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Ceuenusi (n, p)-pe KUWH, BbI3bIB €MOW OBICTPBIMH HEHTPOH MH.
Komn yHn-mex Hu3M

B p MK X KOMI yHI-MEX HHU3M C HCIIOJIb30B HHEM MOJIENN MCI PEHHs, Npuoim-
JKEHUS [OCTOSHHOM TeMIep Typbl, IOJIYKJ CCHYECKOrO NPUOIUXKEHUs Ul CeYeHUs
UHBEPCHOU pe Kuuu 1 ¢opMmyibl B iinzexep [y sHepruu CBA3U IOIydeH 0Ol 4
copMyn 114 ceueHUs pe KUUM C BbUIETOM Y CTHULl, MHIYLHPOB HHOW OBICTPBHIMU
HelTpoH Mu. B sHepreTmyeckoM uHTEpB J1e oT 6 10 16 MsB momydenH g ¢opmyn
UCTIONB3yeTCd JJI CHCTEM THYECKOTO H JIM3 M3BECTHBIX OKCIEPUMEHT JIBHBIX Ce-
yeHull (n, p)-pe Kuuu. H igeHo, 4To p 3HULl MEXAY TEOPETUYECKMMH M 3KCIEpH-
MEHT JIbHBIMHU CEYEHHAMHU (71, p)-pe KLUHUU yBEJIMYHUB €TC C BO3P CT HUEM II P METP
OTHOCHTENIBHOTO U30BITK HEHTPOHOB B sinp X mumtend (N —Z+1)/A. Il wupokoii
00J1 cTh Hepruy HeUTpoHOB OT 6 no 16 M3B mepecMoTpeHbI BBIBOJIBI, MOTyIEHHbIE
JIeBKOBCKUM.
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The Fast Neutron Induced (n, p) Reaction Cross Sections.
Compound Reaction Mechanism

In the framework of the compound mechanism the general formula for fast neu-
tron induced and particle emission reaction cross section was deduced. The evap-
oration model, constant nuclear temperature approximation, semi-classical approach
to an inverse reaction cross section and Weizsicker’s formula for nuclear binding
energy were used. For the systematic analysis of known experimental (n, p) cross
sections the obtained formula was used in the energy range from 6 to 16 MeV. It was
found that discrepancy between the theoretical and experimental (n, p) cross sec-
tions increases with growth of the neutron relative excess parameter (N — Z +1)/A.
Levkovsky’s conclusions were considered and revised for a wide energy range from
6 to 16 MeV.
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INTRODUCTION

Investigation of charged particle emission reactions induced by fast neutrons
is of interest to both nuclear reactor technology and the understanding of nuclear
reaction mechanisms. In particular, the study of (n, p) reaction cross sections
is necessary to estimate radiation damage due to hydrogen production, nuclear
heating and transmutations in the structural materials of fission and fusion reactors.
On the other hand, it is often necessary in practice to evaluate the neutron cross
sections of the nuclides, for which no experimental data are available.

Because of this, in last decade we carried out the systematic analysis of the
known (n, p) cross sections and observed the so-called isotopic effect in the
wide energy interval of neutrons (E, = 6 — 16 MeV) and for the broad mass
range (A =24 —209) of target nuclei [1-3]. However, consistent theoretical
substantiation on existence of the systematical regularity for the (n, p) cross
sections up to now is no apparently available. Several formulae have been
suggested to describe the isotopic dependence of the (n, p) cross sections around
the neutron energy of 14-15 MeV only [4-13].

In this paper, to explain the isotopic effect of known experimental (n, p)
cross sections in the framework of the compound reaction mechanism using
the evaporation model and the constant nuclear temperature approximation some
formulae are deduced. From the point of view of the statistical model the fast
neutron induced (n, p) reaction experimental cross sections are analyzed. Also,
three main conclusions proposed in 1973 by Levkovsky for the 14.5 MeV neutron
induced (n, p) and (n, «) cross sections are considered and revised in a wide
energy range.

1. STATISTICAL MODEL FORMULAE

1.1. The (n, x) Reaction Cross Section. For several MeV neutrons in order
to deduce general expressions for the (n, x) reaction cross sections we can use
the statistical model based upon Bohr’s postulate of compound mechanism in
which nuclear reactions proceed in two stages as

O'(’I’L,J?) = 0O¢ (n)G(a:) (1)



Here
oe(n) =7 (R+X)* 2)

is the compound nucleus formation cross section, where R is the target nucleus
radius and X is the wavelength of the incident neutrons divided by 2.
The probability of the compound nucleus decay into channel z (z = p,n, «...)

is expressed as
I, I
T 3)
where I';, and I" are the partial and total level widths.

Using the evaporation model [14-16] we can determine the partial level width
I, as following:

G(z) =

max
g

25, +1

T — mMr / 5100(5c)py(Ur)d€m~ (4)
Vz

Here S, M, €, and V,, are the spin, mass, energy and the Coulomb potential for
the outgoing particle x, respectively; p,(U,) is the level density of the residual
nuclei; U, is the excitation energy of the residual nuclei; p.(FE.) is the level
density of compound nuclei; o.(e,,) is the inverse reaction cross section.

The maximum energy of the outgoing particle = is determined as
gt = Ec - Br + 51 ~ En + Qnr (5)

x

Here E. is the compound nucleus excitation energy; B, is the binding energy of
the outgoing x particle; J, is the even-odd effect parameter; F,, is the neutron
energy and Q. is the (n, x) reaction energy.

In the semi-classical approximation we can determine the inverse reaction
cross section as follows:

1_VI> €x > Vi,

R? —
oeer) =4 ( £0 (6)
0 €x < Vg.
The nuclear entropy is determined as
S=InN, (7)
where N is the number of states.
Then, using the relation for the entropy
ds 1
= 8
dE T ®)



we can write the following expression for level densities ratio of the residual and
compound nuclei:

py(Ur) ~ eSy—SC — e_é(Bm"l'ém"Fsm). (9)
pc(EC)
Using (6) and (9) for the formula (4) we can get the following formula for the
partial level width:

max

S

r, = 25+ sz??/gx g Vo) - tattpre (10)
7Th2 Ex

T

Here O is the nuclear thermodynamical temperature.
Then, neglecting v emission and after integration of (10), from (1), (3) and
(10) we finally get [17] for the (n , x) cross section the following general formula:

l1-"9 e & —e "o

Ry e —
(11

Bm+5m+vw{ Wne _ Wnpa Wnu:}
©

o(n,z) =o.(n)
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where W, = E, + an -V and Wy = Ey, + an -Vi.
For fast neutrons total level width can be approximately taken as I' =~ I',,.
Then from (11) we get

25, + 1M, ou-ve [1— 8¢ "8" —e 78"
o(n,x) =0 (n) i Q@)V{ ce e @ (12)

25, + 1M, "

1.2. Analysis of the Formula for the (n, x) Cross Sections. For fast neutrons
using the following assumption:

(B, +Qni —Vi))O (13)

Ericson’s formula [18] can be obtained from (11):

Qna—Ve

(14)

(25 + 1) Mye
(28 + 1) Mie ™5

K3

o(n,z) =o.(n

If we use the approximation I' ~ I',, and (13), we can write from (11) the
convenient formula of Cuzzocrea et al. [19]

(25, +1)
(25, + 1)

an@* Vo (15)

o(n,z) =o.(n) %e



1.3. The (n, p) Cross Section. The (n, p) cross section can be obtained from
(15) as follows:

(25, +1)
(25, +1)

Qnp—Vp

M
o (n,p) = oc(n) we (16)
1
Since S, = S, = 3 and M, ~ M,, using (2) and (16) the (n, p) cross section

can be rewritten in the simple form:

2 Qnp—Vp

o(n,p)=m(R+XN)"e o . (17)

Reaction energy can be found from Weizsicker’s formula for the target and
residual nuclei. Then from (17) it can be written as

, 1(2Z-1 N-Z+1 A
- - 4 =yl
o(n,p)=n(R+X) exp 5 {7 i £ I + yEn Vp} (18)

Here A, N and Z are the mass number, number of neutrons and number of protons
for the target nucleus, respectively, and A = §; — &, where |§| = 34 MeV or 0,
v =0.71 MeV, and £ = 23.7 MeV.

Thus, for systematical analysis of the (n, p) cross sections the following
formula from (18) can be obtained:

o (n,p) = Cm (R +X)? i (19)
where
Czexpé{y%%—ﬁ—%} (20)
and s
K= 5 (21)

2. SYSTEMATICAL ANALYSIS OF THE (n, p) REACTION CROSS
SECTIONS

2.1. Analysis of the Experimental (n, p) Cross Sections. Using formula (19)
the systematic analyses of the experimental (n, p) cross sections for neutrons of
FE, =6 and 10 MeV, are shown in Fig. 1 as examples.

It can be seen from Fig.1 that for N = Z isotopes of 33Mg(Qnp =
= —4.732 MeV), 23Si(Qnp = —3.860 MeV), 32S(Q,,, = —0.528 MeV) and
30Ca (Qnp = —0.529 MeV) the reduced cross sections have lower values in com-
parison with other isotopes.
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Fig. 1. The dependence of reduced (n, p) cross sections on the relative neutron excess
parameter (N — Z + 1)/A for neutron energy 6 MeV (a) and 10 MeV (b)

Also, the reduced cross sections for isotopes “°Mo(Q,,, = —2.406 MeV),
MMo(Qnp = —1.153 MeV), 2Ni(Q,, = —4.44 MeV) and %Sr(Q,, =
= —4.522 MeV), which have high threshold energy, are lower than averaged
fitted line. So, excepting these 8 isotopes the systematic regularity of the (n,p)
cross sections for E,, = 6 — 16 MeV is shown in Fig. 2.

It is seen that in these cases the fitted lines are in agreement with experimental
points. The parameters K and C' in formula (19) are fitted to experimental data
as constants for all isotopes at each neutron energy and also are given in Fig. 2.

2.2. The Parameters K and C. The parameters K and C' in formula (19) can

be determined by two methods. First, they can be fitted as the constant parameters
at each energy point for all isotopes as shown in Fig.2 (see the Table).

E,, MeV | K C

6 752 | 175
8 62.8 | 11.9
10 52.1 | 6.80
13 38.8 | 2.74

14.5 37.3 | 243

16 335 | 142

Second, the C' and K parameters can be immediately obtained from the
statistical model formulae (18) and (19).

If we use a formula for nuclear thermodynamic temperature as in [14] and
the Fermi gas model formula for the level density parameter [20] we can get from
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Fig. 2. The dependence of reduced (n, p) cross sections on the relative neutron excess
parameter (N — Z + 1)/A for E, = 6, 8, 10, 13, 14.5 and 16 MeV

(21) the following expression for the parameter K:

A

We can use the following approximation for the Coulomb potential of protons
[17, 21]:

A
Vp = —— (MeV).

Al 23)



Thus, if we assume A = 0 for (n,p) reaction, the parameter C' is determined
from (20) as follows:

C=cxplZA% 2y -1 . (24)
13.5 (En + Qunp)

So, from (22) and (24) for parameters C' and K the following relation can be

written:
Z (2v—1

It is seen from (22) and (24) that the parameters C' and K depend on charge
and mass numbers of target nuclei. However, for the number Z and A we
can consider effective average value, which are constants for all nuclei and are
determined by fitting to experimental data. Then, from (22) and (24) we can
verify energy dependence of the parameters C' and K, which is shown in Fig. 3.
Also, in Fig. 3 the fitted parameters A, (), and Z A6 are given. It is seen that
the fitted parameter @5, has the same value in the cases of K and C. It can be
rewritten the relation (25) in the following form:

C =ebXK, (26)

where
Z (2v-1)
COAV3 4

Here Z and A were taken from Fig. 3.
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Fig. 3. Energy dependences for parameters K (a) and C (b)

Moreover, the relationship between the parameters C' and K shown in Fig.4
was established by formulae (25) and (26). It is seen that the fitted parameter B
is in agreement with calculated value (27).
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In Figs.3 and 4 the black points for C' and K parameters were taken from
the Table and the solid curves were obtained by formulae (22), (24) and (25),
respectively.

We can conclude from Figs. 3 and 4 that the theoretical parameters C' and K
are in satisfactory agreement with values fitted to experimental data.

3. ANALYSIS OF LEVKOVSKY’S CONCLUSIONS

3.1. Levkovsky’s Conclusions. Analyzing the known experimental values of
the 14.5 MeV neutron induced (n, p) and (n, a) reaction cross sections in 1973
Levkovsky drew the three following conclusions [5]:

1. The (n, p) reaction cross section is expressed by the following formula:

N—-Z

o(n,p) = er%(l + Al/g)Qe*K A

(28)

Here the fitting parameters are determined as C' = 0.73 and K = 33.
2. The relation between the (n, p) and (n, «) cross sections is obtained as
follows:
o(n,p)

o(n,q)

3. Systematic regularity of (n, p) and (n, «) cross sections expressed by
formulae (28) and (29) takes place in the energy region of 14.5 MeV only,
because in this case the excitation function has maximum value for the most
of nuclei.

Now from the point of view of the statistical model we will reconsider these
conclusions for a wide energy range of neutrons using the revised data for neutron
cross sections.

o(n,a) = 0.40(n,p) or =2.5. (29)



3.2. Fast Neutron Induced (n, p) Reaction Cross Section Formula. It can
be seen that the empirical formula of Levkovsky (28) is similar to expression
(19), which was deduced using the statistical model. In addition, it should be
noted that the parameters C' and K in expression (19) can be obtained not only
by fitting to experimental data, but directly by formulae (22) and (24). If we
use fitted values of the parameters C' and K, as in case of Levkovsky’s analysis,
experimental (n, p) cross sections for wide energy range from 6 to 16 MeV (not
only for 14.5 MeV) which are shown in Fig.2 are satisfactorily described by
formula (19).

3.3. Relation between the (n, p) and (n, o) Reaction Cross Sections. The
ratio of the (n, p) cross section to the (n, a)) one in the energy range from 6 to
16 MeV is shown in Fig.5. It is seen from Fig.5 that at energies of 8, 10, 13
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Fig. 5. The relation between the (n, p) and (n, «) cross sections for energy range of
E, =6—16 MeV



and 14.5 MeV this ratio is approximately equal to 2.5, as Levkovsky concluded,
although there is the essential deviation from average value. At that time, this
ratio is equal to ~ 5 at 6 MeV and ~ 1.5 at 16 MeV. This fact and certain
increase of this ratio with growth of the number A for the target nuclei, perhaps,
are qualitatively explained by the difference of the Coulomb barriers for proton
and « particle.

4. THE STATISTICAL MODEL CALCULATIONS OF (n, p) REACTION
CROSS SECTION

Calculated by statistical model formula (19) values and known experimen-
tal data for (n, p) reaction cross sections at energies of 6, 8, 10, 13, 14.5
and 16 MeV are shown in Fig. 6. It is seen from Fig. 6 that discrepancy between
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Fig. 6. The values and experimental data of (n, p) cross section calculated by statistical
model
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the experimental and theoretical cross sections rises with increase of the parameter
(N —Z+1)/A and neutron energy. Such results, on the one hand, show that
the proton and neutron numbers asymmetry parameter (N — Z + 1)/A is very
important in the fast neutron induced (n, p) reaction cross sections. On the other
hand, it should be taken into account besides compound mechanism also the pre-
equilibrium and direct reaction mechanisms in the theoretical model calculations
for the fast neutron induced (n, p) reaction cross sections.

CONCLUSIONS

1. In the framework of the compound mechanism the general formula for fast
neutron induced and particle emission reaction cross section was deduced. The
evaporation model, constant nuclear temperature approximation, semi-classical
approach to an inverse reaction cross section and Weizsicker’s formula for nuclear
binding energy were used.

2. From the general formula a formula for the fast neutron induced (n, p)
reaction cross section was obtained.

3. For the systematic analysis of known experimental (n, p) cross sections the
obtained formula was used in the energy range from 6 to 16 MeV. It was found
that discrepancy between the theoretical and experimental (n, p) cross sections
increases with growth of the neutron relative excess parameter (N — Z + 1)/A.

4. The parameters C' and K in the formula for the (n, p) reaction cross section
were determined by fitting to experimental data. Also, theoretical relations for the
C and K parameters were established. The energy dependence of the calculated
and fitted values for the parameters K and C were obtained.

5. In the wide energy range from 6 to 16 MeV Levkovsky’s conclusions
were considered and revised.
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