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FOREWORD

This Bulletin i1s the first of an intended meries of rogular lgsues of
collected information from tho Nuclear Data Centre set up by the State Committe
on the Utilization of Atomic Energy to ensure the collation, systematization an

exchange of information on nuclear physical constante.

The contents and layout of the Information Centre's bulletins are determi
by the need to present in convenient form, in as short a time as possiblo, the

existing information on nuclear data.

The Bulletin will therefore include only information which has been
collected and systematized by the groups of the Information Centre at the
moment of publication. For this reason thé issues of the Bulletin, including
this volume, lay no claim to providing a complete and ordered compilation of al
the existing information on nuclear data. It is however agssumed that the gap-

in individual issues will be made good in subsequent numbers.

The present Bulletin includes data on the parameters of the elementary
interactions of neutrons with a substance (in the energy range of interest for
reactor congtruction, i.e. B not exceediﬁg approximately 15 MeV), and the
macroscopic constants, empirical formulae and integral parameters (and
characteristics of such parameters) used in calculations for reactors and
reactor shieldings, to the extent that guch information is not contained in
previous publications by the Publishing House for Atomic Literature (Atomizdat
Most of the data given were obtained in 1963-64, or became available during
thls period. The material given varies wldely in i1ts degree of completeness.
For example, capture and elastic and inelastic scattering cross—sections, and
the resonance pérameters of nettrons are very fully covered. On the other ha
the data on the characteristics of fissionable nuclei, fur example, are very
incomplete, while the energy dependences of total cross—sections are not given
at all. The extent to which the available information is analysed also varie
For example, the resonance parameters given were obtained by averaging all the
available data, but on inelastic scattering spectra and cross—sections only th
data as meagured by different authors are given, without a critical discussion

of +them. Apart from the results of measurements of nuclear data and their



analysis, the Bulletin containg information on the mothods used for calculating
crosg~sections and for snalysing experimental data, and also on certain other

agpectys of tho deturmination or practical usce of nuclear physical constants.

The present isoue uses more or less generally acceptad terminology and
notation, and therefore no 1i.t of symbols or definitions is given. In view
of thoe differences in notation and terminology uced in different sclientific
organluations, it 1s proposed subsequently to undertake a rational unification

)

of symbols and termg.

The Bulletin ig produced by the Sclentific and Tochnical Information Bureau
of the Physics and Power Institute of the USSR State Committee on the Utilizatio:
of Atomic Energy.

(The REditors)
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PART I

PARAMITERS OF ELEMBNTARY INTERACTIONS OF NEUTRONS WITH NUCLET

‘ : ata o 1g_interaction of slow neutrons with a substance
I Nov_data on the int t1 £ sl + Lth bhet

1. Generalived spectrum of normal oscillations for H,O and D0

Yu. V. Sokolov and V. F. Turchin

The double~differential crouss-gection for gcattering of slow neutrons may
be written in the form Z~1;7

(1)

where 8(%,w0) is the scattering law and & = R —'ﬁo : W = (EO - B)/h.
Using the concept of the symmetrizod scattering law S(E,w), related to SGE,w)

by the equation

(2)

formula (1) may be presonted in the form

(3)

If the scattering system has no separate stateg in the macroscopic sense
(1iquid, gas, semi-crystal), the scattering law will not depend on the dircction
of . Complete information on the scattering cross—scections is then contained
in one function of two positive argumenis §Kw§,w). Thisg is a basic factor in
processing and presenting experimental data, and was first used for this purpose
by Egelstaff ZT2_7, Since the double—differential scattering cross—section,
measured experimentally, depends on three variables, EO, E,9, by passing on to
%%#?,00 (a function of two variables), we incruase the density of the experimental
points on the graphs of the relationships required, and are able to countercheck

the accuracy of the experiment in a more guccinct Lorm.

In most cases a rough approximation 1s adequate for reactor design Zfi_/c
In this approximation, the gscattering law for a system of N identical atoms takes

the form

(4)

wherejK(z?,t) ig the Tourier transform of the autocorrelation function GSC?,t)a



Por high and low values of time %, the function }@x?,t) takes the Gaussian form

(5)

For an ideal (mono—-atomic) gas, a cubic orystal, or & liguid on the
continuous diffusion model, sguatior (5) is valid for any value of t (the
function I(t) differs of course from gas to crystal and from crystal to liguid).
Tor other scattoring systems, equation (5) (for arbitrary t values) should be
regarded as a (Gaussian) approximation.

Following Egelstaff / 6 7, wo take as a basis the symmetrized scattering
1aw 8(x,0) with dimensionless arguments

(T is the Kelvin temperature in encrgy units)

We designate

TN

9)
where S (a,8) is the Gaussian part of the scatteriug law, corresponding %o the
functior17%3?,t) in the form showvn in (5), and Sn(a,B>'is a non-Gaussian

correction.

Using the experimental data on the scattering law, it is possible %o
determine T%, and to calculate the Gaussian part of the scattering law Sq(a,ﬁ)

with arbitrary o and 8 values.

Introducing the dimensionless real function
the scattering law S(o,B) may be written in the form
Using double integration by parts, we obtain

(If, when +'=* , W(%') does not tend to infinity, it is necessary before

integrating by parts 4o separate the multiplier R



Schofield 1—9;7 has shown.that at low ¢ values the non-Gaussian number is
. 2 o
proportional to o . Conzequently

(13)

Wle determine the function o(8)

(i4) -
Then reverse Fourier transformation gives

(15)
since W(t') is a real function of t!'.

It can be shovin ZTl_]hthat for a cubic crystal
(16)

Where ceoesoses. 18 the spectrum obitained with normal oscillatlons of the crystal

in temperature units.

In the case of an arbitrary scattering system we may introduce, by analogy

with (16), the generalized spectrum of normal cscillations

(17)
which is, broadly'speaking, temperéture—defendent.
It is not difficult 171_7 to obtéiﬁ an expression for W(t'). This takes
the form
(18)

Since to calculate group constants it is sufficient to know the function’
Q(B), the latter is determined from the experimental data on the double—
differential cross—sections by extrapolation in accordance with (14). This

issue of the Bulletin gives the o(8) functions for HZO and D20 taken from
references / 10_/ [/ 11_/. ‘ '

e e o o « = « o« « o o (Bibliography)



2a Conditions determining the coursc of the radiative
capture and fission crosg—scctions of certain
glements in the thermal energy range

V, N. Artamkin

In calculating thermalization sffects, it is convenient to present the

energy dependcnce of the capture and fission cross—sections in the form

where n is the number of resonances making a pronounced contribution ito the cross~

section in the thermal range. Inter-resonance interference is disrsgarded.

For elements whose cross—section obeys the law 1, only one component - a —

_

. v
remains,

The table gives values of the coefficients a, 4 and ey for a number of
elements Zfl_7, The c¢ross—sectlons obtained by using them differ from the
data in reference 1—2;7 by less than O=25% for energies lower than 0.2 ¢V, less
than 1% for 0.2-0.4 eV, and perhaps a little more for energies above 0.4 V.

o o« o o o o o « o« o . (Bibliography and Tables)
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of original)

Hew data on thermal-neutron capture and scattering

crose—-gections for clements with 7 « 91

D.A. Kerdashev

Ganma, , : - Activation |
crosg—secition cross-section
(barns) (harn)

2 ‘ 3

Table T

Scattering
cross—-section
(barn)

4

c o o« s+ = & © '+« o & & o o+ o (Tavle and Bibliography)
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IIT. Paramecters of isolated resonance levels

"“SWMc Zakharova and A.V. Malyshev.

The tables given here have bLeen compiled using the same asgumptions as those
in the second edition of the Directory Z716_7n Partial widths obtained in recent
work have been averaged with the data in the Dirsctory, if it could be definitely
established that they belonged to the resonance in question, and if the discrep-
ancies did not exceed the marginsg of error indicated. In other cases only the

data of the latest work are given.

The parameters given in the tables for resonances for fissionable materials
were obtained by one~level analysis, If the data on the total moments of the
resonances were contradictory, the results preferred in most cases were thosec
obtained by experiment with polarized neutrons on oriented puclei. It should be
noted that hecause of the separate averaging of the partial widths, they may
sometimes not agree with each other within the limits of the indicated margins of

error.  The data of some new studies are not given, since the information contailned

in them is not complete.

o o o & o o s o o & & « o+ o (Tables and Bibliography
4 8
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IV, New ezporimontul dutn on rodistive cuplurs eronn-soctionn
and resonaney intoeraln of noutron absorption

Yu. i, Stovisoky ol al,

Tho radiative cnpture cross-—poctiont nund rosonanco iotegraly of noutron
absorption aro given only for nou~lissionable elornionts, Fisgionnble olemontu
#ill bo deoalt with in tho noxt iunno ol thlce Bullotin,

The datn on tho radiativo capturc crovc-soobions (HHY) are presentoed in the
form of graphs and tables, which inslude the rosults of moncurements published up
to llay 1964.

Most of the c¢xperimontal data woro obtained by rocording the capture y-royn.
Améng thom aro the data of P.L. Shaplro ¢t tlisse.
oo
ons Yu.Ya. Stavissky ot al.....
and R.L. Macklin and J.3. Gibbons ... .
The' mothods and results of tho mousurements are not discuscod in each individunl
case, ag this i done in the literature cited. For most olements, the data agree
with oach other in overlapping cnergy ranges, in opite of the difterences in
measuvring meothods and energy resclutions, It should, however, be noted that for
a number of e¢lements there inc a discrepancy between the results obiained from
different work using the came methodr, and also a systematie discrepancy bhetweon
the activation measurcnments and measurements of “ny by reeording the capture
y-rays. This discrepancy should obviously not be regarded as o matter of chancce,

although its nature iz not yo¢t clear.

The diagrams show thc capture cross—cections Jy B8 function ot tho oncriy
of the bombarding neutron. In o number of cascs (in the work of Shapiro ot al.)
the measurements were made on tpecimens of different thicknesses. This makes it
possible to asvess the degree of self--shiclding of the capture crosc-section in
the resonance range, and to detorminc the enerygy range where celi—chielding becores
unimportant,

For the elements for which new measurcments over a wide range of energies urc
lacking, the values of the capture cross-sections for monokinetic neuvtrons arc given
in Table I, which also includes the Sny of Na and X, as measured on the fission

spectrum,



™ L5 -

Tuble IX gives “he results of activation meusurements of opy over wide
spoetra which are entabliched in the shielding of BR-1 and BR--2 fast reactors
(sh = 1) with a mean offective evorpy of ~ 150 ko¥ and ~ 30 keV respectively.
Wide voriations from the average Eoff values wre maerked with an asterisk. Some
of the results appoaring in Table 5 have already been published 173—3_70

To obtoin the adbsolute valueu of Onyr & Iny value for Au197 of 940 4 140 mb
. = 30 keV) - and a value

measurod by tramgmission in gpherical geomotry (for Eofx
= 150 keV) were used as

) * v . . e 2"(‘ »
of 1.74 b as the fiscion cross-section of Pu o7 (ior EO_F.f

[#]

supporting crons-soetions,

Table ITL collates the dote on ahsorption resonance integrals I not included
in "Muelear Paypsical Constants' by I.V. Gordeev et al. Colwan 2 shows the valucs
of IY in baran, us obtained by dircct mecagurement and also as estimated by the
authores- of the original papcrs on the boasgis of their measuremonts of capture cros

50etions (veocosooecnsse)e

.

Column 3 indicates the helf--lifc in cases when measurcment wvags made by the
activation methed., Column 4 - Comments - indicates which cnergy range contribute
to the resonance integral given. The absence ol comment indicates that the total

resonance integral is given,

e ¢ + & & « 4 o e & . (Diagrams, Tables and Bibliography)
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V. Cross-sections of neutron reactions accompanied by the
. escape of charmed particles

L.P. Abagyan, S.H. Zakharova and M.H. Hikolacv

This section is a compilution of the experimental data hitherto published on
the cross—-sections of neutron reactions accompanicd by the escape of charged

particles, for(fhe elements He, Li, Be, B,'C, N, 0, F, He, Na and Mg,

Tho results arc given in the form of graphs and tables. The graphs generally
sher the cross-sections of the (n,p) and (n,a) reactions. If the reaction has an
energy threshola, its value is also shown on the graph. In some cases, the values
of the crosgs-sections for the fission spectrum arc given for threshold reactions.

These figures are of direct practical interes+t in calculating fast reactors.

Tor £, O and Ne values given are those of the cross-scctions of the (n,ao),
(n,al), etc. reactions which lead to the formation of a residual nucleuws in the

ground, first, etc. excited states.

- It should be noted that the results of measuremsnt of +the cross-seciions of
the reactions studied agree, within the limits of experimental srror. An exception

is the cross—-section of the Blo

(n,t) 20 reactiony in paper ZT?~56_7 this was
measured by studying the tracks in emulsions, and in paper Z_W—53;7 by recording
the tritium yield by absolute caleulation of g-activity. In spite of the differcnce
in method, the absolute values of the cross-sections agreec well. The results of
paper ZTD—éL;7, in which the cross-section was measured by recording a-particles

in an ionization chamber, are approximately one third as large in the 4.5-MeV energ
range. L1t is interesting to note that the cross—section of the Fl9 (n,o) le
reaction as measured in the last montioned work is alszo considerably (as much as
50%) lower than the results of other works, although in this case the discrepancy

does not ezcecd the limits of experimental error.

In some cases the graphs of cross--sections obtained from inverse reactions arc

given.

Table I gives some supplementary data on measuremenis of the cross-sections of
various reactions accompanied by the escape of charged particles at an energy of
14 eV, and also includes cross—sections for the fission spectrum and the reactor
spectras the shape of the latter isg similar to that of the former in tThe high
energy range.
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It should be noted that data are available on the angular distributions of the
charged pariicles formed in the reactions discussed, but these are net included in

the present review.

The authors are grateful to br, H. Liskien and Dr. A. Paulsen of BURATOM for
the information they kindly save to §.I. Sukhoruchkin about the (n,p) and (n,a)
reactions’ on Mg and Na. The data fhey provided on some of the heavier isotopes will
togethor with relevant additional information, be included in the next issue of this
Bulletin.

Table I

. BEnerg "Cross-—-section
Reaction &Y s ! Paper Notes
MeV mb A

A neutrcn escapes

on decay of 2H95

A neutron sscapes

-—_ 5

on decay of oHe?

Fission spectrum L neutron escapes
Reactor spectrum ‘ on decay of 7N 7
Reactor spectrum L neutron escapes

on decay of.7N17

e+ o« e &« o 4 s o o « » {Figures and Bibliogrqphy)
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VI. TWlagtic scattering of neutrons

N.0. Bagazyants, M.N. Nikolaev and V.L, Popov

This section gives the results of experimenbal work on the elastic

scattering of neutrons.

Tables I — V contain the angular distributions of scattered neutrons given
in the form of coefficients of expansion ln Legendre polynomials. Using these,
it is possible to calculate, by the formula given in the tables, the differential

cross-sections for any angle of scattering.

Tables VI - VIIT give the differential cross~sgections as a functlon of the
angle of scattering. All the data in the above tables refer to work published -
since 1962. ‘

Figs, i—ll givﬁ‘éxpefiméﬁtai daté 6ﬁ elastic s?attefing publishea in
1963-64 and also before, but not‘included in the standard work on angular
distributions / 1,2 7, ;

Table IX gives the total elastic scattering cross—sections given by the
authors of the corresponding papers, and also (marked with an asterisk) calcou~
lated by integrating the differential cross—sections over the total solid angle.
When there is a dlsorepancy betwecn the caloulated cross—sections and those

."" _f?‘t .
listed from 1792;7, as L =T on? the latter are given in brackets

The fourth column of this table gives the average cosines of angular

distribution, calculated by the formula

These are also given, as a function of the initial energy of the neutrons, in
Figs. 12-16 for nuclei of lithium-6, lithium-7, beryllium, boron, carbon,
nitf§gen“;£dm§x&één; Whén tﬁerela}evlarge diécfepaﬁ;ieé in the..~ . ‘.
values obtained by analysing the data of different authors, only the most
reliable figures are shown in the graphs, preference being given to work using
more modern measuring techniques and a more correct method of analysing the

experimental data.

Brief information on the methods used in the experimental programmes whose

results are given in this paper is to be found in Table X,
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Table X1 makes it possible to convert the Legendre polynomial coefficient
for thé expansion of the angular distribution of scattering in the centre—of-m

system to a laboratory system ol co-ordinates.

Graphs reprinted from the standard work on angular distributiéns 1717247
follow; +these give, in the most convenient yorm, all the data pubiished up to
Octobor 1962, ‘The preéont'paper thus compriscs tho results of all the experi-
mental work publishod on the¢ angular distributions of oiasticaily scattered
‘neutrons up to May 1964,

A complete list of tho literaturc uscd appears ab the end of the drtiqle.

. e v+« w4 . . (rables I - IX and Figs. 1-16)



METHODS OF

EXPRRIMENTAL WORK

Threshold Correction Correction - Coe
Paper Hethod cnergy of for multiple for angular Hotes = -
detcctor scatteriang regclition :
1 2 3 4 5 6 7 8
(3,4) Time of flight, Wot introduced Absolute cross-scctions
threshold given with an accuracy
scintillator of 15-20%

Introduced

Assessed as low

ot dintroduced

Introducsd

Absolute cross—scoetions
glven with an accuracy
of 15pm.

(37) Mot introduced|Not introduced Rélative cross—sections
obtained and normaliszed
%o theorctical curve
(38) Time of flight, Introduced Introduced
annular geomotry,
thresheld
geintillator
(44) Time of flight Not introducecd|Not introduced .
(46) Fuclear emulsions
(52-53) | Wilson Chamber
(54) Annular liguid .
threshold
scintillator
(55) Threshold Introduced Introduced
proportional
counter and
liguid

scintillator

(TeutSTao Jo
CYT-ovT sefed)



2

6

8

(56)

Threshold
scintillator

E Introduccd

Absolute cross-sections
given with an accuracy
x 20%

(67)

Threshold
proportional
counter

(77)

Annulaxr
geometry,
threshold
scintillator

Boron countecr
in a modcrator

| Introduced

Assessed as low

ot introduced

Annuvlar
geomctry,
ionization-
chamber

Introduced

&« + + « « 4 v « « « W [(Tavlc, Craphs and Bibliography)
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VIT. Yew data on inelastic geattering of neutrons CT

V. . Sluchevskaya

'
H

Thig section includes experimental figurcs Tor tho Lollowing: cross-—
sections for inelastic ilnteractiouns, crouw-useetions for inelastic gcattering,
nuclear "{emperatures", angular distributions of inelastically 5oatte;ed
neutrons, cross-scctions for exﬁitation of lovels in the inolastic scattering

of neutrons, cross--scoetions for smission of gamma rays in the inolastic
secattering of neutrens, and specira »f the scattered noukronsg.

This material has for fthe most part:been obiuined during the last two
Jears, and is thercefore noit contained in the Dirccotory ZfSQ_/u

e ¢ v o &« o s w & <« o (Data for iithium, beryllium,
' boron, etc.)

(page 255
of original)

Methods of measurement

Neutron spectromectry was in most cases carricd out by the time-~of-flighw
rethod [“1, 2, 4, 6-9, 17, 18, 22-24, 26, 28, 29, 31-33, 37, 41, 46, 47, 49,

52-55, 60, 61, 66 / and by investigating the sbectra of the recoil neutrons

using photographic plates [ﬁB?, 64, 70, 72“7} ionizatiou chambers 1715, 16, 59_7
. POy 1
and scintillators Z736, A0, 45, 69 /.

Papers /ﬁi’ / and 27 7 used dctectors with an electronic threshold.
P L L5 _/

Inelastic ecaittering has also been gtudicd by investigating the gamma rays

emitted [ﬂib 5, 12, 14, 19, 25, 34, 35, 50, 62, 65__/.,

- S , . .. , , 24 .
In papcr Zrbb"/ the cross-section Lov inclasztic scattering on Mg 4 is

: g . 24 T :
obtained relative to tha’t for the Mg™" (n,p) Ta“" rcaction,

I~

In paper ZT56_7 the cross—section for excitation of the metastable statce of

zirconium is measured at 2.% MeV by gamno.-ray 2mission.
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In papers [_3_7, Zf42;7, / 43 ] and Z—6TJ7 to /71 7 the cross—sections
for inelastic interactions are determined as tho differences between the total
crogg-—-gsections and the cxperimentally determined cross—-sections for elastic
scattering.

Papers 1—1647, /46 ] and Z—BL;7 investigated the n'-y correlation.

o o s+ o o & s & o + . (Bibliography)
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VIII. Some now data on the characteristice of fissionable nucic

i
235

1 Average number of prompt noutrons emitted on fission of U
by neutrons with an onergy of 0.1 — 2.8 LeV

G .M. Bmirenikin et al.

° . L] o ° q ° | ° o ° L] ° o ° (T&blﬁ))

1) Measurements made by the method described in the article by Yu.A. Bljumkina

et al., Nuclear Physics, 52, 648 (1954).

2) Measurcments made by recording the coincidences between a bloek of boron

- s .. - .. .. . 253
counters in paraffin and a fission chamboer placed inside it containing U 95,

2. Average kinetic energy of fission fragments and average number
of prompt neutrons in spontancouvs fission of CnL44

V.I. Bolshov et al,

c o . 244 .
For the sponitencous fission of Om 44 valuscs were determined for the average

kinetic energy of the fission fragments (E_ = 182.3 + 2.3 MGV), the width of dis-

ps

trivution at half-height (. ik = 24,8 + 2,5 MeV) and the average number of prompt

-

neutrons per fission (¥ (Cme44) = 2.71 + G.4).

The kinctic energy of the frogments was measured using a dual ionization

chamber with a grid, by comparisor with the well-established Tigure F = 166.9 + 0.8 Me
for the fission of U 235 with thermal neutronc.

- A4 —

T enot4 was moasured relative to tho value V (Pu24o) = 2,17 + 0,015, The method

used to measure V was that of rocording coincidencos between a neutron detector (a

group of counters containing BF5 in o varaffin block) and. a Tission lonization chamber
24 JO .
= and Pv i The work will be describod in greater detall in

the journal YAtomnava Inergiya’ 1954,

\

centaining layers of Cm

- o . 235 .23 239 .
5. Tission crosg-sections of U )3, U 53 and Pu 22 in tho neutron ensergy
rangc 0,3 ~ 2,5 MeV and of Pued0 in the range 0.04 - 4,0 MeV

Go.N. Smirenkin et al.

° ° o o o ° 3 ° e L3 °© ° 3 ) (Tables)
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2

. . 231 239 .
4. Tission cross-sections of Pu 7 and Pu > in the
newtron cnergy vange 1.5 = 1500 keV

S .. Dubrovina and V.A. Shigin

’7}'1
. : . - . . \ <l . i . _
Fig. 1 givos the fission cross-scctioans of Pa in the range 150 = 1700 kcV.

The measurcments were made on an electrostatic accelerater. The method of
experiment is described in /1 7 and / 2/, The absolute value of the fission
cross-section was determined with an acscnracy of 15%.

The authors have discoveraed three merima in the curve for the fission cross-—
secvion of Padjly at neutron encrgies of 33%0, 550 and 880 keV. Fig. 2 gives the
fission cross-section of Pu239 in the neutron energy range 1.5 -~ 1250 keV. The
measurements were again made on an electrostatic accelerator, The method of ex-
veriment is described in paper‘171_7, The absolute value of the fission cross-
section was determined with an accuracy of 10%.

251

The dispersion.of the neutron energies in measuring the fission cross—scction
of Pa is +

- o 256 - . ~
20 keV, for Pu ’J.i 20 -~ 30 keV at neutron energies of > 200 keV, an

at neutron energies of 100, 30, 6, and 1.6 keV 10, 8, 3, and 0.8 keV respectively.

o s s+ e & o & & o o o+ o o (Pigures and Bibliography)



— 24 - (page 266
of original)

IX. Investigetions of delayed neutbrons

B. P. Maksyutenko

A characteristic of this field of investigetion is the fact that the first
attempts to calculate the provability of the cmission of delayed ncutrons were

not .made until 14 -years after the cxperimental discovery of their cxistence.

This is explained by the insuflficicntly rapid accumulation of material, as
a ragsult of considerable difficultics in uxperimenting, including low intensity

of yield, short lifetimes, and laborious mathematical troatment,
(1) GCroups and identification

Theorcotical calculations 1"1, 2;7 predict that +the precursors of delayoed
neutrong are. the fission fragments lying close to the areas with closed neutron
shells of 50 and 82 neutrons, occupying the left and right slopes of the peaks
of +the double-humped curve of mass distribution (1ight and heavy fragments
respectively), A possible set contains gbout 50, The main contributors
must be isotopes of bromine, iodinc, rubidium and ctegium. The absolute
values of the yield as calculated in / 1_/ and 1‘3;7 sometimes differ by one

order of magnitude and cannot be considered accurate enough.

Mathematical analysis of the decay curve 1—3_7 has established that all
elements and isotopes subjected to fission by thermal neutroans and fission—
gspectrum neutrons give rise to six groups of delay:d neutrons with half-lives
of 55, 22, 6, 2, 0.5 and 0.2 seconds. Chemical reparation / 4 / showed a
slightly larger number of groups, with half-lives differing from the above.

Using fixed criteria of selecticon, Keepin Z71;7 gstablished for each of the
mathematically determined groups a set of precursors, either from among those
identified chemically or postulatsd on the basis of theoretical calculations

(Table I). A study of dclayed neutrons in the wpontaneous fission of
californium=252 /5 7 showed that the groups with a half-life of 55 and 6 seconds
had disappeared. Since the groups corrcesponding to the light—weight peak must
disappear — because of its displacement for elerents of higher atomic weight -

we must conclude that bromine—88 cannot be a contributor to the second group,

i.e@, the precursor with Tx15.5 seconds must be 2 heavy fragment, iodine-138

cannct be a main contributor to the third grour, ete, The chemical identification

£~4_/ must therefore be considered as for the nost part erroneous, nor can tco
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mach reliance be placed on whatv the same paper says regording the quantitative
proportions between the groups. Only bromine—~87 and iodine—i3%7 can be regarded
as reliably idontified.  Howover, it should not be thought that the chemists'
work bhas boen in vain. It has shown that therc may be more contributors than
mathematical breakdown of the decay curve suggesiaz. Unfortunately, even with
high statistical accuracy, standard mathematical methods cannot separate mcre

than seven to eight groups. This is because when detsrmining both the half-

lives and the initial intensities of the groups, 14 to 16 parameters must be

determined. The scraration of groups closce to cach other in half-life and
relative contribution is an especially difficult task, requiring, according to
oﬁi-calculations, a statistical accuracy unattainable with existing nesutron
fiuzes. The combincd efforts of chemists and mathematicians migh* improve

the situwation. If chemists can reliably establish the half-lives (and this
tagk is a simpler one, since either onc group is separated in the pure form, or
only two need he separated), the number of parameters to be determined for
mathematical analysis of the curve can be halved, and. the contribution of more
groups can consequently do determined, The statistical accuracy at present at
our disposal permits the separation of groups with half-lives of 15.5 and 24
seconds, We have made these calculations for plutonium—239 and isotopes of
uranium 176, 7'and'this'paper;7a

(2) Bmpirical léwé

The ecmpiricel laws obtained.up to the present time may be summarized as

follows:

1. Por isotopes of uranium and plutonium Z_l, 8 /, and for one and the
same energy of fission-inducing neutrons, the toital absolute yield of delayed

neutrons increases with the increase in the mr . number (Fig. 1).

2. On passing from uranium—23%8 to plutonium—-239, there is a sharp drop in
total yield. The dependence of the yield on the Z of the nucleus is thus greater
than on A,

B Yields of individual groups show the same dependence on Z and A through-
out the group. An excepition is the group with T=55 scconds, in which there is

an opposite tendency (Fig. 2).



< 4s - Wo have studled tho way in which tho ratio hobwoon tho yiolds of
individual groups (yiuldgof fived group takon as unity) changes with o chango
in the envrgy of the neutrons causing licglon, Pho wuy in which the ratio
changew, ig ghown for wranium-238 in Fig. 5 and Tablo IT, For most groups thu
relative ylglds (1.9, rolative to firet group) docrease with an increase in
energy (this occurs also for uranium—23%5 and plutenium—239 (Tubles III and IV)).
In the energy range where tho (n, nf) reaction begins there is for uranium-2%8 a
sharp'inéfedéa in relative ylelds. e are at present taking medsuromonig for
other fissionable nuclei in the same range of enorgiea,

(pagos 268-270
of original)

Table I

No. Precursors of .groups (1)

Bromine—~37
Lodine~1%7

- Bromine-88

Todine—138 (bromine—89, bromine-90)
Todine~139, caesium-144, bromine~91, bromine-92
Todine—140 (bromine-92) -

Bromine-9%, rubidium-97

Table IT

~Uranium—2%8
Relative Yields

e e e e e v e e .. (mabdle)



Tablo IIT

Relative yields of delayed noutrong (urunium~235)

Thormnl noeutrong

T » holf-lifo (sec)

Plutonium—2359

Table IV

T
86C

Thermal neutrons
Rel

(1

)
t 1 vie

Fission spectrum (1)
yiaealds

Notes

In these datz the second group is a mix

lives of 24 seconds and 15.5 seconds.

ture of the groups with half-

° o [ o L] ° ]

(Remainder of Table IV
TFigures and Bibliography)
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X Resonance structurce of total cross—sections of a number
of elements for intermediate and fast nsutrons

M.W. Mikolaev ot al.

Below are given the charactoristics of the resonance structgre of the total
cross-sections of 20 elements (Nd, Mg, 41, P, 8, K, Cr, Fé,” Ni, Cu, Zn, Zr, Hb,
Mo, ¢d, W, Pd, Bi, U and Th), these charucteristice being obtained by analysis of
the transmission curves measurcd in a good goometry to an atienwation of
Tmin = 0,01 - 0,001, The structurec of the total cross-section is described in
terms of the function P(o) - the probability of finding in the investigated neutron
energy range -a value of -the totnl cross-—-section equal to o,. This function is re;
presented approximately in the form of a weighted super-position of the .standardized

v Tunctionass

The coefficients a and the cross—deqtions.cn.are uvnambiguously determined by
analysing the transmission curves T(t) by the least sguares method according to the
“TOIM soveseoes iT m and T . are fizxed, ' ' L ! ‘

min o .

Knowing the function P(s), it is possible to find the average values of any
‘functions from the total cross-5cebion seeeeeoes o Apart from the magnitudes of
a, and o, Table I gives the average characteristics <o>zuxl <%§_1'(the angular
brackets denote averaging ovcr the intervals indicated). The value of the product
of(&) and <3;> s Which is a convenient characteristic of cross~section structurec, is

also given,

Table I gives the preliminary results of such a breakdovin, obtained approximately,
in graphical form.  Accurate analysis will be carried out on a computer. It should
also be noted that accuratc analysis carried out for the case of uranium (Tablc II)
showed that, at least i the case

(=3

of a not too censiderable cross—section structure
(<§>.<%>“1), the approximate results give a reasonable cstimate of the size of the
real structure of the total crosz—-section. The last column of Table II gives the
value of the correlation coofficient for the values of the two cross—sections which
describc the resonance structure of the total cross—section of uranium. This figure
must be taken into account in calculating errors in the calculated average
characteristics. The errors ziven in Table ITdo not take into account the effect of
indeterminacy in the thickness of the specimens, nor the effect of scattering onto

the detector. A4 detailed description of the experimental method for measuring the
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structure of total cross-sections, and of the methods of analysing the data given

here, appears in papers / 1_/ to / 4_/.

© o o+ « o o o o o & + . (Tables and Bibliography)
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PART TII

REACTOR CONESTANTS

I. Cross-—-sections averaged over the Maxwell spectrum

A. V. Galanin et al.

Tables I-XII give the cross-scctlions of uranium and plutonium izotopes
averaged over the Maxwell spectrum, which are used in the 2-group mcthod of cal-
culating nuclear reactors. They arc given as a Tunction of the neutron gas
temperature and of the energy corresponding to the boundary wherce the Maxwell
and Fermi spectra join. The cenergy depondence of 0,1 OpN and oy, and the reson-
ance parameters were taken from papers [f1—4_7, The cross-sections are normalized

to the agreed international values of cross-sections at 2200 m/scc given in papers

[ 4-5_7.

e « s « « o o o & ¢ o o (Tables and Bibliography)
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II. Addition to "Group Constants Tor Designing Nuclear Reactors" / 1, 4;7

L.P, Abagyan et al.’

Somé additions to fhe 26=group system of constants Zf1n7'are given helow,
The firz+t is o system of constants for cerium (Ce), which is used in fast reactors
with liguid motal plutonium fucl. Group constants are also given for the steels
most widely used in reactor construction (BYa-1T - T3% TFe, 18% Cr, 9% Ni and
BI-874 - 67% Fo, 15% Cr, 15% Hi, 3% Mo). . |

' : : . , 2373
Bome corrcections to the values of the group parameters of Pe, Ni, U 55 and

239 . ' . . .
Pu 57 are then giveng +these are based on multi-group calculations of macroscopic
tests on reactors 1-2_/ using the system of constants Zfl_/, and on new experi-

mental and theoretical data.

These corrections arc incorporated in the American cdition / 4_/ of the

26~group sy tem of constants.

The system of notation in the group constant tables given here is that used
in /1 7.
Finally, data are given which facilitate the introduction into the slowing-

down cross—-gsections of corrections for the shape of the intra-group spectrum.

In the group constant tables, the cross-section of elastic =lowing-down

~~
-
~—

containg the correction

(2)
which differs from unity when the intra-group spectrum is not a2 Fermi spectrum.

bi(E) can be calculated by quadratic interpolation of the group spectrums

Here @i is the integral flux of neutrons in the ith group obtained as a first

approximation (with uncorrected slowing-down eross-sections),

The coefficients Ai, Bi and Ci given below were determined in such a way

that, by extrapolation of thc shape of the neutron spectrum in the region of the

[TZ;;7IL0P, Abagyan ¢t al.; "Group Constants for Designing Nuclcar Reactors!,
Consultants Bureau Enterprises Inc., New York (in press),
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. ~ - . . th .th
1™ group of quadratic form (3), the integral neutron fluxes in th?_(l-l) 3 1

and (i+l)th groups are retained.

The coefficients for the first two groups are not given, since quadratic

extrapolation of ths flux is not well applicable to them.

Furthermore, the reactor spectra in this energy range are zlways close to the
fission spectrum, which was used in paper Zfl;7 in claculating the slowing-down

cross-sections of groups 1 - 3.

Paper Zfi;7, in calculating the slowing-down cross—sections in the third
group; aqcordingly introduced correcting multipliers taking into account the dif-
ference between the spectrum used and the Fermi spectrum (taken in the lower energy

groups ).

The coefficients A, B and C given here for the third group take into account
the fact that in order to obtain an accurate slowing-down cross-section it is
sufficient to multiply the slowing-down cross-sections given in the table for the

third group Ey b3’ calculated using the coefficients given.

e e + o 4+ o o s+ o 7. o (Tables and Bibliography)
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ITII. Tables of ceefficients for determining group parameters
of aniscotropny of elastic scattering of neutrons

M, N, JMikolaev et al.

To carry out accurate cazlculations of rsactor systems and radiation
shielding, it is often necessary to toke into account the anisotropy of
nsutron scaittering with greater accuracy than is the case iw the normally
uséd transport approximation with isotropic transfers from group to group.

To carry out such calculaticns it is necessary to determine supplementary
group parameters, namely tho moments of the cross—scection for scatiering that
results in fthe passage of neutrons from one ensrgy group to another or in.
leaving them in the same group. The values for these parameters depend

on the width of the energy groups used in the calculation, on the intra—group
spectrum of the-néutrbns, and also on the form of the angular distribution of

the scattered nsutrons.

For elastic scattering, the expressions for these values may be written

in the fornm

(1)
where
(2)

is the cosine of the angle of scattering in the laboratory system of

co—ordinates,

p! is the cosine of the angle of scattering in the cenire—of-inertia
system, '

1
C.Me o, . - . o s .
. (E ) is the Legendre polynomial coefficient for the analysis of

the elastic scattering indicatrix in the centre—of-inertia system,

g, 1s the cross—section for clastic scattering,
t .
E is the initial energy of the neutron,

hn)

B is the neutron :nergy after scattering, cococscooose

EQ and ﬁk—l deteruine the boundaries of the energy range in group,f Trom

which elacvtic slowing—down to group'j is possible,
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ﬁj und.ﬁ. -1

are. the boundaries of the energy range in group j into
which the glagtl

¢ gloving—down of neutrons from'group'i take place,
. . . th
Pm (u) are Legendre polynomials of the m ordor.,
Yoo th .
mn(E ) is the spectrum of the n ~ harmonic of the neutron flusx,

The form of this specirum is corrslated with the encrgy dependencs of tho

o.rnn(

1
cross—section aé(E ) and the cocfficients © % ) and ig determined by

sxpressions given in 171_7. This correlation leads to an effect of resonance
self-shielding of the slowing-down cross—ssction and of the parameters of
anisotropy of scatiering Zfi;7. To geparate this effect, which is linked with
rapid changes of the neutron spectrum and the ocress—sections, we replucs the
rapidly changing functiens . . . . o & & 2 o & o s« o o & o4
in expression (1) with their average valucs in the rangeiigf-ﬁ}L]u e then
substitute the results of this averaging four the average values in the whole
energy range of groupfg, which makes it easier to allow.for the dependence of
the group parameters determining the slowing—down of the neutrons on the form of
the intra—group spectrum, smoothed out as to its resonance properties Z~2;7
The formﬁlae for this averaging are given in papors Zfi_/ and'£~2;7n As a

result of this cperation, expression (1) takes the form

(3)
In the second intecgral of formula (3), we now replace integration with
espect to B by integration with respect to p, using relationship (2).
Transferring to a laboratory system of co-ordinates in the analysis of the

scattering indicatrix, we obtain

(4)

where -

(5)

AN th . . . . AP C
Here ¢ncceseo is the m harmonic of the elastic scattering indicatrix in
a laboratory system of co—ordinates, averaged according to the spesctrum of the

harmonic of the neutron flux in grouvzeo

? (B ) is the neutron spectrum smoothed out as to resonance characteristics.

The form of this spectrum must be fixed beforehand when compiling group constants.



The tables Teproduced below GlVb the coefficients Ag J for a wide range of
2lements uged in reaotor oonﬁtruotlon, calculatud OJ formula (5) on an =20
computer 173_7, These coeffdcionts can in principle be used to calculate the
parameters of anisotropy of scattering, which must be known in order to make
reactor calculations in the P--5 approximution. In cases where this calculation
can be made, the degree of accuracy with which the anisotropy of scattering can
be takon into account (i.e¢. the number of terms of the analysis of the scattering

indicatrix) corresponds to the P-7 approximaticn,

The group intervals used in the caleulations coincide with those used in
paper Zf2_7n The neutron spectrum ¢(E') ig also taken, in accordance with the
same paper, as equal to the figs on spectrum in groups 1 and 3 and to the Fermi
spectrum in the lower energy range. The programme of calculations also envisaged
the possibility of finding the coecfficients m%ifor set angular distributions, and alsc
of determining ﬁ;'qao No provision is made in this programme, however, for taking
into account the resonance self—shielding'of tho cross—sechions. In view of the
incomplete nature of the analysis of the experimental data on the angular distri-
butions of elastically scattered neutrons and on the resgnance stiructure of the

: . , . Nl el .
differential scattering cross-sections; the values of W J are not given here.

L

For nuclel with comparatively low mass numbers 4, the coefficients Anm d
are given separately for cach clement. For heavy nuclei, they are given for

groups of slements with A values close to one another.

The values of,f and j are given above cach table. In cases where the
coefficients A J céincide for different values.of«y and j, a4 single table is
given abovs whloh are indicated all the wvalues of E and J.

In the case of heavy nuclei it is possible when calculating equation (4) to
use only fwo terms, corresponding to the values m = n and m ='n + 1. To save

gpace, a sllfhtly different layout for vresenting the data is used in this case.

° ° ° ° o o ° o o ° ° (Bibliography a.l’ld VTR eS)
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IV. Group cross—sections of some nuclear reactions .
usad for detecting newtrons

V.I. GColubev et al.

The most widely used method of checking the accuracy of multigroup reactor
calculations is to comparc the experimental distributions of the rates of various
reactions having different cross-scction vs. energy variatsions with the calculated
distributions, and also to crmpare the calculated and cxperimental ratios of the

cross-scections of these recactions on reactor spectra.

To be able to perform the calculations for a given type of experiment, we
must have a set of the average group cross—sections used for testing the reactions.
The number of groups in this sei, and also their energy houndaries, must correspond

to thelbreakdown used ih calculating nuclear flux.

The mos} complete system of constants at present in use for reactor calcula—
tions is the 26-group system [f1_71 The group cross—sections given here,.for the
reactions normally used for macroscopic tests on reactors, ﬁresume the use of
this system of constants for calculating neutron fluxes. Whore the Cfoss—sectipns
of reactions used for detccting neutrons are given in paper Zfi_7; no attempt is

therefore made to review them hore.

The initial data used to compile the tables of the group cross—sections were
the published results of individual small-scalc experiments, and also information
on the parameters of the rcsonance levels investigated. The papers used to

compile the tables given below are listed in rcference 172;7.

In the energy ranges wherc sufficient experimental data were available, the

average cross—sections were obtained from smooth curves passing through the

experimental points.

In ranges where therc was sufficient information on the parameters of the
resonance levels, the resonance capture cross—sections were calculated by adding

the integrals of the separate resonances composing the group.

When there were in a particular ecnergy range nelther experimental data nor
information on the parameters of individual resonances, the radiative capturc
cross—-sections were calculated on the basis of the average resonance parameters.

In this case the energy dependence of the contributions made to the capture



_37_

cross—section by neutrons with different ortbital movements was taken into

account,

The cross—sections of the Np237(n,f) reaction at energies above 10 keV were
obtained from the average of the known experimental data. At lower energies, the
cross—section was determined from the theory of sub-barrier fission and from the
available data on recsonance ncutrons. In the cnergy range 0.2 — 1 eV the figure
given is the higher estimate for the fission cross—section of Np237 according to

the parameters of a rosonance at 0.49 e7V.

Apart from the average group cross-sections, the tables alsc contain the
calculated values for resonance integrals and cross-sections for the fisiion
spectrum. 3Both these sets of figures are compared with experimental results, It
should be noted that all the experimental data used in this work have an accuracy
not exceeding 5%, The accuracy of our knowledge of the parameters of resonance
levels is, with a few exceptions, even lower., Therefore, when experimental and
calculated distributions of nuclear reaction rates are compared, agreement to
within 10-20% should be considered satisfactory, the more so since in calculating
neutron fluxes the constants used are generally of the same degree of accuracy
(gspecially when the sffect of resonance self-shielding of the cross—sections

is great).

The proposed average cross—sections of nuclecar reactions have been checked

in macroscopic tests on a BR-1 reactor 173;7.

e « +« + « « + « + . (Bibliography and Table)
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Cross-scetions for the fission spectrum

Measured

Calculated

Resonance integrals of capiturc
Measured

Calculated
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V. Empirical constants used in calculating
radiation shielding for nuclear reactors

1. Coefficients of secondary gamma radiation

S.P. Belov and Yu.h. Kazansky

The intensity of the gamma-radiation caused hy the radiative capiurc of
neutrons in the shielding (secondary or capture gamma radiation) is conventionally
normalized to the all-wave integral neutron flux behind the shielding. The co-
efficient of secondary gamma-radiation is determined as a ratio of the total number

of gamma quanta to the total number of neutrons leaving the shielding GQB) Z:ﬁ;;7.

Using the coefficient of secondary radiation, it is possible to determine the
gamma flux J(R,S) at & point behind the shiclding with co-ordinates R and 92
J(Ry9) = BRLG(R,9) whore G(R,9) is the geometrical factor of attenuation, which can

be calculated comparatively easily in each particular case Zfi, 2, 3_7.

As has been shown in refercences Zfi;7 and 174;7, the values of 3 for a shisld-
ing thickness of 150 - 200 g/cm2 arc in practice constant, if the length of the
mean free path is less than the analogous figure for the neutrons of the leading
group,; and depend on the physical properties of the medium, i.e. theAlincar
coefficient of gamma attenuation, the crosc-sections of interaction of the neutrons
with the muclei, eto. The coefficients of secondary gamma-radiation can be experi-
mentally determined without resorting to absolute measurement of gamma and ncutron
Tluxes. The accuracy of the measurements of 3 for gamma-rays with an energy of
more than 4 - 6 MeV is ~10%. At lower energies the crror increases considerably as
a result of the indeterminacy of the number of pgamma quanta emitted on the capture

of a neutron.

The table gives, in percentages, the experimental asymptotic values of the
coefficients of secondary gamma-radiation for a number of matorials and two neutron

sources / 1, 45 5/ (Po—afﬁe),ﬂand the spcétrum of the RIZ reactor. / 5.7. .

The coefficients of secondary radiation are determined for gamma quanta with

energies higher than EY, the wvalues of which are given in the table. :

G« e . e e+ s e-e-e- = + ® » (Table and Bibliography)
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2, Angulor digtribution.of intonusity of scuttorod samma-riyu on
the houndury of o somi~infinilto meddium

Tusfis Kazanslky and E.5. Matusevich

Tho anpular distribution ol intensity from the gamma-rays cuitted by an
isotropiec point source on tho boundory of o somi-infinite modium is dotormined

by tho exproscion
(1)
whore EO in tho energy of the source,; R i the distonce betweon the source and

the boundary of the medium, ¢ is tho angle between the direction from the source

to the observation point and thoe direction of observution.

This distribution can be roprecontod by an expression with one experimentally

determined paramcter 02

(2)
where IO is the intensity of the sourceo, Hy is the linear cocfficient of attenua-
tion of the pamma-rays from the source in the material of the medium, Beo is the
energy factor of accumulation {for a point igotropic source in a medium of infinite
extent. Roepresentation of J% in the. form (2) is valid for the range of angles
50<8<900 with an accuracy of the order of 10%, The empirical magritude 92 is in-

dopendent of R to an accuracy of up to 10% when ple>1.

. 1 -
The cxperimental values of ef from papers 171_7, Zf2;7 and ZTB_/ are given
in the following table. ' ‘

32 degrees
Source Medium
energy
Water Iron Lead
C.411 MeV - 49 + 3
1.25 eV 38 + 2 33 + 2 .19+ 1
2.76 MeV 30 + 3 - -

. . . T . . R
The errors talic into account o slight change in SC depending on Woe The values of

32 for intermediate 7Z values of the medium can be obtained by lincar interpolation,
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For a plane monodirectional source, with normal incidence on a barricr of
thickness d, tho value of the intonsity of radiation por unit solid angle may

also be represented by the following expression

(3)

n

in wvhich J’\9

n
depends on one paramecter Sp

(4)
where g is the energy emitted by o wnit surface of the source and Bd is the
cnergy factor of accumulation for o barrier of thickness 4 (Bd % Beo)s The
formula is wvalid for 15<8<:9OO, and values of 82 are independent of pod to an
accuracy of up to 1CG%.

, N v o ap N PR - .
The experimental values of ec obtained in papers 174;7 to ZTB_/ are given
in the following table.

Values of 82 in degrees

Source Yedium

enerey Aluminium Iron Lead
0.28 MeVv 40 32
0.411 MeV 32 ' 14
0.66 MeV 24 21 16
1.25 MoV 21 19 15
2.76 eV 16,5 13
4.0 HeV ) 12.5

. n . . . . . .
The error in the SG values is + 10%, Linear interpolation according to 2 is

permissible., In formulae (2) and (4) SE and 92 are given in radians.

« & 4+ s o & + o o <« .+ . (Bibliography)



3. Some constants determining ¥lux and dose rate of fast neutrons in
air-at different distances from the source

5.F, Degtyaryov and V.I. Kukhtevich

L. Infinite ailr medium

. ! .
If R is the distance from the source to the detector, I_ is the macroscopic
scattering cross-section of air, ¢ is the source intensity and E0 is the initial

energy of "the neutrons, then the exprcegsion

(1),

WHEYEe esossoscsoes 18 the Flux of scattered neutrons, and cceoecesses 18 the flux

of direct radiation (seesosceosss)s will be valid for a point isotropic source and
an isotropic detector,

Bxpression (1) is valid for 0« Rg50 m and for initial neutron energies from
0.33 to 14 MeV,

Tor the same geometric conditions, ifi:t is the total macroscopic cross-—

section of .interdction, then

;‘. . .m.umf e L .. .é_ .. - .. ()

where B(Eo) = 0,195 + 0:02 for 0.33< B < 6 MeV and 0.145 + 0.015 for
1< Eo;g 14 eV, Dpac is the dome rate Quo to the scattered neutrons, and de is
the dose rate of the direct radiation (an = ...... Where EO iz the coefficient

converting :a single neutron flux into dose rate).

: ; . " :
The angular distribution from a point isoireopic source, and the spatial

distribution from a point monodirectiondl -source; are described by the expressions

(3)

where § is the angle of orientation of tho monodirectional source or detector

relative to the axls connecting thom.

For dose rate the expressions itake the form

(4)
The accuracy of expressions (3) and (4) is + 20% for distances of O K R« 50 m. In

(1) = (4) R is expressed in m; 3, in m—l, and in (3) and (4) § is expressed in degrees.
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B. Air-earth separation boundary

If H is the egquidistant height of the isotropic source and the isotropic de-
tector above the earth's surface, and R is the distance from the source to the

detector, then
| (5)

where

R and H are exproszed in My cscoecesceees 1N m_l. The accuracy of expression
(5) is + 10% in an initial-neutron-energy range from 1 MeV to 5 MeV. The limits of
< 30 m. Bxpressions (1) - (5)

applicability of (5) are 5 KR 30 mand 1 m <H

are obtained from the results of papers /1 / - /6 /.

e « + « + 4 o« & o « 4+ . (Bibliography)

4., Passage of fast neutrons from a reactor through
shiclding not containing hydrogen

P.I. Sinitsyn and S.G. Tsypin

In media not containing hydrogen, the functions of attenuation of a fast- /
*

neutron flux (P >3 McV) at medium distance from the source of a fission spectrum—

*x%
can normally be approximated with sufficient accuracy by functions of the type

(1)

where R is the thickncss of the shielding and g is an empirical parameter equivalent

to the reciprocal neutron relaxation length % y Wwhich will be determined below.

The range of applicability of expression (1) is nermally limited to from
2 to 15-20 mean free paths of the noutrons. With high shielding thickness, the
effect of filtration of the neutrons by the shielding material may have a con-
siderable effect on the relaxation length. In this rangc the relaxation length
will be determined to an increasing exitent by the minimum - for the energy ronge
investigated -~ cross-section of interaction of the neutrons with the shielding

material.
The following values are normally used as the parameter g

f/ The spectra of necutrons in reactors in the energy range above 3 MeV normally
differ little from that of fission neutrons.

¥%/  Tor plane-parallecl geometry.
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(1) The removal cross-—-sections Erem’ determined for the group of meutrons with

energy E>3 MeV [ 1__7;

(2) The cross-séctions obitained from the reciprocal relaxation lengths Z

for the group of neutrons with an energy L>3 MeV.[—L;7;

(3) The asymptotic cross-—sectiors B obtained by solving the one-group kinctic

gouations using the expression

(2)

‘obtained in the transport approximation, using group constante systems [/ 3 /s

Zfﬁ;7 For the energy groups l.4 MeV to *° and 2.5 eV to o,

In expression (2) the following symbols arec useds I - the total transport

tr

cross~section in the group, and X ~ the transport scatitering cross-section in

tr ]
the group. Bip = Eir + Eyb’ Eyb being the cross-section for removal from the group.

he table contains the empirical PArameters .c.cceccessncsccssno (@ is the
density of the nuclei), taken from the numerous sources in the litcrature. It can
be woen from the table that thesc parameters agree satisfactorily (the maximum
devwiation from the average does not exceszd 10%). This makes it possible to use

*h:se¢ date for estimates of nuclear reactor shielding.

c o s 5 o & e« o o o o o {Table and Bibliography)
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vI. Critical parameters and nuclear safety

L. G, Dubovsky et al.

The authors have carried out & sories of critical experiments aimed at
nuclear safety and the study of reactor physics. Th2 results of some of these

experiments are given below.

The experiments wers conducted with agqueous solutions of UO2 (NOB)Z’ The
temperature of the solutions varied from 195 to 2100, and the number of nitrogen
nuclei QN was between 3.0 and 3.1 times as large as the number of uranium
nuclei Qe The uranium concentration ol the solution was varied from 40 to
500 g/1.

The experiments were carricd out on reactors in the form of spheres,
cylinders and rectangular parallelipipeds made of stainless steel 1-1.5 mm

thick (3 mm for the parallelipipeds).

All the experiments may be clasgified in one of the following groups:

1. Critical parameters of reactors of different shapes.
2. Bfficiency of neuvtron absorbers.

3 Interaction of sub—critical systems.

1. Critical parameters of reactors of different shapes

The dependencce of the critical volumes of the solution and the critical mass
of the uranium on uranium concentration was situdied for reactors of dilferent
shapes with a water reflector and with no refloctor. The results of the
experiments with uranium of 90% enrichment are given in Figs. 1 and 2, and those

with uranium of 10% enrichment in Table I.
e ¢ o o © o o o o w o (Table T)

2. Efficiency of neutron absorbers

Boron and cadmium absorbeérs in the form of rods and inserts were studied.
(a) Rods
The absorbing rod was a cylindrical sheath of stainless steel containing

either boron carbide powder with a density of 1.25 g/cmﬁ, or a cadmium tube

0.5 mm thick filled with water.
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The dependence of tHE ¢fficiency "of the rod-on its diameter, the thickness
of the gtesl casing, the diameter of fthe core and the positicn of the rcd in the
core was studied for various concentrations of uranium in the solution, for 90%—

enriched urenium.

The interference of two or mere rods ns a function of the distance between

them wasg alsc studied.

The effectiveness of lattices of absorbent rods as a function of the lattice

pitch and the number of rods in the core wan studied.
Figs. 3-8 give some of the results of cxperiments with rods and rod clusters.

(b) ZInserts

The absorbing inserts were two coaxial stainless steel cylinders with the

absorbent placed hetween themn.

Two types were investigated — "thin" ones.in which the absorbent was either
beoron carbide powder with a density of 1.25 g/cmj, 6 nm thick, or cadmium 0.5 mm
thicks; and "thick" ones in which the abscorbent consisted of two 0.5 mm layers of
caduium on the cylinder walls, with either 25 or 50 mm of water in between.

The efficiency of the absorbing inserts as a function of the average
radius of the insert and the tThickness of the layer of water was studied for
various cencentrations of uranium in the solution.

Figs. 9-10 give some of the results of these experiments.

5.  Interaction of sub—critical systeme

Interaction was gtudied on reactor;; in the shape of rectangular parallel-
ipipeds with a 30 cm base, and of cylindsrs 30 mm in diameter, for various

concentrations of 90%—enriched uranius.

Tigs. 11-13 giwve the results of sume of the experiments. The diagram
shows the dependence of the volume of the solution in one rsactor on the distance
between reactors, on condition that all the reactors are critical and the amount

of solution is the game.in each.

The interactich of these reactor: through water, graphite and boron carbide

was also studied.
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A semi-empirical method of calculating the interactions of sub-critical
reactors, known as the method of "squivalent dimensions",was developed in the
laborétoryn This method consists sssentially of replacing the whole system
of reactors by & single reacter, determining the equivalont dimensions of this
reactor and comparing the geonctrical specification ¢f the cguivalent rsactor
with that of a reactor of the particular design in guestion. The formula used
to determine the equivaloent dimensions of the reactor is Cequiv, = C /1 + (n~1)97,
where ¢ is the dimension of one sub-critical reactor in tho direction of inter—
action, n is the number of interacting reactors in the directicn of ¢, and .@
is the solid angle between two neighbouring reactors in the direction of iﬁter—
action.

Figs. 11-13 comparc the results of calculations by the "equivalent dimensions"
method with experiment,

The interaction of a large number of sub—critical reactors of 6~litre capacity
was also studied. The reactors were constituted by cylindrical glass'vessels
18 cm in diameter and 24 cm high. The wall thickness was 0.5 cm and the '

concentration of uraniwm in the solution was 96 g/lu

The vessels were arranged in several plancs at diffcerent distances from
each  other, forming a three~dimensional network. The results of these experiments

are .given in Table IT.

As can be seen from the diagrams, with a2 small number of reactors'arranged in
one plane the calculation cnsures a 10-15% safoty margin. In the case of three~
dimensional networks (Table'II) this margin increases considerably, and may
exceed lOO%n It emerges from the review paper Zfl_7 that the accuracy of the
pfoposed method is comparable with that of other methods of calculatiné systems
of interacting reactors; it is distinguished from them, however, by its consider-

ably greater simplicity and convenience.

s e s o o o & o o o o (Bibvliogravhy)



Table IT

Yo. of containers

Arrangement of
containersi7 Used Critical Calculaticn .
In two planes _ 23 23 la.
. = 1 cm In first plane 4 x 3 = 12 ‘
dy = 4.5 cm In second plane /4 x 3/ -1 = 11
dZ = 12 cm
In three planss. 52 _ 54 + 0.5 18
d_ = ?y = 6.5 cn In:first plane 4 x 4 = 16 . )
d_ =12 cm. In second plane 4 x 5 = 20 /Extrapolation/
In third plane 4 X 4 = 16
In three planes _ 39 . 39.5 + 0.3 12.
dk = dy = 4.5 cm In first playe 3 x 4 =12 '
dz = 12 cn In second piane /3 X 4/ + 3 =15 Egtrapolation/.
In third plane 3 x 4 = 12
In four planes . 67 80 + 5 36
d, =d_ = 9 cm In first plane 4 x 1 = 16
dZ = 11 cm In second planc 4 x 4 = 16 /Extrapolation/
In third plane /4 = 5/ - 1°= 19
In fourth plane 4 x 4 = 16
In four planes 64 T2+ 5 27
dx = dy = 7.5 cm P In each piane 4 x 4 =16
d, =12 cm ' /E;trapolation/
i/ d_and d_ - distances in planes .dz -~ distanc: between plancs. A11 distances take into

- J . . Z .
account Wall thickness, i.e. are distances between solutions.

_Q'V._
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Captions to diagroams

Fig. 1. Critical masses and volumes of agueous sgolutions of UOq(NO5>2
(in top right-hand corner )

Cylinders.
With full H,0 reflectors
Without upper roflectors

Rectangular tanks without reflectéra

Pig. 2, Critical masses and volumes pf‘aquuous.solutions of UOQ(NO5)2.
(in top right~hand corncr)
Spheres without reflectors

- experiment, curve 1.

~ calculation of geometbtric parameter, curve 2.
Spheres with water reflector /curvc‘B/z

- experiment — calculation of geometrical parameter with extrapolation

length socooe

Cylinders without reflectors

Fig. 3. Efficiency of central boron carbide rods and water—filled cadmium tubes
as a function of rod radius theocugh absorbent. Reactor without

reflector. Diameter of core 400 mia.

1. Cadmium tube 0.5 mn thick, wauser—filled. Thickness of steel
casing 2-% mn.

2, Boron carbide rods. Thickness of steel casing 2-3 mm.

Uranium concentration in the solution 286 g/1.



Fig. 4.-.-:Dfficiency of central borcn carbide rods and water—filled cadmium
tubes as a function of rcd radius through absorbent. Reactor

without reflector. Diameter of core 400 mnm. Uraniun concentration

in the solution 136 g/l.  Critical volume of reactor without rod
25.6 1.
1. Water-filled cadmium tube 0.5 mm thick.

2. Beron carbide rod. Thickness of ste:zl casing 1 mm.

Fig- 5. Critical volumes of reactors with anéd without an absorbing rod as a
function of core diameter. Reactor with reflector. Diameter of
absorbing rod through boron carbide 50 mm. Thickness of steel

casing 4 mm.

Reactor with rod.

N -

o Reactor without rod.

Curves — uranium concentration in the .sclution 286 g/l-

fuzves — uranium concentration in the solution T2 z/1.

Fig., 6. EBfficiency of one and two absorbing rods as a function of their
position along the radius of the core. Reactor without reflector,
Diameter of core — 400 nmm. Uraniurn. concentration in the solution

286 g/l° Diameter of absorbing rocc. through boron carbide 24 mm,

Thickness of steel casing 4 mn.

1. Efficiency of one rod.
2. Bfficiency of two rods.

3 Double efficiency of one rode

Fig. T. Bfficiency -of seven rods. Diamete - of ccre 400 mm., . Reactor with

side and bottom water reflectors

1. Boron carhide rods 50 mm in diameter. Thickness of steel casing
4 mm. Uranium concentration 281 g/l° Criticael volume without
rods 18.07 1.

2., Cadmium rods 46 mm in diameter, thickness of cadmium 0.5 mm,
Thicknass of steel casing 5.5 mm. Uraniuwn concentration 457 g/la
Critical volume without rods 17.56 1.
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Mg, 8. Bfficiency of a clugter of horon rods. Diameter of core 40 cm.

Reactor with side and bottom water rcflectors. Uranium concentration
281 g/1.

(at top)

Lattice pitch 40 mm, Diameter of rod 16 mm,

fn n " 1 1 1 1! n 1"

with central rod

without central rod

Fig. 9, Wfficiency of boron and cadmium annular ingerts. Cylindrical- core
40 mm in diameter. Uraniwm concentration 288 g/i

O — boron insert

A — cadmium insexrt

Curves 1 and 2¢ with side and bottom water reflectors

Curves % and 4¢ without reflectors

Fig, 10. Bfficiency of cadmium annular insqrts as a funciion of the average
radius of the annular layer. Cylindrical core 40 cm in diameter
with side and botton water reflectors. Uraniun concentration 281 g/l

(at top)

0O — annular insert 25 mm thick
A — n n 50 mn 1

0- n " 50 mm % with polyetlylene instead of watoer

With an annular insert of average radius 100 mm and thickness of layer 50 mm,
48 1 of solution were poured in. Bxltrapolation of inverse multiplication curves

gives a critical volume of 75 1.
(at bottom)

Critical volume without insert — 18.1 1.
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Fig. 1l1l. Interaction of parallelipiped reactors with square base = 506 min

1 and 2 two aﬁd three reactors reépectively°

calculation for two reactors,

NS )

$ calculation for three rcactors.
Uranium concentration in the solution T1 g/l

Arrangement of rcactors -

Fig. 12. Interaction of parallelipiped reactors with square base a = b = 300 mn

1, 2, 33 three, four and five reactors raspectively.
b b H .

4s  calculation (first approximation).
Uranium concentration in the solution T1 g/l

Arrangement of reactcrs -

Fig. 13. Interaction of two cylindrical reactors in water.
Diameter of core 30 cm

1. Experiment

2. Calculation

Uranium concentration in the solution 113 g/ln
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PART III
METHODOLOCGICAL QUEBSTIONS

I. Calculating neutron cross-scctions from the
optical model using a computer

V.. Xolesov

The development of methods of calculating various cross-scctions; and also
“the carrying out of such calculations, are of great practical as well as theoretical
interest., The data obtained may be used, Tor example, to establish systems of

multi-group constants for calculating reactors and their biological shielding.

The optical model of the nucleus / 1 / is widely used to calculate cross-
sections. It satisfactorily describes in a limited energy range not only the
total cross—-section o

but also its separate componcnts. Apart from O it also

'b’ 't,
permitsg calculation of what is known as the cross-—-section of optical elastic
. = . . X
scattering O3 the cross-section of formaition of the compound nucleus (capture
2

cross~scction) o9 the ftransport oross~s§ction o, s and the differential cross-—

section of cptical elastic scattering EEQ. ”Opt?ial elastic scatiering'" here
means the elastic scattering which proé%%ds without the formation of a compound
state. This cross-section is somctimes called the "cross-section of potential
scattering'. We follow the text~book Zf2;7 for the designation of the wvarious

cross-scctions,

The optical model is also widely used for calculating the cross-sections of
inelastic scattering T ant radiative capture UY, and in calculating the polariza-
tion of neutrons. The data obtained by calculations on this model may also be used

to solve other important problems.

*The various cross—sections and the degree of polarization of the neutrons are
expressed by the coefficients nlj’ which determine thevratié between the amplitudes
of the outgoing and ingoing spherical waves in the expression Tor the neutron wave
function in the entry channel. For nuclear potentials with a spin-orbital component
nfj depends not only on the orbital moment £ of the amount of movement of +the

noutron, but also on the total moment j = 14 + 31.

To find the amplitude of n@j’ it is necessary to solve Schrodinger's equation

for the radial part of the wave functiocn., With the forms of optical potential at



pregent in general uso, this equation is solved approximately, or various
numerical methods are used which give a finul result of sufficient accuracy.

Computers are normally used for carrying out the numerical algorithms,

The present reviow dongribes, hricfly tho aumerical method of finding the
cocefficients nej, and a number-of prdgrammes based on this method, which make it
possible to calculate the wvariouvs nouvtron c¢ross-scctions within the framework of
the optical model of the nuclous., Information is also given regarding the tables
for certain cross-sectionu} cocfficients n, and penetration factors T, calculated
according +to those programmes with different types of potential.

"

L

° ° . . L] o a ° ° ° L] ° (Ackno‘”ledgements )

Mothod of calculating cross-sections

In the region of space where the nuclear potential Ye,(r) may be regarded as

equal to zeros; there exists for échrﬁdingor's radial equation ZT3;7

(1)

an analytical 'solution in the form of a linear combination of cylindrical functions.
The problem is to fihd a solution of this cquation in the range of action of nuclecar

forces.” Here the physical boundary condition at zero obtaing:

(2)

As is known from 173_7, the cocfficients ngj are expressed by the logarithmic
derivative of equation (1)

(3)
at a certain point r = H wherc the potentianl is already clcsc to zero with a
sufficient degree of accuracy. If cquation (5) is regarded as a second boundary
condition, equation (1), togethor with (2) and (3), forms a boundary value problem

in which the logarithmic derivative 1s an unknown factor.

The solution of this problem by the method of finite diffecrences ugsing the
simplest 3~point differcnce schcme leads to a system of high-order linear algebraic
levels. The system being nccessarily solvable, expressions can be obtained for the
logarithmic derivative and the recurrent relationship for calculating the determ-

inant deduced.
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Por a complex potential, the real and imaginary parts of the logarithmic
derivative are equal

where h is the interval of the finite difference system. The values of P
Pn-2’ Qh_l-and Qn—2’ which have to be known in order to calculate ?@j’ are worked

out by the recurrent formulas

(4)

Here

The form of the initial conditions for the recurrent relationships depends
on where the boundary condition (2) of the problem is placed. When it is set in
the form of a logarithmic derivative of % ,. of the type of (3); at a certain point

L]

in the neighbourhood of zero the initial conditions for (4) take the form

vhere

The function P(r) is completely determined by the form of the potential

Lo

No particular restrictions are placed on the nuclear potentials its form
may vary over a wide range. The method permits simple calculation on a computer,
and is satisfactorily accurate, with a comparatively-low consumpition of machine
time. Theimethod described here of finding the logarithmic derivative is set out
in more detail in reference Zfﬁ_7, The method has considerable general practic-
ability, and may be used to calculate not only the cross—sections, but also the
bound energy states in the nuclear potential.

The amplitudes of the outgoing waves ]&ﬁ are exprossed as follows via fyj

-

The valuss of Aﬁ, Sp and Gp are completely dofermined by the conditions in the
region of space where the potential is equal to zero, and are set using the

relationships -~

©ev080000¢0 05 a0 0000020600080
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The spherical Bessel functions jv(x) entering into these formulae depend on the
variable x = kH and are expressed in their final form by means of trigonometric

functions.

Thus, knowing the. logarithmic derivative Eéj’ it is possible to calculate,

by known formulae, the cross-sections for the interactiion of neutrons with the-

. . - . . S
nuclei. TFor example the expressions for the integral cross-sections Snr O and o,

take the forn

where

(5)

the so—called.penetration factors, which represent the prohability of & neutron
penetrating the surface of the nucleus. These factors are widely used in calculat-

ing the cross—sections of inelastic scattoring and radiative capture of neutrons.

Characteristics of programmes

The method described above proved very cffective, and was used as the basis of
a number of programmes for calculating various neutron cross-sections, employing
the optical model of the nucleus, The possibilities of some programmes with

potentials of different forms for differcent computers are described below,

1. Programmes for the "Strela' computer

T™wo types of programme arc possible For this machine: (a) for potential
without spin-orbit interaction 175;7 and (b) for potential taking the spin-orbit
interaction into account 175;70 ‘

(a) The original variant of the programme / 5 / was set up for the potential

(é)
with spin;orbit interaction not taken inte account, Thesprogramme permits calcula-
tion of ci, 9,9 94 and the diffTerential cross—section‘dcn, in this case expressed

<

as follows wvia qe and the Legendre polynomials Ee(p)

Certain alterations were subsequently made to the programme ZT7_7 so that the

formula could also be used to calculate the transport cross~section Ofrg

° ° ° . " o ) . L - @ o
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The programme was so arranged that after one insertion of the initial informa-
tion it was possible %o calculate the cross—sections for five nuclei with any mass
numbers 4 and any parameters of potential (6) for each A. The number of variants
in energy and the maximum orbital moment é;ax were set. The number of nuclei, and
also the number of wvariants in energy and the number of harmonics for which the
calculation is  carried out, can be reduced to any figure. Reduction of jﬁav gives
in many cases a notable saving of machine time, without detriment to the'accuraoy
of the calculations. To save time, the programme provides for the possibility of

not calculating the angular distributions for some, or even for all, energies.

The parameters of potentinl and +the other data and congitants necessary for the
calculations and for contrclling the operation of the computer ars inserted into the
operative memory of the machine together with the programme, as initial data for the
calculation. The final results,; printed or on punched cards, are A, E(MeV), the
cross—sections oi, Gy @

c t
facior Tii(with signs of the corresponding values of Imn[) for each li and the

and Ty in barns,; the values of Ren, and the penstration
angular distributicns oi () (in ©/sr) for p in the range from -1 to +1 at intervals
of 0.1. The value of I is also obtained (in units of 10—24 cmz), which makes it
possible to quickly ca%culate the partial cross-—sections cc(z). Since the penetra-
tion factors ?éare positive in their physical sense, it is possible, knowing the
sign of Imqg; to re-establish the imaginary part of the amplitude ImQ@ from the
known Refy and T, using (5).

The required accuracy of calculation can be attained by correct choice of the
intervel h. Experience shows that it takes an average of about a minute to calculate
one variant (one energy with a fixed set of parameters of potential) with an interval
of h = O,l: which gives the final results an accuracy of the order of 0.5%. This
time wvaries slightly for light and heavy nuclei, and depends on the energy, i.e. on
the value of4?may.

The programme makes provision for control of the accuracy of the calculationsA
by machine; +this is achieved by repeated checks using magnetic tape. If the con-
trol totalé of two Qhecks do not agreey; the programme provides for a third check.
The machine stops 1f all three fotals do not agree.

(b) The programme 1—6_7'for the case when the nuclear potential contains a spin-
orbital component of the type (ford? # 0)

(7)



where V(r) is set by formula (6), is a moditication of the previous programme / 5_/.
They therefore both have the same possibilities except that the programme taking
into account the spin-orbit 1nter”ct10n does not provide for calculation of the
angular distributions and transport cross-sectlons. The time taken to calculate the
cross-sections is roughly doubled in this case. It is also possible 1o use the
programme for calculations with a potential having no spin-orbital component, if

X is taken as equal to 0.

2, Programmes for the BE3IM-2 computer

Two programmes will be described. One of them / 8 / affords the possibility
of calculating, as well as the othor cross—~sectiions, those for inelastic scattering
and radiative capture of neutrons. The second ZT9;7 provides for calculations

according to the optical model in the case of both volume and surface absorption of

neutrons.

(8) The programme / 8 7 takes the potential (6) corresponding to the case of
volume absorption. For a nucleus with mass number A, particular parameters of
potential and the other nuclear characteristics necessary for the calculations,

the programme permits calculation of the following cross-sections

() 5

mth level and &l) is the partial cross-scection for radiative capture for the @th

where o the cross-section for inelastic scatiering with excitation of the
harmonic., Apart from calculating the above cross-section it is also possible to
calculate their wvarious combinations. This must be reflected by setting the

appropriate constant in the special sign cell.

The functions of excitation of the separate levels cﬁT) are calculated by the -
Hauser~Feshbach formula Zflq:7, and the cross-section OY, taking into account the
concurrence of elastic and inelastic scattering, by the formula of Margolis Zfil;7.
The theory of these cross-sections assumes that the processes reviewed pass through
the stage of a compound nucleus, whose decay does not depend on the method of
formation. It is accepted that statistical inspection is valid for a compound
nucleus. In the calculations, it is also assumed that the variation of the energy
dependence of the neutron penetration factors does not dependbon.whether the nucleus
is in the ground state or in one of its excited sfates, The energy dependence of the
radiation widths 1s taken into account. For the density of the levels, the simplest

relationship which follows from the Permi-gas model is used.
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Thé jnitial data required for calculating the cross—sections are placed
in"the special setting‘zohe on punched tape. The operator sets the parameters
of optical potential, energy, spin and symmetry of the levels excited in
inelastic scatfering, the parameter characterizing density of the levels in the
FPermi—gas model, the ratio of the average distance betwsen the levels of the
compound nucleus to the avefége radiation width, multiplied by 2n, at an
excitation energy equal to the effective enexrgy (taking into account the energy
of pairing) of thé neutron bond in the compound nucleus, and the effective
energy of the bond, together with certain other data and constants for control-—
ling the operation of the machine, The symmetry and spin characterizing the
state of the nucleus are set in combination; the symmetry being set in the
form of a sign on the appropriate spin value. The number of 1evels.of the
nucleus may bé as high as 15. The number of energy variants may be set at
any value desired by vsing a special constant in the setting zone. The pumber
of harmonics contributing to each different type of cross—section is determined

automatically using the conditions

where £ is a positive number, set in the setting zone, determined by the accuracy

required in the results.

The final results printed are A, E{MeV), the cross—sections (in barns),
and also the values of Reng and T¢ for different wvalues of {. and the constant
%g (in barns). The cross—sections oi (w) (in b/sr) are printed for different
L values (-1 < ¢ < 1) at intervals of 0.1. The signs of the coefficients
Imny are used for the penetration factors T{. This makes it possible to

re~establish from known Tj and Ren) figures the wvalues of‘ImnE,

The time taken by the machine to calculate one energy variant for a
given A depends on the nature of the cross—sections calculated. Calculating
inelastic scattering cross—sections takes longest. Double counting is used
as a check that the machine is overating properly. Renewal of the programme

in the case of faulty operation is done from a magnetic drum,

(b) The second programme / 9 7 permits calculation for two types of optical
potential when spin—-orbit interaction is absent: potential of the type (6),

and a potential whose real part coincides with (6) and whose imaginary part has
the form

(8)



The first of these potentials corréspbndé'to’the case of volume absorption .
and the second to that of surface absorption. The machine is set for one case

or the other by setting a special constant inthe'setting'zone.

In its characteristics and possibilities the programme is generally similar
to that described above for-.the "Strela" computer Zf5_7, but requires three fo

four times less machine time for calculating a variant,

3. At bresehf programme 12 has been‘set up, to calculate various cross-—
sections including those for inelastic scattering and radiative capture of
neutrons, - The experience gained in using the programmes described above was
taken into account in drawing up this programme. This made it possible to
introduce a number of modifications which cohsiderably improved it. In par-
ticular, it became possible to considerably shorten the time taken to calculate
one variant, especially when calculating the very labour—consuming cross—sections

for inelastic scattering (up to several minutes).

As regards type of potential, the programme ﬁermits calculation for the

following four cases:
(1) Volume absorption without spin—orbit interaction
(2) Volume absorption taking the spin—orbit interagﬁion into account
(3) Surface absorption without spin—orﬁit interaction -
(4)_ISurfape absprption taking.the spif—orbit interaction into account.

The form of the potentials is given by expressibns (6), (7) and (8). From'
the point of view of possibilities, this programme combines the advantages

of both the programmes for the BESM~-2.



Results of the calculationo

The programmes described above are at present being used for calculating
different types of cross—section, and the data obtained from these calculations
are widely employed in the analysis and systematization .of experimental data,
as well ag for other purposes. The programmes have also been used to compile

.extensive tables of certain cross—sections, the coefficients 7n and the penetra-—
tion factors T for a wide range of energies and atomic weights, and for
potentials of different forms with certain optimum parameters. These tablesn

car. be of use for all kinds of rough calculations.

As has already been observed, to calculate the cross—sections and the
polarization of neutrons according to the optical model, it is sufficient to
hae only complex amplitudes. However, to calculate O'n' and c& only the
penetration factors T, which are certain combinations of n, are necessary.

Por con7enience in calculating these cross—sections, the literature often gives
data only for T. Detailed calculations of T for the case of surface absorption,
taking into account the spin-orbit interaction, have been carried out by the
authors of paper Zf13;7, published in 1963 in the form of a report. The
calculations cover the energy range from 0.1l MeV to 5 MeV at A = 100 and up

to 3 MeV at 4 = 100 (sic), Some data on calculating the coefficients T are

also given in the monograph of P.E. Nemirowvsky Zfi_7l . Howeve;, knowledge of

T alone isAin many cases insufficient for calculations according.to the optical

model, It iz therefore certainly desirable to have data on the amplitudes 1.

We give here some information about the tables containing data on the
cross—sections and the coefficients m and T, At present such tables exist for
three types of nuclear potential.

1. Volume absorption not taking the spin-orbit interaction into
account Zfi4

The tables include the cross—nections o® g , o] and the wvalues of

n’> " ¢? +°  tr
é%, Rew and Ty (with the sign Imna for different walues of L. As has already
been noted, the absolute value of ImnEAmay be found by formula (5)., Some of

these results are included as an appendix 1o the"reference book Zfé_7 (p,484)q
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The calculations were carriéd out by prdgramme ZTB_7 for 59 nuclei with -
mass numbers from A = 7 to A = 248, The melection of A values for which the
calculations were made corresponds approximately to an even rate of change in
nucleus size., 15 strictly fixed ‘energy values E in the range 100 keV to
15 MeV were taken for each rucleus, the range up to 1 MeV being studied in
greater -detail.  Identical parameters of ‘potential (6) were used for all nuclei
and energies, The calculations were cérried out.for the following sets of

these parameterss

13

The values of .a and r  are given here and subSequently in units of 10 ~“cm.
The parameter r, is determlned by the raﬁlus of the nucleus R, assuming that
1/3

R changes accordlng.to the Jaw R =

The parameters used here agree with the data published by many authors ‘who

have carried out-calculations according to the optical model..

2. Surface sbsorption not ta ting the spin—orbit interaction into
‘account /—15_/ ' : o )

The calculatlons were carrled out by programme Zfb_/ for the same nucle1

and, energles as in the above case, with narameters of potentlals (6) and (8)

13

The parameter b, like a and T is given in units of 10 ~° cm. The tables con—
tain all the data referred to in the previous case, and also the differential

cross—sections ons (p) for all the nuclei and energies.
3. Volume absorption-taking spin—orbit interaction into account 1716_7

The caloulatlons were carried out u51ng programme /—12_7' The same mass

numbers A'and energies E were used as in the “two preceding cases, with the

Y

follow1ng set of parameters for poteptlals (6) and (7)

The tables include results for e ecesarecscssecanaonasennens The values

of the last three are given for different values of Y and Je

o o L4 o o . L o L4 e L L > (Bibli Ography)
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I1. Analysie of data obtained using a fast-neutron
single~crystal scintillation spectrometer

V. G. Zolotukhin et al.

The fast-neutron single—crystal scintillation spectrometer hag in recent
years-attained wide use, as a result of its ability to separate proton pulses
from those caused by electrons. A number of papers i*1~5;7 hove discussed the
problem of the characteristics of the scintillation detector as a spectrometer -
line form and detecting efficiency. Conditions have been discovered under which
the simplest apbroximation of single séattering on protons is applicabls, as alsc
are guantitative corrections which the authors consider prevent most of the errcr
caused by distortions of the righi-angle disiribution ¢f the energies of the

- recoil protons owing tu multiple scattering and boundary effect. The basic

equation

(1)
where BB(EP) is the observed distribution of the total energy of the recoil
protons due to neutrons with the spectrum N(En), and K(EP, $_) is the analogous
distribution from monochromatic neutrons, may be presented, after differentiation

in respect of Ep, in the form

(2)

where

H is the thickness of the crystal and ﬁq (En) is the macroscopic cross—section

for n-p scattering.

The extent to which the factor ot N(Ep) in the right~hand part of (2)
diverges from wnity characterizes th: effect of distortions of the right-angle
form of +the line on account of the nffects mentioned. Disregarding the
integral in curly brackets, the correction is reduced to calculating the quantity
K(Ep, E )

E;KEP’ E)

i

or increases when ED = Ena This correction was calculated in reflerence 173_/;

, equal to the proportion in which the height of the plateau decreases

assuming the linearity of the luninescence yield and taking into acscount only

twofold scattering of the neulron on the protons.



Similar calculations of the form of ‘the ‘Tine ((g-, o) - for & Stilbene

crystal which we have carried out by tne hon te Carioc me+h 4 make it pousible

te assess the error in the approx 1nwt10n

and to propose matrix methods of solving equation (1) for crystals of consider—
able size, A detailed description of the method of calculation and of sone
results is given in references / 6 / to / 8 /.

™

Fig, 1 shows the form of the line lc‘(i"p’ “n’ " for a cylindrical Stilbene

KHzEp’ En)

cryctal 30 mm in height and 30 mm in diameter (neu+roq energy D = 1.05 4.15 IieV).

3
The presence of a contribution from multiple scattering is shown by a rise in the
probability density. It is of basic importance that this rise, as a result of
the considerable non-linearity of the luminescence yield of Stilbene (varying
approxim&tely as Ep > 2), oczurs not in the range Ep = En, ags it would with a
linear relaticnship between lhe energy of the recoil protcn and the amplitude cf
the ;ight.pulse, but in the rdnge Ep =2 0.75 En.~ Furthermcre, when En = B_ there

n
is a reduction in the height o the plateau, 56 that the walue of

is less than unity. Thig roduction in height can easily be calculated i we

take into account that a neutron <f energy En can give recoil protons with

o

total energy En, either as a result of first, head-on cellision (the probability
of which is . . o+ &« « o o ), or as a result of multiple scattering on
protons, causing the appearance of a light pulse corresponding to the energy En
of the proten. Ls a result of the ron-linearity of the luminescence yield the
latter possibility 1s not realized, and thersfore

(3)
WheTre ¢« o "o o ¢ 2 o o. s o is the macroscopic cross-—section for inter-
"action of the neutrons with carbon nuclei. Fcrmula (3) is confirmed by the
results of accurate calcul&tlon for ory:tal sizes at which the boundary effect

is of no great importance.
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-The values of o .« o o & &« o =« o Found by numerical differentiation

of the histcgrams are given in Figs. 2 and 3 for different Stilbene crystal sizes
and for energies of-En = 1.05 .and 2.0 MeV. Using these curves end formulae (2)
and (3) it is possible te calculate for a particular form of the spectrum the

grrors introduced by multiple scattering.
T+ should be noted that these errors are essentially dependent on the form
et the spectrum. For a "white" spectrum N(Eq)/N(En) = censt. = 1 there is a
notable compensation of errors, Table I giwves. the results of a calculation by
formulae (2) and (3), tcgether with the date of Brock and Anderson, for a
crystal 30 x 30 nm.
Table I

. Errors cf the differentiavicn method caused by multiple scattering, %

bata of 175;7 Data of present work
« + + « & « + o « o o (Table)

Thus for smdéoth, slowly changing spectra the errors of the differentiation
method caused by mulitiple scattering clearly lie within the limits of error due

to statistics, accuracy of calibration, etc.

It can be shovn that the formule

(4)
where R(En) is the path length of a proton of energy Eﬁ, is accurate for the
4
boundary effect. Here, too, there is a certain compensation ¢f the error for

Ep = En. For a crystal with H3»30 mm and Ep<ﬂ4 VeV the boundary effect may be
disregarded.

To sum up the discussion of the accuracy of the differentiation method, for
slowly changing spectra the systematic errcrs connected with Jdistortion of'the
line form are within the limits of a few pur cents The spectrometry method
itself can hardly guarantee such accuracy, and there are thérefore no obstacles

to using crystals 20 to 40 mm high.

Past-changing neubtron spectra constitute an exceptiong in this case the
error of the differentiation method may be considerable. Here the development
of matriz methods of solving equation (1), taking into account the real line form

of the spectrometer and also its energy resolution, is desirable.



The work in question makes an accurate allewance for the snergy resolution

of the detector, and matrices are calculated four analysing spectrugrans, ‘The

kernel of equutlon (1), (B, B ), toking energy resolution into account, takes
P’ "n

the form '

wherﬂ VCB } is the average amplitude of the pulsc from a proton of energy B 0?
I (u ) ig the standard deviation in the dlstrloutﬂon of the pulgps from mono—

klnutlc protons, and LO (Ep, En) is the line form found by the Ionte Carlo
method. ‘ '

The energy dependence of the standard deviation, according to reference Zf4;7,
tukes the form . « « « o o . Using the energy dependence of the lumin-

. . : 5/2 . . . !
escence yield in the form V - kB2 » we obtain a rolationship between % and %

_ 1
= 3/20_

The calculations were carried out for three values of the parameter Ty - G.07,
0.13 and 0.19. From the line forms found for 55 valuss of B, 1_347, the counter
detection efficiencies for the above three values of no were calculated, Pigs 4
gives one example (calculated) of the extent. to which counter detection

efficiency is snergy—dependent, taking energy resolution into account.

The matrix method used for anelysing the spectrogram was the counting
efficiencies mothod ng_jl In this, the system of linear algebraic equations

takes the form

(1)

where Bi is the energy threshold of the counter. All the units of the quadrature
trapezium formula, except the first, coincided with the spacing of energy thresholds.
To improve the conditicnality of the system of equations Zf10_7, the first unit

was situated at a point where the effectiveness wags in practice zero.

The number of. columns in the matrix then became equal to n—-l° To give a
quadratic matrix, the last row and the correspondlng right-~hand purt were dis-—

carded. = As a resull of these operations the small diagonal clements of the



. . . th s gs . . \
guadratic matrix of the n™™ order become semi-diagonal elements in the quadratic
. _th L - : ‘ e .
matrix of the n-1 order, which gives considerably better conditionality of the

system of cquations.

Table IT gives the direct matrix of the 32nd order for A = 0.5 MeV and
oy = (O]9 The matrix for any ¢ value different from zero is obtained by dis~
placing the diagonal elements and adding sewi-diagonal clements. The diagonal
and semi-—diagonal e¢lements for the above values of the constant o, are given in
the same table, and can be obtained for intermediate =N values by interpolation.
In the same table are given the first diagonal elements, and also the semi~
diagonal elements, for a matrix with an interval cf AE = 1.0 MeV and the same

valueg of the consvant con

Table III gives the inverse transposed matrix of gecond differences 1_9;7
of the 32nd order for 4E = 0.5 MeV and 0y = 0, and Tables IV and V give the
inverse transposed matrices of sccond differences of the 19th order for oo = 0,07
and O, = 0.13. The system of squations for o, = 0.19 is badly conditioned even
in the case of a matrix of the 19th order. In this case, the method of
regularization.[fll, 12;7 must be usedy ‘this requires analysis of each speciro-

gram using a computer.

Fig. 5 gives the results of analysis of tlhe spectrum of fast neutrons from

a Po-Be source using matrices corresponding to the above values of the constant
9.5 the regularizetion method heing used in the case of do = 0.19, It can be
seen from Fig. 6 that by taking into account the resolution of the detector it
is possible to show the fine structure of the spectrum of neuirons from a Po-Be
source. The resolution of the detector in this case was characterized by the
oonstanttab = 0,13, Comparison of the spectrum we obtained and that obtained by
Medvetsky ZT15_7 shows their gouod agreenent (Fig° 6) and similarity of fine
structure. On the same figure are given the results of a calculaticn 175_7 of
part of the energy spectrum cf the neutrons correspoanding to the formation of a
C12 nucleus in the ground state. As can bes seen, the three peaks at neutron
energies of 6.6 MeV, 7.6 MeV and 9.5 MeV agree well both with the experimental
data obtalned using photographic plates and with the theoretical spectrum,
obtained if account is tagen of the anisotropy of the angular distribution of

(

neutrons formed in the Be” (a,n) ¢? reaction.
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The results obtained show the great possibilities of matrix analysis of
gpectra with failrly poour detector lino forms and also the possibility of taking
the energy resolution accurately into account by direct means, in the c¢lements of
an orthogonal matrix.  The method is also applicable to the problem of analysing
gamma spectra, measured using detecturs with either inorganic or crganic
sointillators. '
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Figure Captions

(pages 417421
of original

Line form of a Stilbene crystal (P = ¢ = 30) for neutron
energies of 1.0 MeV (dotted histogram) and 4.15 MeV

(continuous histogram).

Values of cooocopecoso0o0acccocoecsone LS & function of EI]. for

EI‘ = 1005 MeVo

Values Of s.eocoocconsssesnosevnoscece &S a function of En for

I = 2.0 MeV,
P

Counter detection efficiency of a Stilbene crystal (30 x 30)
(taking resolution into account) for the threshold B = 7.5 MeV,
0 (curve 1), o, = 0,07 (curve 2),
0.19 (curve 4).

U

Resolution parame ter o,

o, = 0.13 (curve 3), oy

n

Spectrum of neutrons from a Po-Be source, analysed by the
matrix method taking resolution into account. The wvalues
of the resolution parameter and the numbering of the curves

are the same as for Fig. 4.
Spectra of a Po—-Be source, obtained (1) in the present paper,
(2) by the photographic plates method (oo = 0.13),

(3) theoretically /[ 3 /.

e o « o & o & e o o o o (Matrix data and Bibliography)






