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Abstract

Different transition rates of the nuclear preequilibrium states in the exciton model
were numerically calculated in the present work, as well as the state density and matrix
element of the nuclear interaction. The calculations were based on the two-component
version of the exciton model. Some comparisons were made with earlier calculations,
and the results showed a good agreement. The results were explained on the bases of the
effects of the differences in the particle and hole numbers, as well as the type of the
incident particle and its energy. The conclusions indicated that preequilibrium nuclear
reactions induced by protons differ only by small fraction from those induced by
neurons at low exciton states. At higher exciton states with n>3, the transitions of the

types ﬂ,;and ﬂ; differed significantly between neutron and proton transitions, which

may indicate distinguishable nuclear reaction mechanisms.
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Introduction

The exciton model [1-3] is a semi-classical
model that is widely used to analyze different
nuclear emissions within the intermediate energy
range. Unlike the one-component model, the two-
component exciton model differentiates between
proton and neutron states during the calculations.
Some recent attempts were made in order to
extend the applications of this model to include
heavy ion reactions [4,5], and to enlarge the
relevant energy range to few GeV's [6]. A
significant physical parameter required during the
exciton model calculations is the state density of
the excited nuclear states, @(p,h,E). Table 1

lists the symbols and abbreviations used in this
paper. Similar to the well-known Hauser-
Feshbach model [7], the exciton model requires
the determination of the ratio of the excited state
densities after nuclear emission to that before.
This ratio specifies the major factor needed in
calculating the emission rate, W (n, £).Once this

rate is calculated, a weighting procedure is
required to determine the total contribution of
emission from each n exciton state to the total
emission. This weighting procedure is the
equilibration lifetime, T(n,E), and the latter is
found from solving the master equation [8], which
depends mainly on the state density as well as the
transition rates between different exciton states,
A . Extended details of the calculation procedures
are found elsewhere [9]. In this research, the
transition and decay rates are to be calculated
numerically and compared with earlier results.
The comparisons will be made by means of the
transition rates, state density and effective matrix
element.

II. Transition Rates
There are six types of transition rates for the

two-component system, namely, Ay, A7, Ay,
A, /10 , and lyﬁtransitions. Usually the /17([)‘/

are specified by Az, only and the same for 4, .

Transitions between adjacent exciton states are
caused by allowed types of
transmissions,namely,those who depend on the
two-body interaction.
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Tablel: A List of symbols andabbreviations used
in this work.

A Mass number of the target nucleus

Apn Pauli blocking energy for one-

component

Pauli term for two-component

Apﬂ"hﬂ"pv’hv model

E Excitation energy

ESM Equidistant Spacing Model

Surface correction term

)

Emission rate from the n™ exciton
state with emission energy, &.

W(n,e).

The Heaviside step function

O(x-x,)

Single-particle level density
(s.p.l.d.) for ground and excited

80,8

states. £ - g, correspond to the

same values for proton and neutron
states, respectively

Emission energy

State density of the system for p
particles, & holes and excitation
energy E. The subscript (i) refers to
the number of components: 1 for
one-component and 2 for two-
component model.

@;(p,h,E)

n,p,h Exciton, particle and hole numbers,
for in the one-component model;

n=p+h

Proton exciton, proton particle and
proton hole numbers, in the two-
component model;

Ng =pg+hy

Ng,Pr-hg

Neutron exciton, proton particle
and proton hole numbers, in the
two-component model;

ny = py +hy

Ny, Py shy

Neutron and atomic (proton)
numbers

Nucleon classical radius and its
effective rest mass

The transition rate between two
exciton states determined by the
type (1) and change in the exciton
number Az (2). The type might be
proton-type transition, /7, neutron-
type transition, V', or mixed type

ZTV or V T. An might be +2 (+),

-2 (-), or zero (0). Thus ﬂ; means

transition rates of proton with
An=+2.

In general, Fermi golden rule is used:

2 )
ﬂ,x,y :7| quy | C()f

).
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For a system described by the two-component model
there are three types of the two-body transition rates
described by the following matrices,| M ., I2,

M 5, 2 - M, 2. and M, 12, for proton-

proton, neutron-proton and neutron-neutron
interactions,  respectively. As a  rough
approximation, one may assume that all these
interactions are the same. In general [10],

1

M 1? o« — (2).

Dobes and Bétdk gave a parameterized
expressions for M as follows [11],

K
M P=— (3-a),
AN ZE
M ,, |2=+ (3-b),
AN2RE
M 4 |2:+ (3 -c)
AZ>RE

where K=fitting parameter, R=a numerical factor
that accounts for different ways of interaction
between like and unlike types of particles. Its
value is ~2.9-3. Transition rates are given by
many authors and slightly differ from one paper to
another. However, the most recent version due to
Kalbach is given here [12],

g;- [E - Ap,,+1,h,,+l,p‘,,h‘, ]’H—l %
no2n+1) [E-a, , 1"

{g.n IM_1+2ng IM_I}f(h+1)

,1+=2_”

ya

(4),
/1;_ 22_7[ pﬂ'hﬂ' X
)
{g”(n” —DIM 1?4208, 1M Iz}f(h—l) (5),
/19,V=27”|M,,V 12 x

Prhzgi S [E=B,(pz.hg.py.h)]™
[E _ Ap,,,h,,,pv,hv ]n+1
{2[E~B,(pz. iz, py )]+
nlA, hepyh, = App—Lhg—1p,+1h,+1 | }
where the modified Pauli term is:

B,(pg:hg.py.hy)=

max Aplt’hlt’pv’hv - Ap,,—l,h,,—l,pv+1,hv+1) (7)

n

(6),
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The transition rates for neutrons 4,7, A, and /lyﬂ

are given similarly but with the subscripts 7 and
v interchanged.

As for the residual two-body matrix element of the
interaction, one can assume that the matrix

elements | M 2= M 4, 2=| M,, > are the
same for the purpose of model calculations; and if
needed, one may write,

IM,, P=IM,, P=3xIM_ > =3xIM, > (8),
which was found from a wide variety of data [10].

Denoting the average by IMI,
K

IMI>= (MeV)2  (9),
[A4(20.9MeV +¢)P
e=E/n (10-a),
K = constant = 1.08 x10™ (MeV) > (10-b).

The most recent formulae due to Kalbach [12] is
found from experimentally evaluated transition
rates, namely,

A -3
IMI2=K— +20.9] (MeV)?  (11),

( E
0134
where K here is a constant that has the value 900
(MeV)? for proton-proton and 2200 (MeV)? for

neutron-neutron reactions.

I1I1. The State Density

There are many formulae used for calculating
the state density numerically, of which Williams'
formula is the most practical [13].The effect of
Pauli correction is applied in this type and it
appears as if the magnitude of the excitation
energy was lowered. This means that several
states are blocked, thus their contribution in the
amount of the excitation energy will decrease. A
net effect will be as if E becomes [EAp,h(p,h,E)],
where A, ,(p,h,E) is Pauli correction term [13],

g?r” gltlv (E- Ap;r,hir,Pv,hv) i
prlhg!p,t ! (n—1)!

with the correction term given in this case by the

following,

w,(n,E)=

12),

p, (p, +D)+h_(h_-3)
= +
4g”

A

)4

Jh p ok
2Py

p,(p,+1)+h, (h, -3)
4g,

A symmetric formula in p and h is further
given by [14],

(13).



Selman et.al

n n -1
gx" 8" (E=Ap npi)”
Pl p Ut (=1
®(E - apﬂ"hﬂ"pV’hV )

w,(n,E)=

14,

where the Heaviside step function is,

0 E-a,,<0

OE-a,))= as),
1 E-a,,>0
+D+h_(h, —1)
o = Pr (g y (I =D
28,
p,(p, +D+h,(h, -1 16).
2g,

In the present work, we used this formula in order
to perform our calculations. One must note that
Williams' formula is quite simple. There are many
other more accurate and more complicated types
of formulae used for state density calculations. For
more details about state density formulae, see Ref.

[9].

IV. Results and Discussions

The present calculations were numerically
made using a library of computer codes written
using Matlab language. There have been some
numerical comparisons with earlier standard codes
in order to maintain confidence of the present
codes.
First, a simple comparison is made with the state
density results as seen from figure 1.
figure 2. shows another basic comparison for M|
results. From both figures, one may conclude that
the present results are in a general agreement with
published work. From figure 1. it is clearly seen
that the match is acceptable between the results of
this work and those of Kalbach [10]. Generally,

for p or p,>2, the present calculations are

slightly lower than those of Kalbach, however, the
results are satisfactory. Although a maximum
decrement is seen of about 10% in the case of
n=5, this comparison is important because from it
one may compare the results of the transition rates
with ease. The difference may be due to errors
from data graphically taken from Ref.[10] -
figure 3 therein, or from round off errors. From
the results of figure 2, it can be seen that the
results of this work well agree with those of
Ref.[10]. The transition rates of proton-proton,
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/1; and for p+'Fe at 33 MeV are plotted in

figure 3-A as a function of E, and to get a better
view of the results, they are plotted again as a
surface in figure 3-B, where this figure shows the
relation between transition rates as a function of E
and n. figure 3-C. shows the same results for n+
>Fe reaction at 33 MeV, which shows some
change, where configuration (5,4,0,0) was less
than (4,4,1,0), while (1,0,4,4) was higher than
(0,0,5,4). Similar method is followed in plotting

/1;; in figure 4-A and B, /1: in figures 5-A and B,
A in figure (6-A and B), A, in figures 7-A and

B, and A, in figures 8-A and B, respectively as

found from the set of equations, eq.(4-7) and for
proton and neutron as incident particles. It can be
seen clearly that in all cases the transition rates

reach maxima for the maximum (p,,h, ) pair for

the type (& —x) with x being either proton or
neutron, and the minimum transition rates occur

with the (p,,,h,) pair. The same goes for
type (V¥ —x).Physically this
reasonable and it means that preequilibrium states
with the maximum particles and holes proton-type
number will suffer from higher transition, and
those with minimal number will have the lowest
transitions, which is a direct consequence of
transition rates dependence on the state density, as
seen from eqs.(4-7). The sudden drop in some

transition is

values of A, and A4,,;at low energies are due to

the effect of the Heaviside function. In all these
figures, there is an important difference in the
exciton configurations. In proton induced
reactions, proton particles always exist, i.e., the
lowest configuration is (1,0,x,x) with x being any
value. Similar rule goes for neutron reaction.

The only significant changes from neutron to
proton transition rates are seen from the results of

calculations of /1; and A, , as shown from figurs

4 and 6. Although in these figures the results of
most configurations are the same except for
(1,0,4,4) for proton and (0,0,4,5) for neutron
cases. Most other cases produced the exact
(~98%) transition rates when dealing with neutron
or proton as incident particles with the same
excitation energy.
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Figure 1: A comparison of the state density results (using Williams’ formula) of this work (marked
curves) with those of Kalbach [10] (unmarked curves) for p+54Fe reaction at 33.5 MeV.

1.00E+04
A Ml (This work)
® ® np
O n-norp-p
A‘ ° B n-nor p-p Average )
e Average IMI (From Fig.2 Kalbach [14])
1.00E+03 |
g 1.00E+02 }
1.00E+01 |
1.00E+00 . . . .
0 50 100 150 200 250

Mass No. (A)
Figure 2: A comparison of the matrix element, M|, used in this work with those of Kalbach[10] for proton
reaction with different nuclei at 33.5 MeV.
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Figure 3-A: The results of the transition rates, /1;; calculated in this work as a function of excitation
energy for p+ *'Fe reaction at incident energy 33 MeV. n,,,, is 9.
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Figure 3 -B: The same as Figure 3-A but plotted as a surface.
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Figure 3-C: The same as Figure 3-B and for n+ **Fe reaction at 33 MeV.
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Figure 4-A: The results of the transition rates, /1,_, calculated in this work as a function of exciton number

and excitation energy for p+ >Fe reaction at incident energy 33 MeV.
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Figure 4-B: The same as Figure 4-A and for n+ **Fe reaction at 33 MeV.
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Figure 5-A: The results of the transition rates, ﬂ,:f calculated in this work as a function of exciton number

and excitation energy for p+>'Fe reaction at incident energy 33 MeV.
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Figure 5-B: The same as Figure 5-A and for n+*Fe reaction at 33 MeV.
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Figure 6-A: The results of the transition rates, ﬂ,; calculated in this work as a function of exciton number and

excitation energy for p+ >‘Fe reaction at incident energy 33 MeV.
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Figure 6-B: The same as Figure 6-A for n +*Fe reaction at 33 MeV

Figure 7-A: The results of the transition rates, ﬂm, calculated in this work as a function of exciton number

and excitation energy for p+ **Fe reaction at incident energy 33 MeV.
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Figure 7-B: The same as Figure 7-A for n+ *Fe reaction at 33 MeV.
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Figure 8-A: The results of the transition rates, ﬂ'wr calculated in this work as a function of exciton number

and excitation energy for p+>'Fe reaction at incident energy 33 MeV.
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Exciton Configuration

Figure 8-B: The same as Figure 8-A and for n+>'Fe reaction at 33 MeV

V. Conclusions

From the above results, one may conclude that
neutron and proton induced reactions will differ
only by small fraction in the preequilibrium states.
This conclusion supports the opinion that the
mechanism of development of a nuclear reactions
can be explained, to a first degree approximation,
as if the incident particle was a (nucleon) only,
rather than a neutron or proton. However, this can
only be approximate explanation at the first stages
of the exciton development, where at higher
exciton states with n>3, the transitions of the types

A, and A} differed significantly between neutron

and proton transitions.
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