
International Atomic Energy Agency INDC(CCP)-107/L

I N DC INTERNATIONAL NUCLEAR DATA COMMITTEE

Neutron Cross—Sections of Deuterium in the Energy-

Range 0.0001 eV-15 MeV

N.O. Bazazyants, A.S. Zabrodskaya

A.P. Larina, M.N. Nikolaev

Translated by the IAEA

August 1978

IAEA NUCLEAR DATA SECTION, KARNTNER RING 11, A-1010 VIENNA



Reproduced "by the IAEA in Austria
August I978

78-07013



ITTOC(CCP)-107./l'

Neutron Gross—Sections of Deuterium in the Energy

Range 0.0001 eV-15 MeV

N.O. Bazazyants, A.S. Zabrodskaya

A.F. Larina, M.N. Nikolaev

Translated by the IAEA

August 1978





77-3621
Transla ted from Russian

NEUTRON CROSS-SECTIONS OF DEUTERIUM IN THE ENERGY
RANGE O.OOO1 eV-15 MeV

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

ABSTRACT

The paper desc r ibes the eva lua t ion of deuterium neutron c r o s s -

s ec t i ons f the s p e c t r a of neutrons from the r eac t i on D(n t2n)P and the

angular distributions of neutrons from this reaction and of neutrons

elastically scattered on deuterium.

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 [ l ] in 1965-67 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 experimental data on the deuterium scattering

cross-section in the low-energy 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 opimonT the new experimental data of recent times [P-15» P-l6t

T-9J 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.
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The references used are presented with brief annotations in: Table 3 -

data on the energy dependence of the total cross-section in the fast-neutron

region (references prefaced by the letter "F 1); Table 4 - data on cross-

sections for the scattering of slow neutrons (references prefaced by the

letter "T"); 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( C) = 12

scale) is taken to be 2.0141022. The binding energy of a deuteron is taken

to be 2.225 MeV [26]; the spin 1 = 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.

1. Total cross-section

Figures la and lb show the results of deuterium total cross—section

measurements performed between 1946 and the present. For energies above

0.5 MeVt 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-ll] 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 O.5 MeV, the energy dependence 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 energies. 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-l], 1946; [P-5], 1953; [P-6], 1953; [P-7], 1953 (see Fig. lb).
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In 1972 there appeared two works by a group of authors from Rensselaer

Polytechnic Inst i tute - P. Stoler et a l . [P-14 and P-I5J - in which systematic

t o t a l cross-sect ion measurements were made with an accuracy of ~ 1% for the

energy ranges from - 0 to 1 MeV [P-15] and from - 0.5 MeV to 30 MeV [P-14J.

According to Ref. [P-15.lt the energy dependence of the total cross-section

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

The continuous curve in Pig. lb shows the results of theoretical

calculations [4] presented in Ref. [P-15]« The rapid decrease in the cross-

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

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

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

reason 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 to 10 MeV* With the results of P. Stoler at al . [P-I5]

it has been possible to resolve the contradiction in the data on the value

of the deuterium cross—Ejection in the low—energy region. This contradiction

is explained below.

Direct measurements; of the cross-section for the scattering of slow

neutrons on free deuterium nuclei yielded results such as the following

(see Table 4):

3.44 + 0.06 barn, Fermi and Marshall [T-l] , 1949;

3.4 + O.,4 barn, Hurst and Alcock [T-3], 1951;

3.390 + G.C12 >.>avn, E; Ig et al. [T-9], 1971.

The value recommended i:; IffiLr-323 :>- 3.38 + O.O5 barn [3] .

The cross—sect ion for scattering ov< free deuterium is linked with the

doublet (Y = -g) - a - and quartet (y = £} - a - scattering lengths by the

relation

By measuring the coherent scattering cross-section 0 = 4a (a. -f i^)

or the incoherent scattering cross-seatior: 0. . = 2» (a , - a_) for a known

3 , i t is possible to determine a and a separately if one has an idea

which of them is greater.

The data of I.A. Ivanenko et a l . [T-8] on the interaction of polarized

neutrons; with polarized deuterium nuclei definitely indicate that a. > a_.
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The cross-section for incoherent scattering has been measured only by

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

a = 2.25 + 0.04 barn,

from which a - ag = 6.0 + 0.2 P.

Measurements of the coherent scattering cross—section for a. + a_/2

have yielded the following results:

6.4 + 0.2 P, C.G. Shull and E.O. Wallen [T-2], 1951;

6.70 + 0.05 P, L. Koester and H. Ungerer [T-6], 1969;

6.21 + 0.04 P, W. Bartolini et al . [T-7], 1968;

6.67 + 0.02 P, W. Dilg et al. [T-9], 1971.

The obvious discrepancy between the data of Bartolini [T-7] and of Dilg [T-9],

which are in agreement with those of Koester and Ungerer [T-6], needed to be

resolved.

If one takes Bartolini1s low value of a , . the values of ~ 3.4 barn
con*

for o_ cannot be reconciled with the conclusion that a, > a. [T-8],
free 4 ^

This difficulty can be overcome by taking a lower value of o . Further
i ree

justification was provided by the data of Seagrave [_P— 10J, who measured the

total cross-section of deuterium in the energy range 0.267-4.002 MeV and

above. Seagrave1s data are extrapolated into the low—energy region to

- 3.1-3.2 barn. This obliged A. Horsley [l]» in evaluating the cross-
sections of deuterium- to take o« = 3.15 barn. Such a result can be

1 free

reconciled with the data of Bartolini et al . [T-7] and Ivanenko et al . [T-8]

for a_ > 0-/; however, the relation a-^/a. = O.O4 following from these data

differs very much from the experimental values: 0.12 + 0.04 barn [T-3]

and 0.08 + 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 = 3«5 barn, i t is impossible

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

In order to eliminate the discrepancies in the calculated and experimental

age values, Leonard took o = 3.35 barn. Soon after the publication of

Leonard's work [2], Dilg et al . [T-8] reported on the results of very careful
measurements of a. and a , for deuterium. It is difficult to fault the

free con

Translator's note - Original not clear.



methodic purity of the results of this work. However, the value of o
I I*GG

obtained, 3.390 +0,012 barn, contradicts the extrapolation of Seagrave's

data. At the same time, the scattering length values a = 6.35 + 0.02 F

and a. = O.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-7]).

The data obtained by P. Stoler et a l . [P-15] showed that extrapolation of the

cross-sections measured by Seagrave to the low-energy region was done

incorrectly. In actual fact, owing1 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-neutron 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]:

a2 = O.65 F;

a4 = 6.35 F;

°free ( 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 under high pressure was used for the

measurements; unfortunately, the experimental points are very scattered,

and in the energy regions from 1.4 MeV to 4.2 MeV and from 8 MeV to 14 MeV

there are no data at a l l . 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»O MeV. In

1971» Davis and Barschal [P-13] published the results of o (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
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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])t "the target was

hydrocarbonate enriched in deuterium, so that it was necessary to subtract

the carbon cross—section and additional errors consequently arose.

In the region - 0.5-1 MeVt the data of Stoler et al. [P-15] and those

of Clement et al. [P-14] 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-15J\ while from 1 MeV to 15 MeV it is in accordance with the

data of Clements et al. [P-I4].

For E = 130 eV and for lower energies,

ot = 3. 39 + a 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 algorithm by means of which, for any E

and E1 lying in the energy region under consideration, it is possible to

determine the correlation function

f(E,E') =
where ba(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:

Uo A B« /

Translator's note - Which figure?
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where ̂ fg(E) is the intragroup spectrum normalized, to A Eg. In fact,

Let us assume that the energy region 0-15 MeV is broken down by E.

points, i = Otlt....nt (EQ = 0, E = 15 MeV), in such a way that the cross-

section errors can be considered fully correlated at points Ê . = 0 and E..

and fully uncorrelated at the remaining points:

$6(0)

Here b is the Kronecker symbol.

Let us also assume that, in the ranges [E. lt E.], the energy dependence

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

<O(£) =a, + IE +A6(E),
where Aa(E) « a(E).

In this case, ignoring the fact that the correction function a

is not known accurately, we obtain

and, for i = 2, . . . . , n,

-a1)

0,

Thust g(EfE
f) can be specifiejd by the parameters E. and b a . s 6 a(E.) t

1 = -L • • • • • • Ji •
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nLet us now try to choose the corresponding values of E. and estimat

0%'

In the energy region 10 eV-10 keV, the total cross-section of

deuterium is constant to within well under Vfo. 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 our opinion,

be taken to be somewhat higher: 0.5$. Thus, E = 0.01 MeV and -Jb a = 0.005.

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

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-I5]. The

non-linearity in this range is of the order of lf0.

The accuracy of the evaluated cross-section at 0.2 MeV is ~ 1% (that

is the accuracy of the data in Ref. [P—15l» 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, Eo = 0.2 MeV and -/ban = 0.01. It is best to extend the third1 2 02 *:

range to 4 MeV. In 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 Pig. la)

which agree among themselves within the limits of errors amounting to

The accuracy which we ascribe to the result for 4 MeV is 1.5%- F°

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

hardly overlap. Thus, E = 4 MeV and - V b a = O.OI5.
•̂  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

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

I——

< 1

2-3
5-7

0.005

0.010

0.015

0.04

1 I—?—
between 60 and oo . Thus, E = 15 MeV and ~^ o'-o^ = O.O4.

The results of the estimate of the errors in the total cross-section

of deuterium are summarized in Table 1.

Table 1

Errors in the total cross-section of deuterium

E. (MeV) - upper
1 v **

, E. (MeV) upper f . .
1 - number 1 v ** \ £>cs(]E)
of range energy l imi t m a X 7 ~ O ( E 7

1 0.01

2 0.2

3 4.0

4 15.0

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 Pig. 2) of deuterium is taken

to be in accordance with the evaluation of Horsley [ l ] . There is a

scarcity of e:cperimental data on the cross—section for the capture of

thermal neutrons by deuterium:

521 + 9 (J.barn, J.S. Merritt et al. [5], 1968;

506 + 10 (ibarn, J.S. Merritt et al. [6], 1967;

600 + 5C jibarn, E.T. Jurney and H.T. Mot2 [7], 1963;

570 + 10 nbarn, 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 recommended

value for a at 0.0253 eV. In 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 cross-section
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for the reverse reaction T(y,n)D measured by R. BSsch et al. [9] and

R. Kosiek et al. [lO], The recalculation was performed using a modification

of the theory of J.C. Gfunn and J. Irving [ l l ] t 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 /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 (ibarn) 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 (ibarn) and [13] (31.6 + 1.8 (ibarn)).

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 /v law, i .e. as far as 1 keV, the cross-section errors in this region

being very closely correlated:

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

must be considered fully correlated:

In the intermediate energy region,
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Cross-section for scattering

At energies below 130 eV, o is taken to "be 3-39 "barn. In the energy

range from 130 eV to the (nt2n) reaction threshold, i .e . to 3.339 MeVf

a = a - a At higher energies, o = o - o - o
e x i e x y £ii

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 (n,2n) reaction cross-section (the error

in a has virtually no effect on the accuracy of o ) .

4. Angular distributions of elatitically
scattered neutrons

For convenience in taking into account their energy dependences, the

angular distributions of elastically scattered neutrons are represented in

the form of expansions in Legendre polynomials:

^0
where

U)t(E) =

An estimate of the energy dependences B (E) was made by us earlier [14]
At

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 information has been published on the angular

distributions of neutrons elastically scattered on deuterium [E-8, E-9, E-12,

B-13]. Thanks to these data and to the results of measurements of the angular

distributions of proton scattering on deuterium 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 w,(E) expansion

coefficients. The points indicate results obtained by the least squares
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method from experimental angular distributions (see Ref. [14]). The energy-

dependence of the elastic scattering cross—section is also presented in

Figs 3a and 3b.

In Pigs 4a-et 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 u „

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 w^(E) curves by much more than the errors estimated in treating

individual angular distributions, i.e. without allowance for the requirement

that the W O ( E ) energy dependences be smooth. This indicates that sources

of systematic errors not identified by the authors 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 O.(E), M ( E ) , W ? ( E ) , etc. Hencet the

errors in w*(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, n = w-,/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
2

nuclei in the centre-of-mass system is clearly isotropic. Hence, 6 « = 0

as E -»0. In the 0.5 MeV region, the error in u 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 u> is known at this energy may be regarded as

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 fSXU){

Thus, for the correlation function fa (E%E') — OU)i(t) 8cO,(E')

we take

0

where 0 wJf (hi) — b^ an<^ values of the relative errors

in 6. at energies E. are given by Table 2.

Table 2

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

E. (MeV)

0

1

2

3

0

0.5

2.5

14

0

50

30

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 Pig. 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 [M-l, N-2, N-3» K-4-]' In estimating the energy-

dependence of the cross-section in the high-energy region (~ 14 MeV) we also

used Refs [K-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 o - a . In the same way. we

determined a from the data in Ref. [E-13] (see Table 5)t the authors of

which measured the angular distribution of elastically scattered neutrons

over a wide range of angles (from 13.5° centre-of-mass—' to I580 centre-

of-mass-' ).

Figure 5 gives the results obtained by calculating the energy dependence

of a 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 o (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:

the accuracy of the estimated cross-section 6 s 10%.

6. Energy—angular distributions of neutrons emitted
in the reaction D(nt2n)

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 two 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 [ l ]

Translator's note - This is a guess; in the original there are only
abbrevi at ions.



where ET is the maximum energy which the particle under consideration canc
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:

where E* is the init ial and ET the final neutron energy in the laboratory

system of co-ordinates and Emax is the maximum possible energy of a neutron

escaping at an angle arccos \xT.

Pig. 6. Velocity diagram

\F\0 * lw & ~ velocity of neutron a:fter collision and angle of scattering

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

respectively.

(n T = Cos •&..; n = Cos 3

V_ - velocity of centre-of-mass.

For the energy 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 expended

in the reaction appears in the same way as the excitation energy of the

nucleus in inelastic scattering. For inelastic scattering, H^ax(^) has

the form (see formula (60) in Ref.

In formula (60), the first term in the numerator should be 2|u and not 2|iT.



- 16 -

where M is the deuteron mass,

m is the neutron mass,

Q is the reaction energy (Q = -2.225 MeV).

If E1 > E - '= -Q«M/(M-m), the minus sign in formula (3) must be discarded

as nT may, in this case, assume any value from +1 to - 1 . Near the reaction

threshold, for

3.34 MeV = -Q(M+m)/M = E t h r < E« < E fo rm = 4-45 MeV^

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

are observed only at forward angles:

' (4)

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 E7 is

calculated according to formula (3) using a plus sign and the spectrum

of the other one according to the same formula but with Ei calculated
Li

using a minus sign.

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

condition:

* /
for E, —'< E1 < E,.

trans — — form

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

* * / Translator'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:

, for E > E_
CjTA. r-iX y / JL $ r " form

• ni) *

^ ' (8)
for E,. < E< < E^

thr — — form

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

(9)

Thus, the energy-anguilar distribution of neutrons from the reaction

(nt2n) is completely determined.

It should be noted that the breakdown model used above is an approximate

one. In particular, it does not take into account the effect of direct

interactions, which become appreciable at high incident neutron energies

(E1 > 10 MeV) and escape angles close to 0° and l80°. Under these conditions,

the processes of nucleon interaction in the final state are so important

that the reaction D(n,2n) may be regarded qualitatively as D(n,n')D*,

D(n,D*)n, D(n,p)B or D(n,B)H, where D* denotes EJI unbound (virtual) deuteron

and B denotes a virtual bineutron,, The direct nature of these reactions

shows up in the fact that the angular distributions of the reaction products

have sharp directionality forwards and, correspondingly, backwards. In the

spectrum of the neutrons escaping at small angles there must be observed an

excess of neutrons with energies close to the maximum owing to the reaction

D(n,n')D* and half as much energy owing to the reactions D(n,L*)n and

D(n,B)H. At angles close to l8O°, for E - E a peak owing to the reaction
nicix

D(n,D*)n is to be expected in the neutron spectrum and for E s E 12. 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 ~ E

(owing to the reaction D(n,p)B) and E ~ E /Z (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 Pigs 7a and 7b).

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,nf)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. [353- 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 Me,V. 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)He (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,He )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. [20], 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(ptHe ) manifests itself already when E - 5 MeV« With

lower proton energies, the neutron spectra are described within the error

limits by breakdown spectra (see Pig. 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

escaping in the forward direction) and D(n,p)B (peak at maximum energy)

are presented in Pig. 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 breakdown 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

to be 2.4 icbarn. Thus, the value of the total cross-section for the reaction

D(n,2n) at 14.4 MeV due to a 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 energy,

beginning at the inverse—' threshold of the reaction D(n,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 "reveirse"?
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that is in accordance with the data on the angular distribution of the

products of the reaction D(p,He )n [20]. The angular distributions of the

products of all direct reactions are approximated by triangles in the

recommended data (see Pig. 9)«

The energy distributions of neutrons formed in direct processes are taken

to be as follows:

- for the reaction D(ntD*)nt

for the reaction D(n,B)Ht

for the reaction D(ntp)Bt

where E f ^ 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]):

£,

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 (-l) 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 (-l)-3 the fission spectrum and in

the lower groups the Permi spectrum.



- 21 -

The probability of intergroup neutron transitions as a result of the

reaction (nt2n) and their angular momenta (W.) were calculated with the

help of energy distribution function (3) described in Section 6 (using

the MATRA program written for this case) as follows:

- f 0 r E ' > Eforn,'

t
1 "

f 0 r Etrans ^ E ' ^

Here, E. and E. , are the energy boundaries of gi'oup i t from which occurs

the impingement of neutrons on the lower groups j as a result of the reaction

D(nt2n), E. and E. , are the energy boundaries of group j (if ET8^ < E. 1 t

f a X ) ^ ( )then E. , = EfaX)t ^(E1) is the fission neutron spectrum for the energies

under consideration (E1 > 2.5 MeV) and P is a Legendre polynomial of the

order I.

The group constants of deuterium are presented in Table 7« In contrast

to Ref. [23]t the curve with values of the mean-logarithmic energy loss i 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 elast ic scattering anisotropy;

they differ somewhat from the values published earl ier [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 fi le 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

number is 2OO3O1OO2.

The fi le has nine sections.

Section 0 - Heading.

* /Section 1 - UTR-̂  = 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 (UTP = 111) with interpolation between the points on a

linear-linear scale (IM1 = lllOOOOOO). The number of points at which the

cross-section is specified is 86.

Section 2 - MTR = 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 to ta l cross-section.

Section 4 - NTR = 02002 - Angular distributions of elast ical ly scattered

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

in the t> representation at the same points as the elast ic scattering cross-

section (HTP = 21l). Five expansion coefficients are presented (up to w

inclusive). This number of expansion coefficients i s sufficient for describing

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

2/ Translator's note - This and other abbreviations are not explained in
the original.



- 23 -

Section 5 - HTR = 03002 - Energy spectrum of elastically scattered

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

Section 6 - NTR = 01016 - Cross-section for the reaction (nf2n);

specified in two energy ranges. In the energy region from 10 ^ eV to

3.339 MeV the cross-section is zero. Above 3.33S1 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 (nf2n); specified in two energy ranges. In the first range, from

the forward threshold (3.339 MeV) to 4.45 MeV (inverse-^ threshold), data

are presented for both neutrons from the reaction (n,2n). The angular

distribution of these neutrons is taken to be isotropic in the centre—of—mass

system (NTP = 20l). In the range from 4*45 MeV to 15 MeV, where direct

processes are important, the data are presented sieparately for the "first"

and the "second" neutrons emitted in the reaction (n,2n). For each of these

groups of neutrons, the angular distributions are described by a superposition

of four angular distributions specified in the centre-of-mass system in the

\i representation (KTP = 121).

The probability of the first angular distribution is equal to the

probability of the breakdown mechanism; the corresponding angular dis t r i -

bution is isotropic.

The second angular distribution relates to neutrons emitted as a

result of the process D(n,B)H; this distribution falls linearly to zero

as nP 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 n_ changes

from -1 to -O.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

\in = 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.

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, between 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. 8t 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),

He (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 "second" neutrons. For each of these groups, the energy distri-

butions are described by a superposition of four laws (NTP = 15l) 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 Wo. 13. As regards

the energy distributions of neutrons formed as a result of direct interactions,

there were two possibilities - either to describe them by 6-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).



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 nucleons 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 neutron masses. It is not difficult to take this modifi-

cation into account in the 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.

A description of the changes in and additions to the formats for presenting

data on the anergy distributions of the secondary particles about which we

spoke above is contained in Ref. C.34]«
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(2)
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Reference and bibliographic data on experimental work

relating to the total cross-section of deuterium
(contd.)

Neutron
source

"(3.25-0.65 MeV
from the reaction
[omission in orig
2. 0-4.0 MeV
from the reaction
,["omission in orig

T(d,r.)

7 Li(p ,n)

' L i ( p , i i )

T(p,n)

7Li(p,n)

T(c.n)

T(p,n)

T(p,n)

D(d,r.)
T'.i.r.)

D(d,n)

T(p.n)

T(d|n)

Energy reso-
lution (MeV)

0,1 a t 1 ,0 teV

nail

nail

0,1 • 0,55

0,020 • 0,040

0,012 0,1

0.040 -» 0,010

0,062 + 0,017
0.200 •» C.03C-

0,17 7 MsV

0.07 14.C

0,02 3

0,045 • 0.0T7-

0,015 «0,02C-

0,02 tO,o5

(Continuous spec-j
Itrum of neutrons;
1 from linear ele -
;ctron accelerator

Continuous spec-
jtrum of neutrons
Ifrom linear ele-
jctron accelera-
tor

i

Neutron
energy (MeV)

0,37 • 0,97

1,0 1 2.0

2,0 • 6,0
0,22 •» 4 , o
0,26 • 3.3
0,22 • 4,05
0,26 * 2,35

14

0,262 •• 0,872
1,176 • 2,962

0,1 * 1,0

14,1 •» 16,0

0,10
0,146
C.50

0.267 • 4,002

4,3?O * 6,126
^

7 ,0 •» 14.0

2,6 • 3,6

2,25 •> 15,0

i',7 • Vj'
.2,0 •» 26

0,5 • 30

( 0,001)«1,0

Detector

Ionization
chambers of
different
dimensions
Hydrogen-filled
proportional
counter
(0 2.5 cm)

Anthracene
crystal

Recoil proton
proportional
counter

Cylindrical
pulsed ionizatior
chamber

Proportional
counter contain-
ing deuterium
gas

Threshold, anth-
racene scintil-
lator

Proportional
counter contain-
ing deuterium
gas

Stilbene
icintillator

Plastic
scintillator

Method

Transmission

Transmission

Transmission

Transmission

Transmission

Direct measure-
ments of energy
distribution of
recoil deuterons

Transmission

Measurement of
energy distribu-
tion of recoil
deuterons

Transmission

Transmission

Stilbene i T r a n s m i s s i o n
scintillator

Liquid organic
scintillator
-213

Transmission

Cylindrical '•
stilbene ] Transmission
scintillator

Seven separate
recoil proton
liquid scintill-
ators

Nal detector
in \ c

4

Transmission

Transmission

Comments

0t obtained by comparing
the, transmission of heavy0

and ordinary water. .
No corrections were intro-
duced for multiple scat-
tenne owing to their

No corrections were intro-
duced for thejnfluence
of the finite dynensions of
the sample and c.ounter as
they aresmall with the
geometry used

°t obtained by comparing
the transmission of Heavy
and ordinary water

Absolute value of neutron
flux determined with
hydrogen fiUea counter

Overall statistical
accuracy + 3°/o

Cross-section measurement
accuracy _ 2%
Sample - gaseous deuteriun

Time-of-flight method.
Cross-section measurement
accuracy * 1-2%
Relative probable accuracy
of data _ 4°!o
Time-of-flight method.
Accuracy of determination
of data 5. 7 t 1.0<7o.
a measured for 241
different energies. Sample
- deuterium hydrocarbonate
Accuracy of cross-section
determination l-27»
Sample r deuterium
hydrocarbonate

deuterium or 99. 9% hydro-
gen in the gaseous state

Time-of-flight method.
Flight distance 33 m.
TJwo gaseous sample*
with different pressures
were used.



Table 4

Reference and bib l iographic da ta on the c ross -sec t ion for slow neutron s c a t t e r i n g on deuterium

Work

T-2

T-3

T-4

T-5

T-6

T-7

T-a

Author(s) /Laboratory

0Ui/i4 L *& . (r.

JLUocl A'. 2.

-Jikitin, S.Ya.
Smolyansky, V.M.
Kolganov, V. Z.
Lebedev, A. V.
Lomkatsi, G.S.

G-uf.rA-t. if Uf.

Ivanenko, A. I.
Lushchakov, V.I.
Taran, Yu. V.
Shapiro, F. L.

jV-:.-.J:f-\. vf.

Inst. Theor.
and Experim.
Phys.

1

Joint Inst.
Nucl. Research

Where and
when
published

75,578 '
— (1949)

81.527'

Can J. '?. ,
29,36
~ (1951)

1st Geneva Conf. ,
Vol. II, p. 99
(1955)

118,149 '(I%3)

219,300
(1969)

174,313
(1968)

Yad. Fiz. 10
(1969) 47

36H.208
(I-J7I)

What was
measured

2) 6" (to)

1) Intensity of
neutrons scattered
at different angles.
2) Total scattering
cross-section.

Cross-section for
neutron scattering
on ortho- and
paradeuterium

DoO transmission
at t ~- 4P and 77° K

&<.on ($}x 0)

aC0|1(D) in relation
to mercury and
dimethyl
naphthalene

Transmission of
target containing
poKrized D, N,
La nuclei

G>«fc 10);

Method

Transmissioa Detector - long counter
with BF3. In (1) thermal neutrons;
in (2) En~ Ag and In resonances

Transmission. In(l) and (2) En - thermal
acoh determined by diffraction
spectroscopy method.
Sample - crystalline powder.

In(l) neutron spectrometer
-(En - 0. 072 eV). Deuterium in
gaseous state at temp of liquid
helium. In (2) transmission method.

Transmission. Neutrons filtered by
beryllium. E^ = 0.0047 eV. Sample
in gaseous state at temp, of liquid
hydrogen.

E ^ ^- 0,001 eV

Neutron reflection through small angles
from a mixture of crystalline powder
and a liquid.

Reflection.from liquid glass.

E «. - 0 , 0 1 + 40 eV

Reflection from glass using a neutron
gravitational refractometer.
En = 130 eV. °f lee measured by
transmission method.

Result
a (D2) - 21.3 + 0.2 barn, Ortho-and para-
deuterium not separated,
o (D) = 4rt(2a| /f + a|/3) =3 + 0.06 barn
b = (a4 - a2)#/(2a2 + a | ) = 0. 04 ± 0.1
(from O(D?)/rj(D)).
Qr.ok (O) = n(a^a^/2f =5,2^0,4 barn

/—' fc\ \ (A f I / 9 8 d 2 /
O ^ ' y * ~JP" ^ jr7[' *V' *t̂ + ^ 6*2/2)=V ( 4"^O. 5barn

ait&f£>)^(aUa/2) = 6,4±o,2
a ; M =0.12*0,04 , hence for 6 (©) =
3,-I4i0,06 barn
Oa= 0,7^0,37 and 3., =6,38*0,06 £"

°ortho = 8 - 3 3 (2 a4 + a 2 ) Z + 1 0 - 4 2 ( a 4 " &2>* =
15.95 + 0.03 barn. 0 „
°para = 8.33 (2a4 + &^ + 5.97 (a 4 - a2) z =
14.63 + 0.1 barn,
hence Cj = 0. 57 ± 0. 14 F, O4 = 6.47 +_0.14 F

2
O = 2TC(a -a ) = 2.25 + 0. 04 barn

incoh 4 2
aroh = G. 70 +_ 0. 05 F. Result obtained trom
acoh ( D2°) = 19. 20+. 0.08 F measured in the
present work and ac0^(O) = 5. 8 ± 0. 05 F taken
from the work of Donaldson et al. (Phys. Rev.
138, (1965) B1116.

a (D) = 6.21 + 0.04 F (average of four
coh ~ ,

measurements).

Analysis of experim. data confirmed earlier
conclusion that quartet length of neutron
scattering on D greater than doublet length.

From acoh(D9O) = 19. 148 + 0.015 F, a f r e e ( D ) =
3. 39 ± 0. 012'barn and af r e e(O) = 3. 721 +
0.007 barn one obtains a h(O) = 5. 804 ±0.007
whence acon(D) = 6.672 + 0.007 F. From
o (D) and a (D) it is found that a (D) =
()/§§± 0. 04 F;CCa4(D) = 6. 35 -v 0.021 P and

O ( D ) = 2 . 0 4 + 0. 0 3 7 .
inc —



Table 5

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

Work

E-I

E-2

E-3

E-4

E-5

E-6

E -7

E-8

E-9

r

Author(s)

tA cOxisi. ••€. & ,

Vfcjt M.

Attt^ Wz).,
^/tx^juS"n- <f.T 0-

0

'•c-Ut.x. H 2 ,

& UTK, •ja.,

ffau.t f.6.,

9-kJl^i ft.c.

^ A * y o*v ^ ^ )

fwA. i . e . , '

>VJ{.*CI. . ft <:.

jabora—
tory

JtM

4

S rH,

lln<AKA*iMf

1

Where and
when
published

84,169
— (1951)

ffhf, Riv.
89,1163
"~ (1953)

Sh. #. Src..
A68.650

(1955)

IC5.I8I6
(1957)

HPA.32,
5II.TI959)

9/i.yJ Hi*.
128,779

(1962)

1.71 '
~ (1966)

Af.P,
Ail1". 183

1 > « 9 )

A-P.,
74,250
~ (1972)

Measured
distri-
bution

Recoil neutrons
from solid and
gaseous target

Recoil neutron

Recoil
deuterium
and hydrogen
nuclei

Scattered
neutrons, by-
time-of-flight
method

Recoil neutrons
and scattered
neutrons

Scattered
neutrons

Recoil
nuclei

Recoil
deuterons;
scattered
neutrons, by-
time-of-flight
method

Scattered
neutrons, by
time-of-flight
method

i

Neutron
source

fOfcl. n.)

*<*•*• <'f. "*)

T(f."-)

Tfr. n.)

%(d, n.)

%ff.n.)

Neutron
energy
E (MeV)

4,5
5.5

0,22;0,5.
0,75:1.0,
I.5;2.6;
2,5.

0,I;0,2

2,45
3,27

3,27

0.5:1.0;
1.95

3,22

5,64
7,01
3,04

5,55;7,f-,
8,0;
9.0
18.55;
:.'D 5;

(MeV)!

0,1

0,25

0,012

0,05

0,06

Detector

Proport. counter
telescope, based
on coincidences

Proport. counter
for recoil nuclei
with deuterium

Proport. counter
for recoil nuclei
with hydrogen
and deuterium

Scintill. counter

Scintill. counter
for recoil nuclei
with C D

6 6
Proport. counter
with BFq in
modifier
Scintill. counter
for recoil nuclei
with C6D6

Scintill. counter
for recoil nuclei
with CgHg and
C6°6

Large liquid
scintillator

Inves t igated
range, t>° or
cos 9

80 *• 180 7 cfatre

70 + 180 1 of
mass

- 0,35 + -0 ,75 centre
of
mass

- 0 , 8 *• -0 ,75 centre
of
mass

0,900 + -0,965iceptre
0,855 + -0.965Jm°[ss

53 * 161 centre
of
mass

22 «• 150 lab.

0,65 • 0,96 centre
of
mass

0,653 + -0,826"'centre
0,620 + -0,858, of
0,700 + -0,926Jmass

0,695 + -0,826]centre
O.G05 * -0,912; of
0.6J5 *• -0.87.1 [mass
O.G.'ii + -0,01.')

Comments

C (4,5)=-I,8+0,2 barn
G v5,5)=I,5T0,;: barn

Normalized to a
t

Normalized to o(H).
Total statistical
accuracy < 3 ^ .

Normalized to o(H),
/A 0 =3° centre of
mass

Plastic scintillator used
for recording neutrons.

Normalized to O(C),
ad = 3-5° lab.

Normalized to j(H).
Plastic scintillator used
for recording neutrons.

Normalized to o(H).
Accuracy of differential
cross-section measure-
ments - 7%.



Table_J)

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

I Work

y-io

y-n

y-12

7-13

Author(s)

S&O.Q 14XM*- 7^)

SA^siad' S.,

t&rs^i. J.C.,

Laboratory

Si. haul's

Where and
when
published
PtfS. for.
91,90
- * (1953)

97,757
— (1955)

AI20.387
(1968)

174,1105
(1968)

Measured
distribution

Recoil deuterons

Recoil deuterium
and hydrogen
nuclei

Recoil deuterons

Recoil deuterons;
scattered neutrons
by time-of-flight
method

Neutron
source

rfd, n)

Tfd. n.)

Neutron
energy
E n (MeV)

14.1

14,1

14,1

14,3

AE n

(MeV)

0,10

0,05

0,15

0,20

Detector

Photonuclear
emulsion

Two proport.
counters and one
with Nal crystal

Telescope of three
similar proport.
counters with Si(Li)

Plastic
scintillator

Investigated
range, B° or
cos §

46 • 176 centre
of
mass

70 *• 174 centre
of
mass

80 * 172 centre
of
mass

13,5 * 158 centre
of
mass

Comments

Statistical accuracy
3.4-12'7o.
u j = 5-10° centre
of mass

Triple coincidence
scheme. o( 14. 1) =
0. 61 +. 0. 03 barn.
Statistical accuracy
1. 5-10%, Li)= 4-7°
centre of mass
6 (I4,I)--0,598 ±
±0,021 barn;
A fi ? ' P 0 C

f
Cntre

A b - <:•,'!- of massNormalized to o(n,p)
= 0. 689 ± 0.005 barn.
u 9 = 1. 8° lab. , a-3 =
1.2°-2.7° centre of
mass. 0(14.3) =
0. 648 _+ 0. 063 barn.

Table 6

Reference and bibliographic data on experimental work relating to the cross-section for the reaction (n,2n) on deuterium

Work Author(s)

/V- I JI-*

Cat A.C.,

Laboratory
Where and
when
published

111,616
— (i:«

Neutron
source

T(d. n)

Energy
E (MeV)

14,1

E
(MeV) Detector

Large liquid scintillator
with Cd; (n, 2n) target
located at centre of
detector

Method

Counting of double
pukes from
scintillaror.
Absolute ne-jiron
flux measured.

Comments

°n 2n ( D ) = ° - 2 ± 0. 02 barn.
Owing to efficiency errors,
accuracy of cross-section
determination - i>"Jo.
Detector efficiency determined
with spontaneous fission source -

2 4 4Cm ( v - 2. 81 +. 0.059)
or

252Cf (V = 3. 869 ± 0 078)
placed ar centre of detector.



Table 6 (continued)

Work

N -2

-V-3

Author(s

- 4.L\

. t

Laboi-atory
Where and
when
published

123,218

(1961)

Conference on
Nuclear Data for
Reactors, Paris
17-21 October
paper CN-23/18

Neutron
source

Energy
E (MeV)

6,II;6.55
7,32;8,26

•4,1 * 6,6

E
MeV

Detector

See.

Large liquid

sc.intillar.or

Method Comments

pt 14. 1) = 0. 18 +. 0.02 barn.
4 4Cm (v = 2.75) and 2 5 2Cf (V = 3.8)"?

Owing to correction for thickness of
target, accuracy of cross-section deter
mination < 5%; owing to correction for
presence of low-energy neutrons in
incident beam, accuracy of cross-
section determination - 5% (see also
Ref. rN-ip.l

3
Method based on rhe
time correlation
between puises
corresponding to each
of the two neutrons

°j - n 2n a t k' ^ MeV measured with
! an accuracy of - lO^o. Efficiency

determined in relation to V(252Cf).

/V-4
AT2b,327

(1963)

4,0 «*,55 °_ 0J6.O MeV) measured with
n, L,\\

an accuracy of lO^o. Efficiency
determined in relation to v(252Cf).

/V-5

/V-6 i.

£.C.t XJS

Al?0.387
""""•"(1968)

14,1 0,15 Telescope of three
counters with Si(Li)
detector

Angular distribution
of breakdown neutron
measured

.5,j,2n(I4,I)=0,I8 ± 0,007 barn
(from the. difference CJt - o e | ) .

?1.h)=O,I55 - 0,0(J6 barn

74,250
(1972)

18,55
20,5
23 0

Large liquid
scintillator

Absolute value of
differential cross-
section for elastic
scattering measured

barn

O.SGGiO.OK"

Normalized to o(H).

64?>) barn

),I.'57±O,C«
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Fig. 4a: Angular distributions of neutrons elastically
scattered by deuterium
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Fig. 4b: Angular distributions of neutrons elastically scattered by deuterium
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Fig. 4e: Angular distributions of neutrons elastically scattered by deuterium
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\D 7
V —Q *3

• / "

(8)

Y>

I

(9)

O.I E 0 O.I
(I) (2)

E

Spectra of neutrons from the reactor p + d - ^ n + p + p . Spectrum (9) was obtained in the
reaction D(p,n) at an angle of 0° to the incident neutron beam. Spectra (l)-(8) were obtained
in H(d,n) reactions at an angle of 0° to a beam of deuterons of energy E 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 - T n e E values (in MeV) are given
on the graphs. Spectra (l)-(7) were obtained in Ref. [20], spectrum (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 <5l in relative unius. On graphs (l)-(7), the continu-
ous curves are breakdown spectra; on graphs (8) and (9) they are spectra which take into account
direct interactions.

© and 6 denote angle to incident particle beam,
n np D
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AHNEX 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(nt2n)H.
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Table * /

System of 26 group constants for deuterium

: Bi
K MeV

10,5-14,0

0,5 -10,o
"4,0 - 6,5
T2.5 - 4,0
. 1,4 - 2,5
0,8 - 1,4
0,4 - 0,3
0,2 - 0,4
0,1 - 0,2
46,5-100 keV
21,5-46,5
10,0-21,5

• 4,65-10,0

2,15-4,65
• 1,0 -2,15
• 4G5 -10G0 ev
• 215 - 465
100 - 215

: 46,5- 100
21,5-46,5

1 10,0-21,5
_4,65-10,0
^2,15-4,65
I 1,0 -2,15
i 0,465-1,0
_ 0,215-0,465
_[_ 0,0252

A21

0,
0,
o,
o,
o,
0,
0,
o,

0,
o,
o,
0-,
0,
o,
c,
o,
o,
o,
o,
0,
o,
o,
o,
0,
0,
-

28
43
'iS
48
57
57
69
69
69
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
-

0.
1 o.

1.
j-»

2,
2,

1 2,
1 2,

3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3,
3.

959

274
653
110
564
854
947
050
161
255
319
356
374
382
O •'"*/*

OLO

338
339
390
390
390
390
390
390
390
3901
3902
3905

n
0
0
0
0

0
0
0

6i
t nonn
,0000

, 0000

,0000
, 0000
,0000
, 0000
, 0000

^o.ooco
0
0
0
0
0

0
o
0
0
o
o
o
o
0,

o,
o,

, 0000
, CCGO
, 0000
,0000
,0000
,0000
,0000
,0000
,0000
, 0000
,0000
0000
0000
p-i-infiOuuU

0000
0001
0002
0005

0,
o,
o,
o,
o,

rn()
•154

094
034
002

1

a:
n

c,
I,
x ̂

2,

2,
2,
3,
3,
3,
o

3,

3,
3,
3,
3.
o,

3,
3,

3,
3,
3,
3,
3,
3,

^ H
305
ioO
624
103
554
854

050
161
255
319
356
r>T7£.

332

3SC
399
390
390
390
390
390
390
390
390
3901
3901

i

I " -

! ^

i n
! n
1 U4

i 0,

! o-
0,
0,
0,
, o.
o,
n

c,
o,

•,0,

p

G »
^ »
0,

Of

n

0,

433
417
^ i " r j

OD I

299
199
1G9 J
131
2G9
269
330

090

333
333
333
333
333

q q 0

T O O

0 0 0

333
0 0 0

333

333

All cross-sections in Table 7 are in barns.



Table 8

Matrices of the angular momenta of intergroup transitions of the
cross-section for the elastic scattering of neutrons

by deuterium

i

-I
0
I
2
3
4
5
6
7
8
9

10
II
12

-I
0
I
2
3
4
5
6
7
8

1 9
•10
II

i ! 2

!
E4» ,Mev:

14,0
10,5
6,5

2^5
1 4
0 ,3
0 4
0,2
0 1
0,0465
0,0215
0,01
0.00465

E : ,MeV

I' 3
10,5
6,5
4 0
2,5
1 4
0,8
0 4
0,2
0 1
0,0465
0,0215
0,010
0,00465

B{) from i in

0

0,0113
0,1391
0,2445
0,2773
0,2779
0,2696
0,1795
0,1967
0,2309
0,2659
0,3216
0,3402
0,3335
P OOOQ

B\ from
J.

0

0,3339

0,6369
0,7431
0,7392
0.6900
0,4502
0,46X6
0,5465
0,6343
0,7543
0,7991
0,7964
0,7969

1 + k for k

I

0,5599
0,5070
0,4079
0,3275
0,3146
0,2545
0,3353
0,3721
0,3960
0,4371
0,4304
0,4198
0,4203
0,4227

i in i + k
fo

Blo

1

1,4-00
i. 7

 "J3'O

0,8314
0,6733
0,5936
0,4103
0,4453
0,4248
0 -4 6 5-4
015009
0,4738
0,1784
0,4793
0,4788

2

0,2307
PtIIC3
O • X LJ U '„/

0,1404
0,1523
0,2462
0,2894
0,2911
0,2371
0,2420
0,2027
0,1944
0,1957
C.I936

r k =

2

0,3393
0,IC4I
0,0310
0,06St>
0,0134

-O.CoiG
-0,1518
-0,1924
-0,2004
-0,2043
-0,1833
-0,1713
-0,1727
-0,1727

3

0,0466
0,0529
0,1122!
0,1432
0,2051
0,2039
0,1900
0,1393
0,0380
0,0550
0,0453
0,0456
0,0450
0,0449

3

0,0155
-0,0257
-0,0392
-0,1533
-0,3181
-0,3945
-0,4057
-0,3000
-0,1377
-0,1215
-0,1037
-0,1042
-0,1030
-0,1030

4

0,0431
0,1129
0,1232

5

0,

0.
0,1116 '
0,0501!
0,0208
0,0043
0,0003

4

-0,0545
-0,2234
-0,2692
-0,2625
-0,1321
-0,0573
-0,0123
-0,0009

1034
0278
0064

£'/8j
1 /
"< f

:ooo
1,0000
I C
1,0000
1,0000
1,0000
1,0000
1,0000
1,0000
1,0000

JGUU
1,0000

5

-0,2413
-0,0"
-0,0186

T AOQQ
— / i~ ^r\

J. , ".co:.-T O = '?"3

1,0701
0,8960
0,5931
0,3267
0,3931
0,6273
0,8064
0,9466
1,0000
.1,0000
1,0000



Table 8 (continued)

- I
0
I
2
3
4
5
6
7
•8
9

10
II
12

Bi from

E - tMeV:! 0

14,0
10,5
6,5
4 0
2,5
1 4
0 ,3
0 4
0,2
0 1
0,0465
0,0215
0,0100
0,00465

0,0563
0,7833
0,9160
0,9025
0,9603
0,8235
0,5115
0,4453
0 5339
0,fS4G5
0,7852
0,7799
0,7803
0,7804

i in i + k
r _ . i.

DI

0

I
I 8063
0|9890
0,6382
0,4191
0,2353
0,0043

-0,2143
-0,3502
-0,3359
-0,3327
-0,3809
-0,3598
-0,3587
-0,8637

2
-0,0062
-0,1797
-0,1940
-0,2323
-0,3405
-0,5099
-0,5460
-0,4355
-0,4553
-0,3412
-0,2594

-0,2"99

3 1 4
-0,1070 -0.0638
-0,1145
-0,1945
-0,1754
-0,0321
0,1621
0,2920
0,2213
0,1449
0,1067
0,0923

0,1082
0,2033
0,2503
0,1673
0,0793
0,0190
0,0014

0,0922
0,0921!
0.0921 !

5
0.2231
0,1125
.,,0238

1,9387
1,6933
1,3933
1,1943
0,9917
0,5643
0,0622

-0,1682
-0,1079
0,0234
0,1872
0,2589
0,2589
0,2589

a

i

-I
0
I
2
3
4
5
6
7
8
9

10
II
12

S^.MeV

14,0
10,5
6,5
4,0
2,5
1,4
0,8
0,4
0,2
0,1
0,0465
0,0215
0,0100
0.C0165

BQ from i in i + k
W k -

%

0

0,0733
0,9044
0,9515
0,9567
0,9G62
0 6771
0,3696
0,2129
0,2003
0,3564
0,3307
0,4065
0,4101
0,4098

I

1,6795
0,1909

-0,0723
-0,1808
-0,3308
-0,4192
-0,6385
-0,6586
-0,6914
-0,7177
-0.65G6
-0,6552
-0,6598
-0,6594

2

-0,5552
-0,2749
-0,2213
-0,1903
-0,0395
0,1305
0,3533
0,4005
0,3397
0,3704
0,3019
0,2786
0,2807
0,2806

3

-0,0495
0,0775
0,2248
0,3342
0,3640
0,1933
0,0026

-0,0145
-0,0141
-0,0266
-0,0208
-0,0299
-0,0310
-0.0310

4 5

0,1325
0,1141
0,0013

-0,1031
-0,1481
-0,0339
-0,0235
-0,0019

-0,0721
-0,1261
-0,0360

1,2125

0,8475
0,8137
0,7517
0,4973
0,0740

-0,0616
-0,0350
-0,0175
-0,0053
0,0000
0,0000
0,0000 I
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Table 8 (continued)

B4 from i in i + k
B1o

fork =

,MeV; 0 2

14,0
10,5
6,5

0 ^ /1
10,8920!
0,£079!
0,73I0i

2,o
1.4
0,8
0,4
0,2
0,1
0,0465
0,0215
0,0103
0,00465)

-pi 6572 |

0,3751,
0,1410|
•P OP^S i
•6',OCC6
0,03-43
G,0212|
0,0260
0,0289!
0,0285

r, rn^K

0,1457!
G,II52 I
0,0512'
0,1030 1
0,1070
0,1016

:.L3l 0,1171
0,0244 0,10731
0,0955 0,0370
C,2176!-0,0560
0,35071-0,2610
0,43541-0,2379
0,37441-0,1959
0,2585 -0,1184
0,2284 -0,0821!
0,1269 -0,0460
0,0830 -0,0290
0,0961 -0,0230
0,0958 -0,C2G6
0,0908 -0,0266

-0,0314 1-0,099
-0,2329; 0,II7i
-0,1673
-0,0540
0,0396
0,0705
0,0255
0,0023

0,0397

0,4305
0,2753
0,2056
0,2506
0,2980
0,2269
0,0765
0,0121
0,0000
0,0000

-0,0060
-0,0089
-0,0039
-0,0083

from i in i + k

4
fork =

S ,MeV 0

14,0
10,5
6,0
4.0

!:•?
§;!
0,2
0,1
0,0465
0,0215
0,0100
0,00465

0,1204i
0,7713
0,5695
0,4311
Ci r<r^QA

0,1010i

-0,1210j

->J, oO'iO I

n r>hj T
0,2695
0,2314 i - :

-0,1153,
-0,1114
-0,1172
-0,1179
-O,I1S2

-0,01631-0,1358!
0,24591-0,3463i
r. n»nc ;
0,3234!
0,3192!
0,2G20i
0,2642 !-u,iyy:<;
0,2665 -O.ICOo
0,2659 -0,1596

,
-0,2310
-0,2G36

0,1153
0,2413
0,2493

-0.C7S3
0,0963
0,1616
0,0914
0,0760
0,0597
0,0433
0,0412
0,0409
0,0409

0,1174
0,1654
0,1746
0,1213
O.02I0
0,0452
0,0218
0,0025

0,1755
-0,0895
-0,0395

0,2539
0,0772
0,0002

-0,0001
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
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Table 9

Matrices of group angular momenta for the D(nt2n) reaction

-I
0
I
2

1

*
-I
0
I
2
.1

*

- I
0
I
2
-5

5 : .MeV
14,0-14.1
10,5-14,0
6,5-10,5
4,0- 6,5
2.5- 4.0

E:,MeV
14,0-14,1
10,5-14,0
6,5-10,5
4,0- 6,5
2.5- 4.0

E: .Mey
14.0-14,I
10,5-14,0
6,5-10,5
4,0- 6,5
2.5- 4.0

B
0

0
—

0,0002
0,0012
0,0000

-
B i

l

0
-

0,0026
0,0130
0,0010

_
Bn

0
-

0,0034
0,0192
0,0017

-

Bo

from i in

B0

I
0,0033
0,0709
0,0525
0,0197
0.0003

from i in

B0

I
0,0586
0,2971
0,2447
0,0899
0.0079

from i in

B0

I
0,0697
0,3292
0,3248
0,1300
0.0I3I

from i in

B0

i+k
for k

2
0,2074
0,2540
0,2137
0,1582
0.00829

i+k
fnr Lr

2
0,6330
0,6623
0,5967
0,4921
0.3650

i+k
for k

2
0,5675
0,6125-
0,6812
0,8244
0,5557

i+k

3
0,3299
0,2465
0,3022
0,2908
0.3534

=

3
0,7988
C.5375
0,7039
0.7737
0.III0

3
0.63CQ
0,3624
0,6060
0,9776
1,6252

k -

4
0,2007
0,2007
0,2005
0,2873
0.305-0

4
0,4447
0,3535
0,3981
0,6954
0,7984

4
0,2552
0,1233
0,2306
0,7475
1,2507

c

0,1296
0,1090
0,1344
0,1451
0.I53I

5
0,2833
0,1504
0,2113
0,3256
0.2993

5
0,1549
0,0243
0,0906
0,2998
0.5137

6
0.0S38
0,0683
0.0533
0,0610
0.0693

6
0,1030
0,0544
0,0734
0,1233
0.I0I2

6
0.ICO7
0,0297
0,0223
0,1069
0,2744

7

0,0290
0,0351
0,0235
0,0252
0.0243

7
0,0630

-0,0077
0,0233
0,0501
0.0205

7
0,0333
0,0523
0,0083
0,0393
0,0955

8
0,0105
0,0094
0,0092
0,0096
0,0080

8
0,0227
0,0071
0,0096
0,0150
0.00=3

S
0,0119
0,0018
0,0026
0,0124
0.C3II

c

CCC37
•0.0035
0,0030
C,uC2S

o

0,0026
0,0027
0,0049
0.0027

o

0,0042
0,0003
0,0009
0,0039
0.0I0C

IG

0,0171
0,0015
0.0014
0,0011-:
o.ooi:

0,0013
0,0012
C.032I
0.0013

T.-

0,0000
0,0004
0,0019

*

0
I
2

3

•

-I
0
I
2
3

-1
t
1
I

E
14
10

6
4
2

14.

tro.
6.
4 .
2,

fl4
10

6
4
'i.

. .MeV
,0-14,1
,5-14,0
.5-10.5
,0- 6,5
. 5 - 4.0

„ ..MeV

0-14,1
5-14,0
5-10,5"
0- 6,5
5- 4.0

:. Jiey
,0-14,1
,5-14,0
,5-10,5
.0-6,5
.5 - 4,0

0
-

0,0052
0,0246
0,0024

—

B4

0

0,0042
0,0249
0,0031

_

I
-0,0000
03709
0.3596
0,1475

from i in

Bj)
I

-0,0009
0,2066
0,3027
0,1444
0.0184

2
-0,0001
0,4969
0.5877
0,7088

i+k
„ — for k

2

-o.oooo
0,2322
0,3159
0,6426
0.6761

Bc from i in i+k

0
-

0,0063
0,0267
0,0038

-

Bo
I

0.1293
0.I82I
0.2691
0.1235
0,0289

fork -

2
0,1562
0,1870
0.1686
0,5033
0,6380

3
0,2056
0,7856
0,2873
0,8279

=

3

0.4599
0.0779
0.04J2
0,5898
I.872S

3
0,2646
0,1589
0,0359
0,3361
1,65-4?

4
-C.X'CO
-C.0234
0.0133
0,5000

4

-0,0000
0,0103

-O.GO65
0,2392
1.2755

4
-0.0175
0,0657
0,0717
0,0007

c

-0,0000
-0.0004
-0.0260
0,1535

5

-0,0000
CC-I53
0.0I5I
0,0400
C,46ie

-0,0094
0,0173
0,0410
0.GG6I

o. see

-0
-0
-0

0

(-j

0,
0,
0.
r.

6
-0 ,

-o.
-c,

0,
0

6
.0483
,0216
,0038
,0471

6

0621
04.16
0323
0076
1553

0738
0355
0177
0016

,1132

7

-0,0000
-0,0650
- 0 , DOOS

0,0168

7

-0,0000
0,0330
C0II3
0,0018
0 r^ c c t

7

-0,0019
-0.1024
-0.0071
C,0':;03
•j,.V~."

8

0,0005
O.CXXiB

0,0054

8

-0.C000
0.000E
C 0053
0.0002
O.nisq

8
-0,0005

0.OOOB
-0,0039

0,0004
0,OITI

o

-o.cooo
0,0X3
0.C0G2
0,0017

S

-o,oc>os
C,C/0C3

0,0C04

O.OCOD

0 O ^ "

c
-0, '0003

0,0003

0,0004

G.0CO2

O.C-035

IC
-0.IC5C

-

0.
r-

C.
Q

-0
0
0
0
n

0.00QI
O.DOCS

IC
T-ac;-

0-301

C-A'C

cor-

IC
,1675
,0001
,0002
,0;X3I
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AMEX 2

Evaluated neutron da ta for deuterium in the SOCRATOR format



100?
1

loo i.
i o o o o o - o 9

c
111

2 ' 0 Q O 0 - O 9

i O O O . O O - 0 *

500000-O 7

2^00
10 0 0
7'00
J o e o

1000
600C
2000
f 0 0 0
1*70
3000
5000

ec co
1*00

6000
7 5 o G
9 0 0 0
1 0 5 0
1 2 c 0
J 3 5 O

J 5 0 0

o-o-o ?

0 0 - 0 ?
n -I - Q 4
o n - o 3
C C - 0 2
0^-C ?
on -n l
0 0 - o 1
o c * n c
0 0 • 0 0
0 0 *0 C
00 *C P
0 0 • 0 1
oc + o i
CO +0 1
co*o i
CO * 0 l
0 0 + R 1
CO *0 1
0 1 + 0 1
0 C * 0 2
00*0 2
CO+02
0 0+02

Of ijT FR IUM
23^

looi
l o c ?
300?
20 1 *

1
1^0000*02

1
86

339524*01
3392*2*01
339096*01
3 3 9 Q 3 7 * 0 1

33^ol7*01
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3 ? 9 C O 3 * o l
339 00 1*01

338 76
0 7 6 0
3 3 4 5 Q
3 2 4 0 0
3 1 3 3 0
3 0 4 0 C
29600
2*050
2^300
2^300
23(j 00
2O4oo

1 73C0
146CC
1 <SC0
1 1400
1 C 2 0 0
9 3 u Q 0
84(jC0
?e u o o

0*01
0*0 1
0*01
O*C1
0*01
o * o i
0*01
0*01
c*oi
o*oi
o*ol
0* 01
0 + 01
0*01
0*0 1
2 + C 1
0*C 1
0*00
c + oo
0*00

5
33
33
4
4

fl . 000 000
32
31
30

5o0O0O-O 9

250000-08
1COOCO-O 7
7*0000-0 7
5oOOoO"U6
2?00C0-l)5
Ip00o0"04

2 n 0 0

1 000
2n00
3500
^0 0 0
'000
1^0 0
2r 00
2500
3.-J0 0
5 o 0 0
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8 o O O
9 5 C 0
1 1 00
125o

uoo
0 0 0 U

o o u
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0 0 - 0 1
0 0 * 0 0
0 0 * 3 0
0 0 * 0 0
0 0 * 0 0
0 0 * 0 0
0 0 * 0 1
00 + 0 1
0 0 * 0 1
0 0 * U 1
0 0 * 0 1
0 0 * 0 1
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0 0 * 1 ) 2
0 0 + 0 2
0 0 - 1 9

1 1 1 0
3 3 9 3
3 3 9 1
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3 7 9 0
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3 3 9 0
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3 3 9 0
3 3 8 9
3 3 9 5
3 3 7 ?
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3 2 1 5
3 1 Q 5

3 0 1 5
2 9 3 9

2 8 9 0
2 7 6 5

2^70
2130
1930
1630
1390
1210
1 100
99 00
9000
«200
0000

0
1
0

o o o o o
71*01
66*0 1
33 + 01
30 + 01
12*01
05*01
03*01
01*01
0 0* 0 1
00 + 01
00 + 01
00*01
00*0 1
00 + 01
00*0 1
0 0 + 01
30 + 01
00 + 01
0 0 + 01
0 0 + 01
0 0 + 01
00 + 01
0 0 + 01
0 0 + 01
00 + 01
0 0 + 00
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