
0.61
0.81
1.16
1.84
3.2
4.4

20
17
57
78

174
0.64
0.48
0.52
0.76
2.73

4)

1.80
2.51
2.60
2.25
2.15
1,65
1.05
0.55
0.19

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

u 2 3 8

бе

3.50
4.40
4.50
4.30
4.59
6.02
8.41

10.8
12.4
13.1
13.4
14.7
15.3
16.2
19.8
14.1
60
23
83
42
16
9.0
9.0
9.06
9.14
8.97

A
0.84
0.80
0.71
0.53
0.42
0.33
0.21
0.12
0.07
0.04
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

f
0.0013
0.0017
0.0024
0.0039
0.0049
0.0056
0.0066
0.0074
0.0078
0.0081
0.0082
0.0083
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.9084

-

0.023
0.025
0.027
0.029
0.039
0.049
0.080
0.II6
0.126
0.138
0.143
0.158
0.167
0.177
0.216
0.154
0.655
0.251
0.906
0.458
0.175
0.097
0.098
0.099
0.100

—
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