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GROUP PARAMETERS FOR THE ANISOTROPY OF NEUTRON SCATTERING

N.O. Bazazyants, A.S. Zabrodskaya and
M.N. Nikolaev

Introduction

The 26—group system of constants [lj is designed to provide nuclear

data only for those neutron calculations in which the anisotropy of scattering

is taken into account either in the P, or in the transport approximation*

In some cases these approximations are inadequatet for example in many neutron

shielding calculations [2]. Hence, in calculating the passage of neutrons

through large thicknesses of material (where there is a flux attenuation of

up to ten orders of magnitude) it is necessary to take into account three or

four terms for the expansion of the scattering indicatrix [3]. A still more

precise calculation of scattering anisotropy is necessary when calculating

the passage of neutrons through non-uniformities in shielding.

To obtain a correct description of fast neutron fluxes in small reactors

we also need more accurate allowance for scattering anisotropy than can be

provided by the transport approximation.

Moreover, the fact that we do not have systems of multigroup scattering

anisotropy parameters compiled with sufficient accuracy seriously limits the

practical application of programmes for the precise calculation of radiation

shielding (for example programmes of the ROZ type [4] ).

Thus the need for group constants that would allow scattering anisotropy

to be taken into account became extremely urgent and the aim of the present

work is to satisfy that need.

Our paper is devoted to the establishment of a theoretical basis for

methods of taking into account elastic and inelastic slowing down of neutrons

in multigroup approximations; the development of practical algorithms for

calculating group parameters for slowing down anisotropy (i.e. matrices of

croBS-eections and angular momenta of intergroup transitions during scattering),
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taking into account the energy losses due to product nucleus recoil; the

compilation, on the basis of these algorithms, of tables listing the parameters

of intergroup transitions in elastic scattering for a wide range of elements.

Recommended energy dependences of the coefficients for Legendre polynomial

expansion of the elastic scattering indicatrices, as evaluated by us [5] and

presented in numerical tabular form [6], were used in this work.

The numerical results obtained for the sub-division adopted in the

26—group system of constants [l] are set out in the Annex. The Annex contains

tables of group parameters relating to the anisotropy of elastic neutron slowing

down for 41 nuclei (from deuterium to plutonium-239) obtained with the help of

the A, matrices (see Section 5) set out in Ref. [l3J. In view of the large
*m

volume of numerical information appropriate programmes were drawn up to print

the tables, for which the alphanumeric data printer of the M—220 computer was

used.

The programme applying the algorithm developed in the course of the work —

for deriving group parameters on the anisotropy of elastic and inelastic neutron

scattering — is written in ALGOL—60 and is at present being checked out. It

includes in particular the case of inelastic scattering isotropic in the centre-

of-inertia system of co-ordinates, programmed earlier by V.V. Vakhromeeva in

M-20 computer codes.

A serious difficulty in compiling parameters for inelastic scattering

anisotropy is the absence of evaluated data on the anisotropy of inelastically

scattered neutrons.

1. Kinetic equation for a neutron flux averaged over
the resonance structure

In neutron calculations for reactors and radiation shielding one never

has to determine all details of the flux due to the resonance structure of

the cross-sections of the medium; it is quite sufficient to know the "structure-

averaged" neutron flux. It is tempting to write a kinetic equation for the

smoothed neutron flux such that the equation contains smoothed neutron cross-

sections effectively averaged over the resonances in such a way as to allow a

direct calculation of the smoothed flux. This approach would have an additional

advantage as the precise cross—sectional energy dependence, which takes the

resonance structure into account and appears in the precise kinetic equation,

is unknown to us throughout the energy region, whereas the averaged cross—sections

in the equation for the smoothed flux could perhaps be measured directly or

evaluated on the basis of a statistical analysis of the resonance structure of

the cross-sections.



- 3 -

The kinetic equation for the smoothed neutron flux, the formulae giving

the constants used in the equation and the limits of applicability of the

approach were determined in Refs [7, 8]. In the spherical harmonics represen-

tation the equation has the following form (we adopt for the sake of simplicity

the case of unidimensional plane-parallel geometry):

where ?,(*.&& £*££>• f-<H> (2)

is the /th neutron flux hannonic averaged over the interval AE around

energy E, i.e. the coefficient before the ith polynomial, in the expansion

of the neutron flux in Legendre polynomials:

Q (x|E) is the density of neutron sources with energy E at point x

(the sources are considered to be isotropic);

H is the cosine of the angle determining the direction of neutron

movement;

£.(E) is the total cross—section of the medium averaged over the

spectrum of the ith harmonic of the flux in the interval AE:
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a is the maximum relative energy loss resulting from elastic
EH . .

scattering on m-type nuclei: a = r/*.VVg (A = the atomic

weight of the nucleus); m

Q is the density of nuclei of the m type;

<* .(E'^E) and o. ,(Ef-» E) are the cross—sections for elastic and

inelastic scattering leading to the indicated change in energy:

(5)

>diere i^St ' ^s ^e coefficient before the ith

polynomial in the expansion of the scattering angular distribution in

Legendre polynomials:

S^(^)^f^^) //S/^^) ^fN^A (T)
and p (E^tfFo) is the ratio of the differential cross-

section for scattering on the mth isotope at an angle arc Cos \L resulting

in the indicated energy change to the total scattering cross—section at

energy E1 (the subscript s = e relates to elastic scattering! s = in to

inelastic scattering).

(nt2n) and (n|3n) reactions are regarded as inelastic scatteringi but

with doubled (or tripled) cross—sections; fission neutrons are counted as

a source term.
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Finally, AE are the intervals of energy E from which inelastic slowing

down to E is possible.

As can "be seen from formulae (4) and (5)» "the averaged cross—sections

generally depend on the co-ordinates, even in a homogeneous medium. However,

as has been shown in the references quoted above, this dependence ceases if

the following conditions are met:

1. A region of the medium is considered in which all points are

separated from the boundaries and concentrated neutron sources by a distance

of several (2-3) maximum neutron free path lengths.

2. The widths of the resonance characteristics are small compared

with the energy losses during scattering (narrow resonance approximation).

3. There is no anisotropic scattering with a large energy change

(scattering on hydrogen and other light nuclei, anisotropic inelastic

scattering).

When all the conditions listed above are met, the averaged cross-sections

are indeed independent of the co-ordinates, as within the averaging interval

AE the space and energy variables in the flux harmonics will be split:

where y,(x,E) is a smooth function of energy containing a dependence on the

co-ordinates, and

* 4

Here the a^ values are calculated by the recurrence formula

ao = 1 (10)

(/ c

Here, as above, the angular brackets denote simple averaging over
energy within the small interval AE.
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where

V
/ y )

(13)

Let us examine the possibility of using our approximation as a means

of taking into account the structure of the cross-section.

Violation of condition (3) generally leads to a space dependence of

the averaged cross-sections, Taut this is so slight that in practical

calculations it can always be ignored.

Violation of condition (2) is more important, as it leads to irregularity

in the energy curve for <C^e £ / ^-"*S /* » which makes the

averaging of the cross-sections difficult. Nevertheless, this difficulty can

also be overcome with the help of the so—called "approximation of intermediate

resonances" (see for example Section 3 of Ref. [83 ).

Most essential for the applicability of our approach is the fulfilment

of condition (l), assuming a small flux change at the maximum neutron free

path length (i.e. in the region of the lowest minimum in the total cross-

section).

This condition is clearly violated near the interfaces between media of

different composition (at a distance of 1—3 neutron free path lengths). If

(as occurs, for example, in fast power reactors) the dimensions of the

homogeneous zones of the reactor system exceed the free path length by a large

amount, the boundary regions where space—independent averaged cross—sections

cannot be determined, and where consequently a calculation based on averaged

cross—sections is inaccurate, occupy only a small part of the total volume of

the reactor. In view of this, inaccuracies in the calculation of the flux near

the boundaries have little effect on the integral physical characteristics of

the system.
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The approach we have been considering is that normally used - for the

vast majority of existing calculation programmes — when we must allow for

the energy dependence of cross-sections and fluxes.

In the present work we aim at deriving constants for programmes of this

category; hence we also proceed on the assumption that it is admissible to

take account of the resonance structure of the cross-sections by means of the

rational averaging referred to above.

2. Multigroup kinetic equations

It has been shown above that in the most general case the neutron flux

and cross-sections can be effectively averaged over the resonance structure.

After an averaging operation of this kind, solution of the system of equations

in expression (l) consists in solving this system, but with cross-sections

which are smooth functions of energy.

At the present time very extensive use is being made of the multigroup

method for describing the energy dependences of cross-sections and fluxes

when solving the kinetic equation. Practically all the neutron calculation

programmes for fast reactors and for shielding applied at the present time

are based on this method. Let us examine the requirements that must be met

by the multigroup constants used in current programmes.

We select, on the energy axis, N discrete values of E. numbered inversely
J

to the increase in energy:

We then combine in the jth group all neutrons having energies within the

range E., E . , , so that the neutron flux of the jth group is written as

ofE.j (*>?)'/ rfx.E.
t (14)

The equations for determining the group fluxes can be obtained by

integrating the system of equations in expression (l) over the energy

intervals of the groups;
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where

C l 6 )

(17)

and

(18)

J 5 (19)

The ultimate aim of the neutron calculation is usually to calculate

the neutron fluxes P (x) or the reaction rates. In a group approximation

the number of type r J reactions occurring at point x of the system under

consideration should be calculated as

c

of the medium in group j:

where °~ . is the cross—section of the type—r reaction of the mth element

/ 'J-

V (21)

where it is assumed that o (E) is the cross-section averaged over the resonances.

For example, to calculate the source term S .(*) it is necessary to know

the group fission cross-sections °f-t the number of secondary neutrons per

fission v .f and the group shares of the fission spectrum % •
i

( .jr. -Z/r • Zfnj6C- >T (22)

where

'tj ' * ' ~~ > (23)
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I*

As can "be seen from expressions (16), (17) and. (2l)t the group cross-

sections -£f t G"rj and &g'p(L*j-^ a r e generally functions of the co-ordinates.

As the calculation with space—dependent cross—sections is extremely complex —

and in order to calculate them we need to know the functions F^ (x,E) which

are initially unknown - these cross—sections have "been replaced by constants

in the multigroup approximation.

There are two approaches to the optimum selection of constants. In the

first the selection is made in such a way that replacement of the space-

dependent cross—sections by constants preserves the exact value of one or

other of the quantities, e.g. K _„. It can be shown [9] that in this case

the space-dependent cross-sections in expressions (l6) and (17) should be

averaged over the uniform regions of the reactor with the weighting function

determined by the quantity whose value is to be preserved. This method of

averaging the cross—sections can usefully be applied when the number of groups

is small and the groups themselves correspondingly wide, so that owing to the

space dependence of the ageraging spectra, P,(x,E), the group constants in

expressions (16), (17) and (2l) are strongly dependent on the co-ordinates.

It is natural to describe this procedure as a method of averaging cross—sections

in a few-group approximation.

In the multigroup approximation, where the groups are rather narrow, the

group constants in expressions (16) and (17) are very weak functions of the

co-ordinates since 2L(E) , G^(E)sxA &gp (^) are slowly varying

functions of energy (averaging over the resonance characteristics has already-

been carried out). In this case the problem of averaging the group constants

over the space co-ordinates ceases to exist. There remains only the problem

of averaging over energy, for which the unknown F^ (x,E) spectra must be replaced

by some average spectrum «P(E). If we wish to use in our calculations the

previously compiled microscopic group constants for individual elements, such as



- 10 -

Gs'fYt'?/h CV~and < J ? T ( S 0 tha'fc ^f ~4,-Pm'^'n ^' i1; i s n e c e s s a i y t o select
some universal "standard" spectrum ? ( E ) . The use of a standard spectrum instead

of the F,(x.E) spectra undoubtedly leads to certain inaccuracies in the calcu—
Jb

lation of group constants. However, if the groups are narrow enough these

inaccuracies will be smaller than the uncertainties associated with inadequate

knowledge of the energy dependence of the cross-sections, and in this case they

can "be ignored. Analysis shows ([3]) that, given the current accuracy with which

we know the cross-sections, this is true with regard to the total cross-sections

a, . and the reaction cross-sections a . when the width of the group in lethargy

units is less than 0.5 to 1.0. This condition is fulfilled in the 26—group

system of constants [l], where the group width does not exceed 0.77. In groups

with widths of this order or smaller the choice of a form for the standard

spectrum q>(E) is not very important for the determination of the group constants.

For example, one can use the standard spectrum adopted in Ref. [l]: a Fermi

spectrum for energies of less than 2.5 MeV and a fission spectrum for higher

energies.

It is a different matter with slowing down cross-sections, particularly

the elastic slowing down cross—section ^-e/ (i~*J ̂  . I f the width of the

group is larger than the maximum energy loss in scattering, the group parameters

are strongly dependent on the form of standard spectrum adopted, even when the

scattering cross-section is strictly constant. We shall derive the elastic

slowing down cross-section for this case from expression (l7)» taking into account

the fact that ̂ J (E'>£)^0tor£V-^^)<^<£' when^Vm <(Ej-a.~ £/-*) :

, £•) / C$ (£ '•

4 ' "'"•
(25)

where i = j - 1 . For <<J-S
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Prom expression (25) it will be seen that the elastic slowing down cross-

section depends to a large extent on the form of the intragroup spectrum,

even if the space dependence of P^(x,E) is weak. It is therefore natural in

the multigroup approximation to determine the slowing down cross-section in

the following way. First o . . is calculated by averaging a™ «(E) in group i

over the standard spectrum q>(E). Then the integral spectrum within group i

is determined on the assumption that all the cross-sections within the given

group are constant. For this calculation we can use easily calculated spectra

for an infinite medium or a fundamental harmonic (if there is a fissionable

nucleus in the medium). Finally, using formula (25) we calculate the elastic

slowing down cross-section on the assumption that the spectra of all the harmonics

of the neutron flux coincide (i.e. that the anisotropy of the smoothed flux

within the group remains essentially unchanged). In the M—26 programme

complex [lO] now in use at the Institute of Physics and Power Engineering the

very simple algorithm described in Ref. [14] is used to correct the slowing down

cross—section for the shape of the intragroup spectrum. In the recently developed

programme of macroconstants ARAMAKO CllD the intragroup spectrum is calculated

more correctly by subdividing each individual group into a large number of

narrower groups.

The uncertainty in the elastic slowing down cross—sections is a dis-

advantage inherent in the multigroup method, and within the limits of the

method it cannot be completely eliminated. Specifically, the algorithm

proposed for obtaining the elastic slowing down cross—sections already represents

a departure from consistent application of the multigroup method, since the

intragroup spectra in the infinite medium must be determined either analytically

or by sub-dividing each group into a large number of much narrower groups for

which the uncertainties in the choice of slowing down cross—sections would be

small.

If the energy loss in inelastic scattering is less than the width of the

group, the inelastic slowing down cross—sections can be calculated in precisely

the same way as the elastic (see formula 25). If, as is usually the case, the

energy loss in inelastic scattering is large, the uncertainty in the choice of

the intragroup spectrum is negligible.

Let us now turn to the calculation of multigroup parameters of scattering

anisotropy, i.e. the values of Q1^ (i-*j) , which are given in Ref. [l] only for

i= 0 and (in the case of light nuclei) •*= 1.
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3. The kinematics of scattering and the derivation of
a formula for the angular momenta of the

scattering indicatrix

In determining the group parameters for scattering anisotropy we shall

consider elastic scattering to be a particular case of inelastic scattering,

i . e . scattering as a result of which the nucleus assumes the ground state

(scattering at a level of a • 0). Hence we shall first examine inelastic

scattering, calculating the angular distribution Ŝ n(E*-»E) for i t , after which

we shall proceed to elastic scattering.

Calculation of the function S^n(Ef-<E) requires the use of certain relation-

ships which can be derived from the laws of conservation of momentum and energy

applied to the case of inelastic scattering with excitation of the level ET.

We shall introduce the following symbols:

The laboratory system of co-ordinates (the L system)

V1 • neutron velocity before collision

V • neutron velocity after collision

V* = velocity of the nucleus before collision

V «* velocity of the nucleus after collision

V1 « V • velocity of the centre of inertia before and after collisionc c

Centre-of-mass system of co-ordinates (the C system)

W » neutron velcity before collision

W « neutron velocity after collision

W» = velocity of the nucleus before collision

W = velocity of the nucleus after collision

W* • W •» 0 = velocity of the centre of massc c

As usual, in the laboratory system of co-ordinates the target nucleus is

considered to be stationary before collision, while in the centre-of-mass

system the centre of mass of the system (neutron plus nucleus) is considered to

be stationary both before and after collision.

As is usually done in the case of neutron elastic scattering, we shall

examine inelastic scattering by the methods of classical mechanics, assuming

that the neutron and the scattering nucleus behave in inelastic collision as
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ideally elastic spheres, and allowing for the fact that excitation of the

nucleus in scattering reduces the kinetic energy of the whole system by a.

Since theoretical analysis takes a simpler form in the case of the C

system, it is practical to write the laws of conservation in this system, to

determine the velocity of the neutron and nucleus before and after collision at

this stage, and then to proceed to the L system.

The laws of conservation of momentum and energy are

Q ' " a — a ' y O \ ^ I /

Figs 1 and 2 show the senses of the velocit ies and the relative positions

of the neutron and nucleus in the L and C systems before and after co l l i s ion.

L system C system

if' . <ro*"& ur'y'irc

,'' C e n t r e of inertia

Pig. 1 Fig. 2

Here and below, the angle % (or ^c)» and also Cos %. = n- (or Cos 0 = \i )

correspond to the angle arc Cos \i (cf section l ) in the L (or C) system.

In view of the fact that before col l is ion the nucleus in the L system
i s at rest, the momentum of the whole system i s equal to the neutron momentum
1 i V1. At the same time the total mass of the colliding particles i s A + 1,
and consequently the velocity of the centre of mass before col l is ion in the
L system, i . e . relative to the stationary nucleus, i s

In the C system the centre of mass i s at rest . For this condition to be

fulf i l led the nucleus in this system must move towards the centre of mass at a

velocity of H' » V , As the velocity of the neutron relative to the nucleus

before col l i s ion i s V*, the neutron must move towards the centre of mass with a

velocity W» - V»-Vc or

ur'^'-f-: (29)
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It is now possible to determine the momenta of the neutron and nucleus*

Obviously they are respectively equal to

and are directed towards one another* Consequently! the total momentum of

the system before collision is equal to zero, and according to the law of con-

servation of momentum it should be zero after collision too. As the centre of

mass always lies on the straight line connecting the interacting particles, when

the neutron moves away from the nucleus after collision the recoil nucleus

should move in the opposite direction, and this means, if the total momentum

of the system remains the same, that

d-ur=/turo. (31)

We shall now establ ish the veloci ty of the neutron and nucleus a f te r co l l i s ion;

to do t h i s we subs t i tu te the values applicable before col l i s ion in equation (27)

and make use of re la t ion (31)5

2 2 C-/+J7)* 2 CS+ /?)*•£ ° \->£)
whence we have

uc\ -L- -if'- £ „,-£", , x

(34)

As the L and C systems always move relative to one another with the velocity of
the centre of mass in the L system, in order to determine the neutron velocity
of interest to us in the laboratory system of co-ordinates i t is necessary to
add vectorially to the neutron velocity in the C system the velocity of the
centre of mass in the laboratory system of co-ordinates, i . e .

ir-ur+K . (35)

Prom expressions (35), (28) and (29) i t follows that

'£-&•+£& (36)

Prom expressions (35) and (36), solving the velocity triangle (Fig. 3), we have

respectively

(37)

(38)



Ini t ia l direction
of movement

Fig. 3

where \ is the angle between W and W* (the scattering angle in the centre-
of-mass system) and

(39)

From expression (38) i t follows that

(40)

Substituting W and Wf from expression (34) and (29) in expression (40), we

have:

or
£ 1

' e' J

(42)

In order to find the scattering angle in the laboratory system of co-ordinates,
we use relation (36), projecting V in the direction >Jf, which coincides with V*:

V-• O>6 <% = KA CcxO,. + 4--If'- (43)

Inserting expressions (34)t (41) and (29) here, we get

A_fl. (44)

(45)

or

where % is the scattering angle in the laboratory system of co-ordinates.
Solving equation (42) for E, we obtain a relation linking the neutron energies
before and after inelastic scattering:

E - E' f / - >?>? / / - 4+J- £-'- *c I// - £l±- ^1) 1
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If fu » +lt then as a result of scattering the neutron will have the maximum

of all possible energies (c& expression (47))* and if PQ, •» -1, it will nave

the minimum (c£ expression (48)):

tmax. ' L

E and E . can conveniently be written in the form
max mm *

(49)

The relative energy losses (minimum and maximum) are

(51)

• (52)

From expression (46) it is a simple matter to derive a link between the change

in the cosine of the angle (dju) and the energy change dE corresponding to it:

Prom expressions (47) and (48) it will be seen that the neutron energy scatter

due to losses associated with the recoil of the excited nucleus in inelastic

scattering is

//
If1
//
1 (54)

and that the average energy loss in inelastic scattering can be derived from

expressions (46), (47) and (48).

r'_
2 ~7F77 °

The link between (JL and }JQ i s obtained from relationships (42) and (45)s

(55)

«

Solving this equation for n f̂ we get

,:, A

( 5 6 )

(57)
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Prom expression (57) i t will "be apparent that two different scattering angles

in the centre-of-mass system can conform to a given cosine of the scattering

angle in the laboratory system. However, this is by no means true every time,

and if there is a -unique relationship between ^ and \ic in formula (57) a plus sign

should be inserted* Here and in what follows, therefore, the minus sign is

placed in brackets.

The form of the scattering indicatrix in the laboratory system of

co-ordinates f({ir ) is determined from the condition of conservation of the

scattering probability during the transition from one system of co-ordinates to

the other:

j ( 5 8 )

or, making use of expression (57)» we obtain

( 5 9 )

where TZ&VQ is the scattering indicatrix in the centre-of-mass system. Again

using expressions (42) and (45)» we express the neutron energy after inelastic

scattering by

It will be seen from expression (60) and from many of the other formulae set

out above that inelastic scattering can occur only when

(6!)

where

is called the forward threshold of the reaction. In fact, Ef is the minimum

kinetic energy which must be imparted to the nucleus in inelastic scattering at

a level of IT for the escaping neutron to have a direction that is "strictly

ahead" (^L - 0) in the L system. He can check this by substituting W - 0 in

expression (34)» because in the C system the energy corresponding to E_

is equal to E^t and the kinetic energy of the inelastically scattered neutron

is zero. As a result we obtain relation (62) ( i . e . •$ « a - ~ - E. ); from
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equation (35) it follows that V = V f i.e. that the velocity of the neutron

escaping after inelastic scattering in this case (E1 = E. ) coincides in

magnitude and direction with the velocity of the centre of mass (d. = 0, fi = l).

Let us now consider how the angle of possible deflection of the inelastically

scattered neutron changes with energy. For this purpose we determine the minimum

value of nT from the condition that the derivative L = 0 (cf. expression (45) )'•
L dE«"

?~~d- 7~ZZZT.
*"r * * i (63)

It follows from expression (63) that when E ^ E . the angle of maximum

deflection of the neutron increases, and ultimately, at an energy of

(64)

reaches its limiting value of -w- (̂  = 0). This means that at a neutron

energy of

(65)E = Fo J^J-

there cannot be any particle scattered at an angle v greater than •»-;

hence E is called the reverse threshold of the reaction,rev

When Ef> E , there is no upper limit for B (cf. Pig. 9a); neutrons

in the laboratory system of co-ordinates can be observed at all angles

(IJU.1 haB no real value).
LI

Let us examine two essentially different cases of scattering,

corresponding to the above-mentioned regions of energy E1:

I. E f o r«E'<E r e v; and

He shall determine what relationships between the velocity of the

centre of mass (V ) and the velocity of the scattered neutron observed in

the C system (w) can exist in cases I and II.

2

Prom formula (34), substituting E» = E r e v = a - 1 o
 f o r \ a n d t h e n

making use of expression (28), we have

V = W
c

whence it follows that when E'<E
rev

V >W (case i ) ,
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and when Et>E
rev

V <W (case I I ) .c

Figs 4 to 9 show polar velocity diagrams (4b-9b), and also the

probabilities of an inelastically scattered neutron escaping at various

angles in the laboratory system of co-ordinates (4a-9a) for the case of

scattering which is spherically symmetrical in the centre-of-mass system.

By way of example diagrams are shown which portray the inelastic scattering

of neutrons at the a = O.478 MeV level of the Li nucleus, which were

obtained from formulae (58) and (59). Figs 4 to 7 relate to E1 values

situated between the forward and reverse thresholds. Fig. 8 to E1 • E
rev

and Fig. 9 to Et>E . As can be seen from diagrams 4-7, in the first case
{E ^ E

ior
; V >WJ neutrons of two energies (velocities) are observed atrsv c

each angle in the laboratory system of co-ordinates. Neutrons of the first
—*

group have a velocity of V (cf. Figs 4b to 7b) and are deflected as a
(l)result of inelastic scattering at an angle of ^ ' in the C system. Neutrons of

- . - • -» . c

the second group have a velicity of V9 (V9< V ) and are deflected at an
(2) ri)

angle of $ \ . which is larger than $\ .

E. . . = O.546 MeV
mit

/

E» = 0.547 MeV

MaV

t*
7a 7b
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E» = 0.557 MeV = E r e v

8a.

f*=tfitf/ Mev>E— rev

9"
The plus and minus sign in expressions (57), (59) and (60) correspond

to the f irst and second groups of neutrons, respectively. The scattering

angular distribution in this case consists of two branches, one of which

corresponds to the "smaller" ^ angles (the f irst group of neutrons) and has

a larger scattering probability than the branch corresponding to the larger

$_ angles (second group of neutrons). When E1 = E , only one branch -

relating to the f irst group of neutrons - remains: the minus sign in

formulae (57), (59) and (60) should be omitted at this boundary energy

value. It can be seen from Pig. 8 that when E1 = E scattered neutrons

are observed in the laboratory system of co-ordinates throughout the forward
(

1fmax" % \S. = r J and that for each angle $. there i s one corresponding
"max"angle $„. By 8 we shall denote an angle which in the C system corresponds

to the angle 3. in the laboratory system of co-ordinates. Whereas in
"max"

case I all possible-dT are comprehended between dT and-ft = 0, the angles
L JJ L

corresponding to them in the C system are distributed between &n = 0° and

$_= l80°. the angles from $_ = 0° to $_ = S m a x relating to the first group,
max

and the angles from *L = $ to «_ = 180° relating to the second group of

scattered neutrons. In other words, when Ef< E , all possible scattering

angles in the G system will be included only when both the plus and minus

signs are taken into account in formulae (57), (59) and (60).

IT. follows from Pig. 9 that in the second case (E»> E ; V <WJ
rev c

there are no limitations with respect to the scattering angle in the

laboratory system of co-ordinates (as has already been mentioned above).

In this case only the plus sign should be used in formulae (57), (59) and (60).

We shall also introduce some well-known relationships relating to

elast ic scattering and derived from the corresponding formulae obtained above

for inelast ic scattering (putting E^ * o) .
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( 42')

2 I £ 2 I £ ( 45 )

F - F'

= E> (when |ic = l ) ( 47f)

E n,in * l']i - fa}\ - ^ ^ (when ^ , - l ) ( 48*)

e£i'n becomes (A •» 4 ) * ' \ 5 2 )

f> it, becomes equal to zero; ( 51 )

(53')

59')

f
«* ( 60 )

In the last three formulae the minus sign is omitted in the numerator in

front of the root as elastic scattering is not a threshold reaction and

the case of ambiguity in the determination of |i_(|i ) f f(nT ) and E((i )

does not arise.

4. Calculation of the slowing down matrix

In accordance with what has been set out in section 1 (cf. expression (5))

and in section 2(cf. expression (l7))twe shall write the ̂ th moment of the

inelastic scattering angular distribution from group i with the boundaries

E. and E. 1 in group j with the boundaries E. and E._.. (where i^ j, E.< E. and

):

<«•>
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where G^. i B i-*16 average group inelast ic scattering cross-section:

/ft.*

^ F.(E')-cfE'

Here P. . .

E i and E i_1 are the limits of the energy region in group i from which

scattering into group j i s possible; E and E are the limits of the region

in group j which can be hit by neutrons scattered from group i; and

S^ ( E ^ E , E )̂ i s the /th moment of the inelast ic scattering angular

distribution at level E f̂ which (in accordance with our analysis in

section l ) we determine as the ratio of the differential cross-section

(E*~*E» Egt \ ) to the total cross-section for inelast ic scatteringo
in

when E» - a (E»):

In order to calculate W ^ N i t i s f irst necessary to find an expression
for the scattering angular distribution S. f which i s convenient for
integration, and then also for i t s moments.

Here the index of the element of the medium i s omitted as only the
micro-cross-section i s considered.



Since the neutron energy after collision is uniquely determined by

the deflection of the neutron from its initial direction as observed in

the centre-of-mass system of co-ordinates (at given values of E-, E* and A

see expression (46)), the differential cross-section and consequently also

the scattering description must contain a & -function ensuring the

fulfilment of relation (46), i .e. linking the energy before and after

scattering. This can obviously be done with the help of the following

6 -function:

\ ( 6 8 )

Apart from this &-function, the scattering description must also
contain a cross-section and angular distribution for neutrons (for our
purposes i t is desirable to use an angular distribution in the laboratory
system of co-ordinates).

For inelastic scattering at the level BJ, which is anisotropic in the

centre-of-mass system, the probability of deflection at the scattering

angle »Q is determined by the differential cross-section a(E«, E* „ )

which corresponds to the cross-Section o(B.f £ ,L) i n t h e lah°o'TJo^

system. We shall represent the differential cross-section in the form

of an expansion in Legendre polynomials; then, following the law of

conservation of the number of particles, we have

(69)
and we determine 6"^ ( £\ Cfi) as

(70)

where

r*1

J G^ (E; jHJ
Hence, in the case of inelastic scattering, which is anistropic in

the oentre-of-^ass system, the scattering angular distribution at the level

E" will take the form

m = 0
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Here we use a b-function which is dependent on nc, and this greatly

simplifies the subsequent integration.

Let us now represent the scattering angular distribution - expression (71)

as an expansion in Legendre polynomials and derive the coefficients of this

expansion:

Z £
r'° ' (72)

where

~* (73)

In expression (73) we then introduce the value of the scattering

angular distribution from Eq. (71) in place of the integrand.

•< x "• 1 - " 7 ( 7 4 )

We multiply and divide the integrand by d|iQ and undertake the following

substitution of variables:

(75)

where 1 . .. >2 = •* , and -r— is determined by relation (57). In expressions

(74), (75) and (57) nL is a function of the initial (E*) and final (E) neutron

energies and is determined by relation (45).

Hence the coefficients for the expansion in Legendre polynomials of the

inelastic scattering angular distribution, which is anisotropic in the

centre-of-mass system, take the following form:

m[/ V J (76)

It will be seen that the expansion coefficients S/n(E**E, Er) are

themselves dependent on the expansion parameter \i m The reason for this
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is that there exists a relation between nL and E determined by expression (45),

We shall bear this in mind below in seleoting the limits of integration in

expression (66).

The applicability of formula (76) is determined by the energy which a

neutron can possess as a result of inelastic scattering. This indicates

that the coefficients S^n (Ef-»E, a ) are meaningful for an energy E from

the region

(?7)

or

For energies higher than E«(i-B. ) and less than E»(i-<*- )» sin(E«*E, Ek)
in in o

are equal to zero.
As in expression (76), we can write the coefficients for an expansion in

Legendre polynomials of the e last ic scattering angular distribution, whioh i s

anisotropic in the centre-of-mass system, as

It is apparent that the region for the determination of these coefficients

will be included within the limits E»(i-a)<

Let us revert to expression (66) for the ith moment of the angular distribution

of inelast ic scattering from group i into group j , substituting the value

derived from expression (76) for s } n (E«-»E, IT). We write the equation as

follows:

The *th moment of the cross-section of inelast ic neutron scattering from

group i to group j i s

''£.-
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For convenience in calculating the group parameters for anisotropy,

the variables in formula (79) can be replaced with the help of expression (53),

which links the values dE and dnc; as a result we obtain for Hj(jJn)

following expression: *f££
rBi-<

where

< 8 1 )

'ft (Ej> f) are calculated by means of formula (45)•

Before proceeding to a direct determination of the limits of integration

in expression (8l), we shall consider the value W2°(E»)i which characterizes

the 4th moment of the probability of inelastic scattering of a neutron with

energy E1, at the ET level into group j. Then formula (8l) is written as

"
( 8 2 )

where

(83)

The limits of integration in the numerator of expression (8l) depend

on the atomic weight of the nucleus with which the interaction occurs, and

on the width and relative position of groups i and j. In calculating the

limits, therefore, we shall be interested in knowing what energy E1 the

neutron had if as a result of inelastic scattering at the level E^ with a

minimum (or maximum) energy loss the neutron accjuired a given energy E. In

the first case (minimum energy loss), we shall denote the corresponding

E» by E1 . (E), and in the second case (maximum loss) by El
max(E), and we

obtain these values by solving expressions (47) and (48) for E1:
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Here a = / /^ •, 2 is the relative maximum energy loss in elastic scattering.

With the help of E'. (E) and E' (E) it is a simple matter to determine they m m v maxv ^

energy region from which scattering into group j is possible. As can easily

be seen from Pig. 10, this will be the region E1. (E.) - E' (E. ) :

I I I
I I I
I I I
I I I

Fig. 10

In Pig. 10 the black l ines indicate the region in which neutrons of

the energies mentioned can be scattered. E1. (E.) i s the smallest of a l l

possible energies at which, as a result of ine las t ic scattering, a neutron

can appear in group j . In fact, if E1 = E* . (E.) , then only at minimum

loss will the energy of the scattered neutron become E.; in a l l other
J

cases scattering will go beyond the bounds of group j. But if the initial

energy of the neutron is less than E 1. (E.), then at any energy loss

scattering will go beyond the boundaries of group j. E 1 (E. ..) is the

largest of all possible energies at which the neutron can be scattered

into group j. In fact, if the initial energy of the neutron is greater
than E 1 (E. ), then the scattered neutron will not pass into group j no

max J~-*-

matter what the energy loss is. Below we shall be interested in scattering

from some particular group i into the group j under consideration. Depending

on the position of group i with respect to the region E 1. (E.) - E' (E. , ) ,
m m j max J~J-

from which scattering into group j is possible, five different cases are

possible.
1. Group i lies wholly within the region E'. (E.) - E' (E ), that is

Ei.£ E'n,*x (Ej-<) c county e< e^ BL.X(£J.,)
1 r— rr- J'

• _—I

Pig. 11
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It is apparent that in this case any neutron from group i can appear in

group j as a result of scattering.

2. The upper limit E' (E. ) of the range from which scattering

into group j is possible lies within group i and the lower limit E'. (E.)

lies outside the limits of group i? that is

E;

Pig. 12

In this case only neutrons from the energy range E. — E* (E ) of group i
x max J—1

can pass into group j. No neutron having an energy higher than E1 (E. )

can reach group j.

3. The lower boundary E1. (E.) of the range from which scattering into

group 3 is possible lies within group i, and the upper boundary E1 (E. )

lies outside the boundaries of group i, that is

CL-I 4- £ max. (Ej- y /.Ej-

r

Pig. 13

In this case only neutrons from the range E'. (E.) - E. 1 of group i can be

scattered into group j. All neutrons having energies lower than E1. (E.)
mm j

pass through group j as a result of scattering.

4. The group encompasses the whole range E1. (E..) - ^ ^ ( E . . , , ) , that i s

Ei •* t min \

I
11

j

I
1
1

t

£i e

I

1

\

Pig. 14
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It is apparent that in this case only neutrons from the region Ef. (E.)

E1 (E ) of group i can be scattered into group j.
IDCLJC J ̂ J.

5. Group i is entirely outside the region Ef. (E.) - E1 (E. , ) :
mm j maxx j -1

f i t

Fig. 15

It is clear that in this case no neutrons from group i will pass into

group j .

On the basis of the above, we may conclude that in the most general

case the limits of the region of group i from which scattering into group j

can occur will be determined as follows:

EL = max [ £'m/h. (Ej); f ]

P F F P1 re S\ { 4 )

h-.^nun. [t^s, tmax <fj-//\.

Let us examine the energy dependence of the functions W

(cf. formula (83)) and consider the probability of a neutron of energy E1

passing into group j as a result of inelastic scattering, i.e. taking as

an example the function W (E')« The values of the limits of integration

for other values of W^ (E')» as can be seen from expression (83), will be

the same.

Two cases of scattering should be distinguished.

1. The energy spread of inelastically scattered neutrons is always

smaller than the width of group j: E'(a. - B. ) < (E - E.) for all

values of E1 from which transition into group j is possible.

Pig. 16



It is obvious that for E1 from the region E*. (E». ) - E1 (E. ..), v\ J

should be calculated by means of formula (82), with the limits

(I)

Neutrons from the region E1 (E.) - E1. (E. ) reach group j after
nicix j in i n 0™*-*-

inelastic scattering with a probability equal to unity. Consequently

Ŵ  ^ should be calculated for this region by means of formula (82), with

the limits
C"C" (II)

Finally, for E' from the region E«. (E.) - E1 (E.), \i\ ̂ is calculatedE .
IQXT1 J J

by means of formula (82), with the limits

L (in)
2. The energy spread of ine la s t i ca l ly scattered neutrons i s wider

than or equal to the width of group j :

E ' (a . - B. ) 2s- (E. . - E.)
v in m ' v j - 1 y

for all values of E' from which a transition to group j is possible.

In the range EJin(E.) - E». (E._,) we calculate W^(E«) with the limits

defined under (ill), while in the range E1 (E.) - E1 (E ), the limits
max j max J~l

defined under ( i ) are adopted. In the range E1 . (E . ) - Ef ( E . ) , W ^ J ( E ' )

i s ca l cu la t ed within the l i m i t s

(IV)

~T ~tr~ I'£,-,)•x (Ej.

Pig. 17
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When calculating parameters for the anisotropy of the transition from

group i to group j, we must first determine which of the two cases mentioned

above holds true. To do this we calculate the energies Emin(
Ej)»

Emin(Ej-l}

if E1 (E.) ̂ - the second case is true.first case holds;

In addition, it is necessary to consider the position of group i in

relating to the energies E
m i n ( E ^ E ^ E . ) , E ^ E ^ ) and ^ )

We shall number these energies in order of increase:

E'. (E.)
mm j

max
i n c a s e

E 1. (E . n) in case 1
min .1-1min

E' (
max

J2

33

E . (E. nminx j-]

E' (E.)
maxv .v

in case 2

in case 2

For each of the boundaries of group i there are five possible positions

relative to the energies noted above. The position of E. is determined by

the lower limit of E. of the energy region in group i from which transition

to group j is possible; the position of E. is determined by the upper

limit of this region, E. .

All possible positions of E. and E. .. relative to regions from which

the scattering of neutrons into group j is possible are set out in Table 1,

where the corresponding values of E. and E. are also given (if the transition

from group i to group j is possible).

Table 1

Case
no.

Condition
for E. E.

Case
No.
n

Condition
for E. n

1

2
3
4
5

E,<
i<

BY (»•

E3
E; < E*^<i>
Et- \ E,

E • = E,

E,- = E£-

ransi-
tion im-
possible

1

2
3
4
5

E/-,
Ej

E x

f*«Z)

kf m <'J)

transition

impossible

The combinations of conditions for E. and for E. determine the variant

positions of group i relative to the region of possible transition of

neutrons into group j. The number of these variants is 15:10 [ m,njcombinations
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in which m + n = 6 cannot occur "because they would contradict the condition

E. .> E. which follows from the determination of the group "boundaries given

at the beginning of Section 4« The variants (5tlj and. { 1,5} correspond to

cases in which transition from group i to group j is impossible (where

m= 5 (E. ̂ E ^ ) a H neutrons from group i fail to reach group j after

scattering, and where n = 5 (E..$ E.) they pass through it - cf. diagrams

in Table 2). As a result 13 cases remain. As in nine of these there

are two possible variants of the formula for calculating W,*'(Et) (depending

on the relationship of Ef (E.) and E*. (E. ..)), 22 cases are possible in
ID33C j m m 3™"J-

all for the transition variant which may hold in inelastic scattering from

group i to group j. The probability WT^E1) of these transitions is

calculated by means of formula (83), with the integration limits given by

formulae I-IV. Which of these formulae should be used and for what energy

region in group i is indicated in Table 2 for each of the possible transitions.

Table 2 also shows schematically the position of group i relative to the

region from which transition of neutrons into group j is possible. All

transition variants contained in Table 2 are represented schematically in

Pigs 18-39, which show both the probabilities W J(E') and the energy regions

into which neutrons can be scattered. Each transition variant has a number

corresponding to Table 2, with the indication "I" or "II", depending on the

relationship between E' (E.) and E1. (E. ).

iucuc j nun j""x

Also indicated are the variants which can occur in elastic scattering

and those corresponding to neutron scattering within the limits of

a particular group.
As regards the development of the logic in the programme for calculating

o.1 ,, i t is more convenient to leave Table 2 aside and use the equivalent
in, *

Table 3, in which the limits of integration are shown explicitly for each

integration interval within the energy region in group i from which a transition

to group j is possible. Table 3 can be used for both inelastic and elastic

scattering. However, with elastic scattering only case II of the variants

(3.3 i» a.3} f (2.3i t I2.4 i and 11.4 } can occur in slowing down to the next

lower group, and the variants {3.]} and {4.1] in scattering which leaves the

neutron in the same group. Moreover, the formulae for calculating the

limits have been considerably simplified. For that reason we include Table 4,

which is similar to Table 3 but relates only to the case of elastic scattering.

In practical calculations of inelastic scattering at levels, a

preliminary calculation of the maximum and minimum possible energies of

neutrons scattered from group i may prove useful. Obviously, the maximum

energy will be (l - B. ) x E. . , where B. is a function of the initial
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energy, in our case E. 1. The highest lower "boundary E, among the

boundaries of the groups considered must satisfy the condition

K < [l - B. (E. .)]IE. nTc L inv l-lyj l-l

Group k will also be the first group to which a transition from group

i is possible in the case of inelastic scattering at a given level.

In a similar way we determine the number of the lowest-energy group

to which inelastic scattering from group i is possible. The lower limit for

this group, E m, is the maximum of all the lower limits of the groups

considered which satisfy the condition

E < [l - a. (E.)] x E.
m inv i/J l

In conclusion we might mention that at the present time, in view of

the absence of systematized data on the anisotropy of inelastic scattering,

one frequently has to assume in calculating the parameters for anisotropy

of inelastically scattered neutrons that inelastic scattering in the

centre-of-mass system is isotropic. This means that all w°(E') except

u are zero, while w in an expansion of type given in expression (70)

is equal to unity. In this case relation (70) may be written as:

2tiW^(h) j£g (85)



TABLE 2

I

L o c a t i o n of E. when t h e p o s i t i o n of E. is f i x e d
U_ _ f

Lnjon—{Conditions, tor the. deti
^PB- -Cmation of Ei and Ej.j

git,, .Conditions, tor the. determi
° C Ration of Ej and Ej-1

,~

t,,«»i-.'*-Kl

II-j Case 1; H. Case 2

III

II- Case 1 ; If-rCase 2

III

II-Case 1 ; 13- Case 2

III

III

RegidS

E,

Ei "
El

E, . _ \

E,

E, -

!.<E'<£,

E, -^

En 1

ionditions. tor the determi^
ation of Ej and Ej-in^}

I-Case 1 ; CT-Case2

III

Sir.

E,

En

I-Case 1 ; U-Case 2 |

III

II- Case 1 ; 17- Case 2

III

III

Transition impossible

E , . .:•

E, J

I-Case 1 ; iy- Case 2

I

I- Case 1 ; iy- Case 2

h
^Conditions, for the determi- -

ation of Ei and Ej-i

E
Ei 1/

l~-7>

i* "r

I-Case 1 ; U- Case 2 |
i . . ? • • - -

trflBsition impossible

Case 1 Case 2

E I = E ; I » ( E ?

W/ko

transitton impostible

transition imp"6isibf e

transition imposii'bfe

Conditions for the determi- -
atlon of Pi and fj_j .'

t i

transition Impossilfle

tuansition impossible

trjBpition impojslWe

• - ' ,

aopsttion imposiiBie

Condition I <^. E . Condition in ^ •(

Condition iy<~J "J
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H
Case 1

iminlEi) EmoilEj) Emin!Ej-i)Emoi(Ei-i)

Fig 18

Case 2 ElninlEj) Emln(E|-i)E'nioi(Ej)E'min<Ej-i)

Fig 19

Case 1 •Cu Emin(Ej) EroinfEj) EmlnlE^) Ernai(Ej-i)

Fig. 20

Case 2 EirtnjEj) EminlE^lEWEjl EmoxlEjH)

Fie. 21

H
Case 1 Emin(Ej) EracrfEj) EmlnlE^Em

Fig. 22

Case 2 ElninlEj) E'min(E^) ErnarfEj) Ernoi(Ejn)

I I

Fig. 23

Case
I
1

Ej
]
i
i
i

V
5

en
1 —

f 1 ! '

_ l !Ei !

i I

J i !
Fig 24 Fig. 25

Case 1
(May occur when scattering j±
takes place within the group '
under consideration) '

1 1 , r

Case 1

•ffiin(Ei) Emoi(Ej) EminlEj-') Emai(Ej-i)

El-i!
! i

Fig. 26

:nHn(Ej) En»jt(Ej

II I
I" i

Case 2 . ^

EJ

M
Case 2

EmlnjEj) EJnln

i EH i
j : i
= J i

Fig. 27

E> EJ-.
f T

! I

tw
El : i ,

j i

Fig. 28 Fig. 29
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1.3

Case 1 EminfEj) Emiffj) Emin(Ej-d Emarfff ()
* i I ' "

Fig. 30

•S 2.3

Case

• i

\
1

EjH

LLJ

r—
—

EminlEj) EmorfEj) E r r f j - i ) Eni<JJt(E )̂

[ i !

-•—HL i En I
1 ' I

Fig. 32

Case 2
(May occur when elastic |*
scattering takes place) 2

I I

1 I
-1 I

Case 2
(May occur when elastic .t
scattering takes pi ace) 1^

I !
I I
' i

Fig. 31

Emln(Ej) EmfriJ^-iJEJnoifEj} ErnurfFj-i)

i En EH
-i T i i

Fig. 33

(May occur when scattering y
takes pi ace within the group 1
under consideration)

Emln(E^) Emtr(Ej) Emin(E^-i) Em«!Ef-i)

i '

i'Udfo"

Fig. 34

u
T

• i •

1
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As a result we obtain:

(86)

Thus, in the case of scattering which is spherically symmetrical in the
centre—of-mass system, the coefficients of expansion for the angular
distribution of scattered neutrons in the laboratory system of co-ordinates
can be calculated analytically:

(87)
d|ic

It is a simple matter to determine -r— from relation (58). The calculation
of u is a rather laborious task. For that reason i t is convenient to replacem
the variables when calculating the integral in formulae (82) and (83 )» switching
from the laboratory system of co-ordinates to the centre-of-mass system. W.
will then have the form

(88)

and can be calculated analytically. If, namely, E*. (E. -)>E f (E.)» then
IBXn J^X IQCLJC J

Wyf£')-

i

(89)

i f Emin

l 1
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The limits of the region of group i from which scattering into group j

occurs are determined in this case as

£c • max. C £i , £ 'men. (£j) J >
Cn. L E£-<yE'm.** (£j-<)] • I (91)

Following the calculation of W^(E') » "t^ie parameters for the anisotropy

of inelastic scattering are calculated by means of formula (82),

The approximation which postulates isotropic inelastic scattering in

the centre—of-mass system has "been used, for example, to calculate parameters

for the anisotropy of inelastic slowing down of neutrons in fluorine, chlorine

and yttrium [l2],

5. CALCULATION OP GROUP PARAMETERS FOR THE
ANISOTROPY OP ELASTIC NEUTRON SCATTERING

In this section we shall consider certain details of the calculation

of group parameters for the anisotropy of elastic scattering, as set out

in the Annex.

These parameters are coefficients for expansion of the angular distri-

bution of elastic scattering leading to a slowing down of neutrons from

group i to group j and have been determined from expression (8l). The

initial data used were the coefficients B»(E) for expansion of the differential

cross-section in Legendre polynomials (cf. Refs [5] and [6]):

m-.O (92)

Hence

Si (£•)' ** (2** /J/Ce K'/O • & (*)' fa
" (93)

and

( 9 4 )



- 41 -

Comparing the expansions in expressions (70) and (92), we see that

&X (*')'<%(£') •*£(£') >
(95)

i.e. the quantity appearing in expression (8l).

In the particular case of elastic scattering considered by us

formula (8l) assunes the form

(96)

where

Let us re-write expression (96) in a form more suitable for practical

calculations:

(98)

where

i (99)
are the average group values of the mth harmonic of the elastic scattering

cross—section;

rn.cn. fet:Y, £j. • tf-f-

sr(£')*r (ioo)
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In formulae (99) and (100) q^E1) is the standard spectrum adopted

a priori. As in Ref. [l], we have adopted as standard the spectrum of
2-^U fission "by thermal neutrons for Ef> 2.5 MeV and the Permi spectrum

for lower energies:

-E-/O.96S-

I € Sk 12.29-f" npn E>2.5 MSB

( 1/e' npH EV2.5 M9B. (101)

The coefficients °f/n_ take i^
0 account errors associated with the

replacement of the integrals in expression (96) by the products (Bm/BQ) x

f£'
i

\ CE1) •&„. (£•) • </ ce'

Je.
snUh, (£<-t,e/-i/(<f-J)) rEt-t

order to calculate the correction factors "/^t.

(1Q2)

In order to calculate the correction factors "/̂ t. we use an

approximation of the energy behaviour of Bm(B») =<Je(E») x «m(E
f) (which we

assume to be averaged over the resonance characteristics) by step functions.

This is done in a group approximation. In this case

/run. fc-t, Ej-i/U-Ji))

e I
'' (103)

represents the correction coefficient applied to A ^ 3 for the difference

between the true form of the intragroup spectrum and the standard form.

In accordance with what has been said in section 2, we assume as an

approximation that the spectra of all harmonics of the neutron flux (averaged

over the resonance structure) coincide within the group under consideration.
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Thus, in expression (103) we can replace Pj(E') by P (E1) calculated in a step

cross-section approximation in the ARAMAKO programme [ll].

Further, in view of the fact that we have had at our disposal only a

relatively rough evaluation of the P^(E') form, it is natural to disregard

in calculating the correction factors *£rn, their dependence on.1 and m

due to scattering anisotropy, and to put

(104)

since in the case of elastic scattering (in the centre-of-mass system) the

average energy of neutrons slowing down from a particular group is given by

E(l + — £ ) . We may rely on this approximation giving acceptably accurate

corrections to the form of the intragroup spectrum for slowing down on

relatively heavy nuclei, when * <<C 4 Z//- & £fL< and when the B factors can differ

greatly from unity (if P (E1) differs greatly from the standard spectrum).

In the case of light nuclei, when £~ AIL; the values of the correction

factors will differ little from unity even when there are large differences in

P (E1) and 9(E*), since in this case neutrons can slow down from a large part

of the group, and the ratio of the flux averaged over that part to the average

flux for the whole group will be relatively weakly dependent on the shape of

the spectrum. Hence, it is not important to take into account the difference

(for different harmonics) in the effective parts of the group from which neutrons

can disappear as a result of slowing down.

The Agx J coefficients were calculated as early as 1964 [l5J» At that

time we had just begun work on systematizing the initial data on the anisotropy

of elastic scattering. The work was completed with the publication of an

"Atlas" [5] containing recommended energy dependences for the B (B*) coefficients
m

in the energy range from approximately 0.1 to 15 MeV for 42 isotopes. In con-

structing the recommended curves we used all available experimental data for each

element, and also the results of some theoretical calculations.
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The values of the group ratios B/B for 41 nuclei are set out in the

Annex, which also contains, for purposes of comparison, the values of

Co?" = 3jie (where \ie has been taken from Ref. [l]) for most elements.

In order to obtain appropriate group transition cross-sections from the

proposed parameters for the anisotropy of elastic scattering, it is necessary

to multiply these parameters by the group cross-sections o1 (cf. formula (80)

in section 4) set out in Ref. [l],

Note also that with the exception of S all tables of anisotropy parameters

comprise only 12 groups (S has 13 groups), the values of the moments of the

last (12th or 13th) group corresponding to scattering which is isotropic in

the centre—of-mass system. The implication is that in all groups lower than the

12th (or 13th in the case of S) the anisotropy parameters coincide with the

parameters of this last group. In groups 9-12 there are normally no experimental

data on angular distributions, and to obtain initial data for our calculations

we interpolated between the last values known to us (from the Atlas [5]);

u (E*) = B (Ef)/B (E) and w corresponding to the isotropic energy region (in

the centre-of-mass system of co-ordinates). For this reason, group-averaged

(interpolation) values u1 were used in calculating the anisotropy parameters

in groups 9-12 and not the B/B ratios.

For high energies and heavy elements six angular momenta are not sufficient

to describe the angular distribution. Thus the angular distribution developed

from the first 6 angular momenta shown in the tables can give a negative value

of the differential cross—section at some angles. For certain calculations this

factor has to be borne in mind (e.g. when analysing the angular albedo); but

for the integral characteristics (K „„, fast neutron dose) this inaccuracy in the

description of the angular distributions is negligible.

In conclusion, the authors wish to thank A.F, Larinaya, who did a vast

amount of work in calculating and checking the numerical data presented in

this report, and also N.A. Mkolaeva for help in preparing the data print-out

programmes.
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A N N E X

GROUP PARAMETERS FOR THE ANISOTROPY OP
NEUTRON ELASTIC SCATTERING

Key to tables (pp 48-IOI)

MeV

BO from group I to I + K
BO

when K is equal to

BO (etc.)
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Deuterium Tritium
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Phosphorus Sulphur
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Titanium Vanadium
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Chromium Manganese
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0.6762
0.2675
0.0550
0.0 150
0.0050
0.0000
o.oooe

1
1
I

B5
--
BO

3.0*6*
3.2930
2.6873
2.1573
1.1456
0.3393
0.0696
0.0 113
0.00*0
0.0030
0.0020
0.0000

1
I
I

»*
--
• 0

3.3621
2.9916
1.9760
1.2692
0 .4441
0.1104
0 .0225
0.00*0
0.0020
0.00 10
0.0000
0.0900

I
I
I

1
B5 !
-- 1
BO 1

3.19351
2.470JJ
1.06491
0.43601
0.1*261
0.03591
0.00751
0.00 17!
0.00 101
0.0000 1
0 . OOCOI
0.0000!

1



Lead Bi smuth

!--
!I

1 1

I 2
I 3
1 4
1 5
! 6
I 7

I ft

1 9

1 1 0

! 1 1

1 1?

I
I
I

E M3B

6.50000
<. 00000

2.50000
l.<0000

0 .80000
O.*OOOO

0.20000

0 . 1301)0

0.0«650

0.02 150

0.01000
0.00<65

I
3
I

3«MU

2.5*0

J .2KC

1 ,!»t
0 .930
0 .600

0 .390

0 . 42P

0 ,3 nC

0.150
J.JM1
0 . 030
t!. OOP

I
I
T

Bl
--
BO

2.1352
1 .8935
1.4721
1.11*1
0.6797
0 .4337
0.4554
0.2665
0.1500
0.0070
0.0040
0.00«7

I
I
1

B2
--
BO

2.99 10
2.6063
1.8722
1.2234
0.8067
0.5759
0.3289
0.0856
0 .0300
0.0 100
0.0050
0.0000

I
I
I

B3

BO

3.6691
2.8611
1.93'6
1.6999
1.0068
0.3596
0.0793
0.0 166
0.0000
0.00*0
0.0020
0.0000

I
1
I

B4
--
EO

3. 8444
2.8056
1 .6356
0.9109
0 . 44t>5

0 . DSD
0.0461

0.0255
0.0240

0.0 120

0.0050

0.0000

I
1
1

I

B5 I

!
BO t

3.81821

2.07291
0.71021

0.1467J

0.07961

0.03701
0.0449]
0.0046 1
0.0000 I
0.0000 1
o. o o o o i
0.0000 I

-I

—

1
2
3
4

s
«
7
8
9

1 10
1 1 1
1 12

I
1
I

J » MU

2.46P

2.160

1 .500
0 .930
0.630
0.420
0.300
0.210
0.150
0 . 060
0.000
0.000

I
I
I

B 1
--
BO

2 . 2«5t>
2.1194
1.4434
1.0243
0.6313
0.4220
0.3008
0.2110
0.1500
0.1000
0.0600
0.0095

1
I
I

B2
--
BO

3.1945
2.8410
1 .8934
1.2658
0.60 13
0.4 189
0.1664
0.046 1
0.0080
0 .0000
0.0000
0.0000

I
I
I

B3
--
eo

3.7101
3.1212
1.9479
1.6458
0.9884
0.3 160
0.0538
0.0 100
0.0020
0.0000
0.0000
0.0000

I
I
I

64
--
BO

4.0382
3.0536
1.7785
1.1709
0.3606
0.0977
0.0050
0.0000
0.0000
0.0000
0.0000
0.0000

I
I
I

J
85 1
-- J
eo i

3.80031
2. 49231
0.92841
0.27361
0.04541
0.0372]
0.006 11
0.00041
0.0000]
0.00001
0 .0000J
0.00001

- I

Thorium Uranium-235

8

1
r

I
t
1
i

i

i
i
i
T

1
I
I
1
I
I

1
?

4

5
6
7

A
9

1 0

1 1
1 2

I
1
I

E MSB

i.50000
4,0001) 0

2.50000

1.40000
0.8000 0
0.40000

n . 20 oo o
0 . 10000
0 . 0 4 6 5 0

0 . 0 2 1 5 0

0 . 0 1 0 0 0
0.00 465

I
1
1

3«MU

2.520

2.40(1
2.1 3n
1 .59(1

1 ,2*fl
0,990

0 . 6 J 0

C . 3««
o . 2 in
0 . 12f>
0 . Oftfl

0 . 0 JO

1
I
I

Bl
...
80

2.3957

2.2525

2.0500

1.7400
1.3 120
1.0282
3.6247
0.3717

0.2600

0.1500
0,OflOO
(1 . 0086

I
I
I

B2
.-
BO

3.3641

3.20*u
2.7030

1.98 12
1.2203
0.7099
0.294 4

0.1074
0.0400

0.0100

0.0050
0.0000

I
I
1

B3
-.
BO

4.03*3

i.512J
2.93U4
2.3385
1.17/9
0.372 1
0.06*4
0.0209
0.0 100
0.0050
0.00^0
0.0000

I
I
1

B4
...
BO

4.6)57

1.6432
2.9353

2-0375
0.6218

0.1207

0.0043

0.0000
0.0000
0.0000

o.oooo
o.oooo

1
I
I

!

Bl t
1

BO I

4.4S741

J. 14UU t
2.2366!
1.19441
0. 1820 I
0.0348!
0 . 0 M B I

0.0060 1

0 . 003U I

0 . 00 11) 1
0 , 0 0 B 0 I
0 . 0 0 0 0 I

1

1
I 2
3
4

[ 5

I 6
7

t 8
9

t 10
1 1

12

I
1
I

3«MU

2.520

V . 4 0 0
2 . 1 3 C

1 . 6 5 0

1 . J 5 !)
1 . 0 5 0

P . f 9 P
f . 390

P .2 1 0

r . 120
0 . 06f!
P . 03(1

I
1
1

B 1

BO

2. 4075

2 . 4 5 7b

2 . 122!)
1.6668

1.3RB6

1.0829
0.7 104

0.4043
0.2J0U

0.1?OU
0.030 0

0.0085

1
I
I

B2
--
BO

3 . 5 5 2 J

3.4?7i

2 . 5 9 5 1
1 . 7 0 9 5
1 . 2 4 3 7

0 . 7 3 7 7

0 . 3 4 3 1
C . 1 40 4

o. 06or
0 . U 3 0 0

o . o i o n
o.oooo

I
I
1

B3
--
BO

4.2160

3.8823
3.0238
2.3047

1.3192

0.3896
0.0954

0.0332

0.0 150
0.0070

0.00 10

0.0000

I
1
I

B4
--
BO

4.630 1

3 , 80.10

2.7888
1.8645

0 .6733
0.1424

0.040?

0.0166
0.0070

0.0030

0.0000

0.0000

I
1
I

I
B5 I

-- I
BO I

4.55951

3.64 ?P I

2.3850]
1.1691]
0.16141

0.0 1851

0 .0000 I
3.0000 1

0 . 0000 I
0 .(70001

0 .0000 I

0.00001



Uranium-238 Plutonium-239

I ]

I I

I I

1 1

1 i

1 3

I 4
] •(

I 8
I 7
I 8
I 9
! 10
I 1 1
M 2

E M3B

6.50000

4.00000

2.50000

1.40000

0.80000

0.40000

0.20000

0.10000

0.04650

0.02150
0.01000

0.00465

I
I
I

3 > M U I

r
i

2.S20
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2.13c

1 . 59C
1.260
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0.210
0.120
0.060
0.03(1

61
--
P0

2.4145
2.2650
2.1614
1.5624
1.340 1
1.C273
0.6464
0.348 1
0. 1700
0.0700
0.0300
0.0084

I
1
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--
80

3.2481
3.0926
2.8510
1.7177
1.201*
0.7551
0.3307
0.1138
0 .0400
0.0150
0.0070
0 .0000

I
I
I

B3 I
-- 1
se i

3.8105
3.47*1
3.0173
1.836*
1.02*0
0.3328
0.03»2

-0.01»1
-0.0 100
-0.0040
0.0000
0.0000

p4 I

I
BO I

3.8070
3.3733
2.8899
1.472»
0.5760
0.1571
0.0361
0.0313
0.0 130
O.OOSO

0.0000

0.0000

83 I
I

BO 1

3.60151

2.90851
2.2425 1

0.60231

0.0 162]

-0.03841

.0.04 28 1
-0.02441

0.COOO I

0 .0001) 1

o.ooooi
0.00001

1

J--

1 1
I 2
I 3
I 4
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I 6
I 7
I 8
t 9
! 10
1 11
112

I
I
1

3-MU

2.520
2.400
2.130
1 .650
1 .350
1.050
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0.390
0.210
0.120
0.060
0.D30

1
I
I

61 I

1
BO I

2.330 1
2.3015
1 .9970
1 .6564
1 .3772
1.0583
0.6877
0.3543
0.1800
0.0800*
0.0400
0.0084

B2
--
BO

3.3264
3.153?
2.4223
1.8058
1 .2671
0.6966
0.2068
0.0652
0.0250
0.0100
0.0050
0.0000

I
I
1

B3
--
BO

4.0428
3.5209
2.5J4S
2.0469
1.2685
0.4)85
0.0938
0.0276
0.0130
0.0060
0.0030
0.8000

I
1
I

B4
--
BO

4.3842
3.6050
2.6887
1.6766
0.6555
0.137]
0.025 1
0.005 1
0.0800
0.0000
0.0000
0.0000

I
1
I

»5 ]
*- I
BO I

4.19961
3.034 51
\.69261
0.72741
0.17031
0.0259]
0.00061
0.0000]
0.0 DO 0]

O.OOOOI

O.OOOOI
O.OOOOI

1

I
I- 1

o
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GROUP GROSS-SECTIONS FOR THE CAPTURE OP PAST NEUTRONS
BY FISSION FRAGMENTS

Abagyan, L.P., Nikolaev, M.M.

Since the compilation of the 26-group system of constants for fission

fragments in 1962 and l°-63 [l] a large amount of experimental data on the

capture cross-sections of various fission products has appeared, making it

possible not only to improve our calculation of the cross-section for all

fragments together, but also to forecast reasonably reliably in a wide

energy region how the capture cross-section develops for individual fission

product nuclei.

Predictions can be made on the basis of various nuclear reaction models,

the model parameters selected being those that give the best theoretical

description of the available experimental data. The density of the network

of experimental points in the space (A, E) determines the reliability of the

results obtainable from calculations of this kind.

Work of this nature - covering the energy region from 1 keV to 10 MeV

for stable nuclei with 3 2 ^ Z<c 66 resulting from fission — was carried out

in 1969 by the Benzi group in Italy [2, 3j.

In the present report we give the results of averaging the fragment

capture cross-sections evaluated by Benzi and co-workers over the standard

spectrum adopted in Ref.Cu (fission spectrum above 2.5 MeV, Fermi spectrum

below that energy) within the groups of the 26—group breakdown [lj.

Group constants in 1 to 14 groups are given both for individual isotopes

and for their natural mixtures. For elements for which in Ref. [l] and the

later supplements [4» 5» 6] there are no complete tables of group constants,

these data can be recommended for direct use.

The method of calculating the cross-sections in Ref.[2]consisted of

five stages:
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1. Prom the bibliographic system (CINDA) and the data library

(NEUDADA) all relevant information was extracted concerning

the experimental data on capture cross-sections for each of

the elements considered. In cases where there was a reference

in the CINDA system and where the corresponding files were not

present in the NEUDADA library, the data were taken directly

from the literature;

2. In some cases relative measurements were converted into more

modern standard cross—sections. For this purpose calculations

were first made of the capture cross-sections of I, In and Ta
235

and of the fission cross-section of Uj

3. Resonance parameters in the resolved resonance region were analysed

to obtain average resonance parameters. Data for level schemes

were collected;

4. As a first approximation resonance parameters obtained from the

resolved resonance region were used in calculating o . The

calculations were compared with experimental results on capture

cross—sections and, where necessary, the parameters were adjusted

with a view to achieving agreement with the experimental curve.

The sum of the capture cross—section curves for individual isotopes

was compared with the curve for the element;

5. In some cases the theoretical data were corrected, for example to

reproduce the behaviour of the cross—sections in the low—energy

region, which is not given by the model, or to eliminate false

peaks resulting from inaccuracies in the formulae applied.

The calculation of the capture cross-sections was carried out in the main

on the basis of the Hauser Feshbach theory; the method is described in detail

in Ref.[7J. The penetratior actors necessary for the calculations were

determined in the strong interaction approximation (see Ref.[8]). In the region

of resolved inelastic scattering levels the competition between inelastic

scattering and capture was taken into account in detail; at higher energies
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it was averaged, on the "basis of the energy dependence adopted for the level

density. In the region of high level density an averaged formula [9] was

used instead of the detailed Hauser Feshbach formula.

In allowing for the energy dependence of the radiation width, the

effect of the giant dipole resonance was taken into account as proposed

by Axel [io].

The calculations showed that at energies "below 1 keV the differences

between the formulae for the probability of radiation transition of the

excited nucleus proposed by Axel [lO] and Weisskopf [ll] have virtually

no effect on the results.

The level density was calculated on the basis of the Fermi gas model,

with allowance for the pairing energy. The values of the a-parameter for

the density of single—particle states near the Fermi surface were determined

from the systematics.

To the compound nucleus capture cross-section was added the direct capture

cross—section calculated by the method of Lane and Lynn [l2], approximate

account being taken of the shell effects (see Ref.[2]). Collective mechanisms

were taken into account by means of the Brown coefficient [l3, 2]. In the

high-energy region the (n,2y) process was taken into account [14]. The giant

resonance parameters were taken from the Goryachev systematics [15]. A

summary of the working farmulae is given in Ref. [2], which also contains

tables showing the calculation methods and values of theoretical parameters

used in specific cases, viz:

1. The energy regions in which calculations were carried out by one

formula or another;

2. B ( N ) - the binding energy of the neutron in the compound nucleus (MeV);

3. P - the average radiation width at B (eV);

4. D , — the observed distance between levels at B (eV):

obs n
5. Sy = Lf/Dobs] x 10

3;
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6. A(c) and A(-fc) - the parameter a of the level density of the

compound nucleus or target nucleus (MeV~ );

7. D(c) and D(t) - the correction for the pairing energy - A

of the level density of the nucleus or target nucleus (MeV);

8. R and rn - the radius of the nucleus and the constant where
° 1/3

R = r kx/* (Fermi);o o '

9. E ,T - the energy and width of the giant resonance (MeV);
K H

10. I - the spin of the ground state of the target nucleus;

11. The level scheme of inelastic scattering (ET = the energy of

the first level, in MeV).

Some of these initial data are presented in this report (Table l).

Benzi and Reffo [2] note that for many fission fragments the errors

in the cross-sections calculated by them can amount to ^Ofo. Obviously,

the less experimental information one has the poorer the reliability of

the data becomes. In Table 1, therefore, we indicate where experimental

data on one isotope or another are available and the degree of accuracy

achieved in describing them. These indications were compiled on the basis

of the calculation graphs with experimental points presented in Ref, [3]»

The results of averaging the calculated capture cross-section of Benzi

and co-workers for the first fourteen groups of the 26-group constant system

(l keV-10.5 MeV) are given in Table 2. Table 2 contains capture cross-

sections calculated for natural mixtures of various elements (the isotopic

fractions in the natural mixtures were taken from Gordeev and co-workers [2lJ).

In the notes on Table 2 the group capture cross-sections obtained in this work

are compared with those published earlier.

Finally, the table includes capture cross—sections for fission fragments
2^i 23S 3' ' 239

of U, U and Pu calculated on the basis of the total yields given in

Table 2 (the three lines at the bottom of the table) and compiled in accordance

with Cenacchi [22],
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TABLE 1

i Target
'nucleus

Ge
Ge-70

Ge-72

Ge-73

Ge-76

As-75

Se
Se-74

se-76

se-77

s«-78

Sc-80

Br

Br-79

Br-8I

Kr

Kr-78

Kr-80

Kr-82

Kr-83

Kr-84

Kr-86

Target
mcleus

spin
I

0

0

9/2

0

0

3/2

0

0
1/2
0
0
Q

3/2

3/2

0

0

0

9/2

0

0

n

MeV

7.415

6.765

10.196

5.486

6.030

7.326

8.026

7.415

10.491

6.971

6.715

7.4

7.879

7.59*7

8.383

7.850

7.467

10.519

7.122

5.511

obs

eV

3542

37S0

96

5304

3489

74

1628

1237

100

II4I

5598

2927

45.2

90

630

745

793

32

6863

26I2D

MeV

350

300

240

250

260

300

300

300

360

350

200

250

350

190

310

300

265

240

230

190

A(c)

-i

! Region of
j experi-
; mental
I points

.̂1 ILfcJUJ T- , f | , -»»«»-

MeV ;! Fermi | keV

10.00

10,60

10.20

10.60

11.70

11.65

10.40

11.35

11,65

12.00

10.50

10.50

11.80

11,40

11.20

11.60

12.00

11,30

10.00

10.20

5.200

5.224

5.248

5.295

5.248

5.295

5.318

5.341

5.386

5.431

5.364

5.408

5.341

5.386

5.431

5.453

5.474

8.5+4000

25

3*6000

Agreement between
calculated and
experimental

values

good

good
^Below 30 k3V the
|curve runs 20 to 50$
j"below the points

25*05C(5x)j Wide scatter of points

12*3200

1-14600

25+4000

25+4000

good

good

good

satisfactory
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TABLE 1

continued

I 2

ffb

Rb-85 5/2
Rb-87 3/2

S r

Sr-84 0
Sr-86 0
3r_8? 9/2
Sr-88 0

v -89 1/2

Zr
Zr-90 0
Zi--9I 5/2
Zr-92 0
Zr-94 0
Zr-96 0

^ - 9 3 9/2

Mo
Ko-92 0
Uo-94 0
Mo-95 5/2
Mo-96 0
Mo-97 5/2
Mo-98 0
Mo-100 0

Ru

Ru.ge 0
Ku-98 0
Ru-99 5/2
Evi-IOO 0
Bu-IOI 5/2
I*u_iO2 0
Ru-104 0

3

8.637
6.130

8.482
8.437

II.100
6.393

6.869

7.194
8.640
6.750
6.468
5.575

7.213

8.053
7.374
9.157
6.816
8.642
5.918
5.390

1

'. 8.040
7.469
9.671
6.806
9.216
G.248
5.976

4

127
1319

425
2167

308
7000

2.505

6254
572

3286
3982
4117

87

3245
1936

95
907

75
1156

1561

310

666
28.6

638
17

229
662

5

230
190

265
230
205
190

190

190
180
160
155
170

160

190
160
160
130
190
160
135

180

170
180
ISO
160

170
150

6

9.94
10.10

II.71
10.10
8.79

10.84

9.58

10.20
10.70
11.45
II.61
12.82

11.20

10.17
11.44
12.30
13.10
13.22
14. II
14.60

12.88
12.70
13.20
13.65
14.42
15.99
15.00

7

5.496
5.539

5.474
5.518
5.539
5.560

5.581

5.602
5.622
5.643
5.684
5.724

5.663

5.643
5.684
5.704
5.724
5.743
5.763
5.802

5.724

5.763
5.783
5.802
5.821

5.840
5.878

8

1+400
1+2500

25+4000

25+850(5T)

2 5 + I 3 0 ( 4 T )

2 5 + I 3 0 ( 4 T )

12+4000

1+1000
1+50
1+60

30
I.5<-200
25+200(3T)

I+I400

1-1000

1+45
1+50
1+60
1+3000

1+6000

1+1000
25,200

25,200
25+3000(4T)

9

good
good
good

Wide scatter of
points; curve passes
through bottom

good
good

satisfactory

good
good
good
good
good

wide scatter of points

good

satisfactory

satisfactory
good
good

wide scatter of points;
below 50 keV the curve
passes through the
bottom points

good
good

good

wd.de scatter of points
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TABLE 1

continued

I

Eh-I03

Pd
Pd-I02
Pd-I04
Pd-I05
Pd-I06
Pd-I08
Pd-IIO

As
As-I07
As-I09

Cd
Cd-I06
Cd-I08
Cd-HO
Cd-III
Cd-II2
Cd-II3
Cd-II4
Cd-II6

-In
In-113
In-II5

Sn
3n -112
Sn-H4
5n-II5
3n-H6
3n -117
Sa-H8
3n-H9
Sn -120

2

1/2

0
0
0

5/2
0
0
0

1/2
1/2

0
0
0

1/2
0

1/2
0
0

9/2
9/2

0
0

1/2
0

1/2
0

1/2
0

3

7.002

7.608
7.091
9.548
6.532
6.150
5.740

7.275
6.824

7.929
7.381
6.975
9.399
6.538
9.048
6.143
5.764

7.312
6.725

7.744
7.537
9.563
6.941
9.331
6.481
9.110
6.181

4

33

278
291

9.55
339
415
624

21
19

52.5
136
167
30

251
25.9
164
653

7.32
9.14

158
352
99

417
57

1051
,77
1531

5

195

180
160
150
140
120
140

130
135

180
155
135

no
105
100
100
84

70
75

no
95
88
65

110
80

no
70

6

14.73

13.70
14.40
14.80
15.10
15.50
15.70

I5dO
15.90

15.50
15.10
15.50
15.08
15.70
15.80
17.10
15.80

14.5-4
15.10

14.52
13.84
13.50
14.50
14.50
14.00
14.45
14.00

7

5.859

5.840
5.878
5.897
5.916
5.953
5.989

5.934
5.971

5.916
5.953
5.989
6.007
6.025
6.043
6.061
6.096

6.043
6.079

6.025
6.031
6.079
6.096
6.114
6.131
6.148
6.166

6

1+4000

1*160

25-200(41)
25+4000(4T)

I+IOOO
3+40C0
3+600

1*800

25,
25

I+IOOO
350-1000
25+1500

25+1000

9.5+50
8.5+50
8.5+50
8.5+50
9 + 50

9

good

good

good
good

good
good
good

In the 50-500 keV range
the curve passes 20-50$
higher than the points

The curve runs 39$
above the points
The curve runs 59$
below the points
at 3O,keV the curve runs
20-5056 below the points

good
good

good

good
good
good
good
good
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TABLE 1

continued

I

Sn-122
Sa-I24

Sb

Sb_I2I
Sb-I23

Te
Te-I20
Te-I22
Te-I23
Te-I24
Te-I25
Te-I26
Te-I28
Te-I30

i -127

Xe
Xe-I24
xe-I26
Xe-I28
xe-I29
re-I30
Jre-131
xe-I32
sce-134
lce-136

Cs-133

B a -
Ba-I30
Ba-I32
Ba-I34
Ba-I35

2

0
0

5/2
7/2

0
0

V2
0

1/2
0
0
0

5/2

0
0
0

1/2
0

3/2
0
0
0

7/2

0
0
0

3/2

3

5.932
5.767

6.793
6.432

6.976
6.943
9.408
6.603
9.092
6.314
6.116
5.895

6.797

7.610
7.200
6.913
9.259
6.603
8.932
6.531
6.560
4.460

6.705

7.633
7.370
7.200
9.230

4

2116
3074

9.6
34

167
225

19
499
48

741
2700
6290

13

83
157
245

34
395

34
735

1600
14760

22

104
197
360

45

5

80
80

86
86

84
100
100
100
100
65
65
65

100

86
90
95

105
110

no
no
no
92

125

95
108

no
106

6

14.00
13.80

'15.80
14.37

15.80
15.50
15.90
15.00
15.20
14.97
13.55
12.73

15.60

15.80
15.70
I5.6C
15.50
15.50
15.10
14. cC
13.75
14.1-5

14. cc

is.?:
15.2:
14. c'.
14.4'.

7

6.200
6.233

C.I83
6.217

6.166
6.200
6.217
6.233
6.250
6.267
6.300
6.332

6.283

6.233
6.267
6.300
C.3I6
6.332
6.348
6.365
6.397
£.428

6.331

6.332
5.365
5.397
6.412

8

30-S-4000(4T)

30

I+IOOO

25,200
20,25,200

25,30,65

30+125
30+125

1*125
I+I25
I+I25
I+I25
I+I25

1+5500

I+I60

30,65

3

good
good

In the 10-100 keV
region the curve runs
20% above the p o i n t s
wide sca t te r of points
wide sca t te r of points

wide sca t te r of points

good
good
good
good
good
good
good

good

1

Below 20 keV the
curve runs 4-&P above
the points

good

— i
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TABLE 1

continued

I

Ba-I36
Ba-I37
Ba-I38

La

La-I38
La-I39

Ce
Ce-I36
Ce-I38
Ce-I40
Ce-I42

P P - I 4 I

Hd

Nd-I42
Nd_I43
Hd_i44
Nd-I45
Nd-I46
Nd-I48
Ha-ISO

Sm
3m -144
Sm _I47
Sm-I48
Sm -149
Sm -150
Sm -152
Sm-I54

2

0
3/2

0

5
7/2

0
0
0
0

5/2

0
7/2
0

7/2
0
0
0

0
7/2

0
7/2

0
0
0

3

6.952
8.540
4.717

8.792
5.000

7.840
7.508
5.438
5.105

5.853

6.100
7.830
5.744
7.561
5.288
5.042
5.410

6.763
8.142
5.846
7.981
5.609
5.886
5.819

4

1052
214
14940

39
484

186
656

3000
1000

114

2340
34

677
24.1
370
217
113

610
6.5
167
3.1

97
58

100

5

100
95
50

99
80

no
110
70
50

75

92
70

65
67
50
76

95
95
66
95
80
66
95

6

13.80
13.40
13.70

12.70
13.43

14.80
13.70
11.86
17.34

14.56

14.15
16.07
16.65
17.10
18.70
20.35
20.60

15.00
18.00
18.80
19.50
20.35
20.60
19.91

7

6.428
6.444
6.460

6.460
6.475

6.428
6.460
6.491
6.521

6.506

6.521
6.537
6.552
6.567
6.582
6.612
6.642

6.552
6.597
6.612
6.627
6.642
6.671
6.700

8

25*4000

1*3000

30,65,400

25.
200.

1+3000

160+2500
180+2500

I+I80
30.
30.
25,30
30.
25,30
25-200(4T)
25+6000

9

In the 100-1500 keV region
the curve values are twice
those of the points

satisfactory

wide scatter of points

good
good

satisfactory

satisfactory
satisfactory

The curve runs 30-100$
below the points

good
good
good
good
good
good

Above 100 keV the curve
values are twice those
of the points
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TABLE 1

continued

I

Eu
Eu-I5I
Eu-153

Gd
Gd -152
Gd -154
Gd -155
Gd -156
Gd -157
Gd -158
Gd -160

Tb-159

Dy
By-156
Ey -150
Dy -160
Dy -161
Dy -162
Dy -163
Dy -164

2

5/2
5/2

0
0

3/2
0

3/2
0
0

3/2

0
0
0

5/2
0

5/2
0

3

6.291
6.385

6.480
6.456
8.527
6.347
7.920
6.031
5.65

6.400

6.&3O
6.851
6.448
8.204
6.253
7.656
5.635

0.97
I

29
16

2.18
47

5.04
72

144

3.03

23
26
49

2.06
132
6.25
167

5

90
95

57
63

100
82
86
89
98

no

960
100
100
116
117
103
100

6

21.12
20.90

20.35
21.52
20.11
19.99
20. TO
20.06
19.86

20.00

20.10
19.90
19.80
20.35
18.70
19.80
19.80

7

6.656
6.686

6.671
6.700
6.715
6.729
6.743
6.758
6.786

6.772

6.729
6.758
6.786
6.800
6.814
6.828
6.842

8

1+200
1+2500
1*40

T.TQA

54-3000
25,3000

1*3000

I+I80

30+180
30+150
30*150
25.

9

curve 30-100$ low
curve 30-100$ low
Below 30 keV the curve runs
up to 50$ below points
Below 30 keV the curve runs
up to 50$ below points

satisfactory-
Curve 2-3 times higher
than points

good

satisfactory-

good
good
good

Curve values twice
those of points



- 112 -

TABLE 2

Multigroup capture cross-sections and total yields of
stable fission fragments

o
• H
-H>
O
(V

m
to
ID

8-

Energies off
_groups_j__keV

6500-10500
4000 - 6500.
2500 -4000!

1400 -25001
800 - I400J
400 - 800'
200 _ 400
iOO - 200

46.5 - 100
21.5-46.5
10.0 -21.5
4.65-10.0
2.15- 4.65
1.00 • 2.15

.-Elements
i\

74
Se

76
Se

77
Se

78 Se 80

i

O 0) CO O

1
2
3
4
5
6
7
8
9

10
II
12
13
14

0.00164
0.00570
0.0I2I
0.0136
0.0155
0.0399
0.0505
0.0578
0.0759
0.1236
0.I9II
0.2483
0.3639
0.6764 ,

0.00230
0.00818
0.0184
0.0I8I
0.0200
0.0430
C0633
0.0721
0.0956
0.1525
0.2276
0.2947
0.4463
.0,8578

0.00297
0.00815
0.0179
0.0279
0.C333
0.0584
0.1578
0.2856
0.3869
0.5522
0.8720
1.339
2.491
c.044

0.G0256
0.00356
0.0270
0.0306
0.0301
0.0646
0.C755
0.0871
0.II62
0.I8I3
0.2638
0.3426
0.5347
1.053

0.00019
0,00074
0.00213
0.00368
0.00388
0.0II73
0.01458
O.CI790
0.0214
0.0323
0.0604
0.0910
0.1308
0.1905

0.000S3
0.00290
0.00714
0.00310
0.00369
0.023 8
0.0295
0.0342
0.0420
0.0679
0.II77
0.I6I7
0.2223

0.00121
0.00429
coins
0.01364
0.01427
0.03186
0.04609
0.06120
0.08046
0.I2I66
0.I9I24
0.270S9
0.44360
0.84134

0.031 CIO
0.0III 0.020
0.01 0.025

0.28
0.11
0.07

0.70
0.35
0.17

p.

o
•HO
0)

T
CO
CO

oo
0>

o

do
•H

i m

Energies of j \E lemen t s r,Q
groups, keV

6500-10500
4000-
2500-
1400 -
800-
400 -
200 -
100 -

46.5 -
21 .5-
10.0-
4.65-
2.15-
1.00-

d ^-- L
<D 03 O

& Q) -•

6500
4000
2500
1400
800

- 400
- 2C0
- 100
46.5
21.5
10.0
4.65
2.15

-233
-235

-239

i

I
2
3
4
5
6
7
8
9

10
I I
T O

13
14

52 0 e

0.00II8
0.00387
0.0II4
0.0I2I
0.0296
0.0295
0.03II
0.0359
0.0453
0.0750
0.1262
C.I6S3
0.2355
0.3998

72
G e

0.00083
0.00383
0.00744
0.00789
0.0II7
0.0259
0.0269
0.03II
0.0383
0.0628
0.1039
0.1493
0.2058
0.3353

0.0499

0.04I5

0.03I2

(O

G e

0.00046
0.00115
0.00242
0.0128
0.0570
0.0673
0.0851
0.1310
0.1976
0.3369
0.5737
0.8785
1.637
3.429

0.0a33

0.0^20

0.0325

74
Ge

0.00045
0.00159
0.00431
0.00405
0.00443
0.0137
0.0I8I
0.0217
0.0258
0.0406
0,0745
0.1082
0.1512
0.2280

0.0390

0.0335

0.0362

7S
G«

0.00060
0.00237
0.0059?
0.00752
0.00734
0.0172
0.0268
0.030?
0.0373
0.0603
0.1055
0.1460
0.2010
0.3225

0.0268

0.015

0.023I

Ge

0.00073
0.00271
0.00661
0.00769
0.0I5S5
0.02470
0.02899
0.03630
0.04729
0.07793
0.I352I
0.19399
0.30123
0.54554

. 7 5
33Aa

0.00189
0.00558
0.0120
0.0227
0.0274
0.0459
0.1347
0.233-1
0.3325
0.E030
0,8366
1.3009
2.440
4.S82

0.0223

0.02I2

0.02I4
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i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

U-233
U-235

Pu-239

Br7*
3F

0.00285
0.00831
0.0185
0.0306
0.0455
0.0823
0.2102
0.3769
O.52II

0.7793
1.308
1.692
2.673
4.617

0,19
0,055
0,04

Br81

0.00047
0.00159
0.00392
0.00932
0.0238
0.0488
0.0895
0.I4I9
0.2071
0.3304
0.5368
0.8078
1.470
2.087

0.46
0.14

Br

0.00167
0.00498
0.0II29
0.02007
0.03476
0.06572
0.15048
0.26062
0.36373
0.55718
0.92656
1.2545
2.0780
3.3649

0.00452
0.0154
0.0315
0.0334
0.0314
0.0522
0.1034
0.1225
0.1664
0.2479
0.3482
0.4638
0.7740
1.585

Kr80

0.00318
0.0116
0.0273
0.0267
0.0316
0.0775
0.0918
0.1066
0.1437
0.2189
0.3II5
0.4089
0.6618
1.333

0.0339

0.0^10

Kr82

0.00206

0.00819
0.0258

0.03942

0.04292

0.08II
0.0822

0.0939

0.I25I

0.I94I

0.2810

0.3655

0.5743

1.135

0.044I

0.0036

Kp83

0.00081

0.00220

0.00537

0.0168

0.0664

0.1453

0.1806

0.2681
0.3978

0.6409

1.116
1.969
3.649
7.147

1.07
0.50

Kr8*

0.00026
0.00092
0.00329
0.00486
0.00787
0.0139
0.0139
0.0172
0.0207
0.0307
0.0576
0.0877
0.1275
0.1844

1.79
0.94
0.47

Kr86 ;

0.00047
0.00II8
0.00155
0.00138
0.00327
0.00446
0.00417
0.00517
0.00682
0.00866
0.0152
0.0254
0.0458
0.0718

3.01
1.81
0.76

i

I
.2.
3

4.
5
6
7
8

9
10

II
U
13
14 •

U-233
U-235

Pu-239

Kr

0.000650
0.00224
0.00647
0.01022
0.01850
0.03678
0.04144
0.05535
0.07721
0.I2I3I
0.20507
0.33486
0.58609
I.1099

85
3 7Hb

0.00110
0.00267
0.00563
0.0124
0.0307
0.0493
O.0720
0.II22
0.1727
0.2872
0.4754
0.6306
0.9056
1.212

2.37
1.38
0.539

87
Hb

0.00030
0.00073
0.00135
0.00227
0.00275
0.00329
0.00849
0.0II7
0.0162
0.0271
0.0536
0.0757
0.0959
0.2073

Hb

0.00088
0.00213
0.00444
0.00958
0.02292
0.03704
0.05431
0.08424
0.IJ9II
0.21476
0.35793
0.47606
0.68024
0.93^34

84

38 S r

0.00440
0.0164
0.0436
0.0709
0.0769
0.1270
0.1240
0.1470
0.1984
0.2894
0.4038
0.5443
0.9265
1.910

86
S r

0.00083
0.00275
0.00754
0.0157
0.0338
0.0331
0.0348
0.0404
0.0502
0.0816
0.1381
0.1865
0.2584
0.4325

0.0424

37
S r

0.00056
0.00055
0.00II3
0.00337
0.0143
0.0243
0.0319
0.0469
0.0706
0.1270
0.2283
0.3381
0.5698
1.141

4.47
4.50
0.92

j
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1

I
2
3
4

5
6
7

8
9

10
I I
12
13
14

U-233
U-235

Pu-239
/

88
Sr.

38
0.00240
0.00538
0.0II3
0.0196
0.0169
0.0126
0.0I2I
0.0I5I
0.0182
0oi6Q
0.0487
0.0759
0.II36
0.1624

5,36
3,58
1,39

S r

0.00213
0.00484
0.01040
0.01836
0.01872
0.01608
0.01635
0.02057
0.C2604
0.04005
0.0721I
0.10784
0.16446
0.26753

89V
39 *

0.00038
0.00145
0.00341
0.00419
0.00716
0.00882
0.00915
0.0120
0.0156
0.0237
0.0452
0.0716
0:1136
0.1789

6.28
4.73
1.74

90

40 Z r

0.00108
0.00302
0.00570
0.0143
0.0101
0.00801
0.00772
0.00986
0.0124
0.0167
0.0308
0.0499
0.0397
0.0170

6.40
5.77
2.05

91
Zr

0.00037
0.00083
0.00503
0.0164
0.0175
0.0188
0.0221
0.0310
0.0449
0.0799
0.I49I
0.2244
0.3696
0.3206

7.17
6.30
2.61

92
Zr

0.00065
0.00222
0.00434
0.00545
0.0125
0.0172
0.0167
0.0204
0.0243
0.0360
0.0667
0.1040
0.2625
0.0793

6.63
6.03
3.14

94
Zr

0.00024
0.00095
0.00276
0.00472
0.0106 C
0.0152
0.0144
0.0178
0.0213
0.0307
0.0572
0.0829
0.0499
0.0199

6.70
6.55
4.48

%
Zr

QP00I9
0.00080
0.00296
0.00618
).0I08
0.0150
0.0138
0.0167
0.0199
0.0281
0.0522
0.08II
0.1200
0.1632

i

~ I
2
3

4

5
G
7
8
q

10
II
12
13
U

U-i

fti-O

V
Zr

0.00076
0.00222
0.00480
0.0III3
0.0II45
0.01224
0.01222
0.0I56I
0.01984
0.02985
0.05542
0.08537
0.II894
0.06635

33
35
39

9 3 V
41 N**

0.00052
0.00147
0.00321
0.00844
0.0418
0.0573
0.0702
0.I0I2
0.1527
0.2604
0.4963
0.3198
1.344
1.892

7.02
6.61
3.97

92
4 2 M o

0.00200
0.00510
0.00979
0.0157
0.0193
0.0152
0.0152
0.0190
0.0229
0.0338
0.0631
0.0957
0.1364
0.1899

94
Mo

0.00II5
0.00536
0.0132
0.0II6
0.0180
0.0300
0.0302
0.0353
0.0425
0.0673
0.II79
0.1639
0.2198
0.3231

95
Mo

0.00I0I
0.00278
0.00615
0.0169
0.0437
0.0733
6.0931
0.1380
0.2036
0.3333
0.5477
0.8185
1.313
1.853

6.02
6.55
5.03

96
Ho

0.00133
0.00533
0.0142
0.0208
0.0232
0.0469
0.0480
0.0537
0.0662'
0.1063
0.1735
0.2296
0.27II
0.1925

0.0265
0.0559
0.0236

97
Mo

0.00068
0.00199
0.00481
0.0II3
0.0561
0.0975
O.II53
0.I59I
0.2329
0.3759
0.6149
0.9235
1.605
2.066

5.8
6.33
5.65

98
Ho

0.00101
0.00445
0.0130
0.0260
0.0266
0.0493
0.0485
0.0535
0.0652
0.1040
0.1705
0.2268
0.3II3
0.3616

5.25
5.93
5.89

100
Mo

0.00044
0.00218
0.00697
0.0139
0.0II6
0.0227
0.0345
0.0386
0.0456
0.07II
0.1236
0.I7I7
0.2702
0.4642

4.49
6.58
7.10
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i

z

3
4

5
6
7

8
9

10
II
12
13
14

U-233
0-235

Pu-239

V
Uo

0.00II5
0.00407
0.01028
0.0I82I
0.02813
0.04750
0.05344
0.06821
0.09228
0.14843
0.24587
0.35417
0.54412
0.70807

W H u

0.0130
0.0394
0.0820
0.0805
0.0894
0.1330
0.1280
0.1477
0.1964
0.2893
0.4043
0.5387
0.8971
1.558

98
Hu

0.00226
0.00901
0.0235
0.0300
0.0292
0.0623
0.0732
0.0817
0.1042
0.1660
0.2508
0.3246
0.4820
0.7752

99
Hu

0.00153
0.00458
0.0120
0.0257
0.0413
0.0893
0.1883
0.2986
0.4566
0.6976
1.149
1.780
3.298
5.539

100
Hu

0.00171
0.00761
0.0224
0.0277
0.0290
0.0559
0.0808
0.0894
0.II45
0.1796
0.2681
0.3465
0.5202
0.8453

IOI
Bu

0.00150
0.005T0
0.0130
0.0305
0.0642
0.1229
0.2646
0.4213
0.6036
0.9013
1.493
2.319
4.206
8.040

3.38
5.03
5.91

102
Bu

0.004b?
0.0222
qp654-
0.0893
0.0812
0.1043
0.1635
0.1843
0.2415
0.3442
0.4767
0.6433
1.096
1.916

2.59
4.18
5.99

104
Ru

0.00079
0.00423
0.0143
0.0245
0.0224
0.0240
0.070
0.0783
0.0977
0.1542
0.2370
0.3073
0.4470
0.8226

1.08
1.81
5.93

Ru

U.OUJii
0.0T25?
0.0:387
0.049-5S
0.055I4
0.08541
0.15224
0.20358
0.28255
0.42142
0.65607
0.96153
1.6898
3.0393

i

I
2
3
4

5
6
7
8
9

10
I I
12
13

14

U-233
0-235

Pu-239

103

0.00212
0.00829
0.0217
0.0453
0.0747
0.1308
0.2805
0.4188
0.5643
0.7932
1.254
1.873
2.741
3.098

1,75
2,9
5,79

102
4 6 W

0.00387
0.0167
0.0490
0.0770
0.0672
0.1092
0.I43I
0.1638
0.2163
0.3150
0.4390
0.5865
0.9836
2.007

0.065I

104
Pd

0.00227
0.0II2
0.0352
0.0623
0.0602
0.0997
0.1309
0.1474
0.1932
0.2859
0.4014
0.5 ;94
0.8674
1.751

105
Pd

0.00173
0.00623
0.0169
0.0410
0.0808
0.I8I3
0.4262
0.6169
0.8316
1.223
2.030
3.126
5.490
8.936

0.98
0.90
5.4?

106
Pd

0.00142
0.00749
0.0250
0,038?
0.045,
0.0792
O.I10I
0.I2K
0.1565
0.2378
0.3413
0.4433
0.6966
1.373

0.269
0.385
7.81

108 110
Pd

0.00085
0.00474
0.0166
&.0285
0.0291
0.0432
0.0873
0.094?
0.1195
0.I86I
9.2779
0.3588
G.536I
1.015

0.07
0.07
2.60

Pd

0.00086
0.00473
0.0160
0.0258
0.0.:I9
0.0262
0.0730
0.0797
0.0985
0.1548
0.2390
0.3103
0.4486
0.6190

0.03
0.018
0.55

Pd

0.00136
0.0C65?
0.02085
0.03726
0.04735
0.08765
0.17264
0. 2333
0.29526
0.44042
0.69860
1.07 82
I.7-:i8
2.9520
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i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

109
Ag10''' Ag

47

0.00129
0.00555
0.0351
0.0694
0.1047
0.1577
0.3090
0.4472
0.5925
0.8284
1.141
1.445
2.014
3.390

U-233 0,12
U-235 0,17

Pu-239 3,60

0.00159
0.00698
0.0559
0.1000
0.1230
0.1840
0.3490
0.4921
0.6445
0.8978
1.425
2.178
3.767
5.447

0.04
0.03
1.13

AS

0.00144
0.00625
0.04522
0.08429
0.II360
0.17049
0.32846
0.46904
0.61780
0.86216
1.2785
I.8016
2.8671
4.3904

[06 • 108 110

0.0193
0.0819
0.2300
0.3027
0.2942
0.4086
0.4308
0.5109
0.6282
0.8167
1.236
1.876
3.257
3.958

Cd

0.00351
0.0184
0.0604
0.I38I
0.1322
0.2015
0.2142
0.2486
0.3235
0.4448
0.6180
0.8622
1.366
1.660

Cd

0.00223
0.0123
0.0422
0.1082
0.1073
0.1673
0.1754
0.1989
0.2594
0.3687
0.5105
0.6903
1.100
1.280

0.062I
0.74

I I I
Cd

0.00109
0.00290
0.00865
0.0231
0.0459
0.0917
0.2051
0.3^38
0.4283
0.6086
0.9354
1.377
2.037
2.660

0.02
0.013

112
Cd

0.00II6
0.00626
0.0^23
0.0527
0.0560
0.1026
0.1140
0.1247
0.1599
0.2423
0.3488
0.4524
0.6725
0.8221

113
Od

0.00093
0.00329
0.0125
0.0423
0.0872
0.I5I2
0.2615
0.3378
0.4447
0.6297
0.9682
1.474
2.749
3.800

0.01
0.065

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

U-233
U-235

Pu-239

114 116
Cd

0.00209
0.0II7
0.0507
0.0678
0.0778
0.1227
0.I5I6
0.1664
0.2145
0.3131
0.4371
0.5770
0.9074
1.150

0.02
O.OII
0.04

Cd

0.00045
0.002II
0.00777
0.0178
0.0174
0.0329
0.0490
0.05400
0.0640
0.0997
0.1669
0.2252
0.3056
0.3578

0.01
O.OII
0.037

Cd

0.00171
0.008500
0.03178
0.06003
0.07183
0.12030
0.I6I97
0.19787
0.25699
0.37055
0.54443
0.76473
I.2315
1.5833

113 115
49 **

0.00046
0.00136
0.00420
0.0147
0.2178
0.2731
0.3184
0.4388
0.6129
0.9192
I.513
2.030
2.542
2.760

0.01
0.065

l a

0.00034
0.00129
0.00397
0.0804
0.2464
0.2538
0.2389
0.3259
0.4834
0.7492
1.076
1.347
1.660
1.848

In

0.00035
0.00129
0.00398
0.07762
0.24519
0.25462
0.24226
0.33068
0.48888
0.75639
1.0947
I.3761
I.6971
1.8864

112 II*
Sn

50
0.00387
0.0178
0.0544
0.0725
0.0621
0.0979
0.1570
0.1780
0.2331
0.3378
0.4700
0.6276
1.051
2.140

Sn

0.00142
0.00613
0.0251
0.0778
0.0989
0.0839
0.0814
0.0900
0.II33
0.1779
0.2698
0.3491
0.5144
0.9598
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! Elaa-Mte 115
1L\

T

?

3
4

: 5
6
7
8
9

10
I I
12
:3
14

0-233
U-235

?a-239

3n
50

0.00072
0.00I4I
0.00387
0.00937
0.0173
0.0600
0.0955
0.II47
0.1542
0.2421
0.3748
0.5212
0.8690
1.175

0.02
0.011
0.041

116
Sn

0.00082
0.00374
0.0270
0.0519
0.0694
0.0577
0.0552
0.0614
0.0743
0.1172
0.I9I4
0.2542
0.3547
0.6089

117
Sn

0.00147
0.00363
0.00969
0.0280
0.0561
0.0815
0.1086
0.1893
0.2791
0.4130
0.6237
0.8987
1.596
3.261

0.01
0.011
0.036

118 119
Sn

0.00050
0.G0I88
0.00626
0.0245
0.0402
0.0341
0.0318
0.0368
0.0433
0.0652
0.II56
0.1647
0.2279
0.3495

0.02
0.011
0.035

Sn

0.00093
0.00262
0.00713
0.0178
0.0407
0.0521
0.0597
0.0842
0.1383
0.2921
0.5138
0.7278
1.263
2.576

0.02
0.011
0.036

120 122
Sn

0.00029
0.00123
0.00516
0.0I4I
0.0272
0.0255
0.0213
0.0253
0.0300
0.0426
0.0778
0.II7I
0.1689
0.2449

0.02
0.011
0.037

Sn

0.00030
0.00III
0.00427
0.0II8
0.0238
0.0207
0.0185
0.0221
0.0263
0.0365
0.0667
0.102+
0.I5I2
0.2168

0.03
0.013
0.035

124
Bn

0.00022
0.00082
0.00267
0.00538
0.0126
0.0156
0.0138
0.0166
0.0202
0.0269
0.0487
0.0773
0.1203
0.I7I7

0.05
0.017
0.056

0.00060
0.00220
0.00945
0.02367
0.03941
0.03838
0.03990
0.05217
0.06978
0.III23
0.I855I
0.26428
0.42067
0.77023

i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

0-233
0-235

Pu-239

121
5ISb

0.00082
0.0030i
0.00909
0.0401
0.0946
0.II28
0.1490
0.2374
0.3909
0.7125
0.9992
1.230
1.796
2.662

0,02
0,012

123
Sb

0.00040
U. 00065
0.00192
0.0130
0.0740
0.0855
0.1038
0.1577
0.2366
0.3871
0.5570
0.6828
1.049
1.763

0.04
0.014
0.04

Sb

0.00064
0.00202
0.00603
0.02851
0.08579
0.I0II3
0.12965
0.20333
0.32492
0.57339
0.81016
0.99579
1.4764
2.2773

120 I&
52 Te

0.00144
0.0°74I
0.0^69
0.0614
0.0612
0.I0I5
0.I3II
0.1439
0.1847
0.2765
0.3929
0.5II9
0.8138
1.497

Te

0.00II6
0.00661
0.0243
0.0528
0.0549
0.0935
0.1220
0.1334
0.1702
0.2574
0.5698
0.4795
0.7494
1.380

I 123
Te

0.00157
0.00536
0.0160
0.0423
0.0770
0.I22I
0.2269
0.3920
0.5484
0.7682
1.190
1.794
3.243
5.950

124
Te

0.00069
0.00306
0.0II5
0.0203
0.0258
0.0590
0.0692
0.0758
0.0921
0.1444
0.2290
0.2999
0.3306
0.3874

0.03I04
0.088

125
Te

0.00104
0.00220
0.00661
0.0177
0.0273
0.04*5
0.0832
0.1244
0.2I4I
0.4255
0.6633
0.9313
1.306
1.946

0.152
0.046
0.071
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i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

126 128 130
52*-

0.00033
0.00152
0.00569
0.0140
0.0148
0.0336
0.0368
0.0421
0.0493
0.0742
0.1336
0.1622
0.1726
0.^416

>3 0.26
0-235 0,032

Pu-239 0,16

Te

0.00020
0.00042
0.00153
0.00415
0.00516
0.0137
0.0130
0.0156
0.0192
0.0254
0.0533
0.0697
0.0630
0.0967

1.05
0.50
0.74

Te

0.00027
0.00024
0.00075
0.00215
0.00372
0.00725
0.00666
0.00779
0.0102
0.0132
0.0256
0.0416
0.0289
0.05^7

2.33
2.0
2.7

Te

0.00036
0.00101
0.00356
0.00857
0.01086
0.02277
0.02741
0.03453
0.04718
0.07617
0.12749
0.17363
0.2I6I7
0.33746

127
5 3 1

0.00078
0.00968
0.0299
0.0560
0.0779
0.1233
0.2021
0.3324
0.5019
G.7874
1.214
1.650
2.388
3.322

0.61
0.25
0.55

124
54 X e

0
0
0
0
0
0
0
0
0
0
0
0
I
2

.00259
vOI44
.0517
.1006
.0934
.0927
.1891
.2323
.300?
.4222
.5834
.7939
.364
.788

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
I .

126
Xe

00177
00932
0342
0618
0523
0641
1364
1613
2071
3065
4319
5654
91II
817

0.
0.
0.
0 .
0 .
0 .
0.
0.
0.
0 .
0.
0.
0.
I .

0

12 ft
Xe

00133
00716
0237
0427
0411
0582

1130
1229
1547
2364
3455
4462
6807
310

.845

i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

U-233
U-235

Pu-239

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0 .

I .
2.
4.

0

129 130
54X e

00129
00406
01206
03202
06794
08812
1183
1771
3023
5658
8629
269
282
588

.0341

Xe

0.00II6
0.00579
0.0254
0.0461
0.0381
0.0638
0.0902
0.0978
0.IP05
0.1870
0.2847
0.3683
0.5380
0.9934

0.
0 .

0.
0.
0.
0.
0.
0.
0.
0.
0.
I .
2.
4 .

3
2

3

131 132 134 136
Xe

00187
00250
00726
0183
0352
0651
II59
2070
3118
4884
7833
170
116
296

.55

.84

.78

Xe

0.00101
0.00372
0.0138
0.0233
0.0244
O.O5I3
0.0566
0.0629
0.0747
0.II57
0.I9I5
0.2568
0.3555
0.5967

5
4.24
5.26

Xe

0.00042
0.00207
0.00702
0.0142
0.0202
0.0332
0.0304
0.0356
0.0418
0.0610
0.I09I
0.1585
0.2217
0.3318

6.1
7.62
7.47

Xe

0.00019
0.00074
0.00205
0.00487
0.00719
0.00550
0.00484
0.00532
0.00698
0.00927
0.0141
0.0229
0.0430
0.0726

6.68
6.47
6.63

0
0

0
0
0
0
0
0
0
0
0
0

I
2

Xe

.00115

.00328

.01093

.02337

.03719

.05869

.08072

.11848

.17938

.30419

.47738

.69557

.2113

.3946

133
55 C a

0.00102
0.00273
0.00823
0.0217
0.0440
0.III3
0.1772
0.2788
0.4428
0.6896
1.117
1.698
2.939
4.304

5.88
7.48
6.91
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i

I
2
3
4

5
6
7
8
9

10
II
12
13
14

56 B a

0.00336
0.0175
0.0576
0.0800
0.0716
0.0910
0.1665
0.2270
0.2930
0.4145
0.5728
0.7735
1.316
2.678

30 132
Ba

0.00207
0.0103
0.0416
0.0525
0.0597
0.0622
0.1442
C.I584
0.2024
0.5012
0.4268
0.5565
0.o87I
1.7:-8

0.06I5

134 135 136 137 138
Ba

0.00174
0.00675
0.0235
0.0368
0.0407
0.0826
0.0958
0.1046
0.1296
0.2U07
0.3029
0.3915
0.5765
1.074

Ba

0.00303
0.00227
0.00642
0.0168
0.0349
0.0670
0.1225
0.I7I9
0.2436
0.3891
0.6278
0.9249
1.648
3.366

10.2
12.9
20.9

Ba

0.00066
0.00273
0.00929
0.0I4I
0.0185
0.0422
0.0393
0.0453
0.0533
0.0801
0.1397
0.1962
0.2703
0.4215

0.12
0.0059
0.083

Ba

0.00036
0.00079
0.00257
0.00760
0.0189
0.0^190
0.0346
0.0457
0.0626
0.1064
0.1926
0.2854
0.4589
0.8589

6.98
6.63
6.56

Ba

0.0001I
0.00040
0.00108
0.00317
0.00456
0.00317
0.00269
0.00314
0.00412
0.005B6
0.00832
0.0129
0.0253
0.0471

7.1
6.68
6.31

Ba

0.00042
0.JOO93
0.00288
0 • wf L/6 3 o

C.01027
0.01544
0.01978
0.02520
0.03388
0.05371
0.08837
0.12862
0.21594
0.4I6I2

i

I
2
3
4

5
6
7

8
9

10
II
12
•13
14

136

0.00025
0.00032
0.00075
0.00190
0.00531
0.0319
0.II39
0.1597
0.2349
0.3899
0.6441
0.9540
1.703
3.482

U-253
TJ-235

Pu-239

139
La

0.00014
0.00043
0.00194
0.00640
0.0105
0.00932
0.0106
0.0162
0.0238
0.0400
0.07SO
0.1282
0.2148
0.37II

12.15
12.94
5.87

La

0.00014
0.00043
0.00194
0.00640
0.01049
0.00934
0.01069
0.01633
0.02399
0.04031
0.07950
0.12893
0.2I6I2
0.37387

136
58 C e

0.0031I
0.0125
0.0354
0.0492
0.0478
0.0433
0.0649
0.1415
0.2144
0.3177
0.4485
0.5862
0.9406
1.869

U-233
U-235

Ai-2?9

138
Ce

0.00109
0.00463
0.0157
0.0325
0.0348
0.0626
0.0609
0.0684
0.0819
0.1272
O..:O85
0.2779
0.3862
0.6567

140
Ce

0.00072
0.00277
0.0106
0.0248
0.0:36
0.0157
0.0136
0.0159
0.0196
0.0255
0.0449
0.0720
0.1.52
0.1657

6.62
6.30
5.60

0.00043
0.00215
0.00603
0.0149
0.0II9
0.0^47
0.0260
0.0296
0.0345
0.0477
0.0858
0.I29I
0.1864
0.-697

6.35
5.66
5.01

Ce

0.000695
O.uO-72
0.01036
0.C2377
0.02238
0.01687
0.01519
0.01779
0.0.178
0.02878
0.05062
0.07983
0.12535
O.I8I73
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i

I

3
4

5
6
7
8
9

A1-

; i
12
15

. - ^ 3
• - • 55

• •—•59

I
:
;
•

•

*

- . . . A

' • • ?

0
0
0
0
0
0
y

0
0
0
0
0
0
0

0.

0.

0.
0.

0 .

0.
0.
. J .

0.
0.
0.

J .

' - .

' • ' •

t ' l l

.0003H

.00134

.0107
0207
020^
0192

.0264
0512

.0802
1385

.2426
3445
4968
6867

6. TO
2 . . 4

144

00373
01454
U3B7
090.-:

0947
0647

0599

0667
07B9
1210
2004
2691
3719
6217

0
0
0
0
0
0
0
0

0.
I .
I .
3.
c

9.

I .
2.
I .

6C

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
0.
0.

147
Sm

00164
00527
0164
1592
3601
3417
3988
6024
8477
236
998
03^
.58
991

78
15
99

0
0
0
0
0
0
0
0
0
0
0
0
0
I

142
,Hd

00087
00347
00964
0321
0331
0-'28
0202
0239
0286
0389
0702
1082
I6II
2303

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
I .
2.

5.
5.
4.

1.48
Sm

.O0I2C

.0063

.0255

.0728

.0682

.1014

.1279

.1345

.1647

.2486

.3645

.4695

.7071

.345

0
0
0
0
0
0
0
0
I
I
2
4
7

143
Nd

00076
00255
00662
0185
0508
0952
1051
1408
2030
3372
5598
8224
446
949

57
90
57

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
0.
0.

4

5
3

149
Sm

.00217

. 00584

.0201

.0661

.1579

.33-10

.5782

.8320

.125

.710

.901

.302

.135
12.23

0
I
I

.710

.02

.32

0
0
0
0
0
0
0
0
0
0
0
0
I
2

0
0
0

144
Nd

00079
00402
0141
0262
0242
0508
0479
0532
0617
0922
1582
2192
3012
4772

.48

. 43

.77

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
I .
I .
3.

3
3
3

150
Sm

.00138

.00905

.0384

.O8iO

.0997

.1010

.1966

.2288

.2860

.4059

.5604

.74 JA

..•28

.467

.471

.637

.91

0
0
0
0
0
0
0
0
0
0
0
0
I
3

0
0

0

145
Nd

00057
00110
00341
0118
0378
0694
0798
1269
2380
4138
6800
005
792
649

.22

.88

.13

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
0.
0.

2
2
2

152
Sm

.00I.;£

.00815

.0375

.1041

.0990

.0951

.1152

.,:367

.3570

.4919

.6748

.9153

.364

.166

.201

.231

.62

0
0
0
0
0
0
0
0
0
0
0
0
I
2

0
0
0

146
Nd

00069
00330
0132
0313
0312
0382
0727
0773
0904
1379
2231
2956
4113
7028

.41

.95

.60

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
0.
0.

T

I
I

154
Sm

.00107

.00733

.0338

.0776

.0875

.0766

.0875

.1719

.3092

.4441

.6108

.8162

.367

.7:6

.024

.056

.29

0
0
0
0
0
0
0
0
0
0
I
I
2
5

00050
00245
0115
0323
0316
0293
0792
0934
1098
1675
2622
3421
4844
8575

.25

.7

.67

Sm

.00149

.00728

.02985

.09556

.•14035

.16094

.22154

.34212

.49073

.71629

.1093

.5971

.6940

.0183

0.
0.
0.
0.
0.
0.
0.
0 .
0.
0.
0.
0.
I .
2.

Nd Hd

00083 0.00076
00502 0.00329
0236
0384
0632
0609

0741
1610
2474
3374
4986
6521
052
091

0.01106
O.Occfob

0.03480
0.04740
0.05757
0.07460
0.10279
0.I6I70
0.26314
0.37287
0.59909
1.1283

151
Eu

O.OO37I
0.0204
0.0680
0.2130
0.4468
0.6349
0.9579

1.358
1.745
2.535
4.05
6.805
9.019
14.49

0.348
0.456
0.8
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i

I
2
3
4
5
6
7
8
9

10
I I
12
13
14

U-233
tf-235

Pu-239

153 V 5

6 3 s *

0.00252
0.0143
0.0516
0.1748
0.3740
0.5256
0.7169
1.307
1.959
2.703
4.125
5.837
9.055
14.53

0,112
0,148
0,2

Bu ^

0.00309
0.01711
0.05943
0.19305
0.40878
0.57781
0.83203
1.3309
1.8567
2.6222
4.0676
6.2992
9.0374
14.5IU

15.'
6 4 "

0.00300
0.0199
0.0811
0.1494
0.I8I2
0.^091
0.3463
0.4098
0.?086
0.6699
0.9350
1.329
2.360
4.744

154
Gd

0,00478
0.0352
0.I4I7
0.2590
0.2864
0.2922
0.3481
0.5719
0.7654
0.9789
1.437
2.131
3.807
7.334

155
Gd

0.00248
0.00850
0.0324
0.0946
0.1590
0.2203
0.3966
0.8574
1.469
2.169
3.402
4.947
7.968
13.26

0.03
0.03
0.23

156
Gd

0.00184
0.0132
0.0590
0.1237
0.1546
0.1326
0.1538
0.>908
0.4694
0.6303
O.b729
1.225
2.158
4.350

0.013
0.025
0.062

157
Gd

I'JC
Gd

0.00II5O.WI5I
0.003%
0.0153
0.0091
O.I219
O.IS'iI
0.2338
U.4;-i7
O.bJ.O'j
1.39.?
2.229
3.354
5.768
10.3'

0.076

0.0II5
0.0504
0.0900
0.1:18
0.0972
0.1106
0. :095
0.37II
O.52II
0.7149
0.9736
1.670
3.376

0.0024
0.0031
0.042

I 160
Gd

o.oooys
0.00712
O.O3I6
0.0730
0.0735
0.0563
O.L 6 50

'J.L'Il
0.2574
0.3646
0.5099
0.6654
1.067
2.112

0.0003
0.00033
O.OO'JC

i

I
2
3
4

5
6
7
8

9
10
II
I ?

13

14

0.00162
0.00979
0.04196
0.09276
0.12460
0.12697
0.17603
0.34370
0.60I3I
0.89869
I.3516
I.9517
3.2552
5.9351

U-233
U-235

Pu-239

59
65Tb

O.OOIP?

0.00932
0.0441
0.1558
0.2620
0.3674
0.5794
0.9033
1.327
1.986
3.134
4.596
7.5Ii

12.69

0.021

156
66 D y

0.00410
0.0294
0.1262
0.2469
0.2993
0.3024
0.3721
0.60II
0.7904
1.012
1.492
2.217
5.95.-'
7.575

158
Dy

0.00396
0.0J98
0.1265
0.2388
0.2906
0.2680
0.3148
0.5433
0.7547
0.9680
1.415
2.093
3.736
7.212

160
Dy

0.00241
0.0183
0.0798
0.1653
0.1766
0.1524
0.1764
0.3261
0.5193
0.6914
0.9637
1.367
2.421
4.854

161
Dy

0.00219
0.0II4
0.0412
O.I :5I
0.31/?
0.3272
0.4836
0.8072
1.311
2.237
3.624
5.226
8.317
13.67

0.00012
0.000C5
0.0039

D

0.

0.
J (

0.
0.
r
J*

, ' .

V.
0.
C-.
0.
0 .
-
2.

7

-.01'2
7,879
0591

0763

0760

0688

OcOO

1578

2953
*5I4
S956
7 ^ 8

J07

620

0324

163
Dy

0.00089
0.00352
0.0134
0.0418
0.1023
0.1470
0.3060
0.5735
0.9143
1.557
2.172
5. -.69
b.642

10.18

0.001
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\Elements 164

\
I
2
3
4
5
6
7
8
9

10
II
12
13
14

fti -239

66 D*

0.00094
0.00687
0.0306
0.0497
0.0502
0.0498
0.0558
0.1068
0.2155
0.3382

0.4778
0.6193
0.9745
1.909

0.0337

Dy

0.00127
0.00767
0.03174
0.07168
0.I226I
0.13398
0.20839
0.37428
0.62501
0.98392
1.5375
2.2136
3.6482
6.4516

Fission
0-233

0,002
0,005
0,015
0,035
0,059
0,092
0,129
0,184
0,261
0,408
0,677
1.02
1.69
2.82

fragments
U-235

0,002
0,006
0,017
0,038
0,065
0,103
0,148
0,210
0,297
0,461
0,760
1.14
1.90
3.20

Ptf-239

0,002
0,007
0,023
0,049
0,077
0,127
0,202
0,283
0,391
0,591
0,958
1.42
2.35
3.89
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NOTES ON TABLE 2

1. The cross-sections presented in Ref. [5] differ somewhat from the resul ts

obtained during the present work. The exist ing experimental resu l t s do not

allow us to judge which of the cross-sections mentioned are to be preferred.

I t i s clear only that in the region around 1 keV the calculation for Y must

be carried out on the basis of the parameters of the individual levels , and

not on the basis of the average resonance parameters, as has been done in

Ref. [ 2 ] .

2. After compilation of the BNAB-64 system of constants | . l ] experimental

data were published for Zr in the energy region below 30 keV [ l 6 ] . Hence

in groups (10-14) the capture cross-sections from that reference are to be

preferred. Above 30 keV the agreement of the resu l t s i s good, except for

the fourth group where Benzi's calculation [2] shows a bump in the cross-

section which i s not in evidence in Ref. [ l ] . The high estimate of the

BNAB-64 capture cross-sections in the f i r s t and second groups can be explained

by the fact that in Ref. [ l ] the to t a l capture cross-sections are given,

including the contribution from (n,p) and (n,<x) react ions.

3. For "%b the agreement with Ref. [ l ] for the group-averaged constants

in the region above 10 keV i s sat isfactory. In the region below 10 keV the

calculated curve for the capture cross-section from Ref. [ l ] f i t s the experimental

points of Ref. [ lT] exactly, but the cross-sections in Ref. [ l ] i t s e l f are

overestimated. However, i t should be borne in mind that in t h i s energy region

the experimental data may be low owing to resonance self-shielding in the

sample.

4 . For Mo agreement with Ref. [ l ] i s good, with the exception of the f i r s t

few groups (where in BNAB-64 [ l ] the contribution of (n,p) and (n,a) reactions

i s taken into account),

5,6. The capture cross-sections in the BNAB-64 energy breakdown [ l ] for Eu and

Gd are given in report KFK-770 [ l 8 ] . For these elements the calculated curve

in the region below 30 keV i s low (cf Table l ) compared with the experimental

data in Refs [19] and [20] , as can be seen from the figures in Ref. [ 3 ] . In

Ref. [ l8 ] the cross-section i s close to the experimental data.

7. The sum of the fission fragment yields i s two.
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