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The paper analyses the recommended cross-sections for threshold

reactions [1] with charged-particle emission, which are among those used most

in neutron metrology and reactor dosimetry problems. Various circumstances

made it necessary to review the excitation functions of some reactions

represented in the BOSPOR library. It should be noted that the recommended or

evaluated nuclear data objectively reflect the level of experimental

information and model representations regarding nuclear reaction mechanisms

that existed at the time they were obtained. In recent years there have

appeared new differential and integral experimental data which fully confirm

the reliability of the evaluation made [1] and, in some cases, refine the

recommended cross-sections in the BOSPOR library.

We note that the recommended excitation functions for threshold

reactions with charged-particle emission in the BOSPOR library have one common

fault - they start from some threshold value of the incident neutron energy

(effective reaction threshold) which is always somewhat higher than the

corresponding energy threshold, whereas a correct understanding of the nuclear

reaction mechanism assumes that the excitation function of a threshold

reaction should have very small but non-zero values in the range from the

energy threshold to the effective threshold of reaction. The cross-section

evaluation method involving theoretical models, used by the authors in setting

up the BOSPOR library, did not permit a correct determination of cross-sections

below the effective reaction threshold. In most practical cases, this is of

no consequence since, according to our evaluations, the contribution, for

example, of the value of the tail (neglected earlier) to the

cross-section averaged over the reactor neutron spectrum is of the order of 0.1%.

However, for some problems of neutron metrology (for example, in unfolding

neutron spectra on the basis of measured reaction velocities) it is more
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correct to take into account the cross-sections in the near-threshold energy

region right up to the energy threshold of the reaction. This will give us a

physically correct representation of the energy dependence of the recommended

cross-sections for charged-particle emission reactions over the entire

interval of incident neutron energies.

Therefore, in the present work, we performed an analytical

approximation of their energy dependence to the reaction threshold for the

(n,p) and (n,«) reaction cross-sections of the BOSPOR library, corrected

with allowance for the latest differential and integral experiment data, using

the common features characteristic of the energy dependence of the threshold

reaction cross-sections, and making some physical assumptions.

Method of approximation of cross-sections to the reaction threshold

The approximation method used by the authors permits calculation of the

cross-sections for the (n,p) and (n,«) reactions with charged-particle

emission deep below the barrier. We will consider the calculation scheme for

endothermic reactions. Similar considerations are valid for exothermic

reactions; the formulae corresponding to the latter will be marked by a prime.

For our approximation we chose the segment [Q,Q + B] (for exothermic

reactions [OB]), where Q is the reaction threshold and B the Coulomb barrier

height. In determining the form of the approximant and the segment of

approximation, the following factors were taken into consideration:

Availability of reliable evaluated data on the energy dependence

of the cross-section in the greater part (usually 2/3) of the

segment [Q,Q + B);

- Monotonic increase in the excitation function of the nuclear

reaction under the influence of the Coulomb barrier, in the

segment [Q,Q,] where the cross-section is to be calculated;

- Asymptotic behaviour of the cross-section near the threshold

(endothermic reactions) and at neutron energies not too close to

zero (exothermic reactions).
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It is known from Refs [2, 3] that the endothermic reaction

cross-section in the region referred to varies according to the law

^exp(- BB / )

and the exothermic reaction cross-section according to the law

where E is the energy of relative particle motion, Z I, Z I are the
B D

charges of the residual nucleus and charged particle, p = ni IIL/(in +

is their reduced mass~n is the Planck constant.

The cross-sections in the sub-barrier region are calculated in several

steps:

1. The cross-section in the interval under study is represented in the form

which takes into account the influence of the main physical factors - the

presence of the reaction threshold and Coulomb barrier. The function g(E)

describes the action of neglected factors. In formulae (2) and (2*) T (E)
o

is the penetrability of the Coulomb barrier for protons and alpha particles

with orbital moment 1 = 0 calculated for a potential of the form

V(D-
_V0

by the method of Ref. 14]:

(4)

here

47



where p = Z_Z. 12/RE; R = r A1/3 (r = 1.4 x 10 15 y, and A is the
B D O O

relative atomic mass of the residual nucleus). In this case, a smoother

dependence g(E) was obtained than when the formula for penetrability in the

ordinary quasi-classical approximation was used.

Formulae (1) and (1*) were obtained on the assumption that the nuclear

potential satisfied a single condition: that it should be concentrated in a

limited region 13]. Therefore, the simplest form of nuclear interaction was

used in the calculations - a potential well of finite depth. Note also that

representations (2) and (2') are valid in a wider energy region than similar

relations including the exponential multiplier

(6)

For small values of E-Q and E + Q expressions (2) and (2') with

penetrabilities calculated by formulae (4) and (5) turn, respectively, into

expressions (6) and (6*).

2. The function g(E) is selected in the [Q,Q + B) interval on the basis of

the recommended energy dependence of the cross-section 11]. In Fig. 1 the

broken line indicates the possible variants of the behaviour of g(E). The

procedure of selection of dependence g(E) served only one purpose - to obtain

a function whose logarithm had a substantially weaker dependence on energy

than lgo(E).

There is no doubt that the penetrabilities calculated in the

approximation under consideration differ from those corresponding to the

hypothetical "true" potential. This follows from Fig. l,c, which gives the

behaviour of function g(E) most characteristic of this series of calcula-

tions. In fact, the dependence g(E) increases rapidly near the value Q in

the interval where the quasi-classical approximation [T (E) « 1] is

valid. At the same time, in this region its dependence on energy should be
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Fig. I . Results of extrapolation of the function g(E) (broken line) to the CQ,Q|] region for
reactions: (a) 27A , (n ,a)2 4Na; (b) 48Ti(n,p)4»Sc; (c) 60Ni(n.p)6^©.
Continous curves - evaluated reaction cross-sections from BOSPOR library.

weak since the cross-sect ion i s determined here mainly by the Coulomb ba r r i e r

pene t rab i l i ty for charged pa r t i c l e s with o rb i t a l moment 8. = 0. Neverthe-

l e s s , dependences (2) and (2*), taking into account expressions (4) and (5) ,

can be used to describe with suff icient accuracy (to within 1.5%) the

evaluated values of cross-sections in the [Q ,Q + B] in terva l and to

calculate the unknown: cross-section values in the [Q,Q ] in terval which

sa t i s fy the in tegral experiments.

3. The dependence g(E) i s approximated in the [Q ,Q + B] in terva l by the

ra t iona l function g (E) with the use of the PADE 2 program [5] . The
a

approximant g (E) is extrapolated to region [Q,Q.].

A. The cross-section in the [Q.Q.] region is calculated by the formulae

a (E) = /E - Q T fE - Q)g (E) and o (E) = T.(E + Q)g (E).
3 U fl 3 v 3

Thus, the problem of calculation of cross-sections in the sub-barrier

region is, in fact, a problem of extrapolation of the function g(E) in the
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[Q.Q,] interval since the required behaviour of cross-sections near the

threshold is ensured by the multiplier TQ(E). The extrapolation of an

approximately known function belongs to the class of incorrectly posed

problems [6]. Therefore, a sufficiently accurate (to within 1.5%) determin-

ation of the dependence g(E) in the [Q ,Q + B] interval is no guarantee for

an equally accurate reproduction of the function g(E) in the [Q,Q ]

interval. There is a set of functions {g (E)} with appropriate

behaviour in the [Q1,Q + B] region. In order to choose a solution from this

set, we need additional data, and we used for this purpose the evaluated

integral data together with the requirement that the extrapolation of g (E)

should be positive and monotonic.

Comparison of the results with the integral data and discussion

Evaluated microscopic nuclear data are generally tested against the

results of integral experiments, because these are usually more accurate.

In order to analyse the wide range of the dependence of microscopic cross-

sections on the energy of interacting neutrons, we must use integral measure-

ments in neutron spectra of various forms differing in the "degree of

hardness".

An international co-ordinated programme of microscopic cross-section

evaluation for reactor dosimetry and integral experiments in standard neutron

fields (the Benchmark Programme) has been prepared [7] and is being imple-

mented [8]. The decisive condition for using integral experiment results to

verify differential cross-sections is that the characteristics of the neutron

field in which the measurement is carried out should be sufficiently

235
complete. The thermal fission neutron spectrum of U is the one which has

been studied most.
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235
Approximation of the thermal fission neutron spectrum of U and

averaRinR of cross-sections

The spectrum-averaged cross-section is determined by the formula

00

a = J o(E)x(E)dE, where crE is the reaction cross-section, and x(E)
00

is the normalized [J x(E)dE =1] neutron spectrum.

The neutron spectrum in the present work was approximated by the

following formulae:

;*.,(£)= 0,48395 expir E) SinhVzF -Watt's formula 19];

0,45274 expC-E/0,965)sinh>/2,29£ ' - Cranberg's formula [10];

/.j(£)= 0,76985 exp(- 0,775£)VT - Lichman's formula [11];

The uncertainty in the description of the neutron spectrum reflects the

status of the experimental data. The greatest error is observed in the very

soft and hard parts of the spectrum.

The evaluations used more frequently of late for approximation of the

235
U fission neutron spectrum are those of the NBS [13] and the ENDF/B-V

library [13], which are recommended by the IAEA [12] and included in the

international reactor dosimetry file (IRDF).

Evaluated integral cross-sections

In selecting the recommended values of integral cross-sections in the

235
U fission neutron spectrum, the authors were guided mainly by the results

of Refs [14-16]. In addition, they used the integral cross-section evaluation

results published in Refs [17, 18].

In Ref. [14] the integral microscopic cross-sections measured on the

235

U thermal fission neutron spectrum for the 29 threshold reactions which

are most important in reactor dosimetry and fast reactor technology were

evaluated. Most of the integral measurements were carried out by the relative

method and therefore their results were renormalized in Ref. [14].
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Table I

Comparison of the recommended excitation functions of threshold reactions with charged-particle
emission averaged over the " 5 ^ fi s s; o n neutron spectrum with experimental data

Reaction

2Vnp)2**a
27Al(nct)24Ha
27Al(np)27Mg
31P(np)31Si
32S(nP)32p
46Tl(np)46Sc

47Ti(np)47Sc
48Xi(nP)48Sc

^ ( n p ) 5 4 ^
5Se(np)5^
W C O ( B O ; ) 5 bMn

S°Ni(np)6°Co
"cuCnct ) 6 0 ^
64Zn(np)64Cu

9OZr(np)9°y

Averaged cross-section, ib

Evaluated

Experiment

1,50+0,06 /"I6/
0,706+0,028 /16J
3,95+0,20 fib]
35,5+2,7 fli?
66.&V3.7 /ibj
11,6+0,4 flbj

17,7+0,6 /16/
0,302+0,010 /16/

80.5+2,3 / I6;
1,09+0,04 /IBJ
0.161+0,007 /i6_)
105,1+1,1 / i 8 /
2,3+0.4 /I7./
0.500+0,056 /15^
30,2+0.5 /IBJ

0,38+0,02 /"I9/

B0SP0R-80 library

1,52
0,698
3,99
32,5
65,62
12,81

(11,15)
22,2
0,262

(0,282)
82,2
1,078
0,147
103,0
2,57
0,482
36,8

(32,02)
0,33

(0,36)

*2(£>

1,40
0,638
3,82
32,0
64,47
12,28

(10,67)
21,8
0,241

(0,260)
80,4
1,004
0,135
101,0
2,42
0,452
36.0

(31,25)
0,31

(0,33)

*5(E)

1,56
0,724
3,83
30,6
61,94
12,25

(10,69)
21,0
0,269

(0,289)
77,7
1,078
0,151
97,9
2,53
0,478
34,8

(30,25)
0,33

(0,35)

Results after correction and
approximation of cross-sections

1,60
0,738
4,06

32,36*
65,49*

-
11,23
22,21

-
0,285
82,52
1,070*
0,157
103,6
2,59
0,493

-
32,24

-
0,37

1,48
0,676
3,89

32,86
64.33*

_
10,74
21,86

-
0,263
80,76
0,999*
0.145
101,5
2,43
0.462

_
31,46

-
0,34

1,63
0,762
3,90

30,55*
61,81*

_
10,77
21,09

_
0,292
78,02
1,070*
0.I6I
98,0
2,54
0,488

_
30,48

_
0,36

Remarks:
(I) The results after correction of the cross-sections on the basis of integral data are
given in brackets. (2) The plus sign indicates the cross-section values which are smaller
than the corresponding averaged cross-sections of B0SP0R-80. The deviations are within the
accuracy of approximation.

The recommended values of the spectrum-averaged cross-sections were

obtained in Ref. [14] by root-mean-square averaging of the available

experimental data, taken with a "weight" equal to the indicated experimental

error and renormalized by the authors.

The data recommended in Ref. [17] include the results of the eval-

uation in Ref. [14] without any changes except for the cross-section error,

which in Ref. [17] takes into account the uncertainty of the standard.

Moreover, Ref. [17] analysed all accessible integral cross-section

235
measurements on the U fission neutron spectrum published up to 1974, and

evaluated these cross-sections by a method similar to that applied in
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Ref. [14]. The same values of standards were used in renormalizing the

cross-sections.

235
In Ref. [16] the results of new measurements of the U

spectrum-averaged cross-sections were published for 17 threshold reactions.

After appropriate correction for multiple scattering, sample thickness and

other secondary effects, it was found that for most elements the measurement

results agreed satisfactorily with the results of the integral cross-section

evaluation performed earlier by the same authors.

There is, on the whole, satisfactory agreement between the recommended

235
cross-sections averaged over the U thermal fission spectrum and the

results of the integral experiments (see Table 1). The approximation of the

cross-sections for charged-particle emission reactions to the reaction

threshold in most cases makes a contribution of less than 1% to the integral

cross-section.
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