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Double differential cross sections for the inclusive production of neutrons, protons, and
a particles from "Co and ' Ni bombarded with a particles of energies E =28 and 32 MeV,
respectively, have been measured for several angles between 15' and 160'. Hybrid model
calculations for the preequilibrium decay consistently yield initial exciton numbers

no 5{——4) for both neutron and proton emission from n+' Co {a+ Ni) if pairing effects
are taken into account. The angular distributions of nucleons and a particles differ from
those of the reactions p + 'Ni, 'Cu; they are discussed in the framework of the generalized
exciton model that distinguishes between multistep direct and multistep compound contri-
butions.

NUCLEAR REACTIONS Co, Ni(a, xn), (a,xp), (a,xa), E
=28—32 MeV; measured o(E~,e„),deduced o.(E~), y =n,p, a; calculat-
ed preequilibrium decay mode, deduced exciton configuration, entrance

channel dependence.

I. INTRODUCTION

Continuous spectra of light particles have been
analyzed for more than ten years in terms of statis-
tical models including preequilibrium (PE) decay
modes. The exciton' and the hybrid model suc-
ceeded in reproducing and predicting the angle in-

tegrated spectra of nucleons and, later on, also of
more complex particles. In the last few years these
semiclassical models have been extended to al-
low the calculation of double differential cross sec-
tions d o/dQ de. In a different approach, Tamura
et al. performed a microscopic description for the
first two steps of a multistep direct reaction popu-
lating the continuum that was based on the formal-
ism for transitions to isolated residual states. A
very promising approach is the one of Feshbach
et al. It distinguishes between two classes of tran-
sitional states during the equilibration that are
chained and contribute incoherently to the total
cross section: the multistep direct (MSD) and the
multistep compound (MSC) part.

Chiang and Hiifner have stressed that all these
models, in spite of their different physical in-

gredients, agree to within a factor of 2. They trace
this agreement back to a correct treatment of the
dominating first few collisions in all models. For

the semiclassical models mentioned above this im-
plies the correct choice of the initial exciton number
no. This question seems to be settled for nucleon,
deuteron, and 'He projectiles' '; for u particles,
values nc ——3 —5 are reported for (a, ri) or (a,p) reac-
tions' ' with an indication of a dependence on the
odd-even character of the reaction system. ' '

Calculations in the framework of the MSD/MSC
model have been performed with good success' ';
unfortunately they are very time consuming.
Therefore Kalbach' has extended the exciton
model in a way that it allows a separation into
MSD and MSC contributions, and has deduced the
shape of their angular distributions with a
phenomenological approach. This pragmatic pro-
cedure leads to a number of predictions on the en-
trance and exit channel (in)dependence of the angu-
lar distributions. '

The present work is devoted to a determination of
no for ct induced reactions and a test of the extend-
ed exciton model in the mass A =60 region. %e re-
port on measurements of double differential cross
sections d o./dQde for the a induced reactions on

Co, Ni with 28 and 32 MeV projectiles and for
the neutron, proton, and u exit channels. Experi-
mental details and results are given in Sec. II.
From the simultaneous analysis of the angle in-
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tegrated spectra of both nucleon exit channels we
expect constraints for a consistent description of the
initial configuration taking into account the odd-
even character and the influence of pairing correc-
tions (Sec. III). The angular distributions of neu-

trons, protons, and 0. particles provide a test of the
phenomenological MSD/MSC exciton model, in
particular, if the corresponding data of the proton
entrance channel leading to the same composite sys-
tem can be included (Sec. IV).

II. EXPERIMENTAL METHOD AND RESULTS

The experiments were performed with o. particles
accelerated to 28.0—28.5 MeV and 31.5 —31.8
MeV, respectively, at the Hamburg Isochronous Cy-
clotron.

A. The (a,xp) and (a,xa) measurements

Targets consisted of self-supporting metallic foils
of high (isotopic) purity (&99.8%); they were 880
pg/cm (' Co) and 453 pg/cm ( Ni) thick. Pro-
tons and a particles were detected with two AEgE
solid state detector telescopes subtending solid an-

gles of typically 200 psr. The thickness 29 and 110
pm of the respective AE detectors allowed an
unambiguous particle identification up to the
highest energies observed and a low energy cutoff
below the evaporation maximum. Reaction angles
were varied in 5' and 10' steps between 15' and 160'.
The beam was monitored by two Si(Li) detectors
sitting at +25 on either side of the projectile direc-
tion.

The two linear signals AE and E —AE of each
telescope were fed into 4k analog-to-digital convert-
ers (ADC*s) and stored on magnetic tape. Dead
time corrections determined by means of a reference
pulser never exceeded 3%. In forward angle runs
the count rate of the a telescope was scaled down

by typically 2 with X =6 within a window set on
the elastic peak. A11 runs were extended to guaran-
tee at least 100 proton and a events per MeV in the
continuous part (E*)3 MeV) of the spectra. Ener-

gy resolution was AEz-60 —80 keV and hE
65 —110 keV (FWHM) for the (a,po) and elastic
scattering group, respectively.

Particle separation was achieved off-line through
use of stored (E —b,E) and b,E pulse height infor-
mation that was corrected for contributions from
target contaminations (H,C,O), tailing of the elastic
peak, and slit scattering contributions and then con-
verted into double differential cross sections

d o./dQde in the center-of-mass system assuming
single particle emission.

B. The (a,xn) measurements

Metallic self-supporting targets of 3.6+0.1

mg/cm were mounted in a thin walled reaction
chamber ' on top, of the "neutron hole" area, a
10X 10X4 m cave in the concrete floor. One of the
Si(Li) monitors of the (a,xp) and (a,xa) experiment
could be mounted off plane to the (a,xn) scattering
chamber at angles between 40 and 50'.

Neutron spectroscopy was performed with time-
of-flight (TOF) techniques. The TOF stop signal
was derived from the cyclotron radio frequency
(RF); the burst frequency was scaled down to =1.5
MHz by means of an external electrical deflector.
The neutron TOF detectors were cylindrical NE213
scintillators of 5.1 cm thickness and 10.2 cm diame-
ter, coupled to XP2041 multiplier s; they were
placed at distances of 6—8 m from the target and
heavily shielded with lead, tungsten, and paraffin.
The n-y discrimination was performed with the
method of Ref. 23. Shadow bars made of 0.7 m
canned paraffin that obscured the solid angles of
the detectors and provided an attenuation of —10
could be inserted into the flight path for back-
ground measurements.

The TOF electronic is conventional. Low energy
biases E„' =0.96 MeV were applied to prevent de-
tection of neutrons from preceding bursts. Bias en-
ergies have been determined from a calibration with

y sources. The overall time resolution obtained was
At =2.0—2.5 ns (FWHM).

Measurements were performed for typically
6—10 angles between 30' and 150'. Each run was
supplemented by an individual background run with
a shadow bar. Neutron energy spectra in the c.m.
system were obtained by (i) subtracting the back-
ground runs, (ii) using the efficiency as calculated
with the code HYcALc, " and (iii) applying the
kinematic transformations under the assumption of
single particle emission.

C. Absolute cross sections, error estimates

The absolute double differential cross sections
d o ldll de of the (a,a') and (a,p) experiments were
derived from target thickness and the charge col-
lected in the Faraday cup, for the (a, n) experiments
from the elastic scattering rate observed by the
Si(Li) monitor set close to a relative maximum.
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Elastic scattering cross sections were obtained in
a separate experiment with 28.4 MeV o. particles on

Co, Ni. The a+ Ni experiment yielded quanti-
tative agreement with the global OM parameters of
Budzanowski et al. and thus, is also consistent
with the data of Cowley et al. for E =32.3 MeV
from where the reference value d o /d 0 (B~,b
=40.7') =34.7 mb/sr was taken. The a+ Co ex-
periment yielded der/d A(8~,b

——43.0') =29.0
mb/sr.

Relative errors between charged particle spectra
obtained under different angles mainly originate
from target inhomogeneities and incomplete beam
current integration ((5%). Absolute errors of the
double differential cross sections predominantly re-
sult from statistics ( & 10%), target thickness
( & 9%), and sum up to 18% in the region of
poorest statistics, but are typically & 15%%uo and
&11—15% for angle integrated differential cross
sections.

Relative errors between neutron spectra are most-

ly due to uncertainties in the background correc-
tions that are estimated to introduce errors up to
10% for E„&12 MeV and all angles; for higher en-

ergies and angles they exceed this value and may
reach 50% at very backward angles and energies

corresponding E*&5 MeV. Absolute error contri-
butions in addition result from the efficiency calcu-
lation ((10%) and the elastic scattering cross sec-
tion used for normalization ((5%). Absolute er-

rors in d cr/d0de are therefore &15% for E„&12
MeV and may go up to 50% at highest energies and
angles. These regions, however, do not contribute
substantially to the angle integrated cross sections;
we claim errors & 15% for them.

D. Experimental results

Examples of the double differential cross sections
for n, p, and o. emission are shown in Figs. 1 —3 as
(i) energy spectra condensed into 0.5 MeV bins for
some representative angles, and (ii) angular distribu-
tions for bins of 1.0 and 2.2 MeV width, respective-
ly.

Both presentations reveal the influence of non-
equilibrium contributions at forward angles and/or
high ejectile energies; whereas low energy bins close
to the maxima of the spectral distributions show an-

gular distributions that are more (for n and p) or
less (for a) symmetric around 90', the forward

peaking becomes the more pronounced the higher
the ejectile energy is. However, even at the high en-

ergy end of the continuous part of the spectra, the

charged particle angular distributions flatten at very
backward angles and in some cases increase again.
The backward angle increase is less evident in the
neutron data, which is at least in part due to the ex-
perimental problem of correct background determi-
nation for differential cross sections on the order of
10 pb/sr.

The general behavior of our data thus is in agree-
ment with the results obtained for proton emission
induced by 23, 30, 42, and 55 MeV o; particles on

Co, Ni, or other targets of the 3 =60 mass re-
gion' ' ' and for neutron emission due to the
bombardment of these targets' ' with E & 23
MeV.

In the following section we shall present an in-
terpretation in terms of a statistical model and put
emphasis on a consistent description of PE emission
in the n, p, and a exit channel. The simultaneous
application of both hybrid and exciton PE model is
not in contradiction to this program because both
approaches have been shown to quantitatively agree
if being applied rigorously.

III. DISCUSSION OF ANGLE
INTEGRATED SPECTRA

The angle integrated spectra have been obtained
as a sum of the individual spectra with an appropri-
ate solid angle weighting. This procedure intro-
duces some uncertainties, because the very forward
emission is underestimated by the data points of the
lowest angle, respectively; a more elaborate pro-
cedure applying Legendre polynomial fits yielded a
(3% (9%) higher value for the reaction ' Co(a, xn)
at E„&11 MeV (17 MeV). The following discus-
sion will be restricted to the (a, nucleon) data,
whereas the (a,a') angle integrated spectra will be
analyzed elsewhere in the framework of the QFS
model. '

A. The model

Angle integrated particle energy spectra are cal-
culated as an incoherent sum of a PE and the
equilibrium (EQ) decay mode. Angular momentum
conservation has been taken into account in some
cases for the EQ component by choosing the
Hauser-Feshbach model instead of the Ewing-
Weisskopf formulation, but has been neglected for
the PE emission, because its influence on the angle
integrated yield is expected to be small for the a
energies under consideration.

The energy spectrum do (e)/de of particles3'

y =n,p predicted by the hybrid model is
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FIG. 1. Proton energy spectra for 0.5 MeV bins, and angular distributions for AE~ =2.2 MeV bins and projectile ener-

gies E =28.5 (~9Co) and 31.8 MeV ( Ni).
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do@ (e) p» —i( U)g A,,(e)

p. (E)
hn =+2

withHere, ez denotes the total reaction cross section at
projectile energy E; the sum extends over n exciton
state contributions starting from the initial exciton
number no up to the equilibrium value n. The n ex-
citon state density p„(E) for a total excitation ener-

gy E and the (n —1) exciton state density at energy
U, such that one nucleon can be emitted with chan-
nel energy e, are computed from the single particle
state density g with Ericson's formula", the rates of
the competing transitions into continuum A,,(e) and
to states of higher (from n to n+2} complexity
A, + (e) are calculated from phase space considera-
tions and from free nucleon-nucleon scattering data
corrected for the Pauli principle in nuclear matter,
respectively. The mean free path multiplier k has
been given the value 1.5 throughout this work. The
factor D„ takes into account the depletion of n-

exciton states due to preceding PE emission.
The fraction of interactions leading to nucleon

PE emission of type y is

exp(2[a ( U —b, )j' )
p U =const

(U —a+t)'" (5)

Here, t is the thermodynamic temperature given by
U —6=at —t; a and b are level density parameter
and fictive ground state position, and were taken
from Ref. 35. For the spin cutoff parameter o. the
value for a rigid rotator (with ro ——1.25 fm) is used.
Further details are given in Ref. 12.

B. The initial exciton number no

For a particles some preference for no 3w——as
found' from neutron energy spectra of (a, n) reac-
tions with E~ =20 MeV projectiles on a variety of
targets with masses A =54—124. Hybrid model
analyses of (u,p) spectra for E =23 MeV reactions
on A =54—63 targets, that took into account pair-
ing corrections in the expressions for the exciton
state densities, '" yielded no 4(n——„=2, n~ =2,
ns ——0) for all even-even, no ——5 (2, 3, 0) for odd Z,
and no ——5 (3, 2, 0) for odd N targets. This result
indicates a decomposition of the projectile into four
nucleons which, together with the unpaired nu-

cleons, make up the initial exciton configuration. It
is only in partial agreement with the analysis of
(u,p) spectra for E =55 MeV projectiles on several

targets with A =51—197; here, in the framework of
hybrid and exciton model, again the parameter

no ——5 was found' for all odd Z targets. However,

no ——4 was deduced not only for all even-even tar-
gets but also for the odd N target 26Fe. This result
was obtained by applying exciton state densities
without pairing corrections for the odd-even char-
acter of the residual nuclei following PE emission.

There are two possible explanations for this par-
ticular case Fe(a,p). First, no may be dependent
mainly on the exit channel and less on the compo-
site system; second, the unexpected value for no, as
already pointed out in Ref. 15, is necessary to corn-

pensate for the shortcomings, namely the lack of
pairing correction, of the state density ansatz. The
first explanation is obviously in conflict with the
PE picture that equilibration proceeds through two
particle interactions, because in a induced reactions
there is no reason to favor an initial interaction with
an unpaired proton over that with an unpaired neu-

1 max do'& (e)PE

fk(E. ) = E J,OR E.

The value a =A/8 MeV ' for nuclei with mass
number A is used throughout this work. For testing
purposes the Ewing-Weisskopf calculation has been

replaced by a full statistical model calculation in-

cluding angular momentum conservation and deex-
citation by y emission. Of particular interest for
the present work is the level density applied:

p(U, I)=p( U) (2I +1)1

202

I(I +1)
Xexp

2 2

such that only the remainder crR(E) (1 fpn fpz}— —
contributes to the formation of the first compound
nucleus. This depletion (with fpz taken from Refs.
30 and 31) is assumed to be equally distributed over
all partial waves in the entrance channel. Multiple
PE emission has been neglected.

Deexcitation of the equilibrated system has been
followed with the Ewing-Weisskopf model. It
takes into account sequential n, p, d, and n emis-

sion with the level density of the residual nucleus at
excitation energy U given by

p(U)=constU '~ e (3)
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tron. In order to examine the second explanation,
the introduction of a shift 6 that replaces the exci-
tation energy U in Eq. (1) by U —b, shall be con-
sidered now.

In the back shifted Fermi gas model the shift 6«
of the fictive ground state as compared with the ac-
tual one is slightly positive for even-even nuclei, i.e.,
the pairing and shell corrections to the equidistant
spacing model do about cancel. ' Accordingly
the shifts hp, or A, p for odd mass nuclei and App

for odd-odd nuclei are negative, they differ from

h«by roughly the pairing energies as determined
from the masses of the corresponding adjacent nu-

clei. Average values in the mass region 3 =60 that
have been successfully applied in particle evapora-
tion calculations and also in PE calculations for
(a,p) data from 23 MeV projectiles, ' are (Ref. 35)

~ee =0 6 MeV, Aep= ~pe = 0.7 MeV, and

happ ———2 MeV. Comparisons of total level densi-
ties generated from the equidistant spacing model
with those from realistic single-particle level
schemes provide some theoretical justification for
the back shift parametrization.

In the conventional shifted Fermi gas model the
fictive ground state is assumed to coincide with the
actual one for odd-odd nuclei (i.e., boo ——0), and for
odd mass and even-even nuclei the ground states are
shifted upward by the pairing energies; here, the
values hp, ——1.3 MeV and h„=2.6 MeV wi11 be
used. Owing to this ground state convention the
conventionally shifted level density is bound to de-
viate more from experimental data than the back
shifted ones; in the latter case the parameters a and
6 of Eqs. (4) and (5) are derived from a best fit to
the level densities obtained from level counting and
neutron resonance data, i.e., for the excitation ener-

gy region U(10 MeV relevant for the PE contribu-
tion of the spectra under consideration.

On the other hand it is known that both kinds of
shift corrections cause problems with experimental
data that are sensitive to the position of the reaction
threshold or very low residual excitation energy.
Furthermore, it should be pointed out that partial
state densities p„ i(U) are entering in Eq. (1) and
conclusions drawn for the applicability of shifts in
total densities may not apply. In fact, it has been
shown, that partial state densities calculated from
realistic level schemes may differ considerably at
low excitation energies from those of the equidis-
tant spacing model and may require shifts 6 for
compensation that depend on n. The discrepancies,
however, were found to decrease with increasing ex-
citon number n,' therefore the result ' that the con-

ventional shift is adequate for the PE contribution
(with no ——3) in (p, n) spectra, does not necessarily
rule out the back shift for a-induced reactions
characterized by np ——4 or 5. We shall therefore
consider both possibilities and return first to the
case ' Fe(a,p) Co.

As the residual nucleus Co is an odd-odd one,
the conventional shift does not modify the shape of
the proton spectrum (i.e., no 4—)—, but only enhances
the absolute values on the account of the neutron
exit channel, whereas the back shift correction
enhances the excitation energy, and qualitatively
this shift can be sufficient to increase the best fit
value of no by one unit (i.e., no ——5) as was found in
Ref. 42 for (p, n) reactions. The value no ——5 was
also found for Fe(a, n) Ni (Ref. 13};for this reac-
tion the conventional shift would decrease the effec-
tive excitation energy and therefore lead to a fit
with np &5.

A more quantitative conclusion may be drawn
from our (a, nucleon) data. Calculations without
shift corrections yield the best agreement for
a+ Ni with no ——4, see Fig. 4. The results for
a+ Co indicate no 4 for ——the (a,xn) reaction and
no 5 for —t—he (a,xp) reaction. This discrepancy can
be removed by introducing a shift correction.

The back shift corrected calculations are shown
in Fig. 4. For the Co(a,xp) case the modification
is moderate, because the residual nucleus Ni is
even-even. The proton yield is reduced because the
back shift hoo&0 for the Co(a, xn) reaction with
the odd-odd residual nucleus Cu enhances the
neutron PE emission. In addition the calculated
neutron spectrum now extends to higher energies; as
a consequence the best fit is obtained with np=5.
The back shift correction thus leads to np ——4 for
a+ Ni and np=5 for a+ Co consistently for
both exit channels and in agreement with the odd-
even character of the reaction system, cf. Table I.

The results of a calculation with conventional
shift 5* are compiled in Fig. 5. Whereas for
a+ Ni the best fit value no 4still holds,——the sys-
tem a+ Co now also shows a preference for no 4——
in both exit channels and np ——5 is incompatible
with the data. The extent of agreement is compar-
able with that for np ——5 in the case of a back shift
correction.

Therefore, if np ——4 and 5 were equally acceptable
for an odd-even reaction system like a+ Co, none
of the two shift corrections could clearly be ruled
out on the basis of the calculations presented. If,
however, the indications for np ——5 for odd-even
systems found in (a,xp} spectra and excitation func-
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TABLE I. Correlation of odd-even character with initial exciton number for calculation in-
cluding back shift correction.

Reaction Z
Target+a Residual nucleus

Z no(n„, n~, nI, )

' Co(o., n) Cu
' Co(a,p) Ni
"Ni(a, n) "Zn

Ni(a, p) Cu

odd
odd
even

even

even

even

even

even

odd
even

even

odd

odd
even

odd
even

5(2, 3, 0)
5(2, 3, 0)
4(2, 2, 0)
4(2 2

tions of a-induced reactions' ' '" are also taken
into account, we deduce a preference for the back
shift correction, and vice versa.

Finally it should be noted, that the comparison of
Figs. 4 and 5 demonstrates the sensitivity of the cal-
culations to a general variation in 5, because
5*—6=2 MeV for odd-odd, odd mass, and even-

even systems. Attempts to obtain a consistent
description without shift correction by varying k
between the values 1 and 4 failed; the o.+ Co exit
channels cannot be fitted simultaneously with

no ——5 nor with no ——4 and any value k & 1.
The comparison so far has been concentrated on

the shape and absolute magnitude of the nucleon
energy spectra in the region extending from -3
MeV below the Q value limit to about 10 MeV ejec-
tile energy, where PE and EQ contributions become
comparable. In this region the EQ contribution is
sufficiently small, such that deviations between the
Ewing-Weisskopf and the full statistical model cal-
culation, though they may reach a factor of 2 (Fig.
4), have no influence on the interpretation in terms
of the PE model under discussion. At about 10
MeV nucleon energy, however, the calculated total
spectrum starts to be sensitive to details of the EQ
contribution and a replacement of calculation (3) by
(4) in Fig. 4 would improve the fit. In addition, the
fraction of contributions to the PE decay due to ex-
citon numbers n gno increases and therefore, ap-
proximations leading to the depletion factor D„ in
Eq. (1) instead of a complete bookkeeping on exci-
ton. state occupation may also be responsible for
the slight discrepancy in the 10 MeV region.

IV. DISCUSSION OF ANGULAR
DISTRIBUTIONS

The quantum mechanical treatment of the equili-
bration process by Feshbach et al. leads to a dis-

+ao g Pl(cos8) .MSC
'" al

hl =2

(6)

Here, ao and ao are taken from the extended
MSD Msc

exciton model and fulfill the relation

4n(a +a )=4vra =do (e)Id';

the coefficients bI ——aI/ao are the result of the fit-

tinction among two modes of PE emission, namely
the statistical multistep compound (MSC) emission
proceeding only through particle bound states, and
the multistep direct (MSD) emission involving
states with at least one unbound particle. The angu-
lar distributions of the emitted particles show
characteristic differences; whereas the MSC emis-
sion is symmetric around 90', the MSD component
is peaked in the forward direction.

The exciton model has recently' been extended
by implementation of the ideas of MSC and MSD
particle emission with an appropriate modification
of the definition of MSC processes, whereas the
MSD definition was retained. It then allows us to
divide the PE cross section into one part which is
due to an equilibration through particle unbound
states and is again referred to as MSD contribution;
its angular distribution is expected to be forward
peaked; and into the complementary MSC part.

The shapes of the angular distributions for both
components have been derived phenornenological-
ly. ' For this purpose a considerable amount of ex-
perimental angular distributions for nucleons, deu-
terons, and both He isotopes in the entrance and the
exit channel, and a broad range of projectile and
ejectile (y) energies has been fitted with the Legen-
dre polynomial PI(cos8) expansion

d +y MSD
" ~l=ao g P((cos8)

I=o ~O
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ting procedure.
It turned out that the data analyzed are in agree-

ment with (i) identical coefficients b~ for both (MSC
and MSD) components and (ii) an upper limit

l,„=8 (for projectiles with energies up to 62 MeV
and mass numbers up to 4). Inspection of the coef-
ficients b~ showed that for ejectile energies with
dominating MSD contribution the shape of the an-

gular distribution is almost exclusively determined

by e such that they could be parametrized as

(2l+ 1)
I+exp[A~(B~ —e}]

with universal coefficients A~ and B~ 'In. particu-
lar, the shapes are predicted to be not dependent on
(1) projectile energy, (2) projectile mass number, (3)
target mass number, and (4) type of outgoing parti-
cle.

Our (a,xn), (a,xp), and (a,xa) data are particu-
larly suited to test prediction (4). In order to check
prediction (2) we include in the comparison the

p+ Ni, 3Cu data from Ref. 20 that were taken
with 26.5 and 27 MeV projectiles leading to the
same reaction systems and, within +0.4 MeV, to
the same excitation energies as the a induced reac-
tions.

The data are presented in Figs. 6—8 as a corn-

parison of two different entrance channels with the
same type of outgoing particle. Two ejectile ener-

gies e have been chosen, a lower one which is at
most 3 MeV above the evaporation maximum and
well above the detection threshold, and a higher one
corresponding to an excitation energy of at least 3
MeV left in the residual nucleus. The results of
Eqs. (6) and (7) are shown with 4~ao being normal-

ized to the angle integrated yield do. /de to faciliate
a good comparison of the shapes. For simplifica-
tion we have assumed 100%%uo MSC (MSD) contribu-
tion at the lower (higher) energy.

At the low energies the data show the expected
symmetry around 90'; the excess of the (a,xa} yield
at forward angles is neither observed for the (p,xa)
nor for the (p, xp) data. If we exclude systematic ex-
perimental errors for this excess, it must be con-
sidered an indication of a higher MSD contribution
at 10—11 MeV ejectile energy than in the (p,xa) re-
action. This difference is more pronounced for the
high energy data. Whereas the (p,xa) angular dis-
tributions show additional peaking for 8 & 30' and
are in fair agreement with the phenomenological

model for angles 8 y 30', the (a,xa} angular distri-
butions have a much more pronounced excess for
8 ~ 30 and show a steeper descent and a minimum
at 120'. The increase at backward angles may be in
part due to the neglect of the MSC contribution
which then would be about 1 mb/MeV (or 10% of
the total der/de) to account for the observed yield.
This value is to be compared with der "/de=0. 4
( &0.1) mb/MeV for Ni(a, xa) [ Co(a,xa)]
predicted by the Hauser-Feshbach calculation. The
MSC contribution, however, cannot be responsible
for the discrepancy at 8 &120, because it is too
small and flattens the shape of the angular distribu-
tion.

V. CONCLUSIONS

The angle integrated nucleon spectra from reac-
tions of 28 and 31.2 MeV a particles with Co and

Ni, respectively, can be described consistently in
terms of a combined PE-EQ calculation if the exci-
tation energy U in the residual systems is replaced
by an effective excitation energy U —h. Applica-
tion of a back shift 6 leads to np =4 for the system
n+ Ni and np ——5 for a+ Co, whereas the con-
ventional shift b* allows a fit with np ——4 in both
cases. No distinction between these two types of
pairing correction is possible on the basis of this
comparison alone; the arguments given in Sec. III 8,
however, lead us to favor the back shift correction.

The angular distributions, in particular those of
the (a,xa) data in comparison with the (p,xa) data,
indicate that their shapes depend on the type of pro-
jectile with a preference for forward emission for
the a-induced reactions. This conclusion is sup-
ported by the high energy data for nucleon emission

(Figs. 7 and 8) which also show forward emission
more intense for 0, than for the corresponding pro-
ton induced reactions and than predicted by the
model. At higher angles their shapes are similar to
those of the (p,xa) data and in so far support the
independence from the type of ejectile predicted in
Ref. 19.
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