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INTRODUCTION

A tendency to achieve a maximal production of use-

ful products (tritium, fissile fuel) in the fusion reac-

tor "blanket results in the use of neutron-multiplicating

materials in the first blanket layers. Lead is one of the

promising multiplicators in "pure,, reactors \_1\ and in

hybrid ones L2j . This can explain a noticeable interest

in the study and precision of its neutron data in diffe-

rential and integral experiments (.4-7J , in data evalua-

tion [sj and its testing in calculations.

A calculational analysis of experimental data on

neutron multiplication in lead spheres with a neutron ge-

nerator as a neutron source shows that the calculation

with various neutron data in all the cases [4-7] underes-

timates the multiplication and a discrepance increases

with increase in the lead layer thickness, reaching — 0.2

at A =22.5 cm [6] • An increase in the cross-section of

(n, 2n)- reaction and in the energy of secondary neutrons

in inelastic reactions [4,6J has been proposed as a te-

chnique for data corrections to eliminate the discrepan-

ce.

A calculational analysis of neutron multiplication

in lead, including the estimates of multiplication li-

mits for the standard ENDP/BIV data set and the effects

of various changes in the data themselves, is done in a
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given paper. The calculations have been done with the

BLAM-code [9] realizing the Monte-Carlo method in the

whole energy range.

In the range of energies higher than 0.1MeV the 52

Group constants prepared from the files of evaluated da-

ta have been used. Below 0.1 MeV the 13-Group constants

have been used for the calculation in the P̂  -approximati-

on [10] .

Multiplication limit in the calculation with

the BXTHP/BIV data file

Experimental data on neutron multiplication in lead

spheres of different thickness are given in Fig.1. In the

experiments on OK.TAVIAN £4J the neutron leakage measure-

ments by the time-of-flight technique in the energy ran-

ge 17 keV - 15 MeV with the spheres 3,6,9,12 cm thick,ha-
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Fig.1. Neutron multiplication vs. spherical lead layer thickness.

—— Calculation with JBNEF/BIV data , -~ calculation with the changed data.

Experiments: •*• f.4] , A tfe] a [73,
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ving em internal radius 10 cm, were done. The multi-

plication within the spheres 6 and 9 cm thick, internal

radii 3 cm and 6 cm, was measured by the total absorpti-

on (boron tank) technique at the I.V.Kurchatov Institute

of Atomic Energy. In the joint experiment done by Dres-

den Technical University, the Central Institute of Nuclear

Researches, GDR, and by the I.V.Kurchatov Institute of

Atomic Energy L6J the neutron leakage from the sphere

with the radius 25 cm was measured by the time-of-flight

technique in the range 1-14 MeV together with the measu-

rements with a hydrogen chamber in the range 0.05-1 MeV

and with a stilbene scintillator in the range 0.75-14 MeV.

The calculated curve of multiplication dependence on thick-

ness for a lead sphere with the internal radius 2.5 cm is

given in Fig.1 for comparison. The calculations have been

done for the isotropic source with uniform neutron energy

distribution in the range 13»5-H.92 MeV. One can see that

the curve is saturated, when the lead layer is about 50cm

thick, and an asymptotic value of multiplication in lead

for the data file BEDP/BIV is 1.9. For the lead layer

22.5 cm thick in the experiment j]63 the calculated multi-

plication is about 1.78, i.e. close to the calculations

with other data for lead (see Table 4 Qβ] ) and noticeab-

ly lower than the experimentally- measured value 1.94.The

calculation underestimates the multiplication at other

experimental points at Pig.1 too.

The calculated dependences of multiplication on the

energy of neutrons within the range 13*5-14.92 MeV for a

layer 22.5 cm thick and for an infinitely - thick one are

given in Pig.2, Horizontal lines correspond to the multi-
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Pig.2, Multiplication vs. neutron source energy.

1- S^ = 22.5 cm, 2-S?l-, c<.

plication at an uniform source energy distribution in the

range 13.5-H.92 MeV. One can see that the slope of the

curves increases above the (n,3n) - reaction threshold

(14.18 MeV). However, a value of total multiplication does

not reach the experimental one for the thickness 22.5 cm

even at an infinitely - thick layer and at a maximum-pos-

sible source energy. Thus, in the calculation with the da-

ta from the ENDP/BIV Library for lead it is impossible, in

principle, to obtain the multiplication factor 1.94 mea-

sured in
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Multiplication dependence on data variations

In connection with a considerable discrepance betwe-

en calculations and experiments, it is of interest to ana-

lyze the opportunities for an increase in multiplication

in the calculations by a change in some limits for various

data in the initial file for lead. Such an analysis can

be formally done to estimate the scales of corresponding

effects, i.e» without discussions about whether it is ad-

missible or not.

An increase in multiplication, in principle, can be

related with the possibility of (n, 2n) branching process

due to increase in the energy of secondary neutrons in

the data file and due to reduction in the effective thresh-

old of this reaction, by increase in the (n,2n)-reaction

cross-section in the range of source energies and by inc-

rease in the (n,3n)-reaction threshold.

The calculations of corresponding effects have been

done for a sphere 22.5 cm thick, for which the neutron le-

akage from a source is small and the multiplication by the

(n,2n)- channel is close to saturation. The most of changes

in data have been done directly in the working group con-

stants for lead processed from the B2JDF/BIV file.

In order to estimate an effect of secondary multip-

lication in the (n,2n)-reaction a number of calculations,

where neutrons were marked by a type of inelastic intera-

ction (inelastic scattering or n,2n) from their birth up

to the end of their history (leakage or absorption), has

been done. From these calculations it follows that

about 96% of the (n,2n)-reactions occur under neutrons

without their preliminary inelastic scattering for the un-
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Fig.3. Spectrum of secondary neutrons from (n,2n) - reaction.

perturbed data file and about 4% of them are produced by

the neutron after one inelastic scattering, the contribu-

tion of the (n,2n)-reactions after two inelastic scatte-

rings being negligeble (^0.03%). The secondary multipli-

cation of neutrons by the (n,2n)-reaction in the calcula-

tion with the ElTDP/BIV-data is absent, since the maximal

energy of secondary neutrons from the (n,2n)-reaction equ-

al to 6 MeV is lower than the reaction threshold 6»766MeV O

The calculations with the secondary neutron spectrum ha-

ving distribution "tail" extended up to ^^""^threshold51

=7»3 MeV have shown that the fraction of secondary (n,2n)-

reactions is small (about 0.03%). It is evident that the

secondary neutrons of successive (n,2n)-generations have

the energy much lower than the threshold and further bre-

eding is impossible, A change in the shape of (n,2n)-cross-

section curve in the vicinity to the threshold in the cal-

culation with the changed spectrum of secondary neutrons
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also does not result in an essential multiplication growth.

Thus, the secondary multiplication in the (n,2n)-reaction

in lead is absent or so small that it cannot explain the

discrepance between calculations and experiments.

As noted above, in a sphere 22.5 cm thick, the (n,

2n) - reaction rate is close to saturation and one can

expect that an increase in the cross-section will have a

low effect on the breeding growth. An estimate for the

maximal multiplication growth due to the (n,2n)-reaction

has been done to verify this assumption. The probability

of inelastic scattering in the range 13-14.18 MeV was put

to be equal zero, and the probability of the (n,2n)-reacti-

on was equal to the total probability of inelastic interac-

tion. The multiplication obtained in this calculation is

equal to M=1.846 (as shown in Fig.1) and is much lower than

that measured in the experiment [6^ and confirms the assum-

ption about a weak dependence of breeding in a thick sphe-

re on the (n,2n)-cross-section.

In experiments with neutron generators the neutron

energy of a source is usually assumed to be uniformly dis-

tributed in the range 13-5—14-9 MeV; thus, at the energy

higher than the threshold 14.18 MeV the neutron multiplica-

tion in the (n,3n)-reaction takes place. The calculated

dependence of this reaction rate on the lead layer thick-

ness for the data file ENEF/BIV is given in Fig.1. For a

large thickness of the layer the reaction rate is equal

to 0.022 that corresponds to an average (n,3n)-reaction

probability in the range 14.18-14.9 MeV equal to 0.055.

In order to estimate the dependence of multiplicati-

on on the ratio of (n,2n) - cross-section to (n,3n)- one
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Fig.4. Multiplication in the sphere 22,5 cm thick vs. average pro-

bability of (n,3n) - reaction in the range 14.13-U.9 MeV.

in this energy range a number of calculations was done,

where an average probability of the (n,3n)-reaction (up

to the limit value 0.86)«as varied with simultaneous va-

riation in the (n,2n)-reaction probability at a fixed to-

tal inelastic and inelastic scattering cross-sections.The

results of calculations are given in Pig.4. One can see

that the experimental multiplication for a sphere 22.5cm

thick can be obtained at an average (n,3n)-reaction proba-

bility equal to about 0.4 in the range 14.18-14.9 MeV. The
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Fig.5. Cross-sections of neutron multiplication in lead
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BROND; EUDF/BIV; - • - ENDL-75 ; — - - h,5ri

shapes of energy dependencies fit for the cross-sections

of (n,2n) and (n,3n) - reactions are shown in Fig.5 in

comparison with the corresponding curves from the ENHF/BXV

files, BNDL-75, EFF-1. The calculated dependence of mul-

tiplication on the thickness of a sphere with these data

introduced into the file of lead in ENDF/BIV are shown in

Fig.1. One can see that this curve within its error bars

is in agreement with experimental values.

Thus, a change in the cross-section for the (n,3n)-

reaction in the range 14«18-14.9 MeV by an effect on mul-

tiplication can serve as a means of eliminating the dis-

crepance between calculations and experiments. However,it

should be noted that if the discrepance in multiplication

within lead between calculations and experiments is caused

by an inaccuracy in the (ry3n)-reaction cross-section, the

very discrepance belongs, to a great extent, to the calcu-

lations of the models with a neutron spectrum from a neu-
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tron generator, where the neutron energy "smearing" rea-

ches 13,5-14.9 MeV at the deuteron energy in the range

150-200 keV. Therefore, the experiments with different

energies of deuterons, in principle, can give different re-

sults in breeding within the spheres of the same geometry

observed in the comparison of experiments. In a D-T fusion

reactor, where the ion energy is lower ( f-10 keV), an ef-

fect of the (n,3n)-reaction will be less significant.The-

refore the compensation of discrepance between the calcula-

tions and the experiments with neutron generators by a

change in the (n,2n) cross-section or in some other data

can result, in this case, in errors in the reactor cal-

culations.

CONCLUSION

A calculational analysis of neutron multiplication

in lead spheres for the experiments with neutron genera-

tors allows one to make the following conclusions:

1• Neutron breeding in the experiments with lead sphe-

res in all the cases mentioned above is higher than that

in the calculations with different versions of lead eva-

luated data.

2. This discrepance is so great that in the calcula-

tions with the KNDF/BIV data for lead it cannot be elimi-

nated by variation in the source energy and in the geomet-

ry of the model used in the calculation.

3. The analysis done for the dependence of multipli-

cation in the sphere 22.5 cm thick on variations in dif-

ferent data for lead has shown that a discrepance between

the experiment and the calculation for this sphere cannot
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be eliminated by an increase in the (n,2n)-reaction cross-

section in the source energy range up to a value equal to

the total inelastic cross-section. Variations in the

spectrum of secondary neutrons and in the effective thre-

shold of the (n,2n)-reaction give a negligible effect of

multiplication by secondary neutrons in this reaction.

4« The maximal opportunity of formal multiplication

growth can correspond to an increase in the (n,3n)-reac-

tion cross-section in the range from a threshold to a

maximum energy in the spectrum of a neutron generator

(14.92 MeV is assumed in the calculations). The calculati-

on with the chosen (in this range) ratio between the (n,

2n) and (n,3n)-reactions corresponding to the average pro-

bability W x s -ih.jfcP.4, satisfactorily represents expe-

rimental results obtained for various lead layer

thicknesses.

5. The analysis done for a formal scale estimation of

the effects in neutron multiplication is lead cannot evi-

dently replace the necessary qualified study of the prob-

lem from the viepoint of theory. An experimental verifica-

tion of the role of (n,3n)-reaction in breeding within le-

ad is desirable. It can be done in differential experiments

with the neutron energy higher than the reaction threshold,

as well as in integral experiments with spheres in the me-

asurements of leakage dependent on a polar angle.
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