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The influence of preaquilibrium processes as described by the ex=.
citon model, on the cross sections and particle spectra shape of,
(n,2n), (n,np) and (n,pn) reactions is considered,

At first, the dependence of both equilibrium and preequilibrium i
' cross sections on incident neutron energy is 1nvestigated in mo-§
‘del nuclear systems for derivation of some systematic trends.
After that, the above-mentioned cross sections at 14 MeV are cal~
culated foz- 39 ‘real nuclei in the mass region 60 < A € 209, Compa- f 4
rieon with’ oxparimentai‘(n,zn) cross sections at 14 UeV incident -
energy oontirms the reduction of this cross section by up to 30 %
due to preequilibrium emission, The influence on (n, np) and (n.pn)
cross sectione is even more pronounced - they are changed by up,
to more than two orders of magnitude, depending on binding en-
ergies, pairing ‘effects and level densities,




1. Introduction - -

', Preequilibrium processes play an important role in many nuclesr
reactions where thé initial energy is betweén a few MeV and 100MeV,
Taking into account preequilibrium decay, it is in general possib-
le to acchieve a better understanding and descrivntion of these

! processes [1 2]

 The work described here is a ‘study of the role of this processes.
in reactions, accompanied by multiple emission of nucleons. The
main part of all calculations are carried-out for an initial neu-
tron  energy of 14 MeV, since most of (n,2n)-experiments have
been performed at this energy. For the (n,pn) and (n,np) reac-

- tions qgly a very few experimental data are available even at
14 MeV, Some excitation functions in a wide energy range are exa-
mined also,

One aim of this work is to study the mechanism of these reactions,
The other aim is to develop: a new, more accurate method of cal-
culating (n,2n), (n,pn) and (n,np) reaction cross sections, which
‘are of practical importance, especially for fusion reactor design,
but difficult to determine experimentally.

~ This paper represents a continuation of results described in ref,
[3] in 'which this method was used first, and other recent publi-
cations {4, 5).

a, Qgscr;gtion of the Model

 §A ter th ‘bombardment of a nucleue by a_nputron, the compound

 h‘"etate of the compound nucleus, There is a specific
of the emission of a nucleon from each preequilibrium

q




sion of a neutron and so on.

Absolute spectra for both‘types of nucleons from all intermediate
nuclei are calculated as long as the excitation energy does not
become less than the nucleon binding energy. The calculations are
performed on the basis of the hybrid model [6], accarding to
which the probability nP; (E) of pre-equilibrium emission of a
nucleon of type x from a state with n excitons is equal to

9 -1 (v) A () -
23 ;E) = Px Tn;W o on_ T (1

where _P_ is the number of nucleons of type x in state nj
9n-1(U)s ?n(E*) represent the densities of states with n-1
and n quasiparticles in the final and intermediate nuc-
leus, respectively, as obtained by combination of equi-
distant, single-particle levels;
Aem is the probability of emission, obtained from qinv
by means of the detailed balance princi 3 and
A+ is the probability of an jntranuclear transition with
An = 2,
In accordance with Ref, [6], A+ is calculated on the basis of the
probability of nucleon collision in the nuclear mat¢er, which gi- -
ver “ha expression:

A () -1 [1,4 « 102" (8 +8) -6,0- 108 (& + 3)2] s~ (@
' )

where K is a parameter. whicli is independent of enérgy;
B is the nucleon binding energzy.

The equilibrium spectrum PE(E) of particles of type x is csalcula-'
ted from the comprehensive statistical theory of nuclear .reac-
tions:

(28 + 1) m E &4, (E) ¢p(U)

v J/'Emax .
;_myg’ ° .Ev 6inv,v (E) QQ(U) dEy

PRE) = (3)
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~ where 9R(U) is the level density of the residual nucleus, given in
terms of the Fermi-gas model by:

9R(U) ~ ._.._1&_.._2. exp [2 (a U ) 1/2 (4)
’ . Sigid
Ueff"’t) = ]

~ The influence of shell effects on the density ¢ g(U) cen be taken

into account by using experimentally determined density parame-
ters (a). As well known, allowance for the pairipg effect is made
by introdﬁcing an effective excitation energy Ueff =U-A.,

Given the known cross-section of formation of an initial system
with n = 3, we thus obtain absolute spectra of the emitted nucle-
ons and aftér summation with respect to energy we get the cross-
sections of the (n,n'), (u,p), (n,2n), (n,np), (n,pn) etc, re-
actions. ' '

All parameters, except K in formula (2) can be regarded as well-
known. The value of K, employed in all the following® calculations,
is obtained comparing the predictions/of-the hybrid model with
the high energy part of experimental (nn') spectra at 14 MeV in~

" cident energy. It was shown [7], that in a wide mass number range
the constant parameter K = 10 can be regarded as a suitable para-
meter,

Js Systematic studies with Model Nuglei
’ 2.1, Branching Ratios and absolute Cross Sections

The cross sections f.. equilibrium and preequilibrium decay of a
compound system depend in a complex manner.on such qhantifies as
binping energy Bx' level density parameter a, the shell structure
~of single particle states, pairing energy etc., In order to appre-
ciate both the importance of taking into acpount‘preequilibrium
decay and the influence of nuclear structure effects on the in-
vggtigated cross sections, calculations have been performed for a
simple model compound system with‘wellrdefined parameters, The pa-
rameters of that system are the following:

- Initial energy of incident neutron €° = 14 MeV;



- binding energy of all occuring nuclei is comstant B, =B p =

"7 MeV;

< level density parameter of all occuring nuclei is also taken as
a constant value a = 13,3 MeV‘1, which corresponds to a mass
number A = 100 (since for the Fermi-gas model the mean mass-~de-
pendence of a is given by a = 7%3 Mev'1);

- the pairing encrgies of all occuring nuclei is supposed to be
zero, i.e., A = O3 ' ‘

- cross sections of the inverse reactions 4 inv are calculated
using the optical model for A = 100, following refs, [8] and[9].

The cross section values indicated on fig. 1 give a quantitative
impression on the change of (n,p), (n,n'), (n,pn), (n,np) and
(n,2n) cross sections due-to preequilibrium emission of partic-
les from the compound system., The compound system formation cross
section, calculated as the absorption cross section with the op-
tical model, in this case is equal to 1720 mb, The transitions
strengths, indicated at the arrows, are given in mb as a sum of
preequilibrium plus equilibrium emission components, The corres-
ponding values without accounting for preequilibrium emission are
quoted in parenthesis for comparison.

(A =100)+n (ZN)
E 46y By 21MeY, 1720mb : Bp=Bp = 7MeV
' 55/ 7‘b>m ] @ =AMyt
/ 80 5«51 +807x1
. ‘3 (1710) Bp=0
k =R
(2-1,N ZN-1)
N ‘
4= o/ 741432« 1469
4"‘{ 3‘2 0;;053)'3 (1700)
s 3153 mb M
o (3417 mb) \ / \
Ow = sigmp (2-1,N-1) _ (ZN-2)
(10,5mb) !
(npn) s (hng) (m2n)

Pig. 1 Branching scheme for the first and second
{ nucleon emission .



From this example one can extract the follpwing conclusion:

The process of preequilibrium emission of primary nucleons has an
marked effect on the integrated cross sections of all processes
involved, in particular on processes with emission of two nucle-
ons, The (n,pn) and (n,np) eross sections become 2,1 and 1,3 ti-
mes greator, respectively, The (n,2n) cross section is decreased
by about 15 %. The total neutron and proton emission cross sec-
tions é and 6 oM 8Te changed, favouring proton emission, The
probability of preequilibrium emission of both neutrons in the
(n,2n) reaction amounts 2 % only, so that the spectra shape of
secondary neutrons is expected ia eqrrespond to an almost pure
evaporation case. ‘

2,2, ggc;tagigg Fggciiggg

For the same modél nucleus the incident neutron energy has been
varied from 8 MeV until 30 MeV, Resulting excitation functions for
the investigated reactions are shown on fig, 2,

> Excitation func-
-tions of the reacti-
ons (n,2n), (n.Pn)
(n,np) for A=1
model nucleua




The (n,2n) cross section is decreased by preequilibrium emission“_(’-f“
of firast particles, but that is true only in a limited low ener=:
gy region near the maximum of the excitation function, At ener-
gies well above the (n,3n) tkreshold, contrary to that, the ;
(n,2n) cross section is strongly increased. A similar behaviour . ".?i
of "high energy tails" in the excitation functions is we\ll-known o
for (p,xn) and (x, xn) reactions [1, 2}. ;

Due t,o the coulomb barrier, both the (n,pn) and (n,np) cross
sections, in comparison with (n,2n), rise slowly with increasing
incident energy., These processes several MeV above threshold are
strongly enhanced by preequilibrium emission. Again, the first
preequilibrium emission of a charged particle followed by & neu-
iron evaporation, i.e. the (n,pn) reaction; is favoured by about
one order of magnitude in comparison with the first preequili- :
brium neutron emission followed by the evaporation of the charged
proton, i.e, the (n,np) reaction, = “

3.3, Megs M, ber Dependence

Por evaluation of the influencé of preequilibrium decay on 'th(e

mass number dependence of considered cross sections, the well-
known mean mass number trends of nucleon binding energy, level
density parameter and of the optical model absorption cross sec~
tions have been taken into account, In the upper part of fig. 3 Soes
three typical parameter sets for B n? Bp, a, A and K are indica-
ted, On the left side of fig. 4 the resulting cross sections for '
constant incident energy € = 14 MeV are shown, At the right

side results with constant excess energy E,. = €, = By = T-MeV

are presented, where 32 is the binding energy of the second uait-
ted proton or neutron, X

The behaviour of (n,2n) cross sections for €, = 14 MeV dan be
understood from the (n,2n) excitation function as shown on £ig,3!
and from the decreasing of tinding energy with increasing mass_ -'_"
number, which causes & shift of the maximum in the excitation o
function to lower energy. Therefore, at light and medium mass
nuelei (n,2n) cross section is decreased by preequilibrium emip~ '
sion, whereas in heavy nuclei, due-to the low (n,3n) threshold, ;

|
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Fig., 3 Mass number dependence of considered cross
sections '
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this cross reaction is increased., In the representation with -
constant excess energy, at the right hand side, this effect is
excluded, In the later case (n,2n) cross section in tbe whole
mass number region is decreased, but -the relative 1mro£tpnce of
preequilibrium emission becomes smaller with higher mess number,
This 18 the result of different mass number dependencea of equi-
1ibrium cross section, which is proportional to A, and preequi-
librium cross section, which is proportional to 2V [2 7]

The importence of preequilibrium emission on (n,pn) and (n,np) .
is strongly increasing with mass number, due-to the higher coli-
lomb barrier., At medium and 1ight nuclei,wnere proton evapora-
tion 1s a rather important m=chanism,precompound emission dimi-
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Fig, 4 Calculated cross gections

for specific nuclei with
(goints) and without can-
8lderation of precjuili-
brium emission .

nishes the (n,np) cross
section in a similar manner .
as the (n,2n) cross section

A more quantitative des-
¢ription and detailed dis-
qussién of this results is
given elsewhere [5].

4, Cglcq;af;ensﬂfor_sggci-
- .fig‘ﬁiéét e

As shown by refs, [4, 5]in
real nuclei tne effeqts'of
preequilibriumemission and
nuclear structure are mixed
and partly interconneated,
for instance the filling of
a shell is uysually reflec-
ted both in the density and
the binding energy, It is
therefore generally not pos-
sible to predict ;the effect
of pre-equilibrium emission
on the eross-gections of

the processes in which we
are interested, For this
reason we shall examine 39
isotopes in the range 60%A<
209, taking careful account
of binding enersy, densi ty

parameters, and pairihg energy in each nucleon-emission event,

The eross-sections for compound-system formation and the inverse=-
process cross-sections are taken from the optical model fB, 9],

The emisejon of complex particles is taken into account by a ‘
8light reduction in the probability of the first compnr 4 syntem
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being formed, In the second stage of the reaction the emission of
complex particles is ignored. The binding energies are taken from
the table of Q values in Ref, [16}.The density parameters are ta-
ken from the :eni-empirical formula in Ref. [11] and from the ex-
perimental values obtained in the analysis of neutron resonances
in Ref, [12]. The pairing energies for calculating the density
from expression (4) were taken from Ref.[13]. In the preequili-
brium decay models, account has so far not been taken of the ef-
fect of nucleon pair correlation on level density.

The results of the calculations are givexa in Fig, 4, The upper
part of the figure shows the (n,2n) cros.-sections with and wit-
hout consideration of preequilibrium decay models, In all cases,
the expected reduction of 14-29 % is found in the (n,2n) cross-~ °
section, For a constant incident neutron energy 14 MeV, the effect
of considering the preequilibrium decay models decreases with in-
creasing mass number, In a recent paper of Holub and Cindro [14]
was shown , that actually the experimental crogs-sections of the
(n,2n) process are somewhat lower than the valuesobtained from
calculations based on the statistical theory of nuclear reactions,
It must be emphasized that not very long ago this process was re-
garded as a "standard example" of a model of successive evapora-
tion of two neutrons,

The (n,np) cross sections, with exception of only a few nuclei,

are enhanced by preequilibrium emission, as expected, Especially
at higher mass numbers the main contribution to the (n,up) pro-

cess comes from events, when both neutron and r oton are emitted
-during preequilibrium stage of reaction,

The' (n,pn) cross ‘sections are enhanced also with exception of a

" few nuclei, For heavy nuclei protons are emitted aliost completely
during the preequilibrium stage of the reaction, wher a8 neutrons
are "evaporated", For medium nuclei proton "evaporation- ..
important and there is a competition between preequilibrium ana
equilibrium emission of the proton,

The following fig. 5 shows an example for the experimental exci-
tation function of 197Au (n,2n) from [15-17], in comparison with

11



6, 5,06, [mb]

/

)
b

§,fcoic) 7 § fonp)

8 R ERISR

Pig.

12

8 8 S R&ESl

5 Exgerimental and calculated
197Au(n,2n) excitation func-

tiom: drta from [15-17)

e

T lY"'lIl

g

T

\J

b

TTTTTTIT

'l’ i [,éi’f i, il

.
20
A

M-Q‘ﬂﬂmﬂﬂjﬂé;ﬂ
6 Comperison between experimen-
tal and calculated (n,2n)
cross sections at 14 !leV;
a) calculations include pre-
equilibrium emission,
b) calcalations based on equi-
librium statistical theory
only.

calculated curves, Tt is
obvious, that inclusioa of -
preequilibrium emission gi- .
ves better results, However,'
near the threshold of the !
(n,2n) reaction there-is - g
still a remarlgable diffe-   £
rence between theory amd
experiment, Probably, this
difference is caused by the
competition between gamma ,7 
and neutron emission [18], “
which was not taken into
account here, S
On fig, 6 exverimental va= '
lues of (n,2n) cross see~ .
tions at 14,7 lieV for 39

nucl ei [17] are compared

with our calculaetions. This .
comparison clearly favoura?“‘
the caleulation including
precompound processes (upper .
part of fig., 6), The devia~ -
tion between experihent and
the results from the equi~
librium statistical theory.
(Lower part) decresses with
increasing mass number.‘ﬂeét
A =180 this theory gives e~
tisfying results at 14,7 eV
- as expected from fig, 3, ]
Increasing of (n,2n) cross
sections at A»200 is due-to
the strong ghrell effect ih
this region, :

'
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