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An experimental survey of 54.8-MeV (x,p) proton spectra is undertaken for studying pre-
equilibrium emission; such deexcitation yields on the average cross sections about 250 mb,
the average value measured for all the investigated reactions. Different quantitative formula-
tions are discussed in terms of exciton state mean lifetimes; the exciton and hybrid models
are found to give a good interpretation of the proton emission cross sections. A geometrical
distinction between the equilibrium and nonequilibrium processes may be attempted. Odd-even
effects appear in (o, p) reactions by means of partial state density: Odd-Z targets require an
initial exciton number n; equal to five (3p-27-0h) and even-Z targets equal to four (2p-2%-0h).
This result may be attributed to a pairing effect according to the odd-even character of resi-

dual nuclei.

I. INTRODUCTION

The statistical theory of the formation and de-
excitation of the compound nucleus fails to des-
cribe nuclear reations at excitation energies of
some tens of MeV. The discrepancy is due to
emission of more high-energy particles than
expected from an evaporative process. This
emission may be attributed to a direct mechanism
in the two-step model® used for interpreting high-

energy reactions above 100-MeV incident particles.

These models associate two completely extreme
points of view. The particle emission in the fast
step is assumed to occur during the primary bi-
nary collisions of the incident nucleon with one or
a very few additional nucleons of the target. In
the second or slow stage, the emission is treated
as the deexcitation of a residual nucleus, in a
complete internal equilibrium and where the ex-
citation energy is shared among all nucleons. The
attainment of the statistical equilibrium which
takes place between these two extreme phases is
generally neglected; such an assumption has been
shown to be valid.?

Recently, a slightly different approach for
medium energy reactions initiated by Griffin®

has been proposed. The model considers the form-

ation of the compound nucleus and the emission of
particles during the establishment of the statistical
equilibrium.?* The compound nucleus can be ob-
tained only by absorption of the incident particle
through a sequence of intermediate precompound

nuclear states. Transitions among these states are

assumed to proceed by successive binary inter-
actions creating a particle-hole pair, the excitons,
in a single-particle nuclear model. Each of these
particle-hole intermediate states may decay by
emitting one of the particles, or it may decay by

a new residual interaction into another particle-

joo

hole configuration and so on, up to the compound
states which are linear combinations of numerous
states with a high exciton number. In order to
monitor the particle escape from the pre-equi-
librium states, it is assumed that all transitions
which take place are governed by phase space
available for these transitions, i.e., by the den-
sity of exciton states p(E,n): These functions
count the different ways in which the excitation
energy E may be partitioned among » excitons.

From the theorem of detailed balance, Cline
and Blann® derive the probability of particle
emission at each exciton state which can be writ-
ten for proton emission as

2s+1 pU,m,-1,7 ,v,,v)
P = . e Y " U ¥ n
WP(e)de =R meay,(€) BE, 7y, v, 0, 9€)
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where (2s +1) accounts for spin degeneracy, m
and ¢ are the reduced mass and kinetic energy of
the emitted proton, and ¢,,(¢) is the inverse cross
section for the absorption by the residual nucleus
of a proton with an energy e. p(E, T, 7, v,, v,) and
pU,m,-1,m, v, v,) are the exciton state densities,
respectively, for the initial nucleus at excitation
energy E and for the residual nucleus left at
energy U after one proton emission. The exciton
state density is written for two types of fermions:
m, and 7, are the numbers of protons and neutrons
above Fermi level; v, and vy, are the number of
proton and neutron holes.

The emission of a particle from an n exciton
state can occur only during the mean lifetime of
this state 7,. In addition, the probability of popu-
lating a particular intermediate state is not equal
to one but is depleted by previous emission to
pm,E)<1. Therefore the absolute emission from
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a precompound state is
Pt(e)de = p(n, E)YW(e)T,de . (2)

Two different approaches have been adopted
for evaluating 7,. As pointed out previously, an
intermediate state may decay by emitting particles
or by decaying to an » +2 exciton state with a two-
body interaction creating one additional particle-
hole pair. One has to neglect the probability for
transitions leading configurations where the exci-
ton number decreases ton -2 or stays unchanged.®

7, may be defined rather as the mean time during
which the particle of kinetic energy € to be emitted
can be considered as one of the n excitons of the
precompound state. It is only during this time
that the particle emission is governed by the
phase space specified in the expression (1) where
one proton possesses an energy € and the other
excitons share the residual energy. So 7, is
expressed as’

_ 1
T i) 0, 00€) )

where 1 (€) is, as stated by Blann,” the escape
probability of the nucleon with the energy €, and
An+2(€) is the complementary probability that this
nucleon may collide with a nucleon of the target
and given an (r +2) state. The probability 1 (e)
can be written out from the law of detailed bal-
ance®

_(2s+1)gy, me

Xc(e) - 1T271‘3gp ’ (4)
where g, is the density of states inside the nucleus
of the considered nucleon; with an energy e, it

is taken equal to 3g.

It was proposed by Blann’ that ,,,(€) be ex-
pressed as the ratio of the velocity of the nucleon
to its mean free path A(e) in the nuclear matter:

_(2e/m)V?
An+2(€)" A(G) . (5)

From the above relations, the proton spectrum
is given by the following expression given by
Blann” and Harp and Miller® with a different deriva-
tion:

pU, 1, =1,m,v,,v,) N A (€)
PE, Ty Ty Vpy V) 283 (&) 40, o(€)"

Pe)=pn, E)

(6)

In this expression referred to as hybrid model,
7, is dependent only on the energy of the particle
and is quite independent of the n exciton number
and independent also of the excitation energy.
From another point of view closer to the statisti-
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cal theory, the mean lifetime 7, must account
for all the competing emissions and internal tran-
sitions which participate in the decaying of the
n exciton state. This formulation, referred to
as exciton model,® expresses 7, as
_ 1
TN, n) TN, (E,n)

where, following Gadioli,®'° x (E, %) is defined
quite differently than previously as the sum over
all particle emissions, mainly neutrons and
protons:

NE )= D

i=ncutron," 0
proton

X,.»(E,n) is the probability of transition from
n exciton state to (n +2) state. As the matrix
elements responsible for the transitions are
unknown,® the different empirical approaches® &
are based upon nucleon-nucleon scattering cross
sections inside the nuclear matter similar to the
hybrid model.

The pre-equilibrium model has been employed
for analysis of both excitation functions and parti-
cle spectra.'? The purpose of this paper is to
investigate the different theoretical formulations
analyzing spectral data which are still scarcely
found in the literature. The selected experiment,

a survey of 54.8-MeV (a, p) reactions, is especial-
ly indicated since no data are available except for
a single result at 59 MeV,'® which extends the
analyses performed by Griffin,'* Cline and Blann,®
and Blann and Mignerey'® of results at 30 and

42 MeV'®17 with the pre-equilibrium model.

E-B; .
Wi(e)de . (7)

9, 11

II. EXPERIMENTAL PROCEDURE

The experiments were performed on the Lyon
University synchrocyclotron with 54.8-MeV «
particles impinging on self-supported foils of
Slv’ 5"'56'57Fe, SQCO’ natcu, Bezn, 93Nb, natAg’

HSIp, 18Ty and !°"Au. The thickness of the tar-
gets varies from 3 to 10 mg/cm?. Beam intensity
is 5 nA on the average. The protons are detected
by Si detectors. In order to stop 45-MeV protons
completely, a thickness greater than 10 mm is
required, so we have used a transverse field
15-mm-thick Si-Li junction'® mounted on a rota-
table arm and cooled by a liquid nitrogen cryostat.
To identify the proton among the other charged
particles, the method of Goulding et al.'® has been
employed. The domain of emission energy that
the reported experiments intend to cover extends
from 5 MeV, the evaporation region, to 45 MeV,
the maximum proton energy to be detected. Con-
sequently, a classical two-detector telescope
cannot cover this whole energy range with a good
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identification,'” so it was necessary to use a
three-detector telescope. The first two detectors
are transmission surface barrier Si, and typical-
1y 100 and 1000 pm thick; disposed in front of

the 15-mm detector they are thermically isolated
from it. The final resolution of the telescope
attains 200 keV. The low-energy protons are
analyzed by the first two detectors, since they

do not reach the last one. The higher-energy
protons are detected by the entire telescope: The
two signals delivered by the transmission junc-
tions are added to supply the energy loss AE
information. The electronic system for the treat-
ment and selection of the proton signals is de-
scribed elsewhere.?® With this procedure, the
energy loss information AE is always large enough,
around 10% of the total energy of the particle, and
the condition for obtaining a good identification
signal is fulfilled for the whole proton energy dis-
tribution. Therefore it was possible to record
the spectrum in a single measurement. A sample
of measurements is shown in Fig. 1 for **Nb as a
target.
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FIG. 1. The differential experimental spectra for the
BNb(a, p) reaction at several angles. The arrows indi-
cate the connection of the spectra collected with two and
three detectors, respectively.

The data are then corrected for energy absorp-
tion in the target and expressed in the center-of-
mass system. When running the experiments,
contaminations with light elements are carefully
avoided because of their high (a, p) cross sections.
This problem has been discussed at length by
West.'” We have made a few measurements, at
the same incident energy of 42 MeV as West’s
experiments, and no disagreement was seen
between the two different sets of values.?® Finally,
the errors affecting the absolute value for the
cross sections are estimated to be lower than
30%.

III. DATA REDUCTION

The differential cross sections for proton emis-
sion, as indicated in Fig. 2 concerning reactions
with %°Co and *!Ta, have been accumulated at
angles from 20 to 150°, at 15° intervals forward
and 30° intervals backward. From the angular
distribution obtained with these data, the integra-
tion over all angles yields the total absolute
spectrum; these results will appear in Fig. 11.

In Fig. 3 spectra at three selected angles, 30,
90 and 150°, are presented for several targets
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FIG. 2. The differential cross sections for the °Co
and 181Ta(oz , b) reactions with angular distributions for
three kinetic energy regions.



2158 A. CHEVARIER e! al.

with A values covering the mass table. For any

of the studied reactions no peculiar structure is
noticeable in the energy spectrum or in the angular
distribution energy. The common behavior can be
characterized by a variation of emission cross
section with a wide maximum near the Coulomb
barrier and then decaying nearly exponentially

and monotonously toward high energy. This
description is not true for heavy-mass targets
where the evaporation peak is very depressed.
Indeed, this low-energy portion of spectra classi-
cally exhibits every feature of a compound-nucleus
process: an angular distribution, flat or rather
symmetrical around 90°, and cross sections de-
creasing with increasing mass values.

On the other side, toward larger energy, the
angular distribution is peaked forward with no
marked A dependence of the cross section. Actual-
1y the spectra are almost parallel and nearly
merged for most of the reactions. These features
may be understood intuitively with a fast mech-
anism in which a small number of nucleons, iden-
tical for any target, participates in sharing the
excitation energy, the remaining nucleons forming
an inert core.
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FIG. 3. The differential cross sections at 80, 90, and
150° angles for («,p) reactions with different targets
along the mass table.
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As for the intermediate kinetic energy region,
the angular distribution, while still remaining
peaked forward, rises at backward angles and it
may appear to be flat for angles greater than 120°.
This trend leads several authors'®:?*:2% to attribute
the whole emission at very large angles, 150°
to the evaporation process. However, the values
of the level density parameter a extracted from

~ such analyses are found to be very low and above

all, independent of mass number, but they de-
crease with the excitation energy. These conclu-
sions are quite inconsistent with the Fermi-gas
model. Another more realistic point of view'”

is to consider that these misleading conclusions
are caused by particles emitted in excess of the
cross section predicted by the statistical theory.
So, some pre-equilibrium emission has to be taken
into consideration. In evaporation calculations we
are led to use level density parameter values ex-
tracted from analyses of low-energy reaction and
classically equal to §4. Proceeding in this man-
ner, we have fitted the calculated compound-nu-
cleus emission shape with the experimental rear-
angle spectrum. The normalization region is
clearly the low-energy portion of the spectra;

the high-energy part which is not interpreted will
be attributed to noncompound processes (Fig. 4).
We have thus obtained from the total integrated
spectrum approximate values of cross sections for
the compound and the so-called precompound inter-
actions (Table I). It can be noticed that nonequilib-
rium processes are increased by a factor of 2 or

3 when the incident energy of « particles in-
creases from 42 to 54.8 MeV. This fact fully
justifies the reported experiments and furnishes

a good experimental test of the pre-equilibrium
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FIG. 4. The 120° cross sections for 5°Co(a, p) spec-
trum at 42- and 54.8-MeV bombarding energies: The
dashed lines are evaporation spectrum shapes calculated
with @ =7.9 MeV ™! and fitted with experimental data at
the lowest-energy region of emission. The hatched part
is due to noncompound events.
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theory. Figure 5(a) shows indeed that at 54.8
MeV the proton energy spectrum covers a wider
range than data with lower incident energies, so
the confrontation with theoretical predictions is
more compelling. Moreover, the experimental
data for precompound emission are also extracted
more precisely. As explained in Fig. 5(b), where
the spectra are plotted against residual energy
calculated for emission of the first proton, the
interference with the equilibrium process is much
more appreciable for lower incident energies.

IV. ANALYSIS AND DISCUSSION

In the expression for the probability of pre-
compound emission, two factors play a fundamen-
tal part. The first parameter to be specified is
the exciton state density. The basic assumption of
precompound formalism is that the initial excita-
tion energy is shared only among a small number
of degrees of freedom, the excitons, and, hence,
the statistics of partition and particle emission
are governed by the particle-hole state density.
Secondly, as discussed in Sec. I, the importance
of the transition rates between intermediate states
has been pointed out in relating the mean lifetimes
of these states in order to obtain absolute values
of the cross sections.

A. Partial State Density

As will be stated quantitatively later, the de-
excitation of the first intermediate state, charac-
terized by the exciton number »,, from which the
particle emission may occur, makes the most
important contribution. So it can be recalled
from expressions (1) and (2) that the shape of the
proton pre-equilibrium spectrum is then propor-
tional to the density of the particular (z - 1) state

TABLE I, Integrated cross sections for compound and
noncompound processes in proton emission with 54~ and
42-MeV «a-particle reactions.

54 MeV 42 MeV
Compound Precompound Compound  Precompound
Target cross section cross section cross section cross sectiol
nuclei (mb) ~ (mb) (mb) (mb)
Sty 1050 275
Fe 1265 235
¢co 980 220 8812 892
90P
887Zn 1190 230
BNb 700 240 335 85
natpag 500 250
H6gn 650 255 315 125
2 See Ref. 17,
b See Ref. 21.

.8-MeV ALPHA-PARTICLE... 2159

p,-1,m,v,v,U) according to
do
‘_izocp ("p -1, s Vps Vps U)Goiann .

Two different procedures for conducting the
analysis can be followed: One is to fix a priori
the initial exciton number n, from arguments
concerning the reaction mechanisms,'*!5:2* the
other mechod, which we shall adopt, is to extract
this parameter from the spectral data.

The partial state density for a uniform-spacing
model of two fermion gases is given by?°

Ent
pm,m, v, v, E)=gTegn
p» "ny Ypr ¥ 4 n ﬂ,!ﬂ,,!V,!V"!(n—l)! ’
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FIG. 5. Integrated cross sections for ®Nb(a, p) re-
actions at different bombarding energies. Data at 30
MeV are due to Swenson and Gruhn (Ref. 16), 42 MeV
due to West (Ref. 17). Spectra in (a) are plotted against
kinetic energy of protons and in (b) against residual
energyU=FE - € -B,.
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where g, and g, are constant single-particle level
density of the proton gas and neutron gas, taken
both equal to 3g.

It is easily seen by means of the above relations
that the spectrum shape is a function of U2,
so the plot of the logarithm of (do/de)/€o,, T,
versus the logarithm of U is linear with a slope
equal ton, - 2.

In this analysis we first have to examine the
expression of the residual energy: U=E -B,-¢.
B, is the proton binding energy. For the level
density calculations in the statistical model one
usually adds a correcting term according to the
odd-even character of the nucleus. Then, as
some authors®® propose, the questidn of correcting
the energy for pairing effects in the exciton state
density expression can be examined. As pre-
compound emissions populate low-energy residual
states, this problem may be of some importance.

A second correction is due to the Pauli principle
which tends to reduce the exciton state density;

100

Williams proposes to shift the energy by a negative
term?®;

B:l(nbz +V02 T, = V°+7Tn2 +Vn2 + = Vn)_l(l’_a +Zm) .
4 & &n 2\8, &,

In (a,p) reactions, n, seems to describe 4p-Oh
or 5p-Oh configurations, i.e., with 7,=2 or 3,
m,=2, and v,=v,=0, so with g,=g, =A/26.6; these
factors B are typically equal (in MeV) to 78/A
or 120/A.

Therefore, we have expressed the residual
energy without correction, then with an exclusion
principle correction and with a pairing term.

We have also used the different expressions of

the mean lifetime: 7, constant with € following
Williams® or exciton formulation®'!® or varying
with € in the hybrid model.” A third method
derived from a direct mechanism point of view
according to Griffin'? has also been used by plotting

(do/de)/ V2,

10

U(MeV)

FIG. 6. Different plots for the determination of the intial configuration number #; in the %Zn(a, p) and 5%Co(e, p) re-
actions. The curves a correspond to the exciton or Williams formulation, b to the hybrid model, and c to the Griffin
expression. The symbols are as follows: e: denotes plots for uncorrected U; W: for Pauli-principle-shifted U; O: for
pairing-shifted U; and A: for back-shifted U. The angle of emission is 30°. The parameters s are the slope values

obtained from the analysis with unshifted energies.
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Figure 6 displays plots from *°Co(a, p)**Ni and
8Zn(a, p)*°Ga spectra at a 30° angle. As empha-
sized by the results, when the exciton state densi-
ty expression from the constant spacing model ig
used the analysis seems to be more satisfactory
with the uncorrected residual energy. In this
case indeed, the expected linearity extends from
the lowest excitation energies up to about 20 MeV,
where contributions from higher exciton states
appear significant. With shifted energy, especially
by pairing effect, the departure of the plot from a
single straight line is obvious and the analysis
gives two slopes [the residual nuclei selected in
this example are even-even (%Ni), so 5=3.0 MeV
and odd-even (*Ga) so 6=1.5 MeV?"]. For the
higher residual energy region, the slope value
is the same as given by the analysis with unshifted
U; for the lower-energy region, it is roughly one
unit smaller, and this applies for both nuclei.

The different approaches for evaluating 7, do
not modify the previous remarks and they yield
in fact the same #, values. This conclusion under-
lines the importance of exciton state density in the
shape of the distribution of the kinetic energy.
Acually, the slope analysis is basically dependent
on the accuracy of the functional form (8) obtained

:~? 23V s=3.3 =3.7
5 - L
~~
1.9
N
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<ib
107, 109
v 27 Ag

U (MeV)

FIG. 7. Plots versus U for (o, p) spectra with some
couples of neighboring targets: evidence of an energy
gap between the excitation of even-even nuclei and odd-
odd or odd-A nuclei. The slope analyses are also re-
called.

from the constant spacing model. This point has
been discussed by Bohning?® and Williams,?*® who
have concluded that the analytical form is a quite
poor approximation only when U is small. The
comparison made by Williams, Mignerey, and
Blann® of the approximation (8) with some direct
numerical values computed for the density of
states generated by combinations of Nilsson orbit-
als yields fairly large discrepancies only for low
U and near the closed shells. On the contrary,
from real levels of a few nuclei, Grimes e? al.*
have found the expression in U""! to be a good
approximation even at low excitation energy. At

T T T T
59 62 .
10 * 2/Co (a,p) ,Ni
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o ke(ap), Co
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66 69 4
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FIG. 8. Results of slope analysis for all studied (o, p)
reactions. Plots at 30° angle with the exciton method.
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any rate, for the present (a, p) reactions, very
low-lying states are not excited (see Figs. 6-8).
By considering the region of residual energy
analyzed here, and as the majority of the studied
nuclei are far from closed shells, the use of the
uniform-spacing model approximation seems to
be quite justified.

The results of the slope analysis with unshifted
energies and by means of the expression (8) for
exciton state density show evidence for an odd-
even effect: As listed in Fig. 7 and Table II, odd-
Z targets requiren, =5 and even Z, n,=4. Until
now, most of the (@, p) reactions have been in-
vestigated for odd-Z nuclei and precompound
analyses actually yielded n,=5. A few results
with even Z have reported », =4 for 30-MeV data
with ®Ni and '2“Sn® and 42 MeV with *Ni® and
116gn,21 In this work this last trend is firmly
established for 5¢:%:5"Fe, ®6Zn, and !!%Sn targets.

This odd-even effect is manifested by the inter-
mediary of the residual energy. As shown in
detail by Fig. 8, for a nearly identical kinetic
spectrum of protons the energy of the levels ex-
cited in (e, p) emission is much lower for odd-A
and odd-odd residual nuclei (**°Sb, 57:5°:5°Co) than
for even-even nuclei (*Ni, ''%Sn). The difference
may exceed 3 MeV. The @ values cannot explain
the result, since for the reactions with the three
54.%.57Fe isotopes the @ values differ up to 2 MeV,
and nevertheless the plots of the spectra against
U are merged and interpreted by the same n,
number. In other terms, the even-even nuclei
require higher energy to be excited. This gap is
quite consistent with a pairing effect. The spectral
data for these nuclei are then interpreted by larger
n, values. The same trend may be observed in
(a,n) reactions®: The *"Fe(a,n), *"Sn(a,n), and
119Sn(a,n) lead to even-even nuclei and are fitted,
respectively, by n,=5,5, and 4, while the (a,n)
reactions leading to different parity nuclei are
interpreted by n,=3 and 4. This odd-even feature
is not so obvious in (*He,#) reactions® and it
cannot be observed in (*He, p) or (p,n) reactions
where even-even nuclei can be reached from only
odd-odd targets. For (p,n) reactions, odd-even
effects have been demonstrated; however, no
general trend is observed.?*:32

Now, if some pairing correction has to be
introduced for evaluating the residual energy, one
must first examine the form of the intermediate
state density to be used in connection with shifted
energy. The effect of pairing inclusion in the
exciton state density has been investigated by
Grimes ef al,*; with shifted energies, the results
from a Nilsson calculation® are fitted by a power
one unit larger (or even greater near the closed
shells) than expression (8), i.e., U" instead of

|

U™"!. According to that result, the slope of the
plots with pairing correction is now », - 1. The
analysis with pairing term will not change the
n, value if we take into account only the lower
residual energy region; otherwise, for the higher
region, a number larger by one unit is obtained.
However it remains that such a conclusion giving
two exciton numbers differing by one unit and
characterizing a same reaction cannot be easily
explained by assuming two-body internal transi-
tions. The calculated contribution of precom-
pound emission of a second proton for this emis-
sion energy range is too small in comparison with
the first proton emission to be taken into account.
It may be noted that in analyses of nuclear re-
actions with the statistical theory another alterna-
tive for correcting energy is the back-shifted
Fermi-gas model; the zero of the energy scale
is taken now for even-even nuclei.?® Unhappily,
no expression of the exciton density state has
been investigated for this procedure. Thus, the
approximation (8) has to be assumed to remain
valid. Then the analysis of the (a, p) reactions
with an odd-Z target is identical to the previous
one with uncorrected energy, since the residual
nucleus is even even. For even-Z targets, the
analysis with the residual energy shifted towards
higher energy will raise the n, value: #,=5 for
odd-even residual nucleus (see Fig. 6). The odd-
odd residual nuclei would require even a higher
n;, for example, with the "Fe(a, p)*Co reaction.
The present discussion shows the importance
of evaluating the energy in the exciton state den-
sity expression. More information about this
problem is highly desirable. For the study here,
we may conclude that no pairing correction of the

TABLE II. Results of the determination of the parame-
ter n; for 54.8-MeV (a,p) reactions. The even-even
residual nuclei require the »; value to be one unit larger
than the other nuclei.

Odd-even character

of the residual Slope

Reaction nucleus s ny
1Y (a,p) even-even 3.3 5
SFe(a,p) odd-even 1.9 4
BFe(a,p) odd-even 1.9 4
SFe(a,p) odd-odd 1.9 4
59Co(oz D) even-even 2.7 5
83,85Cu(a,p) even-even 2.7 5
8Zn(a,p) odd-even 2.3 4
BNb(a,p) even-even 3.5 5
107-‘109Ag(a ,P) even-even 3 5
Bn(a,p) even-even 3 5
H8gn (e, p) odd-even 1.9 4
187 (@, p) even-even 3.1 5
B Au(a,p) even-even 2.8 5
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energy seems to be appropriate for interpreting
54.8-MeV (a, p) reactions. This conclusion is
consistent with the next quantitative analysis of
the cross section. At the present stage of the
question, we prefer to state that pairing effects
are manifested through the difference of », values
given by the analysis with unshifted energies ac-
cording to the parity of the proton number of the
target. A point of view from the reaction mecha-
nism has been adopted by Griffin'*: 2* for discuss-
ing the odd-even effects in precompound reactions.
With such an analysis, it can be said that for

(o, p) reactions with an odd proton number target,
the extra proton participates with the four nucleons
of the diluted incident « particle for dissipating
the excitation energy. Thus, the initial configura-
tion with n,=5 is a 3p-2n-0h state and with n, =4,

a 2p-2n-0Oh state.

B. Cross Sections

This last section will deal with the comparison
between the experimental integrated cross sec-
tions and the different calculations of pre-equilib-
rium theory. Such formulations require the esti-
mation of the transition probability A, ,,.

In the expression for A,,,(€) of the hybrid model,”
Blann uses values computed by Kikuchi and Kawai®*
for evaluating the mean free path of nucleons in-
side the nuclear matter. These values have been
found consistent® with results from the optical

(mb/MeV)

do
de

10 20 30 40
€ (MeV)

FIG. 9. The different calculated contributions for the
proton emission induced by 54.8-MeV o particles on
%Nb. The curve (—) is the total theoretical spectrum;
the curve (— —) is the precompound contribution for
the initial configuration: n; = 3p-2r-0h; the curve
(-====- ) is the total precompound emission; the
curve (——.—) is the evaporation spectrum from the
final nuclei after precompound emission; and the curve
(—++—-+) is the evaporation spectrum from the compound
nucleus at equilibrium when no precompound emission
has occurred.

model.?*3¢ Initially, Blann and Mignerey's have
taken the reciprocal of )., as the exciton state
lifetimes 7, to be used then for calculating absolute
exciton model spectra.?® Characteristic magni-
tudes for A,,,(€) are (2.5x10%%) s~! and (4.5x10%2)
s™! according to € =20 and 40 MeV. It is useful

to compare these results with calculations given
by Harp and Miller® from the resolution of the
raaster equations for the equilibration process
inside a two-fermion gas by nucleon-nucleon col-
lisions.. .Values extracted in this way are depen-
dent onn and E. For 18-MeV protons bombarding
181Ta, these authors have found X,,,(E,n) equal
approximately to (2x10%) s~* for n =4. Another
estimation, formally similar, due to Braga-
Marcazzan et al.," yields values of the same order
of magnitude. With the exciton model formulation,
we shall use for A,,,(#, E) values derived from
Xn+2(l, E) estimated by Birattari et al.'® according
to the relation:

- 2
A2(®, E) =>\"+2(1,E)n—+'1 .

*Nb (a,p)

E, = 54MeV 4

(mb /MeV)
3
|

do
de

107

16"

€ (MeV)

FIG. 10. The comparison of the experimental cross
sections (O) for the 54.8-MeV *Nb(e, p) reaction with
the results of the different calculations. The curve
( ) represents the hybrid model (Ref. 7); the curve
(— — —) represents the exciton model (Ref. 9); the
CUrVEe (=== ==~ ) represents the Griffin’s model (Ref.
24); and the smooth averaging of thel sum in this last
formulation is represented by the curve (—...—-++). All
the calculations have been performed for n; =5 and with
a priori fixed parameters.
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For instance, with ®*Nb(q, p) reactions at 54.8 which is obtained with a probability equal to

MeV the numerical value with #,=5 is (2x10%)g"1,

n
The total proton spectrum from (a, p) reactions 1- Z Zeq P
is computed according to the following scheme: er e

(i) First, the precompound emission probability protons

is computed from the composite system (N, Z)
with energy E for only the first nucleon with »n
varying from n, to n. =VgE by a step of 2.

(ii) Then, for the residual nuclei (N —1,2) and

(N, Z -1) with energy U populated by this nucleon
pre-equilibrium emission, an evaporation calcula-
tion for nucleons and « particles is applied.

(iii) Finally, the last stage computes the de-
excitation of the compound nucleus at equilibrium

The sum of these contributions multiplied by
the cross section of capture of the a particle
obtained with an optical-model code®” yields the
total proton spectrum. A sample calculation is
given in Fig. 9 where the pre-equilibrium con-
tribution is computed according to the hybrid
model. In this example, the contribution of the
first precompound emission is also plotted in
order to show its dominance. The importance of

100 100

~
v o

~
o
Q

do
4. (mb/MeV)
3

100

10

100 100

10 0

100

0

o.1 0.1

10 20 30 40 0 20 30 40
€ (MeV) e (Mev)

FIG. 11. Comparison of the experimental data (O) with the hybrid model (Ref. 7) results for all the studied 54.8-MeV
(o, p) reactions. Each spectrum has its cross-section scale shifted from the preceding one by two decades. The calcu-
lations were performed with unshifted energies and with the nucleon mean free paths given by Kikuchi and Kawai (Ref.
34). The odd-Z target reactions are interpreted by an initial exciton state n; =5 (curves ), and even Z by n; =4

(curves — — — —),
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the deexcitation of the residual nuclei W,Z -1,U)
and (N -1,Z,U) should be noted also [stage (ii)]:
It contributes about 20% of the total evaporation
process.

The compound-nucleus calculations were per-
formed classically with Fermi-gas parameters:
a=3A and level density of the exponential form
U~2 exp2ValU, with pairing correction.

Figure 10 compares an experimental **Nb(«, p)
spectrum with calculations of exciton and hybrid
models. The different parameters have been al-
ready specified; as given by the slope analysis,
the n, configuration is built with 3p-2n-Oh. For
energy calculations only, the exclusion principle
correction is added without pairing term.

For comparison, it was useful to perform a
calculation according to an expression by Lee and
Griffin®* which we recall here without further dis-
cussion:

Imax
R pmy =1, 7, ¥y, v, U) 2041 (2m\ V2
P,,(€) = Z_;o P(ﬂ,, Ty Vs Uy ET 2 T <ﬁ€> (R, > ’

where (R, is a ratio where the numerator is the
average square matrix element of transition be-
tween two states, the initial one is bound, and the
final one has a proton in continuum with orbital
angular momentum /. The denominator corres-
ponds to internal transitions between bound states.

T T T T
E 100 |_ *Fe (a,p) 4
E E,= 54 MeV
Bl w
'cl'c 10 | _ -
11— -
o
of|— \ 1
Al
10 20 30 40
€(MeV)

FIG. 12. The 5"Fe(a, »)¥Co cross sections (the exper-
imental points are denoted by open circles, O) are
better interpreted by a hybrid calculation with »; =4 and
unshifted energy (curve ) than with n; =5 and back~
shifted energy (curve — — —). The result of a hybrid
calculation with #; =4 and back-shifted energy (curve
—-—-) is also shown.

This ratio is approximated as:
®R")y=5r ke Vlj, (k)T +[n, (k)

where 7 is the nuclear radius equal to 1.24Y3 and
k, the proton wave number. j, and 7, are the
spherical Bessel functions. The summation is
over all the [ removed by the emission: This
truncation with integer value of [, is responsible
for the discontinuity in calculated values which
can be removed by a smooth averaging of the [
sum.?*

As predicted by our previous discussion, the
different theoretical shapes are quite concordant
with the experimental spectrum. The last formula-
tion is somewhat higher than the two others which
are in quantitative agreement with the experiment.
The fit is equally good for the evaporation and
pre-equilibrium components of the spectra. In
the estimation of 7, the leading term is A,,,, and
since for this quantity two approaches use values
of the same order of magnitude, it is not sur-
prising that both calculated cross sections are
nearly identical. The values employed here for
A, 42 are quite realistic and correspond to mean
free paths computed by Kikuchi and Kawai.’*
Thus, in the following series of Fig. 11 we com-

100

(mb/MeV)

do
de

10

Q1

€ (MeV)

FIG. 13. Same as Fig. 10 for 5‘Fe(q, p) reaction at 59
MeV, except that the calculations are carried with »; =4.
The experimental data are due to Bertrand and Peele
(Ref. 13).
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pare the experimental spectra with only hybrid
formulation, assuming that the exciton model
leads to the same conclusion. The results of this
interpretation of the absolute cross sections are
consistent with the conclusion of the last section
analysis of the spectrum shape. The whole set
of the reported (a, p) reactions are well inter-
preted by expressing the energy without pairing
or back-shift correction and by taking n, =5 or 4
according to the odd-even parity of the target
atomic number. Another alternative for these
conditions may be possible: Hybrid calculations
with n; =4 can also interpret the (a, p) reactions
with odd-Z targets when the energy is shifted by
a pairing correction and when an exciton state
density of the form U"™! is used. If a U” form in
this case seems to be more appropriate as found
by Grimes et al.,* a more appropriate value for
n; will be 5. However, such absolute cross-sec-
tion calculations do not follow -the conclusion of
the previous slope analysis which yields more
acutely the n, value. The back-shifted energy
procedure in the cross-section computation leads
also to some inconsistency with the slope analy-
sis; for instance, the 5"Fe(a, p)®*Co is not fitted
by a calculation with ;=5 or more as suggested
by the shape analysis. Actually, this reaction
is quite well interpreted by n; =4 when the energy
is uncorrected (see Fig. 12).

With (a, p) reactions at 54.8 MeV or higher
energy [see Fig. 13 for the interpretation of

e T T T T
>
[*) 2
=0 Nb(ap) ]
)
g E, = 42 MeV
b|w
’U"U,o’_ _
10°] _ o % N
\ob
.
1
70_’,__ .\.°:o -
|
\H
\d
\
1 1 LA 1
0 70 20 30 40
€ (MeéV)

FIG. 14. Same as Fig. 10 for **Nb(x, p) reaction at 42
MeV. The experimental data are due to West (Ref. 17).
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FIG. 15. (a)—(c) The results for the geometry-
dependent hybrid formulation (Ref. 88) for a few 54.8-
MeV (o, p) spectra. In addition to the calculated curve
( ) of the cross sections, the partial capture cross

|

section (curve ) and the precompound proton emis-
sion for each partial zone (hatched surface) are also indi~
cated in the inserted figure, versus the impact para-
meter.

A hybrid calculation performed with a value of mean
free path 2 times larger than that calculated in Ref. 34
gives a better fit (curve —.—.—.).



8 PROTON SPECTRA FROM 54.8-MeV ALPHA-PARTICLE... 2167

SFe(a, p) data of Bertrand and Peele'® at 59 MeV]
the experimental results are in agreement with
the theoretical predictions. However, signifi-
cant discrepancies appear in proton-induced re-
actions,® in (a,n) reactions,®® or in (a, p) reac-
tions themselves at lower energies, as for in-
stance in 42-MeV ?*Nb(a, p) reaction, the analysis
of which is shown in Fig. 14. The disagreement
may be due at low excitation energy to an under-
estimated evaporation calculation when no angular
moment effect is added. A more probable reason
is that no geometrical factor is included in the
precompound closed formulation even though it

is a surface interaction.*® In fact, mean-free-
path values larger than preceding ones, generally
by a factor of 2, give better agreement for (a,n)
reactions®! or 42-MeV (a, p) reactions (see Fig.
14),

The hybrid model allows inclusion of the re-
action geometry dependence.*® Thus, the con-
sideration of nuclear matter distribution in the
calculation of the internal transitions enhances
the mean-free-path values at the diffuse edge of
the nucleus. It gives then 7, values larger for
nucleon escape. A second effect accompanying
the nucleon density distribution is a geometrical
dependence of the g values and the exciton state
density.® However, the g variation according to
the nuclear radius® leads to unrealistic values
unexplained if we consider that g is a property of
the potential created by all the nucleons, and,
besides, the importance of this effect in cross
section is weak. The exciton state density in the
philosophy of our analysis is a result extracted
from the experimental data and in fact the »,
numbers used (2p or 3p-2rn-0h) implicitly assume
that holes do not participate as a degree of freedom
in sharing the excitation energy. This is consis-
tent with a relative difficulty of creating very deep
hole states.

Consequently, we shall use the following expres-
sion for the different partial zones:

©

0,(€)=mx* Z (21+1)T,P,(¢, 1),
1=0
where 7x*(21+1)T, is the capture cross section
of the incident particle with an impact parameter
equal to 1%, and P,(e, 1) has a dependence on the
Fermi-Thomas density distribution according to

(ﬂp"'l Mps Vpy mU) A (€ 1)

Pp(ey ) p(‘”p’ Tr"’ b V";E) pA (€ l)+7\"+2(€ A.)

with
Apia(€)
A i2(€s l)=1—+2'(}_32:f!:57;

R, is equal to 1.07AY® fm and diffuseness a=0.55

fm.

1b
gfr;:fgl Z @ +1)T?,
where [ is the angular momentum of emitted
proton and T? the corresponding transmission co-
efficient.

The precompound emission has been computed
with the above expressions for the n,=4 or 5
exciton state only; the deexcitation of this first
state is quite predominant. Results which appear
in Figs. 15(a)-15(c) for reactions with ®Zn, **Nb,
and '81Ta are in good agreement with experiment.

In these figures, we can see that the major
amount of precompound emission can be localized
by this treatment in the nucleus periphery. On
the contrary the central trajectories lead to the
compound nucleus almost without any pre-equilib-
rium emission; this conclusion is consistent with
results of the master equation for equilibrium
nuclear relaxation.? Another distinction between -
the two processes can be pointed out in this geome-
try-dependent formulation. For precompound
emission the times used for relating 7, are >(2
x107%2) g; these values are acceptable for inter-
mediate states since they are a little longer than
the transit time of a nucleon through the nucleus.
The 7, values for central impacts are considerably
shorter, about a few times 10723 s; the reason is
naturally the dense nuclear matter involved in
the calculations. If we suppose that the equilib-
rium is attained within a few collisions (2), the
equilibrium time assumed by the model is typically
<107%% g, The long lifetime compound nucleus is
then obtained in a very short time. This idea is
consistent with the statistical theory.

V. CONCLUSION

The pre-equilibrium formulations have been
shown to interpret with a fairly good success
54.8-MeV (a, p) reactions either in the analysis
of the proton spectrum shapes or in the analysis
of the absolute cross sections; some insight into
the reaction mechanism may also be considered
by a geometry-dependent model. Both analyses
have also demonstrated that precompound emission
may be a possible way to investigate by the inter-
mediary of exciton state density gross nuclear
structure effects related to odd-even character
of nucleus and pairing energy.
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