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A comprehensive model is introduced for alpha particle induced nuclear reactions. Five different
mechanisms are examined and discussed. These include inelastic scattering of the incident alpha
particle, nucleon pickup, binary fragmentation, dissolution of the alpha in the nuclear field, and
preequilibrium processes initiated by alpha-nucleon collisions. A series of experiments was per-
formed to measure the excitation functions of many nuclides produced from the irradiation of Nb

by 40—140 MeV alpha particles. Together with alpha particle and proton spectra measured by other
authors, these data form the basis of a test of the model introduced. A detailed analysis of the com-
parison between the calculated and experimental results, with particular emphasis on the interpreta-
tion of breakup processes, leads to the conclusion that breakup to four nucleons is preferred to the
more commonly assumed binary fragmentation in that a much broader range of experimental data
may be reproduced.

NUCLEAR REACTIONS 'Nb(a, xn), x =1—5; (a, p6n), (a, 2pxn), x =1,
5 —7; (0., 3pxn), x =5—8, 10; (n,4pxn), x =5—7, 9; (o,',5p9n), (a,6p7n); Zr, p
spectrum; Nb, p, and a spectra; E =40—140 MeV; introduced model; calculat-

ed: der/dEp, do /dE, 0.(E ) for all measured excitation functions.

I. INTRODUCTION

During the last decade, phenomenological models for
preequilibrium decay have proven to be highly successful
in reproducing and predicting a wide range of charged
particle spectra and excitation functions induced by pro-
tons of energy up to 200 MeV on target nuclei spanning
the entire Periodic Table of the elements. '

Similar analyses of alpha particle induced reactions
have produced less satisfactory results. Recent studies of
Michel and Brinkmann, Gallagher et al. , and Ibowski
et al. , of the reactions induced by alpha particles of up to
170 MeV on targets of Co, ' Rh, and Th indicate
somewhat disappointing agreement between experiment
and calculations based on hybrid models, ' the quasifree
scattering model, ' and the modified exciton model. "
Various reasons have been suggested for this disagreement
including neglect of effects like fragmentation of the al-
pha particle and emission of preformed clusters from the
target nucleus, or limitations on the number of particles
emitted in the preequilibrium cascade.

The present work was motivated by the hope of gaining
a better understanding of the mechanisms by which an al-
pha particle interacts with the nucleus. We present here

the excitation functions of 29 reactions induced by
40—140 MeV a particles incident upon Nb which were
measured by activation techniques. These are compared
with the calculated results of a new model, called OME-
GA, which is described in detail. This model, based on
approaches we have taken previously with the exciton
model, considers five different types of interaction be-
tween the incident alpha and the target nucleus.

Reasonable reproduction of the excitation functions for
spallation residues and of charged particle spectra has
been obtained with this model. The predominant contri-
butions to the total reaction cross section have been found
to arise from mechanisms in which the alpha particle
breaks up; however, the probability of survival of the al-
pha is far from negligible as demonstrated by the continu-
ous spectrum of inelastically scattered alphas found exper-
imentally, and reproduced by the theory.

After presenting the experimental procedure and re-
sults, and a detailed description of the OMEGA calcula-
tion, Sec. IV is devoted to a thorough examination of all
the experimental data currently available. We will explore
the implications of breakup to two, or four, fragments,
and we will conclude that the proton spectra may be ac-
counted for either by binary fragmentation or by our

29 76 1984 The American Physical Society



29 MODEL FOR ALPHA PARTICLE INDUCED NUCLEAR. . .

model; however, the excitation functions measured in this
work as well as the coincidence experiments of Koontz
et al. ' are found to be better reproduced assuming a
breakup to four nucleons.

In the final sections of the discussion, we examine the
different types of spallation excitation functions and relate
them to the different fundamental interactions of the in-

cident alpha particle and the target nucleus.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Experiments at energies up to and including 100 MeV
were carried out using the extracted beam of the 88-inch
cyclotron of the Lawrence Berkeley Laboratory, at pre-
cisely determined bombarding energies. Those at the
higher energies (140 and 120 MeV) were performed simul-
taneously at the University of Maryland Cyclotron, using
an extracted 140 MeV alpha beam with copper degraders
to reduce the beam energy to approximately 120 MeV.
The total thickness of copper separating the two target
foils was 454.9 mg/cm . The target foils and beam moni-
tors were identical in both sets of irradiations. Targets
were of nominally 0.025 mm high purity Nb metal foil,
carefully weighed and cut to size to determine the average
thickness.

The beam intensity was monitored by measurement of
the cross sections of reactions induced in high purity nom-
inally 0.025 mm Al foils placed downstream of the target
in the Berkeley experiments and upstream of the first tar-
get foil in the Maryland experiments. The monitor cross
sections were, above 60 MeV, that of the Al(a, 4p3n) "Na
reaction, and below 60 MeV that of the Al(a, 2p) Al re-
action.

The average beam energy incident upon a given foil,
target, degrader, or monitor was calculated from the stop-
ping power tables of Williamson and Boujot. '4 In this
work, reference will be made to experiments at
40,60, . . . , 140 MeV, although the actual values of the in-
cident energy, after all corrections are made for beam de-
gradation, were calculated to be 39.0, 59.3, 79.2, 99.3,
119.7, and 139.1 MeV. Except for the 119.7 experiment,
the uncertainty in the beam energy is less than 1.5 MeV;
at 119.7 MeV, the uncertainty is +1.5 MeV.

After irradiation, the target and monitor foils were
analyzed using gamma ray spectroscopy. Large volume
Ge(Li) detectors (60—90 cm active volume) were used in
conjunction with 4000 channel pulse height analyzers to
record spectra over a period of about two weeks. Gamma
ray intensities were measured using standard peak fitting
routines and the decay curves analyzed through least
squares analysis. In Table I, the pertinent decay scheme
data' used in this work for the measurement of the vari-
ous spallation product residues are listed. Because of the
existence of a large number of isomers, with quite short
and quite long lifetimes, and in several cases more than
one nuclide populating a given nuclear level, several of the
decay curves, notably those of the A =68 and 87 mass
chains, are quite complex and the estimated cross section
for production of these nuclides depends quite sensitively
on the relatively small errors in the adapted values of
branching ratios, conversion coefficients, and isomeric

transitions. For this reason, wherever it appeared feasible,
more than one gamma ray was used to evaluate a given
cross section; in the case of complex chains like those
mentioned above, as many as four or five gamma rays, in-
dependently measured, contributed to a complete analysis
of an isobaric chain.

The experimental results are presented in Table II.' '
The uncertainties reported arise from three sources only:
statistical errors intrinsic to the peak height evaluation,
uncertainties coming from the decay curve analysis, and
discrepancies between independent measurements (dif-
ferent gamma rays) of a given nuclide.

They do not include systematic errors introduced from
uncertainty in the beam monitoring, the parameters of the
decay schemes, the efficiency curves for the several Ge(Li)
detectors used, or from small effects such as recoil of
products out of the target foils, or errors in the target
mass and thickness. Except at 40 MeV, the beam monitor
is thought to lead to an error on the estimated cross sec-
tions of not more than 2—3 %, the efficiency curves about
3—5%, and other effects about 1%. The principal sys-
tematic error unquestionably arises from the decay
schemes, particularly for those cases involving complex
decay curves and isomers where evaluation of the conver-
sion coefficients plays a major role. In these isolated
cases, errors of as much as 30% may be introduced.

%hile this manuscript was being prepared we became
aware of a similar set of experiments performed by Ernst
et al. ' using the stacked foil technique for up to 171
MeV alphas incident upon Nb. Their experimental cross
sections have been included in the figures where experi-
mental data and theoretical calculations are compared.
For the most part, except for a few cases which will be
noted and discussed at suitable points in the discussion of
the comparison between calculated and experimental re-
sults, the agreement between the two sets of experiments is
reasonable, generally improving as the incident energy in-
creases. ' '

III. THEORETICAL CALCULATIONS

In recent years, studies of the interaction of energetic
alpha particles with complex nuclei have indicated that as
many as five different mechanisms may be to some extent
responsible for the experimentally observed results. To be
reasonably complete, a theory must account for the yields,
angular distributions, and energy spectra of charged parti-
cles, as well as for the excitation functions of several types
of reactions like, e.g., the simple (a,2n) reaction occurring
largely by preequilibrium or direct processes, and the very
complex reactions characterized by large deposition ener-
gies, with many particles evaporated.

The five mechanisms often have no clear boundaries;
however, it is clear from experimental data that a theory
of alpha particle induced reactions must include: (1) in-
elastic scattering of the incident alpha particle by the tar-
get nucleus as a whole, leading to excitation of low lying
collective states ', (2) pick-up reactions: creation of He
or Li, followed by a breakup to a kinematically correlated
alpha particle plus a nucleon; (3) binary fragmentation
of the alpha particle' ' '; (4) dissolution of the alpha
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TABLE I. Decay characteristics of nuclides studied.

Nuclide

Na
Al

82Rbm

Rb
83S

84Rb
84Y

84Zr
86Ym

86Yg

867r
87Srm

87Ym

87Yg

87Zr
88Y

88Zr

88Nbm

89Zp
89Nbm

Nb
90Ym

"Mo

9'Mo
92Nbm

92TC

93Mom

93T m

94Tcm

"Ta

95Nbm

"Tc
95Tcg

96TC

Half-life

15.0 h
6.56 min
6.3 h

83.0 d
33.0 h
33.0 d
38.5 min

16.0 min
48.0 min
14.6 h
16.5 h
2.8 h

12.7 h
80.3 h

1.6 h
106.6 d

83.4 d
7.8 min

14.3 min

78.4 h
66.0 min
2.03 h

14.6 h
5.67 h

49.7 min
15.5 min

101.4 d
4.4 min
6.95 h

43.5 min
2.75 h

52.5 min
293.0 min

90.0 h
34.97 d
60.0 d
20.0 h
4.35 d

Gamma ray
energy, keV

1369
1273
554.3
520.4
381.5
881.5
795
975

1040
208
627.7
243
388
381
484

898
1836
393.7

1082
1057
399.4

1082
1057
399.4
909.2
588
588

1129
257.3
555.6

1637.3
934
329.3
263

1477
1363
1363
871
702.6
871
235.7
765.8
204
765.8
778

y/decay

1.0
0.892
0.70
0.47
0.60
0.734
0.95
0.72
0.55
0.94
0.325
0.96
0.80
0.74
0.92

0.943
0.993
0.973
0.573
0.90
0.426
0.979
1.0
0.315
0.99
1.0
0.93
0.92
0.776
0.949
1.0
0.973
0.78
0.58
0.983
0.80
0.66
0.94
1.0
1.0
0.975
0.998
0.662
0.93
0.991

Comment

complex

via ' Y

complex
complex

87Ym, g

v&a Tcg

particle into four nucleons in the nuclear field'; (5) in-
teraction of the alpha particle with individual nucleons of
the target nucleus, leading to a preequilibrium cascade of
alpha-nucleon scatterings; during this cascade the alpha
particle may break up to four nucleons following any col-
lision. ' ' "

There is obvious overlap between the last three process-
es in that each leads to the destruction of the alpha parti-
cle and the initiation of a preequilibrium cascade. Fur-
ther, some authors may argue the fourth and fifth mecha-

nisms may be in fact the same process, and the third
merely a special case of either. Nevertheless, because in
this work each leads to a definably different result of the
alpha particle-target nucleus interaction, we retain for
purposes of discussion the five mechanisms. For the sake
of clarity where ambiguity may arise, "fragmentation"
refers to process (3) producing two fragments, "dissolu-
tion" to process (4) in which the alpha energy is shared
only between its four constituent nucleons, and "breakup"
refers to process (5) initiated by the collision of the alpha
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TABLE II. Cross section in mb for 'Nb(a, x) measured experimentally.

82

Isomer

Rb

Nuclide 140

4.9 +0.2

120

2.3+0.7

Beam energy, MeV
100 80 60 40

83 Rb
83S

2.6 +0.3
12.9 +1.9 5.8+ 1.0

84 Rb
84Y

84Zr

2.9 10.4
7.3 +0.4
1.5 +0.3

1.8+0.3
5.8+0.3
0.9+0.2

86 86Ym

86Y&

86Y

86Zr

64.9 +2.8

49.5 +5. 1

114.4 +5.8
46.7 +1.8

27.7 k2. 1

10.5 +2.5

38.2 +3.3
14.3 +0.9

12.4 +0.4
3.9 +0.4

16.3 +0.6
1.4 +0. 1

10.4 +0.3
3.2 +0.3

13.6 +0.5

87 87srm

s7Ym

sv Yg
s7Y

"Zr

0.5 +0. 1

61.0 +5. 1

4.7 +0.9
65.7 +5.2

103.5 +6.4

1.1 + 0.5
53.3 + 2.6
9.8 k 1.9

63.1 +10.1

131.2 + 9.2

2.0 +1.0
23.1 +0.6
3.3 +0.2

26.4 +0.6
60.7 +2.2

0.38+0.16
8.0 +0.3
0.24+0.02
8.24+0.30
3.08+0.38

0.58+0.45
4.28+0. 18
0.26+0.02
4.5410.18
1.18+0.21

Nb
88Nb

88Y

Zr curn

88Nb

88Zr

41.9 + 2.6
194.0 +19.0

6.5 + 0.3
35.4 + 1.9
42. 1 k 1.9

153.9 +19.1

40.7 + 1.8
144.0 +16.0

6.8 + 0.3
22.2 + 0.8
29.0 + 0.9

115.0 +16.1

27.5 +1.4
173.0 +5.0

2.4 +0.2
30.2 +1.4
32.6 +1.5

140.4 +5.3

6.9 +1.8
37.0 +1.0

1.3 +0.7
3.0 +0.3
4.3 +0.8

32.7 +1.3

4.6 +0.06

89
89Nbm

Nb

' Zr curn

89Nb

89Zr

280.0 +10.0
4.6 + 0.3

136.9 +12.0
141.5 +12.1

138.5 +15.3

230.0 +10.0
3.5 + 0.2

124.2 + 9. 1

127.7 + 9.2
102.3 +16.9

153.0 +4.0
6.8 +0. 1

47.9 +2.8
54.7 +2.8
98.3 +5.0

216.0 +5.0
8.7 +0.5

72.5 +3.1

81.2 +3.1

134.8 +5.8

13.6 +0.4
1.05+0. 12

(1
&2.0 +1.0
11.6 +1.5

90 9oYm

"Nb
MQ

192 +16
55 +6

254 +24
90 +5

1.5 +0. 1

211 +5
63 +2

0.97+0.90
81.9 +1.4

1.87+0.28
194.0 +3.0

91 91Ym 0.40+0.22 0.78+0. 11 0.52+0.05 0.25+Q. 04

92 Nb
92TC

39.0 +1.6
9.3 +0.4

40.2 +1.7
18.0 10.6

36.1 +0.9
23.8 +2.8

33.8 +0.9
75.7 +3.6

36.1 +0.9
46.0 +0.2

18.3 +0.5

93

94

95

93Mom

93TCm

93T~

94Tcm
9

95Nbm

"Tc
Tc

"Tc

'4Tc

95Nb

"Tc

3.76+0.24
1.45+0.9

35.1 +1.4
36.55+1.4
0.57+0.31
5.0 +0.3
5.6 +0.5

7.65+0.45
2.82+0. 19

59.9 18.1

62.7218. 1

0.78+0.04
11.6 +0.6
12.4 +0.7

6.59+0.11
3.93+0.72

67.9 +2.
71.83+2.

1.20+0.07
16.6 +0.3
17.8 +0.3

0.46+0.06
0.09+0.02
0.55 +0.07

4.96+0.27
4.96+0.27

14.1 +2. 1

14.7 +1.6
121 +3.
135.7 +3.

2.94+0. 18
39.5 +0.7
42.4 +0.8

0.73+0.11
0.10+0.02
0.83+0.12
1.3 +0.2

12.9 +0.4
14.2 +0.5

91 +2
55 +10

376 +12
431 +12

10.3 +0.5
145 +24
155 +24

1.19+0.15
0.11+0.02
1.30+0.16
3.4 +0.2

38.9 +0.5

42.3 +0.5

2.01+ 0.05
1.81+ 0.40
2.6 + 0.2
4.41+ 2. 1

92.3 + 3.8

931 +17
1023 +18

1.06+0. 10
0.14+0.03
1.20+0. 11

14.4 +0.4
213 +2
227 k3

96 96TC 0.49+0.02 1.21+0.02 3.8 +0. 1 11.5 +0.2
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with an individual nucleon.
The first two mechanisms contribute chiefly to the

charged particle spectra, particularly for alpha particles,
while affecting the pattern of spallation product excitation
functions only for very simple reactions like (a,a) (a,an),
and (a,ap). The last three mechanisms, all leading to
preequilibrium cascades, are the basis of nearly all the
spallation results and the soft, isotropic, evaporation com-
ponents of the charged particle spectra, and contribute a
large fraction of the higher energy, forward peaked, com-
ponents of the spectra. Thus, this work deals mainly with
the last three mechanisms.

The calculation described below in detail, in which we
consider all five mechanisms, has been named OMEGA.
The following describes the treatment of the five mecha-
nisms, as well as other facets of the theory.

A. Inelastic scattering of the alpha particle
with the nucleus as a whole

The highest energy part of the alpha particle spectrum,
at the forward angles, shows that discrete levels of the
residual nucleus in (a,a') reactions are excited. These
have usually been attributed to inelastic scattering of the
alpha particle exciting low lying collective levels. This
high energy region usually extends to a broad peak corre-
sponding to excitation of the isoscalar quadrupole reso-
nance ' which in the case of Nb is at about 14 MeV.
This mechanism comprises at most a few percent of the
total reaction cross section. For purposes of this work, no
attempt was made to evaluate the probability of inelastic
scatterings leading to discrete states. Rather the following
assumption was made: Inelastic scatterings lead to the
formation of Nb, excited to all energies up to that of the
isoscalar giant quadrupole resonance (IGQR), with equal
probability, i.e., with a uniform distribution of excitation
energy from 0 to 14 MeV. Further, the nucleus is allowed
to undergo evaporation in the usual fashion.

B. Pick-up reactions: 5He and 5Li

At the extreme forward angles of the (a,a') energy
spectrum, Chevenert et a/. interpreted their experiment
data as arising from the breakup of He (or Li) formed in
pickup reactions. Subsequent coincidence measurements
of Brown et al. on kinematically correlated a+ neutron
pairs have confirmed this mechanism and allowed an
evaluation of its magnitude. (Owing to the effect of the
Coulomb barrier, the analogous pickup of a proton pro-
ducing Li is expected to have a much smaller cross sec-
tion. ) From these kinematic studies of the coincidence
data, it may be concluded that the residual nucleus to a
large extent plays a spectator role in these interactions, be-
ing excited only to low energy. Brown et al. have found
the pickup mechanism producing He to account for -30
mb of cross section for an alpha energy of about 90 MeV
on heavy nuclei. The total reaction cross section for Nb
is greater than 1500 mb; thus production and breakup of
He accounts for -2% of all events and contributes only

to the (a,an), and to a small extent to the (a,ap) spalla-
tion reactions. Since neither of these reactions was mea-

sured in this work, this mechanism is ignored in the
OMEGA code. These first two of the five mechanisms
taken together comprise about 5% of alpha particle-target
nucleus interactions; they are discussed in Ref. 24, and are
not treated further in this work.

C. Binary fragmentation

The third mode of interaction between the alpha parti-
cle and the target nucleus mainly leads to emission of a
fragment of the alpha at forward angles with a velocity
corresponding to that of the incident beam. Holmgren
and co-workers' ' ' interpreted this result as suggesting
a fragmentation of the alpha into two pieces in a peri-
pheral interaction with the nucleus. Studies of fast
particle-fast/slow particle coincidences, specifically of the
energy distribution of emitted particles, concluded that
the complement of the observed fragment is most likely
absorbed by the target nucleus; the resultant excited sys-
tem undergoes deexcitation partly by the preequilibrium
cascade, but mainly by evaporation. ' '

There are three possible modes of binary fragmentation
of an a, to n+ He, p + t, and d + d. The energy distribu-
tions of d, t, and He were found20, 23 to be approximately
Gaussian in shape, with a mean centered about the beam
velocity, and a variance which increases with increasing
beam energy. In this work, the yields of d, t, and He
have been estimated from these studies of the Maryland
group ' on 80 and 160 MeV a incident upon Zr.
These have been assumed to be the signature of a binary
fragmentation process. Simple linear interpolation of the
experimental data was used to determine the relative prob-
ability and the energy distribution of particles emitted in
these fragmentation processes at other incident energies.

A determination of the yields of the three binary frag-
mentation processes according to the procedure described
above suggests that the events leading to emission of one
fast particle with essentially beam velocity in the forward
direction with absorption of the complementary fragment
comprise a minor fraction, of the order of 10%, of the re-
action cross section. This is a different interpretation of
the same experimental data than that concluded by
Holmgren and co-workers' ' ' who based their estimate
of the fragmentation process on the yield of high energy
protons. We return to these differing interpretations in
Sec. IV A.

D. Dissolution of the alpha particle to four nucleons,
in the nuclear field

This process occurs most likely at the nuclear surface.
The assumption has been made that the alpha energy may
be divided among the four nucleons with equal probability
in all possible ways, in analogy with the equiprobability
hypotheses of earlier exciton model studies. ' The disso-
lution of the alpha particle originates a preequilibrium
cascade of nucleon-nucleon interactions. In order to
evaluate the absolute cross section of this reaction rnecha-
nism, the spectrum of highest energy protons is calculated
and normalized to that measured. En fact, it should be
noted that this mechanism is, in these calculations, the
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primary source of the protons observed experimentally to
have essentially the full beam energy.

Estimates of the cross section for this process have
come from studies of 42 and 54.8 MeV a's incident upon

Nb (Refs. 27 and 28) and 140 MeV a's on 9 Zr. It is
found that this process accounts for about 500 mb of cross
section at E =50 MeV, decreasing to 250 mb at 140
MeV. This energy dependence is consistent with a simple
picture of the interaction. The impulse acting on the al-
pha is the product of the gradient of the nuclear potential
times the interaction time of the alpha with the nucleus.
The nuclear potential is relatively independent of the al-

pha energy. The interaction time, however, is proportion-
al to l/v and therefore to E '~, roughly in keeping with
the observed decrease. The cross sections for the dissolu-
tion of an alpha particle to four nucleons, at the other
considered incident energies, was estimated by simple
linear interpolation.

E. Alpha-nucleon collisions

This mechanism, including both multiple alpha scatter-
ings and events in which the alpha breaks up to four nu-
cleons, constitutes 60—70%%uo of the total reaction cross
section. Following interaction of the alpha particle with
an individual nucleon of the target nucleus, one of three
things may occur: (a) the alpha particle may be reemitted
to the continuum; (b) the alpha may break up to four nu-

cleons; (c) the alpha particle may undergo further scatter-
ings with other nucleons in the nucleus. A11 three possi-
bilities are considered.

The spectrum of alpha particle energies following col-
lision with a nucleon has been evaluated from alpha-free
nucleon scattering dynamics, details of which have been
published. Briefly, a nucleon is randomly selected from
a Fermi momentum distribution, and the final state con-
figuration is determined using free particle interaction
cross sections. The Pauli exclusion principle is invoked to
forbid those collisions leaving either particle with an ener-

gy less than its Fermi energy since no such final states are
available. This configuration is then used as the initial
state for an otherwise conventional preequilibrium exciton
model calculation.

Emission of the alpha to the continuum is evaluated as
is customary from consideration of phase space and in-
verse cross sections. Specifically, the decay rate for emis-
sion to the continuum following the ith collision,
Wc (E, )dew, is assumed to be, in analogy to emission
rates for nucleons evaluated in the exciton model, '

Wc (E,E~)dE~= 2 3 p~E~CT;„„(E~) dE~,
ga

where E is the excitation energy of the emitting nucleus;
e~ is the kinetic energy in the continuum of the alpha; (M~

is the reduced mass of the system; o;„„is the inverse cross
section taken from the optical model; P;(e,e ) is the spec-
trum, normalized to unity, of a particles, following the ith
collision. The initial alpha energy, e, is measured from
the bottom of the well, and g is the alpha particle state
density, from Ref. 24.

If the alpha particle is not emitted from the nucleus fol-

lowing the ith collision, it may either breakup or undergo
further scattering. These two processes, being comple-
mentary, are evaluated simultaneously.

The total decay rate, W,"„(E),for further alpha-nucleon
collisions has been evaluated using the imaginary part of
the a optical potential. This total decay rate includes both
scattering and breakup, and is given by

W',g(E)= fP;(e,e )vpo N(e )de

taken to be approximately

where W,~, (e~) is the depth of the imaginary part of the
optical potential for an alpha with energy e, ' v is the
velocity of the alpha, p is the nuclear density, cr N is the
average alpha-nucleon scattering cross section in nuclear
matter, and P;(e,e ) is defined above.

In previous work, the probability of breakup was usual-
ly taken to be a free parameter. ' '

In this work, we have explicitly defined the breakup
probability as a function of energy. We make the follow-
ing evaluation:

W,'„(E)= Wb„(E)+ W," (E),
where 8'b„and W, are the breakup and scattering decay
rates, respectively. Further,

Wb„(E)=kW," (E),
the ratio, k, is evaluated explicitly as

k= 0 inelastic aN

elastic aN

where o.;„,~„„c N and o.,~„„c N are the inelastic and elastic
a-nucleon scattering cross sections evaluated for that rela-
tive center of mass energy in free space which is equal to
the average energy of the alpha-nucleon pair in nuclear
matter. Thus the assumption introduced in this work is
that an a particle interacting with a nucleon in the nu-
cleus, at a given center of mass energy, has the same prob-
ability of undergoing inelastic scattering, i.e., breakup as it
would if the interaction had occurred in free space. In
practice, in the OMEGA calculation, k is evaluated for an
alpha-nucleon relative energy averaged over the nucleon
momentum distribution. During the calculation of
scattering or breakup probability, other possible modes of
decay of the composite system are ignored. (See below,
Sec. III G.)

In the series of equations above for the various decay
rates, the only quantity remaining to be evaluated is the
energy spectrum of alphas following the ith collision.
This is determined by a folding procedure.

The energy spectrum of alpha particles following a sin-
gle collision, P&(e~, e~), is, as stated above, calculated from
alpha-nucleon free scattering kinematics. The shape of
the spectrum following collisions subsequent to the first is
generated by

P((t, e(z)= fP; )(F,e'~)P](E~, e~)dE~

This concludes a discussion of the quantities necessary
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to evaluate the probability of occurrence of each of the
three most probable decay modes after the interaction of
the alpha with a nucleon in the target nucleus. Evaluation
of these three decay rates allows the tracing of the pre-
equilibrium cascade. While the results of this approach
are discussed in detail in Sec. IV, it is worth summarizing
the preequilbrium calculation in concise form since pro-
cesses initiated by an alpha-nucleon collision constitute
60—70% of the total reaction cross section. Of such pro-
cesses, about 60—75% of the time the alpha particle will
eventually break up with the percentage slowly increasing
over the energy range from 40—140 MeV. The probabili-
ty of alpha reemission again increases with increasing in-
cident energy from 10% to 25% of the events beginning
with an alpha-nucleon collision. The probability of the al-

pha undergoing multiple scatterings without breakup or
emission, until its energy is smaller than the Coulomb bar-
rier, decreases from the order of 30% at the lowest ener-
gies, to less than 5% at the highest.

Overall, the five mechanisms described above contribute
to the total reaction cross section for 40 to 140 MeV a' s
on Nb approximately as follows: (1) inelastic scattering
(-5% at all energies); (2) pickup reactions (-2% at all
energies); (3) binary fragmentation (-10% at all energies);
(4) dissolution in the nuclear field (decreasing with energy
from 30% to 15%); (5) alpha-nucleon collisions (reemis-
sion of alpha increases with energy from 5% to 20%,
breakup of alpha increases with energy from 35% to 50%,
multiple scattering only decreases with energy from 15%
to O%%uo).

F. Evaporation: Angular momentum effects

In this work, we considered the effect of angular
momentum imparted to the nucleus, during the preequili-
brium cascade, on the evaporation of particles from the
excited composite nucleus. Although the procedure
adopted is a simplified one, it is clearly an improvement
on our earlier works in which the angular momentum
of the decaying system played no role.

During the preequilibrium cascade, it is assumed that
the angular momentum of a particle emitted either in a
first chance preequilibrium event, or following the disso-
lution, fragmentation, or breakup of the alpha particle, is
completely aligned with that of the incident particle. The
resulting value of the angular momentum of the residual
system is the difference between the incident and emitted
particle angular momenta. The assumption of perfect
alignment somewhat overestimates the average angular
momentum removed by the emitted particle. To partially
compensate for the error thus introduced, the assumption
is made that a second preequilibrium emission does not af-
fect the angular momentum of the excited nucleus.

When the system reaches equilibrium, its rotational en-

ergy is calculated using the rigid body moment of inertia.
The assumption is then made that particle evaporation is
forbidden if the excitation energy of the emitting nucleus
is less than the sum of the binding energy, Coulomb ener-

gy, and nuclear rotational energy. Thus evaporation is
forbidden to states of the residual nucleus which lie below
the yrast level.

If serious errors were introduced by this highly approxi-
mate procedure, they would likely result in poor reproduc-
tion of the excitation functions near the threshold where
evaporation from a compound nucleus is the chief mecha-
nism of production. Such a systematic error does not in
fact exist so the approximations would seem to be justified
a posteriori and should not affect the mechanistic con-
clusions we reach for the wide range of reactions studied
in this work.

G. Procedure of the calculation

Of the five mechanisms for the interaction of an alpha
particle and a target nucleus listed above, the last three
lead to preequilibrium cascades each having a different in-
itial configuration. Binary fragmentation, as we have
used the term in this work, leads to two fragments, one of
which is absorbed by the target nucleus. For example,
fragmentation to p and t, followed by absorption of the
triton leads to a cascade whose initial configuration is 3
particle-0 hole, with an excitation energy distribution
which is roughly Gaussian and centered about three-
fourths of the beam energy. In the discussion of the alter-
native interpretations of the experimental charged particle
spectra and coincidence data in Sec. IV, we examine the
consequences of this starting configuration on the agree-
ment between theory and experiment, particularly for the
(a,2n) excitation function.

Dissolution of the alpha particle into four nucleons in
the nuclear field produces an initial configuration of 4pOh
with the beam energy (corrected for the Q value and
center of mass motion) converted to excitation energy.

Collision processes between the incident alpha and a nu-
cleon of the target nucleus lead to initial configurations of
lalplh if the alpha survives collision or Splh if breakup
has occurred.

Once one alpha particle is emitted during the pre-
equilibrium phase, subsequent emission is assumed to
occur by evaporation. If the alpha is emitted after only
one or two scatterings, it retains most of its initial energy;
the residual nucleus is excited to relatively low energy. If,
on the other hand, the alpha is emitted after many scatter-
ings, the residual nucleus has its energy distributed among
many particles and holes. In neither case is it likely that
further preequilibrium emission occurs.

During the cascades which follow the breakup of the al-

pha particle into its constituent nucleons, the possibility of
interaction with performed alpha clusters in the nucleus is
allowed, just as in our earlier exciton model calcula-
tions, ' ' and with the same preformation constant.
The only process not considered is one in which the in-
cident alpha encounters a preformed alpha cluster. Such a
process is unlikely to be more than a minor contribution
to the overall reaction cross section.

In computing the relative probabilities of a emission,
n-nucleon scattering, or breakup, at any stage of the cal-
culation, the decay modes of the composite system relat-
ing to the struck nucleon are ignored. These include the
decay rate for emission to the continuum and for
nucleon-nucleon interactions. In fact, the nucleon ac-
quires a quite small energy; consequently, its emission rate
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is small and the Pauli principle contributes to its low in-
teraction rate. None of these approximations, which
greatly simplify the calculation and reduce computation
time, affect the results in any appreciable way.

At each energy, approximately 20000 cascades were run
giving a practical limit to the excitation function calcula-
tion of 0.1 mb with a 100% error. The other input data
of the calculation (binding energies, level densities, pairing
energies, etc.) are identical to those used in the earlier ex-

clton model calculations. FOI' complete 11stlngs and dIs-
cussion, see Ref. 3.

IV. DISCUSSION

A. Breakup and fragmentation processes

Before proceeding to a comparison of the results of the
OMEGA calculation with experiment, it is worth examin-
ing the model we present, and specifically, considering its
interpretation of processes involving the breakup of the in-
cident alpha particle. Our model leads to an interpreta-
tion different from that of Holmgren et al. ' ' ' of the
mechanism of alpha-nucleus interaction. Specifically it is
felt that their experimental results do not necessarily im-

ply that the major part of the proton yield (the dominant
component of the fragment yields) is due to a process of
binary fragmentation. Rather, as suggested above (Sec.
IIIC), and in agreement with the calculations of Baur
et al. , the yields of d, t, and He were taken as
representative of binary fragmentation while we assumed
tllc bulk of tllc plotoll yield allscs f10111ploccsscs ill which
the alpha breaks up to four nucleons.

%e will compare the two approaches while considering
three specific experimental results strongly dependent
upon the mode of breakup of the alpha particle. These in-
clude (1) the angle inclusive proton spectra, (2) the excita-
tion functions of the "simple" reactions, e.g., (a,xn) of
which the (a,2n) is discussed in detail below, and (3) the
charged particle coincidence studies of Koontz et a/. not
previously discussed in detail in this work.

IPotoPf sp8cftQ

Experimentally, it was found that, at forward an-

gles, the proton spectrum shows a broad peak centered
about one-quarter of the incident alpha energy. This re-
sult was interpreted as suggesting a two body breakup pro-
cess; however, if one considers the breakup of the a into
four nucleons, and invokes the equiprobability hypothesis
discussed above (Sec. III D), the energy distribution of the
proton emitted just after the breakup may be directly
evaluated. Accounting for the availability of states, in-
verse cross sections, and phase space, the spectrum takes
the shape of the product U acr;„„(e),where Uis the excita-
tion energy of the residual nucleus, and e is the proton en-

ergy. Neglecting the energy dependence of the inverse
cross section, this spectrum peaks at an energy one-third
the maximum possible proton energy. Taking account of
Q values, for incident a energies of 80 and 160 MCV on

Zr, the peaks occur at 23.4 and 48.9 MCV, respectively;
however, at these energies, emissions occurring later in the

cascade cannot be ignored. Since the exciton configura-
tion is moving toward equilibrium, later emission tends to
reduce further the energy at which the proton spectrum
peaks.

Although angles are not considered explicitly in the
OMEGA calculation, it is clear that emissions coming
later in the cascade have lower average energies and larger
angles with respect to the beam direction. This is in keep-
ing with the experimental results. ' ' Therefore, it is felt
that while a process of binary fragmentation can be used
to explain the features of the proton spectrum, the experi-
mental data currently available do not rule out an alterna-
tive interpretation. A more complete discussion of the
proton spectra calculated in this work appears in Sec.
IV B.

2. The (a,2n) excitation function

If, in a binary fragmentation process, a neutron carries
away about a quarter of the total available energy, the
I'csidUR1 nUclcUs is left in R simple configuration with con-
siderable excitation energy. There is then a substantial
probability of emission of a second fast neutron, i.e., a
non-negligible probability of deexcitation by a (a,2n) reac-
tion. Note that, at 160 MCV, the emission of two fast neu-
trons is the only reasonable mechanism for (a, 2n); any
evaporation removing relatively low energy particles will
almost certainly lead to emission of more than two parti-
cles. A calculation has been made of the contribution to
the cross section of the processes in which the first neu-
tron is emitted in a binary fragmentation, and the second
during the intranuclear cascade following absorption of
the complementary He by the target nucleus, assuming
that the total yield for binary fragmentation to a neutron
is equal to that for a proton, taken from data of Wu
et al. for 80 and 160 MCV alphas incident upon Zr.
Simple linear extrapolation was used between the energy
extremes. Making a different assumption, one with a rap-
idly increasing probability of breakup to a saturation value
at energies near 160 MeV, leads to larger cross sections
than those calculated below.

Tllc cllclgy dlstrlbutlons of thc llclltloll fragment werc
taken to be identical to those of protons measured at 80
and 160 MeV, except for Coulomb barrier effects, again
with linear interpolation of the mean and variance of the
Gaussian shape bctwccn encl gics.

The results obtained from this calculation using both a
3pOh (2m lv) (line 1) and 4plh initial configuration proper-
ly weighted as to protons and neutrons (line 2) are com-
pared in Fig. 1 with the experimental results' * ' and the
results of the OMEGA calculation. Presumably a more
realistic estimate of this contribution would be somewhere
between the two extremes. Taking into account that con-
tributions from other alpha-nucleus interactions have not
been included, this comparison shows that assuming a
cross section for binary fragmentation of the magnitude of
that estimated by Holmgren et aI. would lead, at high in-
cident energies, to noticeably poorer agreement with the
experimental (a,2n) excitation function than that calculat-
ed in this work. Analogous results have been found to
hold for the Co(a, 2n) reaction.
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FIG. 1. Excitation function of the Nb(a, 2n) Tc reaction.
Data points are from this work 0; )&, Ref. 37; 4, Ref. 38; ~ —.,
Ref. 18. The dashed line is the result of the OMEGA calcula-
tion. Lines 1 and 2 have been calculated in the hypothesis of
binary fragmentation of the alpha with the assumptions dis-
cussed in the text.

3. Coincidence measurements

A coincidence study on the interaction of 140 MeV a' s
with Zr by Koontz et al. ' revealed that in coincidence
with a fast proton at a given forward angle, the predom-
inant charged particles are protons and alphas of "low en-
ergy" (E &20 MeV) strongly peaked at small angles with
the beam axis. The preponderance of fast particle-slow
particle coincidences relative to fast particle-fast particle,
and the forward angle peaking of coincident, mainly slow,
particles, form the basis of a test of the consequences of
the various modes of breakup of the alpha particle.

The first attempt to fit the data was made using the
mechanism of "absorptive fragmentation" (called binary
fragmentation with absorption of one fragment in this
work and Refs. 12, 20, and 23) which is suggested to pro-
vide a reasonable explanation of the data. The fast proton
energy spectrum was taken from Ref. 20. This served to
define the excitation energy distribution of the composite
nucleus after absorption of the complementary triton. A
standard preequilibrium-evaporation calculation was then
performed to specifically evaluate the multiplicity of slow
(E &20 MeV) and fast (E & 20 MeV) particles emitted in
coincidence with the fast proton.

A calculation from a starting configuration of 3pOh
(lm2v) yielded the following multiplicities: from evapora-
tion of protons plus alphas, 0,48 particles/event; from
preequilibrium processes, fast protons, 0.40, and slow pro-
tons, 0.17. Overall, the ratio of slow to fast charged parti-
cle emission in coincidence with a fast proton is
(0.48 + 0.17)/0 40=1.6. One must, however, take into ac-

count that the fast protons from the preequilibrium cas-
cade following t absorption are predominantly concentrat-
ed within a relatively small cone concentrated about the
triton direction, while the slow particles, and certainly
those coming from evaporation, are not expected to be as
highly correlated with the fast proton. Thus it may be
concluded that in the forward direction, fast-fast coin-
cidences should predominate over fast-slow ones. These
results are in clear disagreement with the experimental
data.

The disagreement is reduced if absorption of the triton
is assumed to take place in conjunction with one interac-
tion with a nucleon. This creates a 4plh initial configura-
tion, properly weighted as to protons and neutrons. Since
the excitation energy is divided among more excitons, the
incidence of fast particle emission is thereby reduced. The
multiplicities calculated are the following: evaporation,
0.74; preequilibrium decay, 0.23 fast protons and 0.18
slow protons. Overall, the ratio of slow to fast particles is
(0.74+0.18):0.23=4. However, as in the previous case,
secondary fast particles are still strongly correlated with
the primary proton and in the forward direction, the num-
ber of fast-fast coincidences is expected to be of the order
of fast-slow ones.

A calculation was then performed using the alternative
interpretation of the alpha-nucleus interaction proposed in
this work. In this case, the calculation was "gated" on
events in which there was a first chance preequilibrium
emission of a proton and the multiplicities of subsequent
preequilibrium and evaporative emission of charged parti-
cles evaluated. In this case, the results were as follows:
slow protons (from preequilibrium plus evaporation),
0.040+ 1.085=1.125; fast protons (from preequilibrium
plus evaporation), 0.0367+ 0.0095=0.0462. The ratio of
slow to fast coincidences is greater than 24. This value is,
in fact, a lower limit; evaporated alphas, a small, but non-
negligible component, were not included. It is clear from
these numbers that even if one allows a more forward
peaking of the secondary fast particles, the fast proton-
slow charged particle coincidences will always predom-
inate over fast-fast coincidences in keeping with the exper-
imental data. "

The OMEGA calculation also accounts for the predom-
inance of coincidences occurring between the fast proton
and slow charged particles in the forward direction. The
predominance of emission of slow particles in this direc-
tion is expected to arise from the mismatch between the
high angular momentum of the incident a, 1~, and the
low angular momentum of most of the emitted particles
(mainly nucleons of energy considerably lower than that
of the a). As a consequence it is estimated that the last
evaporated particles should have an angular momentum
considerably aligned to 1 ~ (Ref. 39) and they will be emit-
ted isotropically in a plane perpendicular to 1 . Since 1

can be rotated about the beam direction, the only outgoing
particle directions common to all the planes are forward
and backward with respect to the incident a direction.
Then, we estimate that the fast preequilibrium particles
and approximately one-half of the last evaporated parti-
cles will be concentrated in the forward cone. A detailed
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calculation more approximate than those cited above sug-
gests that the average number of coincident particles in
the forward cone (corresponding to one steradian) would
be about three times greater than coincidences out of this
cone, in qualitative agreement with experimental findings.

B. Comparison of calculated results with experiment

The comparison of the results calculated using the
OMEGA model described above with experimental results
of several authors, including those of this work, is divided
into five parts. These are the following: (a) alpha particle
spectra; (b) proton spectra; (c) simple reactions, e.g. ,
(a,xn); (d) alpha emission reactions, e.g. , (a,axn); (e) com-
plex reactions, e.g. , (a,xaypzn). Specific examples of each
are treated below.

I. Particle Spectra

a. Alpha particle spectrum: Nb(a, ot'X) at 54.8 Me V
(Fig 2). T.his spectrum, which has been analyzed in Ref.
24 is included here for completeness. The experimental
work is that of Chevarier. The spectrum was measured
only for angles greater than 30', hence it is unlikely that
pickup processes involving He or Li contribute appreci-
ably; however, two major, and several minor, components
comprise the angle integrated spectrum.

The dominant process in the alpha particle spectrum of
Fig. 2 is seen to be alpha emission following collision with
one to four nucleons (full lines 1 to 4). The line labeled g
is the sum of all such interactions in which the alpha is
reemitted to the continuum following one or more scatter-
ings. A small peak in the experimental data, labeled
IGQR, indicates excitation of the isoscalar giant quadru-
pole resonance. In the calculation of this spectrum, this
mechanism was ignored; however, excitation of this mode
was later included, as described above, in the OMEGA
calculations of the excitation functions. For further dis-
cussion concerning the preequilibrium portion of the spec-
trum and the calculation of alpha particle angular distri-
butions, see Ref. 24.

The dashed line at low energies arises principally from

evaporation of alphas from equilibrated nuclei with a
small additional component of preequilibrium emission of
alpha clusters. Evaporation is somewhat overestimated
with consequences observable in some of the excitation
functions. These will be noted below.

b. Proton spectra: Nb(a, pX ) at 42 and 54.8 MeV
and Zr(a, pX ) at 140 Me V. The experimental angle
integrated proton spectra measured by West, Chevarier
et al. , and %u et al. are compared with the calculated
preequilibrium component, for seen by the OMEGA
model, in Fig. 3. There are three major contributions to
each calculated spectrum which fit the experimental data
extremely well.

The first is from dissolution of the alpha particle to
four nucleons in the nuclear field. This mechanism cou-
pled with the assumption of equiprobability of population
of available final states controls both the magnitude and
the shape of the high energy portion of the specturm.

The other two components result from interactions of
the alpha with individual nucleons. Either a struck pro-
ton may be directly emitted, or, following one or more
collisions the alpha may breakup with subsequent proton
emission. This mechanism, described in Sec. III E, contri-
butes chiefly to the intermediate and lower energy regions
of the spectra.

2. Spallation excitation functions

Before proceeding to a study of individual reactions, it
is worth considering the overall picture of spallation
events. As previously indicated, roughly 60—70%%uo of the
total cross section at all energies arises from events involv-
ing the collision of the incident o, with individual nu-
cleons. The cross section of this process is indicated by
crit. In Fig. 4 the percentages of different processes which
comprise o.z are portrayed. In some cases, the incident al-
pha is reemitted after one or more collisions with nu-
cleons. This process is labeled a,a. Lines 1 —5 indicate
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FIG. 2. The spectrum of alpha particles emitted in the
Nb(a, atX . . ) reaction at S4.8 MeV. The experimental data,

, are from Ref. 28. The full and dashed lines are the results of
calculations (see text).

FIG. 3. Comparison of experimental proton spectra from a
bombardment of Nb at 42 MeV (Ref. 27) and S4.8 MeV (Ref.
28), respectively, (a) and (b), and Zr at 140 MeV {Ref.26), {c),
full line, with the results of theoretical calculations, histograms.
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FR&. 4. The percentages of the various mechanisms which

comprise o~ (see text) are shown as a function of the incident al-

pha energy. The various lines are defined in the text.

events in which the alpha particle breaks up to four parti-
cles following 1 —5 scatterings with nucleons. The line g
represents the summation of all such processes. Finally, if
the alpha survives several collisions intact, its energy even-
tually becomes less than the Coulomb barrier. After some
time, breakup occurs and the resultant excited system will
undclgo cvaporatlon. This pI'occss 18 labeled CN; howev-
er, compound nucleus production also includes those
events in which the alpha breaks up during the preequili-
brium phase, after, for example, one collision, if no one of
the resultant nucleons is subsequently emitted before
equilibration. Obviously the probability of formation of
the compound nucleus decreases with increasing incident
energy owing to the increased probability of emission of
one or more fast preequilibrium particles. While most of
the preequilibrium yield of alphas is due to the mecha-
nism a,a' above, some alphas are emitted as a result of
the interaction of preequilibrium nucleons with preformed
alpha clusters in the target nucleus.

The most likely single process at all energies is the
breakup of the alpha particle following a single collision.
Th1s process 1ncrcRscs with lncrcas1ng cnclgy ow1ng to thc
increasing cross section for inelastic scattering between an
alpha and a free nucleon with increasing center-of-mass
energy. (Sec. IIIE.} The relative constancy of breakup
following 2 —5 collisions is fortuitous. The probability of
multiple collisions occurring increases with energy, but
the probability of alpha breakup after several collisions is
small, owing to a decreasing inelastic scattering cross sec-
tion. The two trends tend to cancel out.

Overall, breakup processes are seen to dominate events
initiated by an alpha-nucleon collision, accounting for
60—70% of crz. Since a substantial amount of the
remainder of the total reaction cross section comes from
dissolution of the alpha to four nucleons in the nuclear
field, spallation events are seen to arise predominantly
from mechanisms in which the alpha particle breaks into

its constltucnt nucleons, 1nlt1atlng R precquilibriuIQ cas-
cade.

a. Nb(a, xn } Tc reactions (Figs 5.—8). The exci-
tation functions for the 'Nb(a, 1 —5n) reactions are com-
pared with the calculated results of the OMEGA calcula-
tion in Figs. 5 —8. The (a,n) excitation function at ener-
gies above 30 MeV is almost entirely (&90%) due to
events in which the alpha particle dissolves to four nu-
cleons in the nuclear field with subsequent emission of a
single fast neutron. This reaction may be considered the
neutron equivalent to the events defining the high energy
region of the proton spectrum described above; taken to-
gether, they provide justification of the mechanistic as-
sumption and the equiprobability hypothesis of energy
partition. Other mechanisms considered here fail to
reproduce the slope of the experimental data. Breakup of
the alpha following collision with a nucleon produces a
division of the incident alpha energy among too many ex-
citons. Emission of a single fast neutron with no subse-
quent evaporation is much less probable than that experi-
mentally observed. An increasingly significant fraction of
reactions leading to 2—5 neutron emission comes from
breakup following one or more collisions; for example, the
peak region in the (a, 5n) reaction results from roughly
equal contributions (15+10 mb} from six reaction paths:
compound nucleus, dissolution in the nuclear field, and
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FIG. 5. Comparison of experimental and calculated excita-
tion functions for the reactions 9 Nb(a, u)9 Tc, (b), and
9'Nb(a, 2n)9'Tc, (a). Here and in most of the fol)owing figures,
the represent the experimental cross sections from this work
and the dashed line is a smooth line through the data of Ref. I8.
The solid line is the result of the calculation. Other experimen-
tal values are from Ref. 37, X, and Ref. 38, 6.
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FIG. 8. Comparison of experimental and calculated excita-
tion functions for the reaction Nb(a, 5n) Tc. The experimen-
tal data are from this work, ~. The results of the calculation are
represented by the full line.

FIG. 6. Comparison of experimental and calculated excita-
tion functions for the reaction Nb(a, 3n) Tc. The experimen-

tal data are from Ref. 18, dashed line; Ref. 37, )&; Ref. (38), Q;
and this work, ~. The results of the calculation are represented

by the full line.
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FIG. 7. Comparison of experimental and calculated excita-
tion functions for the reaction Nb(a, 4n) 'Tc. The experimen-
tal data are from Ref. 18, dashed line; Ref. 38, 4; and this
work, ~. The results of the calculation are represented by the
full line.

breakup following one, two, three, or four collisions.
Agreement between experimental data and the OME

GA calculation (the full line in all the figures) is quite
good for all (a,xn) reactions, the only discrepancy appear-
ing with the (a, 4n) experimental data measured in this
work. In this case, the calculation agrees reasonably well
with the data measured by Ernst and co-workers. ' The
origin of the discrepancy between the two sets of data is
not clear.

b Nb(a, p. 6n) Mo and Nb(a, 2p) Nb reactions (Fig
9). The calculated values of the cross section for the
(a,p6n) reaction underestimate the yields measured in this
work by about 30% while agreeing with those of Ernst'
at the higher incident energies. Most of the yield comes
from evaporation with, at most, the emission of one pree-
quilibrium particle at higher energies. Taken together
with the generally good reproduction of the excitation
functions for the (a,xn) reactions, this suggests that the
evaluation of the probability of compound nuclear and
simple one particle out preequilibrium events by the model
is quite successful.

The absolute values of the cross sections for the (a,2p)
reaction peak at 1 —2 mb decreasing to about 0.5 mb at
the highest energy. Thus these events occur with a proba-
bility of about one in two thousand. Given the random
statistical nature of the calculation the agreement between
theory and experiment is not unreasonable.

The mechanism is almost entirely the preequilibrium
emission of two pmtons. A detailed analysis af the OME-
GA results shows roughly equal contribution from four-
particle dissolution in the nuclear field and breakup fol-
lawing the first collision with a nucleon; no other mecha-
nism accounts for more than 1 —.2% of the yield at any
energy. In both cases, essentially all of the energy of the
incident alpha is removed by emission of two fast protons;
there is little or no contribution from evaporation.

c. Nb(ct, 2pxn) "Nb reactions (Figs ZO and l1). .
From the mechanistic point of view, some of the most in-
teresting results of the OMEGA calculation are for the
(a, 2pxn) reactions, a major component of which is the
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FIG. 11. Comparison of experimental and calculated excita-
tion functions for the reaction 'Nb(a, 2p6n)' Nb. The experi-

mental data are from this work, ~. The results of the calcula-
tion are represented by the full line.
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FIG. 9. Comparison of experimental and calculated excita-
tion functions for the reactions Nb(a, p6n) Mo, (a), and
'Nb(a, 2p) Nb, (b). The experimental data are from this work,

filled and open dots, and Ref. 18, dashed line. The results of the
theoretical calculations are the full lines.
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FIG. 10. Comparison of experimental and calculated excita-

tion functions for the reactions Nb(a, 2p5n) Nb, (a), and

Nb(a, 2p7n) Nb, (b). The experimental data are from Ref. 18,
dashed lines, and this work, ~. The results of the calculations
are represented by the full lines.

(a,ax —2n) reaction. The first peak arising mainly from
evaporation of alphas is somewhat overestimated, the
second coming from long evaporation chains including
emission of two protons is reproduced satisfactorily.

Because of the complexity of these reactions, it is worth
taking the particular case of the (a, 2p5n) reaction, and
considering its component parts in some detail. (See Fig.
10.) In the first peak (energetic considerations require
emission of an alpha particle), less than 20%%uo of the cross
section results from events in which the incident alpha is
reemitted. About 75% comes from production of a com-
pound nucleus with evaporation of an alpha and three
neutrons, the remainder being accounted for by preequili-
brium processes emitting a nucleon. Most of these com-
pound nucleus reactions originate in events in which the
incident alpha particle disintegrates either in the nuclear
field or following one or more collisions with nucleons.

At the energy of the first peak (-60 MeV), preequili-
brium emission of a fast neutron virtually eliminates, for
energetic reasons, the possibility of evaporation of suffi-
cient further particles to produce the (a,a3n) product.
Turning to the second peak around 110 MeV in the same
reaction, the OMEGA calculation suggests different
mechanisms of production.

Reemission of the incident alpha continues to account
for slightly less than 20%%uo of the reaction cross section.
Evaporation of individual nucleons from a compound nu-

cleus formed either following alpha particle dissolution in
the nuclear field or in alpha-nucleon collisions is the main
contribution. After the second maximum, the contribu-
tion from processes in which a preequilibrium nucleon is
emitted increases with energy.

In this reaction, as well as in the other (a,2xpn) reac-
tions, the contribution of interactions in which the in-

cident alpha particle is reemitted is approximately in-

dependent of energy: the cross section corresponding to
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this process is -40+10 mb in the case of the (a, 2p5n) re-
action from 55 to 140 MeV, -20+10 mb in the case of
the (a, 2p6n) reaction from 70 to 140 MeV, and —10+3
mb from 90 to 140 MeV in the case of the (a,2p7n) reac-
tion.

Thus in the valley between the two peaks, -50% of the
total yield in the case of (ct,2p5n) and (a, 2p6n) reactions
and 30% in the case of the (a,2p7n) reaction comes from
preequilibrium reemission of the incident alpha particle.
It reflects the probability of alpha-nucleon collisions with
transfer of some tens of MeV to the nucleus and reemis-
sion of the alpha. In turn, this arises from the kinematics
of alpha scattering with free nucleons used to determine
the nuclear configuration after scatter. (See Sec. IIIE.)
Thus, in neither the first nor the second peak of these ex-
citation functions is the preequilibrium emission of the in-
cident alpha particle the dominant mechanism. However,
it is the principal mechanism at intermediate energies
where formation of a compound nucleus leads to evapora-
tion of too many particles, but emission of a fast pre-
equilibrium nucleon results in too few particles being eva-
porated.

d. Nb(a, 3pxn) "Zr reactions (Figs 12 1.4). In-
Figs. 12—14 the excitation functions calculated for
(a,3p5—8n) reactions are compared with experiment. The
predominant mechanism in the region of the first peak of
the excitation function, and in the region following the
valley after the first peak, is evaporation from a com-
pound nucleus. In most cases this compound nucleus is
formed following the breakup of the alpha in a collision
with a nucleon. The first peak, well reproduced by the
OMEGA calculation, requires evaporation of both a pro-
ton and an alpha.

As discussed above, the calculated contribution from
processes in which a fast alpha is emitted in the preequili-
brium phase is rather independent of the incident alpha
energy for all of these reactions. It amounts to 20—30%
of the total cross section.

e. Nb(a, 4pxn) "Y reactions (Figs. 15—17). Be-
cause of the energetics of these reactions, the first peak of
the experimental data corresponds almost entirely to
(a, 2ax —4n) reactions, and as far as may be observed, the
second peak to (a, a2px —2n) reactions. Of great interest
is the contribution of preequilibrium alpha emission to
these reactions. Even in the first peak, a notable contribu-
tion [as great as 50% of the total cross section in the case
of the (a,4p5n) reaction] arises from these events. The re-
action path including the preequilibrium emission of an
alpha is dominant (85 —90%) in the valley for all four re-
actions, and amounts to -30% in the second peak region.

Unlike reactions discussed previously, the second peak
in these reactions differs greatly in magnitude from the
first peak, greatly increasing when the emission of suffi-
cient individual nucleons becomes energetically possible.

Thus it is interesting that the one-alpha-out reactions,
which might be expected to be greatly enhanced by the
possibility of reemission of the incident alpha seem, in
fact, to stem mainly from pure evaporation. On the other
hand, two alpha emission requires a substantial contribu-
tion from preequilibrium emission.

f. Other reactions, Nb(ct, xpyn), x )5, y &7 (Figs. 18

10—
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FIG. 12. Comparison of experimental and calculated excita-
tion functions for the reaction Nb(a, 3p5n) Zr. The experi-
mental data are from this work, ~. The results of the theoretical
calculation are represented by the full line.
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FIG. 13. Comparison of experimental and calculated excita-
tion functions for the reactions Nb(a, 3p6n} Zr, (a), and
'Nb(a, 3p8n) Zr, (b). The experimental data are from Ref. 18,

dashed lines, and this work, ~. The results of the calculation are
represented by the full line.
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10
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0
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FIG. 18. Comparison of experimental and calculated excita-

tion functions of the reaction 'Nb(a, 5p9n)' Sr. The experimen-

tal data are from this work, . The results of the calculation are
represented by the full line.

mb cross sections). The calculation tends to overestimate
the yield of two and three alpha emission reactions.

C. Summary of the results of the OMEGA model

The purpose of this work was to present a comprehen-
sive model of the interaction of an incident alpha particle
with a complex nucleus, and use it to reproduce both
charged particle spectra and a wide range of excitation
functions. Apart from a small systematic overestimate of
alpha particle emission in the evaporation phase of the
model, the OMEGA calculation has produced very satis-
factory results. With no freely varying parameters, excita-
tion functions for reactions proceeding largely by direct
interaction, by compound nucleus formation, by multiple
scattering, and by breakup processes, were all reproduced,
along with. both alpha particle and proton spectra at both
low and high incident energies.

When comparing results of alpha induced reactions
with different models, it must be stressed that comparison
to a reduced set of experimental data may not be suffi-
cient to obtain meaningful information on the reaction
mechanism. For example, the contribution of preequili-
brium emission of alpha particles to (a, 2pxn) reactions is
quite small, and could be greatly underestimated without
seriously affecting the fit to the experimental data, espe-

10 —-

(

100 120 140

E, (MeV)

FIG. 19. Comparison of experimental and calculated excita-
tion functions of the reaction Nb(a, 6pjn)8 Rb. The experi-
mental data are from this work, . The results of the calcula-
tion are represented by the full line.

cially in the peak regions of the excitation functions. In
addition, since reactions in which several particles are em-
itted mainly proceed through evaporation from a com-
pound nucleus, they are rather insensitive to the mode of
interaction of the alpha and nucleus, provided that a suffi-
ciently large initial exciton number be employed for
evaluating the intranuclear cascade of nucleon-nucleon
collisions through which the composite system deexcites.
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