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NEUTRON CROSS-SECTIONS OF DEUTERIUM IN THE ENERGY
RANGE 0.,0001 eV-15 MeV

N.O. Bazazyants, A.S. Zabrodskaya
A.F. Larina, M.N. Nikolaev

ABSTRACT

The paper describes the evaluation of deuterium neutron cross—
sections, the spectra of neutrons from the reaction D(n,2n)P and the
angular distributions of neutrons from this reaction and of neutrons

elastically scattered on deutarium.

The evaluation results are presented in the SOCRATOR format.

The 26-group system of constants for deuterium is also presented.

Introduction

In the evaluations of deuterium neutron cross—sections performed by
Horsley [1] in 196567 and by Leonard in 1972 (the latter evaluation served
as the basis for the set of neutron data for deuterium in the second version
of ENDF/B), considerable discrepancies were noted between the results
obtained with different esxperimental data on the deuterium scattering
cross—section in the low—erergy region., Judging by the brief description
of the 1973 neutron cross-section evaluation for the third version of
ENDF/B [27], the discrepancies were apparently not resolved in this evaluation

either.

In our opinion, the new experimental data of recent times [P-15, P-16,
T~9] offer the possibility of resolving the discrepancies and of choosing
with far better justification the total cross-—section of deuterium in the
low—energy region., Accordingly, the decision was taken to re-evaluate the
cross—sections of deuterium for SOCRATOR. The present paper describes the

re—evaluation and discusses the results.



The references used are presented with brief amnotations in: Table 3 -
data on the energy dependence of the total cross—section in the fast-neutron
region (references prefaced by the letter "P"); Table 4 — data on cross-
sections for the scattering of slow neutrons (references prefaced by the
letter "I"); Table 5 — data on the angular distribution of elastically
scattered neutrons (references prefaced by the letter "E"); Table 6 -
data on the cross-section for the reaction (n,2n) (references prefaced by the
letter "N"). References to information sources not included in these tables

are presented in the list at the end of the paper.

In accordance with Ref. [25], the mass of deuterium {or the A(12C) = 12
scale) is taken to be 2,0141022. The binding energy of a deuteron is taken
to be 2.225 MeV [26]; the spin I = 1.

Only three neutron-deuterium interactions are possible at energies

below 15 MeV:
1. Elastic scattering;
2. Radiative capture;
3. The reaction (n,2n).

The cross—sections for these reactions and the total cross—section for the
interaction of neutrons with deuterium nuclei are discussed below, Deuterium

cross—sections are considered in this paper only for unbound atoms.

l. Total cross—section

Figures la and 1b show the results of deuterium total cross—section
measurements performed between 1946 and the present. For energies above
0.5 MeV, the energy dependence of the total cross-section was established
with a comparatively high degree of accuracy by Seagrave and Henkel [p-9]
in 1955, Bratenahl et al. [P-~10] in 1958 and Willard et al. [P-~11] in 1964
(Table 3). Later, the data of these authors were confirmed by the measurements
of Glasgow and Foster [P-12] in 1967 and Davis and Barschall [P-13] in 1971.

For energies below 0.5 MeV, the energy depemdence of the cross—section
was usually obtained by extrapolating the data of Seagrave and Henkel [P-9],
which extended to 0.27 MeV, to lower emergies. In this extrapolation, no
account was taken of the results reported by Allen et al, [P—8] in 1955,
which pointed to a major increase in the total cross—section as one moved
from 0,2 MeV to 0.1 MeV, or of the very dispersed data of earlier works:
[P-1], 1946; [P-5], 1953; [P-6], 1953; [P-T], 1953 (see Fig. 1b).



In 1972 there appeared two works by a group of authors from Rensselaer
Polytechnic Institute ; P, Stoler et al, [P-14 and P—15]-in which systematic
total cross—section measurements were made with an accuracy of ~ 1% for the
energy ranges from ~ O to 1 MeV [P-15] and from ~ 0.5 MeV to 30 MeV [P-14].
According to Ref. [P—lS], the energy deperndence of the total cross—section

falls sharply (from o, = 3.4 barn to o, = 3.1 barn) in the range ~ 0-200 keV.

t
The contirmous curve in Fig, 1lb shows the results o¢f theoretical

calculations (4] presented in Ref. [P—lS]. The rapid decrease in the cross-

section is attributable to the prevalence of the S-wave in this region and

the smooth dependence ahove 200 keV to the early appearance of higher

moments of scattering caused by the large radius of deuterium. This is the

reasorn for the difference between the energy dependence of the total cross—

section of deuterium and the cross—section of hydrogen, for which S—scattering

dominates right up tc 10 MeV., With the results of P, Stoler at al. [P—lS]

it has been possible 1o Tesoive the coniradiction in the datz on the value

of the ceuterium crosg-section in the low--ensrgy region, This contradictien

1s explained below,

Direct measurerments of the cross-sec¢tion for the scattering of slow
reutrong on free deuteriwn ruclei yielded results such as the following

(see Table 4):
3.44 + 0,06 barn, Fermi and Marshall [T-1], 1949;
3.4 + 0.4 barn, Hurst and Alcock [T-3], 1951;
3,390 + 0,012 varn, Dilg et al. [T-9], 1971.

The value recomuended in H¥i~325 :s 3.3€ + 0.05 barn (3].

The cruss—section for scattering ov free devterium is linked with the
doublet (Y = 3) = a, ~ and quartet (v = '3‘ - a, - scattering lengths by the
relation

2 .2 1 2
”fr'eu = A (3 & + _3 8‘2’”
By measuring the ccherent scattering cross-cection o . = 41 (a4 +‘%a2)2
L . . 2
! wncoherent sgcatter C S=500 n g, L= n -
or the incoherent scattering cross—sectior incon 2 (a4 a2) for a known
gfree’ it is possible to determine a4 and Gy separately if one has an idea

which of them is greater,

The data of I.,A., Ivanenko et al. [T—S] on the interaction of polarized

neutrons with polarized deuterium ruclei definitely indicate that a, > a,.

4”7 %2



The cross—section for incoherent scattering has been measured only by

V.W. Gissler [T-5], who has obtained

o = 2.25 + 0.04 barn,

coh
from which a4 - a, = 6.0 + 0.2 F,

Measurements of the coherent scattering cross—section for ay + a2/2

have yielded the following results:
6.4 + 0.2 F, C,G, Shull and E.O. Wallen [T-2], 1951;
6,70 + 0,05 F, L. Koester and H, Ungerer [T-6], 1969;
6.21 + 0,04 F, W, Bartolini et al. [T-7], 1968;
6.67 + 0,02 F, W, Dilg et al. [T-9], 1971.

The obvious discrepancy between the data of Bartolini [T—?] and of Dilg [T—9],
which are in agreement with those of Koester and Ungerer [T—6], needed to be

resolved,

If one takes Bartolini's low value of acoh' the values of ~ 3.4 barn
for I eree cannot be reconciled with the conclusion that 2, > a, [(r-8].
This difficulty can be overcome by taking a lower value of Opree® Further
justification was provided by the data of Seagrave [P—lO], who measured the
total cross—section of deuterium in the energy range 0,267-4.002 MeV arnd
above, Seagrave'!s data are extrapolated into the low-energy region to
~ 3.,1-3.2 barn, This obliged A, Horsley [l], in evaluating the cross-

(o]
free

sections of deuterium, to take o = 3,15 barn., Such a result can be

free
reconciled with the data of Bartolini et al. [T—?] and Ivanenko et al, [T-8]

»*
for a ;,Od/; however, the relation a2/a4 = 0,04 following from these data

diffeis very much from the experimental values: 0.12 + 0.04 barn [T-3]
and 0,08 1_0.03 barn [T—4]. This discrepancy has been pointed out by

B.R. Leonard [2], who performed a deuterium cross—section evaluation for
ENDF/B-II. Leonard also noted that, for o..

to explain the experimental data for the age of neutrons in heavy water.

= 3.5 barn, it is impossible

In order to eliminate the discrepancies in the calculated and experimental

age values, Leonard took o = 3,35 barn, Soon after the publication of

free
Leonard?'s work [2], Dilg et al. [T—SJ reported on the results of very careful

measurements of o and a for deuterium., It is difficult to fault the
free coh

*/  Translator's note — Original not clear.



methodic purity of the results of this work, Howesver, the value of O free

obtained, 3.390 + 0.012 barn, contradicts the extrapolation of Seagrave's
data. At the same time, the scattering length values a4 = 6.35 + 0,02 F

and a, = 0.65 + 0.04 F which follow from Dilg's work are in excellent
agreement with the data of most other authors (except Bartolini et al. [T—T]).
The data obtained by P. Stoler et al. [P—lS] showad that extrapolation of the
cross—sections measured by Seagrave to the low—energy region was done
incorrectly. In actuwal fact, owing to the rapid decline in the contribution
of the S-wave, the total cross-—section of deuterium declines sharply as

one moves from the slow-reutron region to an energy of ~ 0.2 MeV,

Thus, the contradiction between the data on total cross—sections in the
region from hundreds of keV to 1 MeV (including Seagrave's data) and the
data for slow neutrons has been eliminated. The values for deuterium cross-—
sections at low energies taken in this work are based completely on the
measurements of Dilg [T-9] and Stoler [P-15]:

6.35

a

4

O oo (E »0) = 3.39 barn.

Let us now consider the basic works in which the total cross—section
of deuterium for the intermediate—energy range was measured. The first of
these, in chronological order, is the work of Seagrave and Henkel [P—9]
performed in 1955, Data were obtained for neutrons with energies in the
range 0,3~22 MeV. A gaseous sample urder high pressure was used for the
measurements; unfortunately, the experimental points are very scattered,
ard in the energy regions from 1.4 MeV to 4.2 MeV and from 8 MeV to 14 MeV
there are no data at all. Later, Glasgow and Foster [P—12] measured the
total cross—section of deuterium using a continuous neutron spectrum; they
employed the time—of-flight method, the measurement accuracy was 1-5% and
data were obtained for 241 energy values in the range 2.25-15.0 MeV. In
1971, Davis and Barschal [P-13] published the results of Ot(D) measurements
performed at energies in the range 1.5-26 MeV with an accuracy of 1-2%;
below 3 MeV they are in agreement with the results of Seagrave and Henkel
[P—9] and above 3 MeV in agreement with the data of Glasgow and Foster [P—12].
Lastly, in 1972, Clement et al. [P~14] measured the total cross-section of



deuterium in the energy region 0.52-30 MeV to within 1%. The measurements
were so detailed that we have included in the figure:/ points which are the
result of averaging experimental data with intervals of 0.1 MeV (from

0.52 MeV to 2 MeV), 0.125 MeV (from 2.0 MeV to 10 MeV) and 0.25 MeV (from

10 MeV to 15 MeV). The results of this work are in good agreement with

the data of Seagrave and Henkel. We would point out that a pure gaseous
deuterium target was used in both works. In two other series of measurements
(Glasgow and Foster [P-12], Davis and Barschall [P-13]), the target was
hydrocarbonate enriched in deuterium, so that it was necessary to subtiract

the carbon cross-section and additional errcrs consequently arose,

In the region ~ 0.5-1 MeV, the data of Stoler et al, [P—lS] and those
of Clement et al. [P—l4] are in excellent agreement both among themselves
and with the curve computed in Ref. [4], which tends to 3.39 barn as E—0

in accordance with the results of Dilg [T-9].

In this evaluation, therefore, in the region from 1 eV to 1 MeV the
total cross—section of deuterium is in accordance with the data of the
three above-mentioned works (the recommended curve coincides with the curve
in Ref. [P—15]} while from 1 MeV to 15 MeV it is in accordance with the
data of Clements et al, [P-14].

For E = 130 eV and for lower energies,

o, = 3.39 + Iy barn.

Let us now consider the question of the accuracy of the evaluated total
cross-sections. Specifying the accuracy of a cross—section o(E) means
specifying the parameters of the algoritihm by means of which, for any E
and E' lying in the energy region under consideration, it is possible to

determine the correlation function

g(EL) = 8615)-S6(E),

where 50(E) is the deviation of the evaluated cross-section from the true

one and the line denotes averaging over all possible deviations with the

probability density of these deviations as the weighting function,

If g(E,E') is known, with it one can easily calculate the covariance

matrix of the group cross—-sections:

6, =i, | 61E) % (E)dE,
A

:/ Translator's note — Which figure?




where .‘fg(E) is the intragroup spectrum normalized to AEg. In fact,

o A e [apt g £ (6) S (B,
56§65 =i [F JEGlEEIG

A Eg oE 3’
Let us assume that the energy region 0-15 MeV is broken down by Ei
points, i = Oy1y....n, (E) =0y E =15 MeV), in such a way that the cross—
section errors can be considered fully correlated at points EO =0 and E

1
and fully uncorrelated at the remaining points:

§6(0) §6(Ey) = 0*61;

§G(E;)-S6(E) = 8%6i - Six (L =4,2,...,n).
Here bik is the Kronecker symbol,

Let us also assume that, in the ranges [Ei—l" Ei]’ the energy dependence

of the total cross-section can be presented in the form

6(E) =a+8bE +A6(E),

where 40 (B) << o(E).

In this cage, ignoring the fact that the correction function vo(B)

is not known accurately, we obtain
5‘26; ) (E,,E'E[O,E;l])

JEE) Ei-L'
Fe b, (EeloE] FelELE])

a-nd, for i = 2, seeey Iy

o (Ei-E)NEi-F)  Tas (E-beidCbd) (FEE[EL,E])
§76i-4 (Ec-Ec-1)? * 06 (E-Eg)*

g(E,E) 56 (E-Eca)(Ent=E) (Eé[EL-x,EJ,E'G[Ez,ELAD

(Ei~Ecg)(Eceg-~Fe)
(E‘Eb-i 7El>E"')‘

Thus, g(E,E?) can be specified by the parameters E, and 620.1 = bzo(Ei),

i=l, eseey n,



*

Let us now try to choose the corresponding values of Ei and estimate—/

2
o

O..
1

In the energy region 10—4 eV-10 keV, the total cross—-section of
deuterium is constant to within well under 1%. The evaluated cross-section
for scattering in this region is completely determined by the result of
Dilg et al. [T-9] obtained with an accuracy of 0.35%. As there is only
one result having such a high degree of accuracy, the uncertainty associated
with the total cross—section at energies below 10 keV should, in ocur opinion,
be taken to be somewhat higher: 0.5%. Thus, E, = 0.01 MeV and %{ETE:E = 0,005,

1
It is best to take the boundary of the following interval to be

1

0.2 MeV. The energy dependence of the cross—section in the 10-200 keV
range is determined completely by the data of Stoler et al. [P-15]. The

non-linearity in this range is of the order of 1%.

The accuracy of the evaluated cross-section at 0.2 MeV is ~ 1% (that
is the accuracy of the data in Ref. [P—lS], which agree with the result of
Seagrave and Henkel at 0.27 MeV with an accuracy of ~ 1.5%; see Fig. 1b).
The error associated with the cross-section at this energy in no way

correlates with the value of the cross-section at low energies.

Thus, E, = 0.2 MeV and 032 0%, = 0.01. It is best to extend the third
range to 4 MeV. 1In this case, the non-linearity of the energy dependence

of the cross-section will be 2-3%. In the vicinity of 4 MeV, the estimated
cross—-section value is confirmed by a number of results (see Fig. la)

which agree among themselves within the limits of errors amounting to 1.5-5%.
The accuracy which we ascribe to the result for 4 MeV is 1.5%. For all
practical purposes, this error does not correlate with the error at ~ 0.2 MeV
as the sets of results determining the cross-sections at these energy points

/2

hardly overlap. Thus, E, = 4 MeV and %—3» %0, = 0.015.

3 3

The region above 4 MeV is combined into one last energy range. The
non-linearity from 4 MeV to 15 MeV is 5—7%% but that is acceptable for
estimating errors. The error in the estimated cross—section at 14-15 MeV
appears to be ~ 4% (on the basis of the spread of the data of different
authors), Because of the considerable difference between the accuracies
of the estimated cross-section at 4 MeV and 15 MeV, the correlations between

them may be ignored despite the fact that, at both energies, the choice of

j/ Translator's note - The Russians use one word to mean both "estimate"
and Yevaluate".



evaluated cross-—-sections is made mainly on the basis of data from only two

works [P-12 and P-14]. The error increase as one goes to 15 MeV indicated

that, with rising energy, there appears an additional source of error which
is decisive at 15 MeV. This is what justifies ignoring the correlations

between 00, and d¢,, Thus, E, = 15 MeV and éz 5“04 = 0.04.

3 4 4

The results of the =stimate of the errors in the total cross-—section

of deuterium are summarized in Table 1.
Zgble 1

Errors in the total cross—-section of deuterium

i - number By (MeV) - upper wo(E 1/ 52
of range energy limit max Z'g—é'ﬁ%j % E-i %1
1 0.01 <1 0.005
2 0.2 ~1 0.010
3 4.0 2-3 0.015
4 15.0 5-7 0.04

With regard to the calculation of the correlation properties of the

errors, see the text.

2. Cross—section for radiative capture

The radiative capture cross-section (see Fig. 2) of deuterium is taken
to be in accordance with the evaluation of Horsley [1]. There is a
scarcity of experimental data on the cross-section for the capture of

thermal neutrons by deuterium:
521 + 9 pbarn, J.S. Merritt et al. [5], 1968;
506 + 10 pbarn, J.S, Merritt et al. Lé6l, 1967;
600 + 5C pbarn, E.T. Jurney ard H.T. Motz [7], 1963;
570 + 10 pbarn, L. Kaplan et al. [8], 1952.

The later result of Merritt et al. [5], which differs somewhat from
their earlier one [6] but is more accurate, is taken as the recommerded
value for OnY at 0.0253 eV. 1In the high-energy region, the value taken
for the capture cross—section is that of Horsley in accordance with a

recalculation on the basis of a detailed balance of data on the crogs—section
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for the reverse reaction T(Y,n)D measured by R. Bbsch et al. [9] and
R. Kosiek et al, [10]. The recalculation was performed using a modification
of the theory of J.C. Gunn and J. Irving [11], which enables one to describe
the photodecay of three-nucleon systems. Despite the improvements made,
the theory does not describe the behaviour of the capture cross-section
in the low—energy region. The matching of data for high energies and at
the thermal point is performed according to the 1/v law. It should be noted
that the cross—section for capture at 14 MeV taken on the basis of the detailed
balance principle (9.5 pbarn) does not agree with the results of direct
measurements of this cross-—section performed by the Zagreb group (see
Refs [12] (29.4 + 5.8 ubarn) and [13] (31.6 + 1.8 pbarn)).

The accuracy of the capture cross-section at the thermal point is 2%.
This degree of accuracy is retained wherever the cross—section clearly obeys
the 1/v law, i.e. as far as 1 keV, the cross—section errors in this region

being very closely correlated:

56 E SG(E' = Sg;»[p,ozfev) . 1y =
g (E) 0G4 (£) 6 10,025 o) Gy (E)-Cp(E)

= 4.407. 6 (E)- 64 (E)) (E,E' <1 xev).

At energies above 100 keV, where the cross-section is estimated on the basis
of recalculation from the energy dependence of the cross-section for the
reverse reaction and where the estimate differs very much from the results
of direct measurements, the uncertainty associated with the capture cross-
section is — in our opinion - not less than 100%; here also the errors

mst be considered fully correlated:

§64(E)-§6L(E) =61 (E) G4 (E) (E,E' > 100 xev ).

In the intermediate energy region,

§6,(E) Sy (E)=0.3:40"(10-F) (40-E') + 0510 £-4)(E"-1)
(14E,E'4400 xev);

06y (E)- 66y (E) =2,5 10" (10-F) (F<qxeV, {<F 4 {00 xeV;

S6 (E)-864(E) =04007%(E-1) (414 E &400 xeV; E'>100 xev)
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Cross-section for scattering

At energies below 130 eV, % is taken to be 3.39 barn, In the energy
range from 130 eV to the (n,2n) reaction threshold, i.e. to 3.339 MeV,

9 = 94 = OY' At higher energies, o = Ot - OY - °2n'

The accuracy of the estimated elastic scattering cross-—section values
is therefore determined by the accuracy of the total cross—section and,
above 3.4 MeV, the accuracy of the (ny2n) reaction cross-section (the error
in oY has virtually no effect on the accuracy of oe).

4. Angular distributions of elastically
scattered neutrons

For comvenience in taking into account their energy dependences, the
angular distributions of elastically scattered neutrons are represented in

the form of expansions in Legendre polynomials:

L Y ya
6 (EH) = i % Be(E) £ (1) =%—")Z Wp(E) Fe (1),
=3 [=0

where

WelE) = 8e(E)/BolE);

130(15) = Eik.(éi)-

An estimate of the energy dependences BE(E) was made by us earlier [14]
on the basis of data published up to the middle of 1967. The results of
this estimate are presented in numerical form in Ref. [15]. Meanwhile,
some additional experimental iﬁfonmation has been published on the angular
distributions of neutrons elastically scattered on deuterium [E—8, E-9, E-12,
EFl}]. Thanks to these data and to the results of measurements of the angular
distributions of proton scattering on denterium nuclei [28—32], it has been
possible to increase considerably the reliability of the estimate of the
coefficients of expansion in Legendre polynomials at energies above 3 MeV

and to represent the accuracy of the estimate,

The bibliographical information about experimental work relating to
the elastic scattering of neutrons or deuterium is brought together in Table 5,

where the main characteristics of the experiments are presented.

Figs 3a and 3b show the energy dependences of the<nz(E) expansion

coefficients., The points indicate results obtained by the least squares
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method from experimental angular distributions (see Ref. [141). The energy
dependence of the elastic scattering cross-section is also presented in

Figs 3a and 3b.

In Figs 4a-e, the angular distributions reconstructed on the basis of

estimated energy dependences of B, are compared with experimental da.a.

When expanding individual angular distributions in Legendre polynomials
by the least squares method, one may find not only expansion coefficients
but also the total covariance matrix of their errors. The expansion
coefficient accuracies determined in this way are always high (%) and
fairly strongly correlated; at the same time, the absolute errors in W,
are only slightly dependent on £, It can be seen from Fig. 3 that the
results of different authors differ among themselves and from the estimated
smooth wz(E) curves by much more than the errors estimated in treating
individual angular distributions, i.e. without allowance for the requirement
that the mZ(E) energy dependences be smooth. This indicates that sources
of systematic errors not identified by the aunthors are the factors determining
the accuracy of the experimental results., The reasons for the discrepancies
cannot be discovered on the basis of published information about the experi-
mental conditions. Consequently, the recommended curve was drawn smoothly
among all the experimental points and the spread of the points relative to
this curve is a measure of its accuracy. As can be seen from Fig. 3, there
are no marked correlations among the deviations of the experimental points
from the smooth energy dependence OZ(E), ml(E), m2(E), etc. Hence, the
errors in mg(E) estimated from the spread of the points may be regarded as
uncorrelated among themselves and with the errors in the scattering cross-
section, For estimating the influence of the accuracy with which the angular
distributions are known on the neutron calculation results it is, as a rule,
sufficient to know the accuracy with which the mean cosine of the scattering
angle, p = w1/3, is known. We shall therefore confine ourselves to estimating

the accuracy of this quantity.

At zero neutron energy, the scattering of neutrons on free deuterium
nuclei in the centre—of-mass system is clearly isotropic. Hence, bzwl =0
as E -0, In the 0.5 MeV region, the error in w, appears to be about 50%.
Judging by the spread of the data in Refs [E~2], [E-4], [E~5] and [E-7], at

2-3 MeV the error declines to = 30%.
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The accuracy with which w, is known at this energy may be regarded as

1
uncorrelated with the errors in the estimated values of the mean cosine of

the scattering angle for 0.5 MeV and 14 MeV; at the latter energy} &%)y /w, = Q15

Thus, for the correlation function i1 (E,E ) %1(&) 5«),/[)
we take

5%y (E.. /_55—5)/& £E') o (E-Fo )(E- E_i)
4 (Eied) (EL -£iq)? 8 “h(:) (Eo-Ec g )r

/E,E'G[Ei_j'gij);

JEE)S St (E,) (E-£ia)lbin-E)
(Ec-Eig)(Ecey-EL)

(EE€[E.y,E] E€[E;., JE:D);

0, (E<E;;, F'>E;)

where 52 Ly (Ed) = S’ u):‘ ,/EL) and the values of the relative errors

in bi at energies Ei are given by Table 2.

Tableﬁ

Relative errors in the values for the mean cosine
of the angle of elastic scattering

i E. (MeV) o0 %
0 0 0
1 0.5 50
2 2.5 30
3 14 15

5. Cross—section for the reaction D{n,2n)

Experimental data on the cross-section for the reaction D(n,2n) are

presented in Fig. 5; the basic reference information about the corresponding
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works is presented in Table 6. Most of the experimental data derive from

the direct measurement of o, [N~1, N~2, ¥~3, N-4]. In estimating the energy
dependence of the cross-section in the high-energy region (~ 14 MeV) we also
used Refs [N-5] and [N-6], in which the angular distribution of the elastically
scattered neutrons was measured and an estimate made of the cross-—section

for the reaction D(n,2n) as the difference 9, = 9,- In the same way, we
determined o, from the data in Ref. [E-13] (see Table 5), the authors of
which measured the angular distribution of elastically scattered neutrons

over a wide range of angles (from 13.5° centre—of-mas d to 158° centre-

*
of-mass— ).

Figure 5 gives the results obtained by calculating the energy dependence

of O for deuterium from Refs [16] and [33]. The considerable difference

between the calculation results reflects the complexity of the structure

of the quantitative model of a n—-d interaction.

Accordingly, in estimating 02n(E) we relied exclusively on experimental

data.

The errors in the estimated cross-section for the reaction (n,2n) in

the region from the threshold to 15 MeV may be considered strongly correlated:

S (E) 6630 (E) = O GonlE) Can(EY)

= 10%.

the accuracy of the estimated cross—-section 62n

6. Energy—angular distributions of neutrons emitted
in the reaction D{n,2n)

Experimental information about the energy—-angular spectra of neutrons
emitted in the reaction D(n,2n) is very scarce, so that the present estimate
of these spectra is based mainly on their theoretical description. Use
is made of the simplest model of this reaction - the breakdown of a compound
nucleus into iwo neutrons and a proton without allowance for any interaction

among the nucleons as they fly apart (the phase—space model),

According to this model, the angular distributions of the non-interacting
and stable particles formed as a result of the breakdown of a nucleus are
isotropic in the centre—of-mass system and the energy distribution of each

of the particles in the same system of co—ordinates has the form [1]
A//Z;c’}yo)GJE},ﬁéﬁéd ::é%4kﬁf'/ﬁi:k22:“ax"é;;) t‘lzyc.ﬁ%/ﬁli(l)

f/ Translator's note — This is a guess; 1in the original there are only
abbreviations.
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where E:ax is the maximum energy which the particle urder consideration can

have in the centre—of-mass system,

In the laboratory system of co—-ordinates, the energy-angular distribution

of the neutrons has the same form:

ME ) = eV JETET (EL ) -E] @

where Ei is the initial and EL

system of co—ordinates and Egax is the maximum possible energy of a neutron

the final neutron energy in the laboratory

escaping at an angle arccos Bpe

)
f
3 A
ﬁ

c

Fig. 6. Velocity diagram

Lf}; Z&/‘éy - velocity of neutron after collisiori and angle of scattering

in laboratory system of co-ordinates and centre-of-mass system

respectively.
= 3. -
(uL = Cos % ;i py = Cos SC
VC — velocity of centre—of-mass.

For the emergy of the neutron under consideration to be at its maximum, the
other particles formed in the reaction - a neutron and a proton - must fly
in the centre—of-mass system in the direction opposite to the direction of
movement of the neutron under consideration. Hence, from the reaction
kinematics point of view it is possible to regard these two particles as a
single particle — an unbound deuteron. The deuteron binding energy experded
in the reaction appears in the same way as the excitation energy of the
rucleus in inelastic scattering. For inelastic scattering, Em (pL) has

the form (see formula (60) in Ref. [17]—/)

£ :ml/, Mma J/fg/”%,fa‘f/jfﬂung
v (ﬁ*f)* ; (3)

*/  In formula (60), the first term in the mumerator should be 2;;% and not 2.
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where M is the deuteron mass,
m is the neutron mass,
Q is the reaction energy (Q = -2.225 MeV).

*
If B > EfomJ = =Q:M/(¥-m), the minus sign in formula (3) must be discarded
as p, may, in this case, assume any value from +1 to —l. Near the reaction

threshold, for
' v/
3.34 MeV = ~Q(M+m)/M = Bipp SE' < Ep o= 4.45 Me

neutrons from the reaction (n,2n) in the laboratory system of co—ordinates

are observed only at forward angles:

.
gl B e

In this range of angles one should consider two groups of neutrons - the
spectrum of one of them is determined by formula (2), in which Ezax is
calculated according to formula (3) using a plus sign and the spectrum
of the other one according to the same formula but with Eiax calculated

using a minus sign.

The constant C(E') in formula (2) is determined from the normalization

condition:

£ )
for E' > B, _: /‘p //E/ ) )@//[L { (5)

Mﬂ't

E:* (/%

2
for EtransﬁjSE' EEform:/_;//M ///E_/Z/ﬂ/[////?./{ )“Z/ ! {
M

B

:/ Translator's note — I have assumed that the two unexplained Russian
subscripts denote "formation energy" and "threshold energy".

**/ TPranslator's note — I have assumed that the unexplained Russian
subscript denotes "transition energy".
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The following formulas are derived for C(E') on the basis of these conditions:

ClE)= Zlbbeml weon,

AZIZML/&— a+~§—_)

CIE) = —— Aftem)?
TAETm [ A™) ¢ Lol ™ P) E (1A F)]

X < BY <
for Ethr < E < Eform'

Here ugln is a function of E' determined according to formula (4) and

a(E) = m,’-(i“M;m Q‘)’i‘ )

Thus, the energy—angular distribution of neutrons from the reaction

(n,2n} is completely determined.

It should be noted that the breakdown model used above is an approximate
one., In particular, it dces not take into account the effect of direct
interactions, which become appreciable at high incident neutron energies
(E'* > 10 MeV) and escape angles close to 0° and 180°, Under these conditions,
the processes of rmucleon interaction in the finzl state are so important
that the reaction D(n,2n) may be regarded qualitatively as D(n,n')DX,
D(n,D*)n, D{n,p)B or D(n,B)H, where D* denotes en unbournd (virtual) deuteron
and B denotes a virtual bineuircn, The direct rature of these reactions
shows up in the fact that the angular distributions of the reaction products
have sharp directionality forwards and, correspcndingly, backwards. In the
spectrum of the neutrons escaping at small angles there must be observed an
excess of neutrons with energies close to the meximum owing to the reaction
D(n,n')D¥ and half as much energy owing to the reactions D(n,D*)n and
D(n,B)H. A% angles close to 180°, for E ~ E .. @ peak owing to the reaction
D(n,D*)n is to be expected in the neutron spectrum and for E x Emax/2 a peak
owing to the reaction D(n,p)B is to be expected.

In the spectrum of the protons formed in the reaction D(n,2n) and

escaping at small angles, one should also observe maximum when E ~ Emax

(owing to the reaction D(n,p)B) and E ~ Emax/2 (owing to the reaction D(n,D*)n).
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Such maxima show up clearly in the experimental spectra of protons from
the reaction D(n,2n)p measured in Ref. [19] at a neutron energy of 14.4 MeV
(see Figs Ta and Tb).

It should be noted that the cross—sections for the reactions involving
the formation of a virtual bineutron and a virtual deuteron must, generally
speaking, be different as the deuteron can form in both the singlet and the
triplet state while the bineutron - because of the Pauli principle - can
form only in the singlet state. The cross—sections for the reactions
D(n,D*)n and D(n,n')D*, and the reactions D(n,B)p and D(n,p)B, may also
be different: the first of each pair of reactions is a pick-up reaction
while the second of each pair is like stripping or an exchange process
(D(n,n')D*),

As there is very little information about the direct mechanisms of

the reaction D(n,2n), it is interesting to consider data concerning the

influence of these mechanisms on the reactions D(p,n) and H(d,n).

The results of measurements of the spectra of neutrons excaping at an
angle of 0° to a beam of 8.9 MeV protons striking a deuterium target are
presented in Ref. [35]. The authors of Ref. [36] measured the spectrum
of neutrons escaping in the forward direction from the reaction H(d,n) for
a deuteron energy of 18.6 MeV. This spectrum may also be regarded as the
spectrum of neutrons escaping in the backward direction from the reaction

D(p,n) occurring through the action of 9.3 MeV protons.

V.V. Komarov and A.M. Popov [22] carried out a theoretical analysis
of these data, The neutron spectra calculated by them are in excellent
agreement with the experimental spectra. It was found that the peaks in
the spectrum of neutrons escaping in the forward direction are due to a
reaction of the type D(p,n)He2 (near the maximum energy) and D(p,D*)H (in
the intermediate energy region). The blurred peak in the spectrum of neutrons
escaping in the forward direction is due almost entirely to a reaction of
the type D(p,Hez)n; thus, the escape of an unbound deuteron in the backward
direction is improbable. It was also found that the (p,n) interaction is

almost entirely a singlet reaction.

The nature of the spectra of neutrons escaping in the backward direction
from a D(p,n) reaction is preserved even with lower proton energies. According
to the data of Poppe et al. [ZO], who measured the spectra of neutrons

escaping in the forward direction from the reaction H(d,n), the influence
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of the reaction D(p,Hez) manifests itself already when Ep ~ 5 MeV, With
lower proton energies, the neutron spectra are described within the error

limits by breakdown spectra (see Fig. 8).

Let us now return to the estimate of the cross—sections for direct
interactions in the reaction D(n,2n). The angular distributions of neutrons
produced by the reactions D(n,D*) (peak at intermediate energies of protons
escapirg in the forward direction) and D(n,p)B (peak at maximum energy)
are presented in Fig. 9. The data were obtained by integrating those parts
of the proton spectra from Ref. [19] which lie above the breakdown spectrum,
The amplitude of the bresakdown spectrum was estimated from the distributions
at 30° and 45°, where the contribution of direct processes is small (30°) or
non-existent (45°). When the total cross-section for the reaction D(n,2n)
at 14.4 MeV is, according to the estimate made above, 170 mbarn, the cross-
sections for the reactions D(n,D*)n and D(n,p)B are 3.6 mbarn and 2.2 mbarn

respectively.

In accordance with the results of the analysis of direct interactions
in the reaction D(p,n), the cross-section for the reaction D(n,n')D* is
taken to be zero and the cross-section for the reaction D(n,B)H is taken,

on the assumption that

2, BIH _ 99_/'2,_0, Xl 4
.‘:‘D//‘L,SO‘//'”/ —_——2/”0’%71“)/0 //,f

to be 2.4 moarn. Thus, the value of the total cross-section for the reaction
D(n,2n) at 14.4 MeV due to & direct interaction is ~ 8.2 mbarn. As regards
the energy dependence of the direct process cross—sections, on the basis of
the data of Poppe et al. [20j, which indicate that direct processes start

to manifest themselves when the reaction threshold is exceeded by about

1.5 MeV, we assumed a linear growth of the cross-sections with erergy,

%/ ,
beginning at the inverse—/ threshold of the reaction D(r,2n) (at 4.45 MeV).

The angular distributions of the products of the reaction D(n,B)H were

taken by us to be the same as those of the products of the reaction D(n,p)B;

:/ Translator's note - Or should this be "“reverse"?
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that is in accordance with the data on the angular distribution of the
products of the reaction D(p,Hez)n [20]. The angular distributions of the
products of all direct reactions are approximated by triangles in the

recommended data (see Fig. 9).

The energy distributions of neutrons formed in direct processes are taken

to be as follows:

- for the reaction D(n, D*)n,

FIES) =i STE £ /2] o) SEAT )

- for the reaction D(n,B)H,

FIEQ =fop) S[E-EZ MW /2] 0 oo

- for the reaction D(n,p)B,

FIEM) = fo %/.S [ E -.EQ”“"/-/) /z] : (11)

where E;ax is determined in accordance with formula (3) or through the cosine

of the scattering angle in the centre—of-mass system (see formula (46) in

Ref. [17]):
LMm Mim, 8 _ M
&&‘) E[j (H+m)*t /j Em E JOH s L (12)

7. Group constants

Annex 1 contains 26 group constants of deuterium obtained on the basis
of estimated cross—sections, spectra and angular distributions of neutrons.
In addition to the groups taken from Ref. [23] there are a (-1) and a zero
group (see Tables 7-9). These groups have been introduced for thermonuclear
reactor calculation purposes, The intragroup spectra taken in averaging are
the same as in Ref, [23]: in groups (-1)—3 the fission spectrum and in

the lower groups the Fermi spectrum.
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The probability of intergroup neutron transitions as a result of the
reaction (n,2n) and their angular momenta (wf) were calculated with the
help of energy distribution function (3) described in Section 6 (using
the MATRA program written for this case) as follows:

- t
for E' > Eform’

£Ei-g
l /G (E) P(E) dE /a{/‘///'//éb,/a) Rift) b
W, / 6, (E) F(EY-dE' .
£

- ' <
for By rans S B S Bpormt

£,y 1 é}-z
i /@nffﬂ-j’/f')""gl /‘(/"‘/[M/EL,//»H

+ N (E., >]fk(6m) ﬂfdﬁ'a}// meE)Y‘/EJ’LEI
£
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Here, Ei and Ei—l are the energy boundaries of group i, from which occurs

the impingement of neutrons on the lower groups j as a result of the reaction
D(n,2n), E. and E'—l are the energy bourndaries of group j (if El]';a'x < Ej—l’
then ﬁj-l = E‘ﬁa'x), ¥(E') is the fission neutron spectrum for the energies
under consideration (E' > 2.5 MeV) and Pz is a Legendre polynomial of the

order &.

The group constants of deuterium are presented in Table 7. In contrast
to Ref. [23], the curve with values of the mean-logarithmic energy loss § is
excluded here, for the age approximation - in which this quantity is used -

is not generally employed in the case of deuterium,
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Table 8 shows the group parameters of elastic scattering anisotropy;
they differ somewhat from the values published earlier [17] owing to the

appearance of new data (see Section 4).

Lastly, we give in Table 9 the matrices of the moments of the cross-
section for the reaction D(n,2n). In these matrices, the presence of direct
processes is taken into account in accordance with Section 6. When using
the Table 9 data, one should remember that they relate to one neutron
resulting from the reaction D(n,2n).

8. Presentation of evaluated data in the
SOCRATOR format

The contents of the file of evaluated neutron data for deuterium in

the SOCRATOR format [24] is presented in tabular form in Annex 2.

The library number of the file is 2003. Hence, the identifying nuclear
mumber is 200301002,

The file has nine sections,
Section O — Heading.

¥*
Section 1 - NTR-/ = 01001 - Total cross-section data. As for the other

cross—sections, a point-by-point description is used for the energy dependence
of the cross-section (NTP = 111) with interpolation between the points on a
linear-linear scale (INT = 111000000). The number of points at which the

cross—-section is specified is 86.

Section 2 - NTR = 01102 - Radiative capture cross—section; specified

at the same energy points as the total cross—section.

Section 3 — NTR = 01002 - Elastic scattering cross—section; specified

at the same energy points as the total cross-section.

Section 4 = NTR = 02002 -~ Angular distributions of elastically scattered

neutrons in the laboratory system of co-ordinates; specified point by point

in the @& representation at the same points as the elastic scattering cross-—
section (HTP = 211). Five expansion coefficients are presented (up to w5
inclusive). This number of expansion coefficients is sufficient for describing

all observed angular distributions in the energy region below 15 MeV.

*_"/ Translator's note — This and other abbreviations are not explained in
the original.
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Section § — NIR = 03002 - Energy spectrum of elastically scattered

neutrons; specified by law No, 10 [24].

Section 6 — NTR = 01016 — Cross-section for the reaction (n,2n);

specified in two energy ranges. In the energy region from 10_4 eV to
3.339 MeV the cross—section is zero. Above 3.339 MeV up to 15 MeV the cross-
section is specified at 25 energy points (the cross~sections for the other

reactions are presented at the same energies).

Section 7 -~ NTR = 2016 — Angular distributions of neutrons from the
reaction (n,2n); specified in two energy ranges. In the first range, from

*
the forward threshold (3.339 MeV) to 4.45 MeV (irwerse-/ threshold), data

are presented for both neutrons from the reaction (n,2n). The angular
distribution of these neutrons is taken to be isctropic in the centre—of-mass
system (NTP = 201). In the range from 4.45 MeV to 15 MeV, where direct
processes are important, the data are presented separately for the "firsi"

and the "second" neutrons emitted in the reaction (n,2n). For each of these
groups of neutrons, the 2ngular distributions are described by a superposition
of four angular distributions specified in the centre—-of-mass system in the

p representation (NTP = 121).

The probability of the first angular distritution is equal to the
probability of the breakdown mechanism; the correspornding angular distri-

bution is isotropic.

The second angular distribution relates to reutrons emitted as a
result of the process D(n,B)H; this distribution falls linearly to zero

as ug decreases from 1 to 0,94.

The third angular distribution describes neutrons formed as a result of
the reaction D(n,p)B; this distribution falls linearly to zero as o changes
from -1 to -0.,94.

The fourth angular distribution describes neutrons formed as a result
of the reaction D(n,D*)n. It is accepted that the "first" neutrons escape
in the forward direction and their angular distribution falls to zero for
e = 0.955 and that the "second" neutrons escape in the backward direction
and their angular distribution is symmetric with the angular distribution
of the first neutrons. It is this process which gives rise to the difference

between the angular distributions of the "first" and the "second'" neutrons,

j/ Translator's note - Or should this be "reverse"?
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The probabilities of the angular distributions are specified at two
energy points at the edges of the energy range, beiween which linear inter-
polation is envisaged. The probabilities of direct processes at the lower

energy boundary of the range are zero.

Section 8 — NTR = 3016 — Energy distributions of neutrons from the

reaction (n,2n); specified in the same energy ranges as the angular

distributions.

In the first range, the energy distribution is due entirely to the
breakdown mechanism. Of the laws envisaged by the format [24], the only
one which enables this distribution to be described is law No. 8, for which
it is necessary to specify an arbitrary function of the initial and final
energy of the neutron. As a rule it is best not to use this law, because
it is cumbersome and because of the inevitable distortion of the spectra

during interpolation with normalization.

In our case, the use of this law is especially undesirable also because
one thereby loses the chance of taking into account the correlations between
the spectrum and the escape angle of neutrons from the reaction (n,2n),
which are very strong. For these reasons we decided to introduce a new law
into the format — law No. 13 (NTP = 113), which describes the energy-angular
distributions of neutrons from the breakdown reaction. This law can also
be used for specifying the spectra of neutrons for the reactions T(n,2n),

He3(n,2n), etc.

In the second energy range, the data are presented - as in the case of
angular distributions — for two groups of neutrons from the reaction (n,2n):
"first" and "secord" neutrons. For each of these groups, the energy distri-
butions are described by a superposition of four laws (NTP = 151) relating
to neutrons from the breakdown process and the processes D(n,B)H, D(n,p)B
and D(n,D*)n. The probabilities of these processes are naturally the same
as those specified in Section 7. The energy distributions of the breakdown
neutrons are specified, as in the first range, by law No. 13, As regards
the energy distributions of neutrons formed as a result of direct interactions,
there were two possibilities - either to describe them by d-functions inde-
pendent of the escape angle of the neutrons (law No. 2, NTP = 102) or to
modify law No, 10 (NTP = 110) describing the inelastic scattering spectra

(with allowance for their dependence on the escape angle).
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The required modification is a simple one: it is necessary only to
introduce a coefficient m indicating by how many times the mass of the
escaping particle (bineutron or unbound deuteron) is greater than the neutron
mass (the use of which is envisaged by the standard form of law No. 10 a priori).
The energy calculated using the true mass of the escaping particle must then
be divided between the component nmicleons in proportion to their masses - i.e.
the energy of the escaping neutron is % times the energy of a particle with
a mass equal to m necutron masses., It is not difficult to take this modifi--
cation into account in tae program for processing the data presented by
law No. 10 as, in this case, the format allows the coefficient m to be
written in the reserve position (the second position of the card of the

corresponding NTP - see Ref, [24]),

Accordingly, we thought it best to take this modification of law No. 10
and to use it for specifying the energy distributions of neutrons emitted in

direct processes.

4 description of the changes in and additiorns to the formats for presenting
data on the energy Jdistributions of the secondary particles about which we

spoke above is contained in Ref. [34].
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Reference and bibliographic data on experimental work
relating to the total cross-section of deuterium

(contd.,)
- N n
Neutron Energy reso Reutro Detector Method Comments
source 1utlon (MeV): energy (MeV)
"1 izati & obtained b
Li(p,n) 0,37 + $,97 Ic;lmzaglon ) ahedtra 1m9551 F‘l? v}g
12C(d ) 1+at 1,0 LeV 1,0 ¢+ 2,0 chambers o Transmission g{‘ 8r¥ecu re intro-
Wn XY )0 Me ’ ' different uced for. mu t1 e scat-
2 . . terin owing 10 Bheir
Sptd, o) 2,0 + 6,0 dimensions sma ess
25°0.65 MeV L €,22 4 4,25 Hydrogen-filled No cqrrections were intro-
from the reaction C,26 ¢+ 3,8 proportional ¢t ¥or t & Vﬁuence
[omission in original 0,22 ¢ 4,05 Transmission £ ng ensr%ogrsg’
9.0-4.0 MeV 0.26 4 2,35 |counter Hie Samp e AN ith e
. N * ?
from the reactio (¢ 2.5 cm) ge metry use
[omission in original
Anthracene Transmission
T(d,n) 14 crystal s
Recoil proton
"Li(p,n) 0,1 + 0,35 proportional Transmission
counter
T, <o 1Cylindrical Ot obtained b aring
Li{p,n) 0,262 » 0,872 |CY s the Seiln mg
. ulsed ionizatio] Transmission € transimiss 9
T(p,n) 1,176 + 2,962 gham ber and ordinary water
| Proportional Direct measure- ¢
. counter contain - g?e“% of ener ﬁubso u%grvaluecejdo {igutron
Li(p,n) 0,1+ 1,0 ing deuterium relf:tcl;h l::ltell??e?ons &‘rog Plhne counter
gas
: Threghold, an ih- -
{  ®{(c.n) 0,020 + 0,040 14,1 5 16,0 {acene scinti Transmission
| -
[ .10 roportional Measur(:,imengof
. 4 counter contain-| energy distribu- 11 statistical
o{p,n) 0,012 c,1 o : : Overall statistica
, 146 on of recoil
,’:') Img deuterium O SR accuracy + 3%
! 7,2 -
T(p,nj 0,040 + 0,012} 0,207 ¢ 4,002 tilbene Cross-section measurement
D(d.n) 0,062 + C,017 1 4,330 ¢ 8,12 geintillator Transmission | accuracy - 2%
Ti2.n) 0.200 + C,33C| 14,35 » 21,35 Sample - gaseous deuteriury
i i . .
0,77 7 ued [Plastic Time-of-flight method.
D(é,n) | 7,0 # 14,0 igcintillator § Transmission Cross—sect+10n measurement
9.07 4.0 { -accuracy - 1-2%
* 1 .
D(d,n) 0,02 3 2,8 4 3,6 Stilbene i L. Relative probable accuracy
o Transrnission
scintillator : of data _ 4%
3 ia i _ L. . Time-of -flight method.
Li(d,n) 0,045 » C,077 2,25 4 15,0 jLiquid organic | _ Accuracy of determination
scintillator | Transrnission of data 5.7 2 1.0%
-913 ? o measured for 241
| f ditferent energies. Sample
: ~ deuterium hydrocarbonate
Panl 0,015 #0,02¢ 1.5 m 0.T Cylindrical 3 curagy of crosy-gection
’»('- n) 0,00 €,7 ¢ 15 P : - eterm1r¥at10n?§20’
T(d,n) 5,52 40,05 S0 e 25 ! stilbene ; Transmission ) deut
N scintillator F]yg]gcearborfgtee“um
GNEinuous spec= Seven separate ; ‘1 8f -ili n%ht é’gSﬂm‘i
trum of neutrons . : 1,%
If i 0,5 + 30 recoil proton Transmission eut h ‘r:r?r(])tragbm&] 3:0
- * ' . -
rom lmeai ele - 2 liquid scintill- ; en In the gaseous state
;ctron accelerator ;
: ators ;
n.,ontmufous spec-- Nal detector - Time -of -flight method,
itrum of neutrons; B.C 3 - Flight distance 33 m
[from linear ele-| 4~ | Transmission 5 '

| i
ictron accelera- |

‘tor

( 0,001)+1,0

Two gaseous samples
with different pressures
were uged.




Reference and bibliographic

Table 4

data on the cross—section for slow neutron scattering on deuterium

s m—

T Where and What was

Work | Author(s) |JLaboratory] when measured Method Result

] published 0(Dg) =21.3 + 0.2 barn, Ortho- and para-

-1 AN Phgs Kov, 1; 6 (1) Transmission, Detector - long counter  |deuterium not separated,

Ferni 6., g 75,978 2) 6 /D) with BF3. 1n (1) thermal neutrons; O (D) = 4n(2a2/3 + a2/3) = 3 + 0.06 bam
P . ‘}'/"' f ot (1949) in (2) Ep~ Ag and In resonances 5 =(ay - ag) /(23421 a2 -0.0440.1
Larshall X. V— i (from g(Do)/a(Dy).

T2 Gy Rev., 1) 6ok Transmission. 1In (1) and (2) Ey ~ thermalf 5. 0 =47 (a.+ @%2)Y =5,2%0,4 bam
Shatt CG PRYX 81,527 2) B¢ acoh determined by diffraction f-g‘(’g;__ﬁérlj‘ 9a a0 "
1stlan £.0. (1951) 3)acok spectroscopy method. QL= =G i@y +05/2)=7,4%0, 5bam

. Sampte - crystalline powder. Gmﬁ_(@)=(a‘+ a/2) = 6,4%0,2
T-3 Can ¥ #, . In (1) neutron spectrometer a, /(1., =0,12%0,01 , hence for & @)=
Herst 2.6 2'2'%‘15951) rll)e&?rtg::lstga?tfered (E, 0,072 eV). Deuterium in 3-‘1410»()‘3 bamn
at different angles. | 825€0US state at temp of liquid Gz 0.7%0.3F and (.=6,38%0,06F
Alrack N Z. 2) Total scattering {helium, 1In(2) transmission method, U i '
cross-section, o @):L’V(Zfa,f/3+ a;/3)=3,4t0.4 barn
T-4 {Nikitin, S.Ya. ) Transmission, _Neutrons filtered b Oortho = 8.33 (234 + ag)? + 10.42 (ag -~ ag)? =
Smolyansky, V.M.] Inst. Theor. | 1st Geneva Conf. | Cross-section for off ) 15,95 4 0. 03 barn,

Kolganov, V.Z. and Experim. | Vol. II, p. 99 ggué%c)ﬁlos_cg}]tgring .beryllium. E =0.0047 eV.. S'ample Grara = 8.33 (2ay + a2)2 +5.97 (ag - a2)2 -
Lebédev, A.V. Phys. (1955 paradeuterium in égaseous state at temp, of liquid 14. 63 + 0.1 barn.
Lomkatsi, G.S, hydrogen. hence 0o = 0.57+ 0,14 F, 04 = 6,47+ 0,14 F

T-5 Tnchn. Uit A KLrvist , o 2
Gischor S w coat. : 42y Do O transmission o ag = 92Wa -a =2.25+ 0.04 bamn

e ' Menehen 118,149 (1963} att = 4° and 779 K En 0,001 ev incoh N 4 2) -
22, Neutron reflection through small angles acop = 6. 70 £ 0.05F. Result obtained from

T-6 I - , g 8 DgO) = 19.20 £ 0.0 di

Koeslen &, Gechn. Unies 219,300 ‘from a mixture of crystalline powder 3coh t2-') K d + o 8_F5mgeasgr%51; thlf'
2= 11969) Aok (94 0) ouid present work and a op(0) = 5.8 £ 0, taken
Mo quner, H Micrie foers - and a liquid. from the work of Donaldson et al. (Phys. Rev.
¢ 138, (1965) B1116.
Lo lint y . ) . -

7 .-/30,,,0,«4:. w, Unier of f/""?a/"'.' ("4”'-, a.op(D) in relation [Reflection.from liquid glass, a_ (D) =6.21+0.04F (average of four
Denalslson B¢, 174,313 to mercury and coh .

e g |lrenian (Ioea) | dimetiyl measuremens.

-8 lvanenko, A.1. . Transmission of Analysis of experim. data confirmed earlier
Lushchakov, V.1. {Joint Inst. Yad. Fiz. 10 tarlgaeg containing E. =0,0l + 40 eV conclusion that quartet length of neutron
gl?e:g[i]rb,Ylg: X Nucl. Research (1969) 47 g mrllczlee? D, N, scattering on D greater than doublet length.

T-2 N el Fhgs Lef, , Reflection from glass using a neutron From acqp(Dg0) = 19. 148 £ 0. 015 F, Ofpegl D) =]

7 echn. Ui ,_3__1_1.130{3 Prcoh (A1), gravitational refractometer, 3.39 £ 0.012 barmn apd Yfree(O) = 3.721 £ ]
Koeefre. AL (1u71) 3 0.007 barn one obtains a.,n(0) = 5.804 + 0,007
) ) ' Miireban Chre (0); Ep =130 eV. Op ., measured by whence acoy(D) = 6.672 $°B.007 E. From
st ben, s & () transmission method, Ofree(D) and aco (D) it is found that a (D) =
fere 0,65+ 0.04 F; ay(D) :6_3510.021{?and

G (D) =2.04+ 0.037.
inc -

F,




Table 5

ference and bibliographic data on experimental work relating to the angular distribution of elastically
scattered neutrons for deuterium

_-[E...

- —
Labora-| "PeTe and | Measured Neutron Neutron ARy Investigated
Work | Author(s) tory when distri- cource energy (MeV) Detector range, U° or Comments
published | bution e (MeV) cos 9
E-I ‘?'A?‘J e Recoil trons 4,5 0,1 r . 80 + 180 centre G (4,90-1,8:0,2 bam
) 84 169 R ¢ ! l’:elll ;“d 5'3 ’ Proport. counter 70 ¢+ 180 [ of o 55:5g:1'5go'; bam
IM 2 d { é- ‘g/‘/x —_— (1951) 1rGinl 8301id @/‘{‘ /L) telescope. hased mass
gaseous target on coincidences
F 2 p: o . Fhys Rew Wi 0,22;0,5§ 0,25 Proport. counter | ~ 0,35 # =0,75 centre
locy &84 docdh 10 U160 Recoil newtron | (@ | 0275iTa) por. coume! ' " of .
OCharake #., 0/ 1T (1953) 7,( ) I,S;Q.(); for recoil nuclei mass Normalized to ©
Wbt M. Weseonsn Vel 2,0. with deuterium !
E-3 Abler. WD, B I Sre, Recoil 0,1;0,2 1 0,012} Propom. counter ~0,8 &« =0,75 r:'fanrre Normalized to o(H)
_ AB8, 690 deuterium for recoil nuclei o o ’
e 3
d:‘?‘“”’"’ A7 Gt Horcoell (1955) and hydrogen T(f' ") with hydrogen mass Total statlstlg;l
Todorls J. nuclei and deurerium accuracy < J.
Thgs. R -
Sw’? Jﬁ) ] TI;“; ma;/é Scattered 8'32% : j-ggg‘cg}““q Normalized to o(H),
Aronbewg 2 LA = (ff)g?) ‘t‘frrulguc‘;fb'fllljght T(f’ ) Scintill, counter ' 1 79% mass 463 =30 centre of
‘j method mass
dindetomann M| pr o ot Recoil neutrons Scintill, counter 53 + [6] centre
Geaker H A?' HPA, 32 ’ : of Plastic scintillator used
Meisn 9., E.TH.. . 511'-('[@59) and scattered | R/d, ) i?ir[l:eéog nuclei mass for recording neutrons,
Sebevur P, Zw e neurrons 676
E-6  Eeyn Thcgs. Kev, 0,5;1,0,| — Proport. counter 22 + I50 lab. .
1‘,2,, e . | gyz | 128,779 Scavered (& .y | 105 with BFs in Normalized to o(C),
Xongsderd £ {1962) neutyons v ) modifier LY = 3-50 lab.
pd
E -7 Blemne D, { 14 chft?ul--. Recoil 3,22 0,06 Scintill, counter 0,65 #+ 0,96 centre
Combow &, &M&w 1.71 ) for recoil nuclei of
Vedrianne G (I566) nuclei with CgDg mass
Bonasr BE, va‘/’faa EZE?QES Seintil o,gss + -o,seg centre
) " ; Scintill. counter 0,620 + 0,89 i :
Foul 8, T %9) scattered R/, n) for recoil nuclei 0,760 + 0,926 maSS yﬁggiléiiftitﬁa‘:é?)u.sed
) i, W‘lj neutrons, by with CgHg and .
Fhillips G.C.|inet time-of-'flight CgDg 6 for recording neutrons,
method _
Seageave 19, AP, ,605 + -o,axzs",-cenftre
&"w(&wa j c., 74,250 Scattered Large liquid 0,695 + ~-0,9I2; o Normalized to (H).
Qivon R 2, . (1972) neutrons, by 50/";”) scingtillact‘or -8:5 + :8-,{;?;5'”’355 Accuracy of differential
Z’ua{o‘n ew .k, JASL time -of -flight Lo U, cross-section measure-
va § €, -
Nellarn A, methed ments - 7%.
Shatrmoe, RH . ]
wallan R« e N - - ———




Table 5

Reference and bibliographic data on experimental work relating to the angular distribution of elastically
scattered neutrons for deuterium

Reference and bibliographic

[ - oot +r - 3
{Work '; Author( ) ‘Lab t Vdﬁgge and T Measured Neutron ei‘el é;l’l oEn Detector izzzztl%‘?tgr Comments
ork i aborator : . .
| | arhorts v published | distribution |source Ik, 2 ev){MeV) - cos 9’
Shus. Fev. Statistical accuracy
J-10 XASX 590 R 1 deut T(A, n) 14,1 0,10 Photonuclear 46 ¢ 176 centre 3.4-12%.
" (1953) ecort dedterons emulsion r?wf]ss L3= 5-10° centre
B of mass
y-11 Shsps. Rev. 14,1 0,05 70 ¢+ I74 centre | Triple coincidence
.9.7_"(7§355) Recoil deuterium Two proport. ?nfass scheme. o(14.1) =
SW?RW"/% LASX and hydrogen T/’l' ") counters and one 0. 51‘ £0.03 barn.
. ith Nal crvstal Statistical accuracy
nuclei wi y 1.5-10%, 0} = 4-70
centre of mass
¥-I2 Stinats §., S Falls NP 14,1 0,15 Telescope of three 80 ¢ I72 centre G (I4,1)-0,598 %
Hoore N Z&;M&ké{, A120,387 Recoil deuterons T/A ») simnilar proport. of 10,021 barn;
. . Zokyo (1968) counters with Si(Li) mass 6B =232 ffe',’ﬁ,;ess
J-13 e Fhys Rev. Recoil deut : 14,3 0,20 13,5 + I58 centrejNormalized to O(n, p)
Zfzaf ;?;yfj 174,1105 scatrered neutrons Plastic o = 0.689 £0 (25 barn.
by time-of -flight scintillator z oL o bY=
' (1968) y g mass 103 = 1,89 lab., &9 =
Yok ethod 1.29-2.7° centre of
n mass. O(14.3) =
0.648 + 0.063 barn.
Table 6

data on experimental work relating to the crouss—~section for the reaction (n,2n) on deuterium

Where and

Neutron| Energy E
Author(s wh 1
Work (s) Leboratory en source | E (MeV) (MeV) Detector Method Comments
published .

D! j“‘%’ K}, Fhps Ko, 14,1 __ | Large liquid scintillator | Counting of double gglv.i‘én(a)e:ff?c‘feni(‘o'é)fm[:m'
(o1 Ton AL, %w«:ué? 'I_I“l'((s%gse) with Cd; (n,2n) target | pulses from accur%lcy of (tross-;yection )
o, ’ located at centre of scintillator. determination ~ 5%,

fokALI F ‘7£ T(d, ) detector Absolute neutron Detector efficiency determined
%f&p e &5/‘” , flux measired. with spontaneous fission source -
240 (v= 2,81+ 0.059)
or
252

Cf(v =3.869+ 0 078)

placed at centre of detector.

e s b

~ 2t



Table 6 (continued)

Where and

: Neutron|Ener E
Work | Author(s) Laboratory ﬁ?g?'sh 4 source |E (Miz) (MeV) Detector Method Comments
publishe e
o - G14.1) = 0.18 + 0.02 bam. |
N 2 |Gilro A0, b T 6,11;6,55} — X N
olilberg 4D\ 41 ; Phgs Kevt, P 195218128 ) 244Cm (v = 2.75) and 252Cf (v = :fa 8).
_ e 123,218 ' - see W = Owing to correction for thickness o
At Ko, ;71 === See. |# IJ see [¥ I] target, acgurg}acy of cross-section detfer-_
. Bl Y (1961) 10,2;14,7] — mination < 5%; “owing to correction for
“ ] / ’ [fa/JM¢a- D/d, ) T presence of low-energy neutrons in
lV«th/.?. incident beam, accuracy of cross-
section determination ~ 5% (see also |
Ref. [N-1 T
N-3 Conference on 4.1 + 6,61 = Ref. [N-1))
Aol ﬂ A, N . -3y ’ Method based on the . .
) Stocklobn Nuclear Data for L liquid time correlation i Op, gpatt.bMeV measured with
Hordern I Reactors, Paris  {97s, ») arge g between pulses i anaccuracy of ~ 10%. Efficiency
s 17-21 October 19613-_:[ scintillator corresponding to each‘ determined in relation to V(252Cf).
paper CN~23/18. of the two neutrons
N -4 P . WA 4.0 6.55] — See [/V _3] See {/‘\/’-3'1 On .Zn(b'.O MeV) measured with
o 2, 1] " ’ ..
mwir B Aol AY24,327 D[, ) ] an accuracy of 10%. Efficienc
(1968} determined in relation to w(252Cfy.
: : ) p= - = S
N5 Shinats S, St Fnlls f/;lw‘;: '38"‘ 4,1 0,I5] Telescope of three  |Angular distribution Of” '2"51145%)_0'18 O- 0'807 bam
FKoore Priimns /34 Bars (13”68) T(c(.n—) counters with Si(Li) |of breakdown neutrons ( r%nt e ditierence St = Cer)-
Tideo detector measured f(,“ (R,..)=0,155 ¥ 0,006 barn
7; p ot lab '
N -6 ?mﬁmtf'ﬁ' A2, 18,55 Large liquid Absolute value of 6¢) barn | GAD) bam | 6,§2) bam
eoting ¥ C. 74,250 20.5 -—— o differential cross= ] ]
7'y , n, ’ scintiliator 0,643%0, 0121, 18620, 0 5730, O+
Dixon R R (I972) 23,0 section for elastic ) N . 1 8620, 4, 15720, 1T
Henton WY scattering measured |0 966%0,01(8), 44220, 0:43), 144%6, 037
tin E.c, XAS K 2(d,n) 0, 5235, (743, a0, 00§, 10120, 00
Nedber 4., Normalized to o(H).
J/\W-ton.u (fl

tndten £ 5 J

P

!

L e - ]
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Fig. 4a: Angular distributions of neutrons elastically
scattered by deuterium
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angular distribution reconstructed on the basis of recommended (L)e
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Fig. 4b: Angular distributions of neutrons elastically scattered by deuterjum
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angular distribution reconstr: cted on the basis of recommended (A.)p
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Fig. 4c: Angular distributions of neutrons elastically scattered by deuterium
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31 L_ e angular distribution reconstructed on the basis of recommended w(,
1
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Fig. 4d: Angular distributions of neutrons elastically scattered by deuterium
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———angular distribution reconstructed on the basis of recommended w,,
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Fig. 4e: Angular distributicns of neutrons elastically scattered by deuterium
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Spectra of neutrons from the reactorp+ d—>n+ p+ p. Spectrum (9) was obtained in the
reaction D(p,n) at an angle of 0° to the incident neutron beara. Spectra (1)« 8) were obtained
in H(d,n) reactions at an angle of 0° to a beam of deuterons of energy L . These spectra are
regarded here as the spectra of neutrons escaping at an angle of 180° to the proton beam in the
reaction D(p,n) produced by protons with energy E = E /2. The E_ values (in MeV) are given
on the graphs. Spectra (1) ) were obtained in Ref. [80], spectrurﬁ (8 in Ref. [36] and
spectrum (9) in Ref. [35]. Along the abscissa - the scattered neutron energy E in centre-of -mass
system; along ordinate - the cross section 6, in relative units. On graphs (1)<T), the continu-
ous curves are breakdown spectra; on graphs FS) and (9) they are spectra which take into account
direct interactions.

Gn and en denote angle to incident particle beam.
P
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ANNEX 1
System of 26 group constants for deuterium,

Matrices of the angular momenta of intergroup transitions of the

cross—section for the elastic scattering of neutrons by deuterium,

Matrices of the angular momenta of intergroup transitions of

the cross-section for the reaction D(n,2n)H.
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Table 7:/

r

A Al 5 | 6. |6, 6
T T4Mev. | 0.820 | 0,0000 10,770 | 06501 0,547
" 10,5-14,0 0,28 | 0,959 | 0,0000 |0,I54 | ©,205! 0,403
0.5 -10,5 | 0,48 | 1,2/ ; 0,00C0 | 0,094 | 1I,1C01 Uit
T, 0-5,6 1 0,48 | 1,608 1 0,0000 10,004 | ;,q?x‘ C.357
725 -40 | 0,48 | 2,II0 | 0,0000 10,002 | 2,103 0,229
1.4 - 2,0 | 0,57 | 2,54 | 0,0000 | | 2,564 1 0,190
“0,8-1I,4 | G,a7 | 2,8%4 ; 0,0000 ! | 2,8341 0,105 |
0,4 - 0,8 0,69 | 2,947 | 0,0000 | 2,90 | G338 |
5,2 - 0,4 0,69 | 3,050 | 0,0000 | | 3,050 0,209 |
5,I-0,2 | 0,69 ! 3,161 | 0,00C0 | | 3,I6% 0,250 |
48,5-100 eV © (,77 | 3,255 | 0,0000 | | 3,255 0,330
21,5-46,5 | 0,77 | 3,319 | 0,0000 | 3,319 G,3783
i0,0-21,5 | 0,77 | 3,356 | 0,000 | . 3,335 C,2253
4,60-10,0 | 0,77 | 3,374 | 0,0000 | | 3,3741.0,332
2,15-4,65 | 0,77 | 3,382 | 0,0000 | 3,352 0,223
1,0 -2,15 | 0,77 | 3,3% | 0,0000 | 3,306 0,323
. 465 -I000 ev; C,77 3,328 1 0,000 | | 3,3801 5,333
215 - 465 | 0,77 | 3,339 | 0,0060 | | 3,3%91 0,223
I00 - 215 | 0,77 | 3,3%0 | 0,0600 | 13,3901 0,335
. 46,5- I00 | 0,77 | 3,320 | 0,0000 {3,390 0,333
2,5-16,5 0,77 | 3,390 | 0,0000 | 3,390 0,323
,IO 0-21,5 0,77 | 3,390 | 0,0000 . 3,390 0,333
4,65-1G, 0 0,77 | 3,390 | 0,0000 3,390 0,333
T 2,15-4,05 0,77 | 3,390 I 0,0000 | 3,390/ G,323
1 I,0 =2,15 0,77 | 3,390 | 0,0000 3,390( 0,332
©0,465-1,0 0,77 | 3,390I| 0,000I 3,390/ 5,353
. 0,215-0,465 | 0,77 | 3,3902] 0,0002 | 3,390 G,233
i 0,0252 -— 3,3905 0,0005 3, 390j 0,333

:/ All cross-sections in Table 7 are in barns.
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Table 8

cross-section for the elastic scattering of neutrons
by deuterium

Matrices of the angular momenta of intergroup transitions of the
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Table 8 (continued)
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Table 8 (continued)
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Table 9

Matrices of group angular momenta for the D(n,2n) reaction

B from i in i+k
o fork=
By _
B, MeV | 0 I 2 3 4 5 6 7 E ¢ Is
II4,0—I4.I - 0,0083 0,2074 0,3299 (C,2007 0,106 0,638 C,0290 0,0I05 C,0037 G,0I71
o|10,5-14,0 10,G002 ©C,0709 0,2540 0,2465 0,2007 C,I0%0 0,068 0,031 00,0094 0,088 0,001z
1l 6,5~10,5 ;0,0012 0,055 0,2I37 0,302 0,2005 0,I344 00,0583 0,023 00,0002 0,2030 0,00I4
2! 4,0~ 6,5 {0,0000 0,017 C,I582 0,2908 06,2873 C,I45I 90,0610 0,C202 0,009 0C,3C28 C,001%
3] 2,5- 4,0 - 0,0003 0,00829 0,3534 00,3050 Q,I537 C,0603 0,0243 0,0080 o omox  0.G0IC
B1 from i in i+k
. for k =
By
C o E; NeV 0 I 2 3 4 5 £ 7 8 a I
-1 {14,0-14,1 - 0,058 00,6330 0,788 00,4447 10,2833 0,IC30 0,030 0,0227% G,0021 =0,0%40
¢ 10,5-14,0 | 0,0026 0,297I 0,6623 0,537% 0,3535 0,I50¢4 O0,C344 -0,0077 GC,0071 05,0026 0,012
1| 6,5-10,5 | 0,0I30 0,2447 0,5%67 0,709 0,398 0,2II3 0,0v34 0,0233 G,00% C,0027 c,00i2
2 | 4,0~ 6,5 |0,00I0 0,029 0,492I G,7737 0,6954 0,325¢ 0,128 (,0501 00,0180 C,004% C,o0221
31265-4,0] - 0,0079 0,380 0,ITT0 00,7984 0,2093 0,I0I2 0,3295 0,008% 0,0027  0,00I2
Bz?rom iin itk
- for k =
By
v 1 E: MeV 0 I 2 3 4 5 5 7 g ° iz
-1 {14,0-14,1 - 0,0697 0,567 G,6300 0,2552 0,I549 0,IC07 0,03:3 0,01I¢ 0,002 Z,077%
0 |10,5-14,0:0,0034 0,3292 Q,6I2. 0,3624 G,I233 00,0243 0,0297 00,0823 00,0018 02,0083 0,005C
11} 6,5-I0,5|0,0192 0,3248 0,68I2 0,6060 0,2306 0,806 0,0223 0,008 0,0026 0,009 0,0004
21 4,0- 6.5!0,0017 0,I300 0,844 0,97% 0,747> (C,2098 O0,I069 (,0383 00,0124 0,003 0,009
2 2.6~ 4.0 - 0,0I31 0,5557 1,6252 I,2507 0,6137 00,2744 0,0955 0.C3IT (Q.0ICC 0, D045
Bg from i in i+k
= fork =
0
«i B MeV ! 0 I 2 3 4 g € 7 e ° IC
-1} 14,0-14,1 | - =2,0000 -0,0001I ©€,2088 -C,20CC -0,0000 ~0,0483 -0,0C00 <0,000¢ ~0,0000  =0,103C
0| 10,5-14,0 } 0,0052 Q3709 0,496% 0,785¢ ~C,0234 -0,0004 -0,02I6 -0,265C 3,000 C,09G3
I 6,5-10,5 ! 0,0246 G,3596 0,5877 0C,2873 (,0I=3 -0,0260 =C,0C38 -0,000% 0,000 0,C0C2 0,0007
2 4,0~ 6.530. 24 6,147 0,7088 0,879 G0,500C 0,153 0,047X 0,0168 C,0054 G,00I7 6,0008
3} 2,5~ 4,0 -
By from i in i+k
- fork =
BY
1B _,MeV 0 I 2 3 4 5 6 7 8 9 I¢
-1 14,0-14,1 - =0,0008 -0,0000 @C,4599 -0,0000 -(,0000 0,062 -C,0000 -0,0000 -0,0006 £.21357
¢ {I0,5-14,0 | 0,0042 0,2066 0,2322 0,0779 0,0i03 ¢C,CI53 0,046 C,0820 00,0008 C,0005
1y6,5-10,5"|0,024¢ 0,3027 0,3I59 0,0492 -G,0065 0,0I5I G,0323 C,CIi3 0,003 o, o4 ©
2{4,0- 6,5 | 0,0031 0,I444 0,6426 0,5898 0,235z 0,0400 0,007 G,C0I8 C,0002 G,0000
312,5-4.0 - 0,084 (0,671 1,875 1,2785 GC,46I8 55,1553 0,04%9  0,NI35 0,043
Bg from i in i+k
- fork =
— %0
£l B, MeV 0 I 2 3 4 z 8 ” g 5 ic
~1)14,0-14,1 -  0.123 0,I562 0,2646 -0,0I7% -0,0034 -0,0798 -0,00I9 =0,0005 =0,0003 =0, 1675
01 10,5-14,0 ;0,00¢2 0,IRY 0,I870 0,158 0,0687 0,0I73 -0,0385 ~0.1024 0,0008 0,0003 0,000T
1 5.5—10.5_ '0,C267 G,2691 0,Is8 0,03%2 0,0717 0,0410 -C,0I7™ 0,71 ~0,0832 0,0004 ©,0002
i 4,0-6,5 :0,0038 0,I2% 10,5033 0,386I 9,027 2,061 0,016 G, 2 C,0004 GC,0002 C,34C
125-40| - 0,028 0,6980 I,6543 T, M7 0,%& G,7I32 3,705 G,0ITI §,00% 0,701
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ANNEX 2

Evaluated neutron data for deuterium in the SOCRATOR format
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