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The absolute values of the (n, p) and (n, ) cross sections for 14-MeV neutrons were
measured by the activation method. An analysis of the literature data indicates that in the

12 < A <150 range oy p

depends on Z and A of the target in a simple manner. Comparison

of the obtained empirical formula with the semi-empirical relationship proposed by Gardner

leads to a simple dependence of On,p O Qn,p.

WE have shown earliert!:?J that for 14-MeV neu-
trons the (n, p) cross sections of many isotopes

of one element decrease monotonically and regu-
larly with increasing A. The character of the
variation of On,p 18 well represented by the formula

exp [75 <A—+ZA71" — %)] ~exp [— 33 -AA—A-] .
(1)

It was also proposedtz] that the rule (1) might
be a reflection of a more general law relating the
probability of emission of a proton from the struck
nucleus [ap = op,p /oc(n)] with a proton ‘““‘concen-
tration’’ Z/A. To check this proposition, we meas-
ured several absolute cross sections of (n, p) re-
actions in an extensive region of Z and A. We
also measured simultaneously several (n, a)
cross sections. The procedures used for the bom-
bardment, radiochemical separation of the reaction
products, measurement of their activity, and calcu-
lation of the cross sections are described in detail
in 7], The measurement results are listed in
Table I.

An analysis of the data of Table I has shown that

s(A-+AA, Z)
s(4, Z)

TABLE I
Cross Cross
Reaction section, Reaction section,
mb

S%(n, p)P32 220440 Zr%%(n, p)Y* 1142
CI%(n, a)Ps2 10020 Zr%(n, a)Sre? ~10
Ca%(n, p)K* 160+30 Zr%(n, a)Sro! 4.7+0.8
Ca%(n, p)K# 3747 Zr%(n, a)Sr9 2.3+0.5
Zn%(n, p)Cub* 210440 ! Ag'%(n, p)Pd1® 1142
Zn%%(n, p)Cub 75+10 Cd1%(n, p)Aglos 76 +24
Zn%(n, p)Cu®? 48+8 Cd1(n, p)Agtt 15+4
Zn%(n, p)Cu®d ~25 Cd2(n, p)Agh? 11+3
Sr8(n, p)Rbse 39+7 Cd3(n, p)Aghs 8+2
Sr#8(n, p)Rbss 18+3 Cd*(n, a)Pdo? 1.3+0.3
Zr9%n, p)Ye 54410 Cd"4(n, a)Pd? 0.64+0.1
Zr(n, p)Y9! 4048 Ba38(n, p)Cs!3s8 1.940.5
Zr%(n, p)Y* 25+5

all the (n, p) cross sections [except for that of
S32(n, p) P*?] are well described by the relation

()

where o¢(n) is the geometrical cross section of
the nucleus, equal to 45.2 (A2 + 1)2 mb, and ap
=exp[—-33(N - Z)/A].

The summary Table II lists the mean values of
the (n, p) cross sections for E, = 14 — 15 MeV
in the range 12 < A < 150 as given by various
sources published up to 19638381 1t fails to in-
clude only some old data (principally the 1953 data
of Pool and Clark), which either differ greatly from
the mean oy p obtained in later work or are highly
inaccurate, i.e., the error indicated by the authors
themselves reaches 60—80%.

An analysis of the data of Table II has shown v
that in the region 20 <N the oy p calculated from
(2) coincide as a rule, within the limits of experi-
mental scatter, with the Op, obtained in experi-
ment. In the region 20 = N formula (2) likewise
agrees well with experiment if

@y = exp [— 33 (N — Z + 1)/(A+ D).

Gn,p = G¢ (1) cp,

calculated from (2) are listed
in the fourth column of Table II. In the sixth col-
umn are given the op p calculated with the empiri-
cal formula proposed by Gardner[8J. This formula,
like ours, depends only on Z and A of the target,
but is much more complicated (it contains four
numerical coefficients in the exponent) and in
general, as can be seen from Table II, is in worse
agreement with experiment than (2).

Starting from highly simplified general expres-
sions of the statistical theory of nuclear reactions,
GardnermJ arrived at relation (3), which connects
the On,p in a series of stable isotopes of one ele-
ment with the excitation energy E = Ep + Qn,p * o:

The values of oy,
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TABLE II
o . Number of
Isotope n,p, exptl r o Sn,p, calc. o
mea measure= o e ¢ a, p; cale.
( n value) ments from (2) exp/ Ocale afterpGardner
CIZ <
o ég -2 2 40 0.4 40
oF10 16,5+2 t o 08 %
uII:I«a:: 42%8 i Zi (1)'3 P
i:Mgﬁ 12(350 6 190 1.0 1653
e BT 3 57 0.9 75
Mg 2747 1 19 1.4 38
oAl 20 16 72 1.1 87
st 2020 6 240 1.0 240
i T 1 70 1.4 120
1 82315 4
b s 4 65 1.3 140
105% 85140 1 0 7 5
2Cl3s 130+15 i o 10 10
vl 301 4 130 1.0 210
10K3® 350450 i o 10 5
Ke I 1 370 1,0 320
1 80+30 1 .
P B30 80 1.0 80
Cat 2 400 1.0 740
20Ca 160+ 30 1
wCa 803 190 0.8 180
22T 22020 3 . e 6
it 220420 2 250 0.9 260
i 1024 3 130 1.3 130
wTit 60::3 2 65 0.9 65
2V5 34310 3 5 08 -
24Cr®0 280+20 1 70 e 8
24Cro? 86+ 10 8 e 10 %
24Cr® 4246 2 % 0.9 2
25Mn% 4537 o o8 o
Fest 370420 5 20 3 o
26Fess 120+10 0 310 1 3%
e 20210 1 110 1.1 120
2cFes8 2334 % o 09 %
:C0® 75410 : 5 v 2
2sNi58 400100 g o 19 %
2sNi®0 14010 2 120 10 190
i i+t 2 140 1.0 190
2sNio? 5643 1 i 15 e
i 63 ! 48 1.2 47
2Cus3 100+ 20 2 o 0 i
wCu? 0022 : 94 1.1 £10
s0Zn% 210450 ' ¥ 5 0
i 20+50 6 160 1.3 310
2Zn® 4555 3 = i 5
w1t b : 40 1.1 39
22Ge™ 110+20 P 2 i3 g
nGe” 10+ 87 1.3 100
Qe ~32 ! 34 1.0 25
e S22, ! 23 0.9 12
oA 2% : 26 1.0 14
PR 39+7 1 . 10 L
385188 18+1 3 17 i i
o 4418 g)i 17 1.0 19
20219 36+4 9 38 13 o
wZr® 2131 3 o Lo 4
wlrr 211 21 1.0 25
LA 11%2 3 i o o
$Cd108 76424 1 " o 0
m 1514 1 71 1.0 370
wCd12 1143 i 5 07 %
oS 143 { 15 0.7 6
solnis 1743 i ﬁ (1)3, >
s : ) 2
5:333133 ng%o 1 8 1.5 16
seBal® 2.3%0.3 : g 0% _
oBa 2.3+0.3 3 3.8 0.6 —
e 220, 2 5.4 1.0 —
el 142 2 7 1.6 —
WNd12 13%3 : > 1o —
coNd143 12 1 1 11 —
oNd18 3.541 1 o 0.5 —
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TABLE III

Element ! B2)S| B2 | B@Y | B2 Element | B2:| B2); | B2)S | B2
uCr | 4.20 | 4.51 — — asAs — — 418 | 5.16
2sMn — — 4,50 | 4.80 || aSe | 4.41 | 4.81 — —
wFe | 4.16 | 4.48 — — 35Br — — 4.84 | 5.16
2:Co — — 4.52 4,83 s6Kr 4.47 4 .84 — —
28N 4.18 4,51 — — 2Rb — — 4.84 5.18
2oCu — — 4.64 | 4,97 ST | 4.58 | 4.88 — —
s0Zn 4,40 4.78 — — 39Y — — 4.94 5.26
21Ga — — 4.70 5.04 20Zr — 5.05 — —
32Ge 4.40 4.81 —_— _— 41Nb —_ —_ 5.01 5.32

TABLE IV

Element | B(2)$| B(2)S |B2)g| B2, || Element | B2S| B2S | B2°| B2)°
Rb — — 5,03 5.28 4sCd 4,81 5.14 — —
wST | 4.70 | 5.0t -~ — sln — — 5.18 | 5.48
39Y — — 5.11 5.32 5091 4.82 5.14 — —
wZr | 4.82| 5.03 | — — s1Sb — — 5.36 | 5.67
aNb — — 5.20 5.38 seTe 5.09 5.39 — —
oMo |4.80 | 5.03 | — — o — — 5.36 | 5.64
asTc — — 5.12 5.38 saXe 5.08 5.38 — —
wRu [ 4.77| 5.06 | — — 55 — — 5.42 | 5.67
sRh — — | 5.43]| 5.39 ssBa | 5.15 | 5.40 — —
wPd | 479 510 | — — s7La — — 5.44 | 5.70
whg — — 5.16 | 5.44 sCe | 5.20 | 5.41 — —

oA+ AA, Z)o (4, Z) stant. However, B(Z) is again constant, up to N
, = 82, in the series of isotopes of one element if the
= exp (2 [VaE (A + AA)—V aE (A)}), (3)  coefficient a = A/20 is replaced by a = A/40.

where a, the empirical parameter widely used in
statistical-theory calculations, is assumed equal
to A/20. It has been shown in %] that relation (3)
describes well the variation of oy [, in series of
isotopes of Fe, Cu, Zn, and Cd.

Equation (3) can be compared with our general
empirical formula (2):

[—58%5]

s(-1,Z) _ ex
SQZ,7) P

=exp{2Va [VE (A)—VE (22)}},
from which it follows that (for 6 = 0 and a = A/20)
V1454 Qup,=B(2) —T4A N —2Z) A~ (4)

It turns out that in the region 28 = N < 50
formula (4) represents very well the character of
the variations of Qp p in the series of isotopes of
one element: for different isotopes of one element
having the same parity, i.e., even-even, even-odd,
odd-even, or odd-odd, B(Z) is constant. Table
III gives the values of B(Z) in the region 28 = N
= 50, obtained by substituting in (4) the tabulated
values of Qy pl10J.

When N = 50 all the values of B(Z) [calculated
from (4)] decrease sharply and are no longer con-

Table IV lists the values of B(Z) in the range
50 = N < 82, calculated from (4) with a = A/40
(this leads to a replacement of the coefficient 74
of (4) by 105 V).

It follows from Tables III and IV that the values
of B(Z) increase with increasing Z for all four
types of nuclei in both intervals under considera-
tion. This increase, however, is not monotonic:
in the regions Z = 23—28, 30—37, 40—45, and
51—56 all the B(Z) remain practically constant,
with B( Z)g = B( Z)g [ with the exception of Z
= 40—44, where B(Z) is somewhat larger than
B(Z )8]. All the B(Z) increase sharply when
Z > 28 and 50, and less noticeably as N approaches
50 and 82.

Table V illustrates the constancy of B(Z) by
listing the Qp,p taken from the latest nuclear mass
tablest 19 and calculated from (4), for several ele-
ments in both regions under consideration. The
values of B(Z) are taken from Tables III and IV.
The use of averaged values of B(Z) in each re-
gion also yields in general good agreement between
the experimental and calculated Qn,p: but in many

DThe coefficient a= A/40 is also used sometimes in the
statistical theory of nuclear reactions, but a= A/10 is used
more frequently.
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TABLE V
Q, MeV Q, MeV
Element A || Element A
[*] after (4) [ after (4)
57 4.2 4.3 89 3.6 3.6
58* 0.4 0.3 90 1.5 | —1.6
59 1.8 1.7 91 —0,8 | —0.7
26Ni 60 2.0 2.0 wZr 92 —28 | —2.9
61 —0.5 —0.5 93 —2.1 —2.2
| 62 —44 | —3.9 94 —42 | —4.2
. 37 - ( 105 3.8 3.7
78 0.1 0.1 | 106 0.4 | 0.3
79 2.4 2.4 107 2.2 2.3
80 —1.2 | —1.2 108 —1.0 | —0.9
s6Kr 81 1.0 1.0 109 0.9 1.0
¢ —9 _
82 —2.3 | —2.2 WCd 110 2.1 2.0
83 —0.2 | —0.2 m —0.3 | —0.2
84 —3.9 | —3.4 M2 | 33 | —3.0
- ‘ 113 4.2 | —1.2
114 —3.8 | —3.9
115 —24 | —21

*The stable isotopes are underlined.

cases, particularly near magic Z and N, the dis-
parity between Qexp and Qcajc is already appre-
ciable, reaching 1—1.5 MeV.

It follows from the foregoing that in the region
N = 28—82 the (n, p) cross sections can be ex-
pressed in terms of the thermal effects Qn,p by
means of the equation

Onp =0, (n) exp {2V a[VE — B (@)}, (5)

where E = 14.5 + Qp,p; 8 = A/20 for 28 < N < 50
and a = A/40 for 50 = N < 82, while the B(Z) are
listed in Tables III and IV. In the regions

Z = 24-—-28, 30—37, 40—50, and 51—56 the use of
the mean values B(Z) also gives good agreement
with experiment.

In the region of light nuclei, N < 28, the thermal
effects of the (n, p) reactions do not vary in gen-
eral monotonically over a series of isotopes of one
element. Monotonicity is violated in the regions of
magic N (14, 20, 28, and apparently 24). The
number of isotopes known in this region is small,
making the analysis of the dependence of B(Z) on
Z and A difficult. However, it is always possible
here, too, to choose the coefficients B(Z) and a
such that relation (5) is satisfied. For example,
for nuclei with the same number of protons and
neutrons, in the region Z = 6 — 14 (,C'%, ;0',
12Mg?, 4Si®), very good agreement with experi-
ment is gotten with B(Z) = 3.76 and a = A/20. In
a broad interval of Z (11—28), perfectly satisfac-
tory results are obtained with B(Z) = 4.52 for

even-odd and odd-odd nuclei and B(Z) = 4.16 for
even-even nuclei (cf. Table III).

CONCLUSIONS

1. It is shown as a result of an analysis of the
author’s own data and those in the literature, con-
cerning the (n, p) cross sections with a neutron
energy of 14—15 MeV, that in the range 12 < A
< 150 the (n, p) cross sections are well described
by Eq. (2). A feature of Eq. (2) is that it contains
only one empirical coefficient, which is the same
for even-even, even-odd, and odd-odd nuclei, and
does not vary in the region of magic Z and N.
This result contradicts in general the statistical
theory of nuclear reactions, according to which the
on,p are highly sensitive to fluctuations in Qn,p.

2. It is shown further that Eq. (2) can be related
with the thermal effects Q, by using Gardner’s
semi-empirical equation (3). This leads to Eq. (5),
which now expresses the on,p in terms of Qn,p-
Unlike (2), Eq. (5) contains an explicit dependence
on the parity of the target nucleus and on the shell
effects, as is manifest in the different values of
B(Z) for nuclei with different parity, and in jump-
like changes of B(Z) and a in the region of magic
Z and N.

Although Eq. (5) has been formally derived
using the function w( E) (*‘level density’’ of the
nucleus), usually employed in calculations of the
statistical theory of nuclear interactions, it would
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hardly be justified to regard it as a confirmation

of the theory, since, first, Gardner’s relation (3)
has been derived, using very crude approximations,
from general expressions of statistical theory,
which are themselves, as testified by their authors,
quite approximate ([1!1, pp 292—294), and, second,
Eq. (5) does not contain a term that can be regarded
with sufficient justification as a function of the Cou-
lomb barrier of the nucleus.
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