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Abstract : The mechanism of a-particle emission in (n, a) and (p, a) reactions on
heavy and medium-heavy nuclei was considered in view of the pre-equi-
librium model particularly modified by Ribansky and ObloZinsky. The in-
troduction of this correction improves the agreement between the model
and experimental data. However, part of the reaction yield depending on
the incident energy and the target mass should be attributed to the emission
of preformed a particles.

1. Introduction

Nuclear reactions are a suitable tool for obtaining information about the reac-
tion mechanism and related parameters. (n, a) and (p, @) reactions on heavy and
medium-weight nuclei are of particular interest, because the spectra and angular
distributions of these reactions cannot be explained on the basis of equilibrium
statistical models.

Before the discovery of the exciton model®’ almost all data on nuclear reactions
had been analysed in terms of equilibrium statistical and direct models. These
models are based on extreme assumptions concerning the time elapsed between
the collision and the emission of a particle from the nucleus.
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The mechanism called pre-equilibrium emission is an intermediate process,
based on the assumption that particles are emitted during the cascade initiated in
a nucleus by a projectile. The application of the pre-equilibrium model to (n, a)
and (p, a) reactions has already given very satisfactory results. The formulas for
the energy spectra in a pre-equilibrium emission process have recently been mo-
dified®’, We have used these modified expressions together with the expressions
for the pre-equilibrium emission of preformed a particles® to analyse the spectra
of (n, a) and (p, a) reactions.

2. The basic formulas and the model used

The states of a composite system in the pre-equilibrium model*~7" are classi-
fied by the number of excitons #, i. e., n = p + h, where p and 4 are the number
of particles and holes, respectively, contained in the states. Transitions in such
a system are caused by residual two—body interactions, and because of the higher
average density of accessible final states there is greater probability that the system
will go in the direction of more complex states (n ->n + 2) than in the direction
of simpler ones, or in the direction of other states of the same complexity (n -> »).
Thus the system approaches a state of statistical equilibrium, which can be charac-
terized by n = n. The emission of particles during this equilibration process often
gives a very important contribution to the reaction yield.

Rh103{ n,u ) Tc100
} Ep = 14.4 MeV

ENERGY OF EXIT CHANNEL

Fig. 1. Analysis of the 1°3Rh(n, @) 1°°Tc reaction. The dotted line represents the statistical eva-
poration, the dash-dotted line is the pre-equilibrium contribution (Equ. 7), and the solid line is
the total theoretical spectrum.
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In order to achieve a complete approach, i. e., to follow the time evolution of the
composite system and to take into account all allowed transitions, one has to solve
a set of coupled differential equations

________ﬂ%’%h’ D Pp—1L,h—1L,94, (b—1,h—1,E) +
- P(P: h’ ’:) [}'+ (P) h-, E) + )‘_ (P: h: E) +
+3 f Ws (o, by &) del,
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0
with
P (P) h: 0) = 6ppo 6.'”:0' (2)

Here P (p, h, ) is the occupation probability of p + 2 = » exciton states at the
time ¢ and

A, &(8E)?
A, (b5 by E) =3 HM'IW 1’ (3a)
A_(p, b, E) =-§W| 2 gph(p+h—2), (3b)

as calculated in Ref.®” and corrected in Ref.?. The symbol E is the excitation energy
of the composite nucleus, g is the single-particle state density, and M? is
the average value of the matrix-element square for residual two-body intera-
ctions.

The net spectra emitted up to the time 7 at which the system is said to have rea-
ched statistical equilibrium are obtained in several steps. The occupation proba-
bility P (p, k, £) is multiplied by the average rate of emission of particles of a given
type f (Wp (p, h, €) and by the cross-section for formation of the composite nucleus
(0¢). Next, the summation is performed over the number of excitons and the in-
tegration is carried out over the time z (from 0 do T'). The average rate of particle
emission from some exciton state p + % = #n is expected to depend on the ratio o
state densities

— P b, U
Ws o1y &)~ e 2020 D 0 (50,5 ) @

where U = E — ¢ — By is the excitation energy of the residual nucleus.
The simple form of the state density as given by Ericson? is

_ g(gEyTH?



44 CAPLAR - KULISIC

Rewriting
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B n—4 -5
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(n odd) and taking into account only » —n + 2 transitions, we obtain simple clo-
sed-form expressions for the emission of a particles (as well as for other particles),

do Ha EaTiny (€) (25 +1) = U
— = fge o a) s ()2 0+ 1) @E-1), (6)
(ds)‘;::;;;‘aed 2% 52 |M[? g*E® 5. (E ) ( (

an=2

(E“’) _ — yogptefaOm (8) Qs + 1) (E)n—S(n+1)2(n—1)2(n—2).

de 6wy gEe 5, \E
Aan=2
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(the (n + 1) factor in both formulas comes from AL ~ (n + 1)). Here f is related
+

to the probability for the existence of preformed a particles in the nucleus and
. to the probability that an a particle will be formed of two excited protons and
two excited neutrons of a composite system.

3. Analysis of some (n, o) and (p, o) reactions at intermediate energies

(n, a) reactions around 14 MeV. It is a well established fact that equilibrium
statistical theories can explain (n, a) spectra and absolute values of cross-sections
at incident energies around 14 MeV only in the region 20 < 4 < 80 and that
‘for heavy nuclei both the magnitude and spectral shapes as derived from these
theories are in serious disagreement with experimental data. Pre-equilibrium emis-
sion starts to play a significant role in the mass region 4 > 80. The »normal« pre-
~equilibrium contribution, as given by Equ. (7), together with the equilibrium sta-
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Fig. 2.a) Comparison of the 16Ho(n, @) 1°*Tb spectrum with calculations. The dashed line re-
presents the preformed pre-equilibrium emission of a particles (Equ. 6). The snormal«pre-equi-
librium contribution is seen to have a different shape from the experimental one.

b) Same for the !4!Pr(n, a) '38La spectrum,
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tistical contribution accounts for the main part of the spectra for medium-weight
nuclei, its importance decreasing with higher A values. So, for heavy nuclei (4 >
> 140) the shape of this contribution is different from the experimental shape
even if the factor w (pg, 0, E — U)Jg = (E— U)%?3(3!4!) is used. This factor was
recently introduced to take into account all distinguishable configurations of ex-
cited nucleons from which a complex particle can be formed?.

Fig. 1 shows a fit for the 1°3Rh (n, a)!®°Tc¢ reaction at E, = 14.4 MeV obtained
by formula (7), which represents the »normal« pre-equilibrium contribution. The
spectrum of this reaction was mesured by Veseli¢ and Tudori¢!?’ using the teles-
copic counter technique. We obtained a similar result for the spectrum of the
107Ap(n, @) °4Rh reaction taken from Ref.1?),

The reaction yield on heavy nuclei is attributed to some kind of direct process
that can be pictured as knocking out of preformed a particles and described appro-
ximately in the framework of the pre-equilibrium model using Equ. (6), particularly
when only the first term in the summation is dominant.

The spectra of the 14!Pr (n, @)**8 Ta and!¢5Ho (1, a)16%Tb reactions measured
by Kulisi¢ et al.!® and Kitazawa! 4, respectively, illustrate the fact that the emis-
sion from heavy nuclei is due to preformed a particles, as can be seen from Figs.
2a and 2b.

(p, @) reactions on heavy nuclei. The study of the 1°7Au(p, a)!®*Pt reaction
at 32 MeV and 41.3 Mev proton energies, as performed by Kost!%, has shown
that even for backward angles equilibrium statistical theories are unable to give a
satisfactory treatment. The introduction of the pre-equilibrium contribution,
especially with the factor of Ribansky and ObloZinsky, enables one to describe
low- and medium-energy parts of the spectra.

The spectrum of the '°7Au (p, @)!®4Pt reaction at 41.3 MeV shown in Fig.
3 and the (p, a) spectra used in the next subsection were measured at the Univer-
sity of Manitoba Cyclotron®®.

Our analysis shows that there are still emitted particles in the high-energy part
of the spectra that cannot be explained by »normal¢ pre-equilibrium emission,
and it seems that preformed a particles play an important role. This question will
be examined in detail in the next subsection.

Analysis of the high-energy part of the spectra. The high-energy part of a spectra
cannot be explained by »normal« pre-equilibrium emission (Equ. 7), so slope ana-
lysis was used to examine closely the high-energy part of a spectra in nucleon-
-induced reactions. We see from Equ. (5) that

log (%"‘L) ~C+4+(n—1logU, (8)

inv.

for low values of U. Thus, analysing the highest kinetic energy part of the spectra,
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we expect to obtain, in a log-log diagram, a straight line with a slope equal to (n, —
— 1). Here n, is the number of excitons in the simplest residual-nucleus states.
If the emitted particle is a nucleon, then from the analysis we can immediately
obtain the initial number of excitons #,, because there is only one exciton less
in the residual nucleus than in the initial compound state, i. e., the slope is 7, — 2.
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Fig. 3. Analysis of the °7Au(p, a) °*Pt spectrum. The pre-equilibrium model (Equ. 7) gives
a good fit for the medium-energy part of the spectrum.

From the analysis of (p, n), (n, p), (p, p') and (n, n’) reactions it is known that
the composite system is formed in states n, = 3 in nucleon-induced reactions.
We assume that for preformed a particles in (n, &) and (p, a) reactions the situation
is similar to the nucleon case and the number of excitons 7, should be n, = 2,
i. e., the slope should be equal to #n, — 1 = 1.

The results are summarized in the Table. All calculations have been performed
using the inverse cross-sections from Huizenga and Igo'” and the Q values from
Maples et al.'®,

Slope analysis shows that the data are consistent with a knock-out process for
the high-energy part of the spectra, especially when we note that 2°Bi is in the
vicinity of closed-shell nuclei, where the emission of particles in near ground-
-state transitions should be inhibited because of the reduced number of low-energy
states in the residual nucleus and is parametrized as a higher value of #,%.
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Table
Target nucleus Reaction Ind%igs\‘;;l crgy ny Angle Ref.
165Ho (p> @) 40 2.4+0.5 20° 16)
181Tg (n, a) 21.3 2.0+ 0.2 0° 19)
197Au (n, @) 21.0 23t 0.4

" —03 0° 19)

197Au (p, @) 23.0 19 +0.2 angle
integrated 15)
209Bj (p, @) 40 28 + 0.5 60° 16)
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MEHANIZAM PREDRAVNOTEZNE EMISIJE U (%, @) I (p, «) REAKCIJAMA

R. CAPLAR i P. KULISIC

Institut »Ruder BoSkovice, Zagreb

Sadrzaj

Razmatran je mehanizam emisije a Cestica u (n, @) i (p, o) reakcijama na teSkim
i srednje te$kim jezgrama primjenjujuc¢i model nepotpune ravnoteZe u ne§to modi-
ficiranom obliku, koji su izveli Ribansky i ObloZinsky. Uvodenje korekcije pobolj-
$ava slaganje modela i eksperimentalnih podataka, ali dio doprinosa u reakciji ovi-
sno o upadnoj energiji i masi jezgre mete treba se pripisati emisiji preformiranih
a Cestica,





