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Cross sections differential in energy and angle are presented for the proton, deuteron, triton, and a
particles from reactions of 58-MeV a particles on C, 0, and "Fe, and the angle-integrated differential

spectra are compared with the predictions of an extended exciton model of pre-equilibrium reactions.
The experimental results were obtained with a semiconductor telescope and cover the whole energy
range above a few MeV. Except for oxygen, the results are given with uncertainties of 5—10%; for
oxygen, relative intensities are valid at a given angle, but the absolute uncertainty is about 50%. The
high-energy segment of the spectrum is highly anisotropic for all emitted particles, but for low energies
the evaporation mechanism may be important for proton and perhaps n-particle emission. The inelastic
a spectra from "Fe are more similar in shape to previous observations of the "Fe(p,xp) spectra than
to the presently reported '-'C(a, xo) results. Comparisons are made between the data and the exciton
model assuming an initial configuration of four particles. The model was extended to recognize that for
reactions of incident a particles, emitted a particles and even deuteron, triton, and 'He particles may
contribute a significant fraction of the pre-equilibrium emission. The empirical internormalization factor
for the relative intensity of various exit particles {mass number p„) is found to be consistent with the

(p& I ) value deduced previously from results with incident protons. Using matrix elements deduced
from systematics, the predictions for "C yield qualitatively correct shapes with normalization for the
various particle types correct to within a factor of 6. For '"Fe, the magnitude and shape of the
predicted integral spectra are good for secondary protons and deuterons, but the predicted spectra fall

off far too rapidly at high energies for tritons and o. particles.

NUCLEAH REACTIONS ~C, 0, ' Fe, (~, a'x), (o. , tx), (e, dx), (~, Px),
K=58 MeV; Ge(Li); measured &(Ey, Et, E&, 8&, 0); deduced 0'(E). 2& E~,
E&, E&, E&~ 60 MeV. Comparison with extended exciton model of preequi-

librium particle emission.

l. INTRODUCTION

To complement studies of reaction mechanisms
which lead to population of particular nuclear
states, it is important to obtain at least a semi-
quantitative understanding of the mechanism of the
bulk of the reactions which occur when a target is
bombarded with medium-energy projectiles. To
enable such understanding, experimental measure-
ments are required for several types of emitted
particles over essentially their entire energy
ranges. The applicable calculations tend, so far,
to be statistical in their approach and depend rela-
tively little on details of nuclear structure.

An important physical question is whether exper-
imental results can be reproduced from the known

general properties of nuclei, and practical appli-
cations often require the similar ability to estimate
nuclear cross sections where measurements have
not been performed. This paper examines whether
the exciton model can explain emission of proton,

deuteron, triton, 2nd o. particles in reactions in-
duced by 58-MeV n particles on C, 0, and '4Fe.
Previous empirical studies have not made such an
analysis possible.

Although many studies of inelastic z-particle
scattering or n-induced transfer reactions have
been performed, these experiments have nearly
always been insensitive to the emitted particles be-
yond the first few MeV of excitation energy. Thus,
there exists little information on the spectral re-
gion which, for medium-energy reactions, in-
cludes the major portion of the particle emission.
During a series of experiments' which investigated
similar particle spectra from incident 30- to 60-
MeV protons, some data were obtained using 58-
MeV a particles on targets of C, 0, and "Fe.
Separated spectra of emitted protons, deuterons,
tritons, and a particles were recorded over an en-
ergy range from -2 MeV up to the full energy ki-
nematically allowed.

The exciton preequilibrium statistical model,
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initially proposed by Griffin and subsequently ex-
tended and modified by several authors, ' ' has been
used to describe semiquantitatively the secondary
proton and neutron spectra from targets bombarded
by protons and a. particles. Recently, a further
extension of this model has been published' in
which the spectra and relative intensities of sec-
ondary complex (deuteron, triton, u, etc.}parti-
cles emitted by targets bombarded by 30- to 60-
MeV protons were calculated and compared to ex-
perimental results. It is possible to test the mod-
el's application for incident n particles using the
data presented here where the experiment covers
the competition among various emitted charged
particles.

II. EXPERIMENTAL METHOD

The entire data collection and analysis system
has been described in detail. ' z particles of ener-
gy 58.8 MeV were obtained from the Oak Ridge
isochronous eyelotron and momentum analyzed in

a 153' magnet. The charged reaction products
from the target were detected in a three-element
semiconductor spectrometer telescope utilizing
lithium-drifted germanium as the total absorption
detector. ' The germanium detector was isolated
from the scattering chamber by a -3-mg/cm' nick-
el foil. The thickness of this foil and that of the
targets (-3 mg/cm2), while not a significant con-
tributor to the hydrogen-particle energy resolution
of -180 keV full width at half-maximum (FWHM),
produced much of the considerable broadening (up
to 1 MeV} observed for helium particles. An aper-
ture in a 1-mm-thick plastic scintillator was used
as the collimator for the counter telescope (see
Ref. 7}.

Secondary particle type was determined by a
combination of 4+xE and time of flight vs. E
methods in order to cover an energy range of
-2-60 MeV. A malfunction of the first silicon hE
detector (-100 pm} during this particular experi-
ment made very uncertain the separation below
=33 MeV of 'He from 'He particles. Above 33 MeV
for 'He and 'He, and for protons, deuterons, and

tritons at all energies, identification of particle
type was unambiguous. Since the cross section for
'He production is substantially less than that for
'He, the uncertainty in the separation had little ef-
fect on the He data, but the cross sections for the
'He production may be in doubt by as much as 50%.
For this reason, only an integral over energy and

angle is given for the 'He emission.
The 97.2% enriched, 3.33-mg/cm2 target of '4Fe

was fabricated by the Isotopes Division of the Oak

Ridge National Laboratory. The carbon data were
taken using a polystyrene (CH) foil, and tht. oxygen
data were obtained from a foil of C„H„O, (Koda-

cel). Details of the properties of the three targets,
along with an analysis of the systematic errors in
the data, may be found in Ref. 9. The overall sys-
tematic uncertainty is 7-10% for the C and Fe
cross sections. The e-p scattering peaks were
manually removed from the C and 0 data.

In order to extract the "0data from the compos-
ite spectra obtained from the Kodacel foil, carbon
data taken at the same angle in an adjacent run
mere subtracted from the composite. The subtrac-
tion of "C was carried out by normalization at each
scattering angle of the measured ' C spectrum for
the elastic scattering, 4.43-MeV "C level or the
"C(p, d) ground state to that observed in the com-
posite (0+C) spectra from the Kodacel foil Sin. ce
one or more of these peaks were always clearly
visible in the composite spectra, the effective car-
bon surface density for the Kodacel foil was ad-
justed until the "C peaks were no longer visible in

the net (oxygen) spectra. The Kodacel gradually
deteriorated under bombardment, so the absolute
normalization for the "0data is uncertain, and

the errors in the absolute cross sections are given
as +50%. The relative particle intensities at a
given angle are unaffected, but angle-integrated
spectra were too unsure for comparison with calcu-
lations.

TABLE I. Integral laboratory system emission cross
sections and average energies for incident 58-MeV o.

particles.

Integral Average emitted Lorv-energy
Detected cross section energy cutoff
partic le (mb) (MeV) (MeV)

Proton
Deuteron
Triton
3He

Proton
Deuteron
Triton
3He

395~ 48
168~ 22
33+ 4
37~ 19

1117+ 136

420 + 210
128 + 64
22+ 11
21~ 10

755+372 b

160

10.8
12.3
17.1
23.3
15.5 ~

10.3
14.1
18.5
25.5
15.2 '

2.0
2.0
5.9

13.6
4.8

2 4
2.5
6.0

13.8
5.0

Proton
Deuteron
Triton
3He

2274+ 160
126+ 9
25+ 2

33+ 16
642~ 45b

7.9
17.3
26.7
31.3
17 9b

1.9
2.2
5.8

13.4
5.7

~ Uncertainties are absolute and reflect all sources of
error.

~ Excludes elastic scattering.
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The data shown in the figures have been cor-
rected to remove in first order the effects of ener-
gy loss in the target and in the nickel window over
the germanium detector. The effect of nuclear
reactions of the hydrogen particles in the Ge de-
tector was also compensated. The corrected par-
ticle spectra often show a local distortion at the
energy corresponding to particles ending their
range in the nickel foil which covered the germa-
nium detector, but these distortions are seldom
visible or significant in spectra averaged over en-
ergy regions as large as 1 MeV. For instance, in
the spectra shown on Fig. 2 only the 20' proton and
deuteron spectra show this spurious (z10%) effect.
These discontinuities in the spectra appear at the
scattered energies necessary to reach the ¹ifoil,
approximately 9, 12, and 15 Mev for yrotons,
deuterons, and tritons, respectively, and 35 MeV

for o. particles. The average cross section over a
region within +20% of these energies was not af-
fected by this experimental effect or its correction.

The low-energy cutoff for each spectrum was de-
termined by the target thickness or by ambiguities
introduced by recoil heavy particles (A) 4} in the
time-of-flight identification system. Only a small
fraction of the cross section was omitted from the
results because of the cutoff energies given in Ta-
ble I.

III. EXPERIMENTAL RESULTS

Tabulated experimental cross sections (mb sr '
MeV ') may be obtained from Ref. 9. This tabula-
tion lists binned cross sections for each spectrum
at each angle of observation, along with derived
cross sections integrated over either angle or en-
ergy.
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FEG. 1. Charged-particle spectra from C and 0
bombarded by 58-MeV G particles. ~i,b= 45'. Except
for the high-energy proton and n -particle spectra from
~2C, the data are shown averaged in 2-MeV wide bins
for ease of comparison between particle types. The ab-
solute cross section for the ~60 spectra are uncertain
by ~ 50% (see text). However, the relative intensities
of the various secondary particles from ~~O are accurate
to ~ 10%.

A. C and 0
Figure 1 shows the binned 45' spectra of protons,

deuterons, tritons, and z particles from "C and
'SO. The spectra are all plotted on the same scale
to indicate the relative yields of the various parti-
cles. These and the corresponding spectra at oth-
er angles show that the proton-to-deuteron ratio
is approximately the same for 12C and Ieo How

ever, the n/p ratio is smaller for "0 than "C.
The charged-particle spectra from "C are shown

at several angles on Fig. 2. While the secondary
a, deuteron, and proton spectra at small angles
show a low-energy peak, at larger angles the ki-
nematic shift in the laboratory emission energies
places any low-energy cross section out of the de-
tection range of our system. In all cases the high-
energy portions of the spectra are dominated by
inelastic scattering and stripping reactions leading
to bound states of the residual nuclei. Unlike the
inelastic continuum spectra observed from incident
proton bombardment (see Fig. 2, Ref. 1) and unlike
the inelastic n spectra from ' Fe to be shown be-
low (Fig. 4), the a spectra from "C all steadily
increase in magnitude toward the lower energies
until the spectra are found to "turn over" at an en-
ergy somewhat below the Coulomb barrier. (A di-
rect graphic comparison is shown in Fig. 21 of
Ref. 9.}

Figure 3 shows the emitted proton, deuteron,
triton, and a-particle spectra for carbon inte-
grated over angle in the lab system. Table I shows
the integrated (over angle and energy) laboratory
system cross section for the production of each
particle type above the low-energy cutoff shown.
The table also shows the measured average emit-
ted energy for each particle type.
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9. Fe

The 30' proton, deuteron, triton, and a spectra
from '~Fe are shown in Fig. 4. The e-emission
spectrum shows a rather flat continuum between
the high-energy inelastic peaks and the prominent
low-energy peak. A similar spectral shape was
found for protons emitted from "Fe bombarded by
62-MeV protons (see Fig. 4, Ref. l). Below the
region of distinct structure, the secondary deuter-
on and triton spectra are similarly flat; however,
no strong low-energy peak is observed. The pro-
ton spectra are dominated by the large low-energy
cross section, but a significant high-energy "tail"
extends to the maximum energy kinematically al-
lowed. This (u, xp) spectrum has a shape similar
to those obtained at 30, 42, and 54 MeV on similar
mass targets. xo '2

The charged-partic1e spectra from "Fe are
shown in Fig. 5 at a few angles. Kinematic shifts
in the low-energy peaks are observable. All the

spectra show a strong angular dependence, partic-
ularly for the high-energy region.

The proton and z cross sections in the low-ener-
gy peak are smallest at 90'. This effect has been
studied in detail at 20-MeV incident energyby Ben-
veniste, Merkel, and Mitchell. " These authors
found that the angular distributions of the low-en-
ergy peak from the (0., a') and (n, p) reactions
were symmetric about 90'. Evaporation calcula-
tions which included conservation of angular mo-
mentum explained the observed cross sections.

The secondary O.-particle spectra of Fig. 5 show
at the smaller angles a cross-section enhancement
in the continuum at =37 MeV. The error bars on
two of the cross-section bins have been increased
because this region is affected by the stopping of
particles in the nickel window. However, an indi-
cation of cross-section enhancement may persist
beyond these increased errors. There have been
several recent papers discussing excitation of
giant resonances by protons' and o. particles" and
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discussing other possible structure" in the inelas-
tic n-continuum region. %e do not interpret our
data in these terms because of the uncertainties in

the region of possible structure.
Shown in Fig. 6 are the laboratory angle-inte-

grated spectra for the observed charged particles
from "Fe. The integrated laboratory system cross
sections, average emitted energies, and low-ener-

gy cutoffs are listed in Table I. It is interesting to
note that deuteron emission is favored over triton
and 'He emission for both '4Fe and "C (see Fig. 3).
Similar results were noted for the production of
deuterons by incident protons. ' If the reaction
mechanism were interpreted as a transfer reaction
in each case, these results would imply that pro-
ton-induced reactions favor transfer of one rather
than two nucleons while the opposite is true for in-
cident 0. particles. Mechanisms involving preequi-
librium emission of complex particles are dis-
cussed below.

IV. STATISTICAL MODEL CALCULATIONS

A. Model

The preequilibrium model formalism used here
is essentially the same as the one used previously
in the analysis of complex particle emission in
proton-induced reactions. Thus, it is also an ex-
tended version of Griffin's basic preequilibrium
model. ' It differs from this previous version in
the inclusion of the first order effects of the Pauli

exclusion principle and in the use of an empirical
prescription for the effective matrix element for
the residual two-body interaction. " Finally, in in-
tegrating the master equations" which describe the
nuclear equilibration process, it is appropriate in

this work to include the loss of strength of the ex-
cited composite nucleus due to n, deuteron, triton,
and 'He particles, as well as proton and neutron
emission. (For Fe at these energies, only proton,
neutron, and n particles are required. ) All rele-
vant equations can be found in the references
quoted above and in a recent report" describing
the computer program used.

There are several basic assumptions inherent in
the model. The most basic assumptions are that a
statistical treatment is valid and that, throughout
the equilibration process, all states of a given ex-
citation energy with specified numbers of particles
and holes are equally likely. The interactions
which are responsible for the equilibration are
treated using time-dependent perturbation theory
and are assumed to be energy-conserving and two-
body in nature. The rates for these interactions
should also be larger than the particle emission
rates, and this point is discussed in some detail
in Ref. 19.

Effects which are ignored in the model include
shell structure, pairing, angular momentum, and
nuclear density effects. The latter effect refers,
in particular, to the enhancement of direct trans-
fer reactions in the low nucleon density of the nu-
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clear surface. Also neglected was emission of
more than one preequilibrium particle from a giv-
en composite nucleus.

By use of a predetermined empirical prescrip-
tion for the matrix element for the residual inter-
actions which drive the equilibration process, as
well as a fixed single-particle state density and
fixed initial exciton configurations, the calcula-
tions can predict without free parameters the
fraction of the composite nucleus formation cross
section which will involve preequilibrium emission
of at least one particle. For this study the pre-
equilibrium emission fraction was 80-100%, so

that the integrated preequilibrium emission cross
section is nearly equal to the composite nucleus
formation cross section. All subsequent particle
emission was assumed to be equilibrium in nature.

8. Calculations

The preequilibrium part of the calculations was

performed using a previously described computer
code, ' modified to include in the master equations
the emission of o., deuteron, triton, and 'He par-
ticles. All calculations involved numerical inte-
gration of the system's master equations. These

are

(p 1 h 1, E)P(P 1, h 1, f, E)+y (P +1,h+1, E)P(P+1, h+1, t, E)-P(P, h, t, E)
dt

x I ( , E)h+ h(P hhE} P f Wh(h, h, Eh)dh,
0

where P(E,p, h, t) is the probability for finding the
system in a state with p particles, h holes, and
excitation energy E at some time t after the initial
target-projectile interaction. The quantities A, ,
and A. are, respectively, the rates for particle-
hole pair creation and destruction interactions
starting from the indicated initial configuration.

They have the form, '

( h )
nEg '(P + 1)E+(h+ 1)'
h (P+h+1) 2 7
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where g is the density of (equally spaced) single-
particle states, and hf is the average matrix ele-
ment for the interactions. The quantity

is the average rate per unit & for emitting parti-
cles of type P and channel energy & from a state
with p particles, h ho)es, and energy E. It is giv-
en by

Wg(P~ k~ E~ e) =
g p. Bc8(e)e

(28'+ 1)

xN P P" ' E (p)p!,
(o(p, h, E)

where sa, p.&, and a 8 are the spin, reduced mass,
and inverse cross section for the emitted particle.
The quantities &u(p, k, E) and ro(p -p s, h, U) are the
state densities in the composite and residual nu-
clei, respectively, and are given by Eq. (2) in Ref.
5. The quantity p 8 is the nucleon number of the
emitted particle. The factor Ez(p), discussed in
Ref. 6, gives the probability that p 8 nucleons cho-
sen at random from among the p excited ones
available will have the right combination of protons
and neutrons to make up the outgoing cluster. The
term p &

t is an empirical adjustment factor found

from the analysis of complex particle emission in

reactions induced by protons. The exact form of
this factor would change for models in which pro-
ton-neutron distinguishability was handled more
rigorously. Among other things, it covers any
"preformation factor" for complex particles inside
nuclei. As in equilibrium statistical models, this
question is not considered explicitly here. In pre-
vious work the sum over p in Eq. (1) was taken to
inc1ude only neutrons and protons. For this work
it was appropriate to include e, deuteron, triton,
and 'He particles.

Master equation integration was started assum-
ing a 4p-Ok configuration. Recent analysis" of

(a,p) data at 54.8 MeV indicates a preference for
a four-exciton initial configuration for even-even
target nuclides. A four-particle configuration can
be visualized as resulting from the "dissolving" of
the incident o particles in the nuclear potential.
This picture, however, precludes the considera-
tion of such processes as direct a knockout (quasi-
free scattering) where the incident a particle acts
as a, discrete entity. The initial state employed
may violate the assumption that all states of the
same exciton structure are equally likely at each
step in the equilibration process. The density of
single-particle states was, as in previous work,
taken to be g= (A/13) MeV ' where A is the mass
number of the nucleus. The density was calculated
separately for the composite and residual nuclei.
The square of the average two-body matrix ele-

ment M' was assumed to be given by 3P = 1450
+ 500A 'E ' MeV' (Ref. I'I value x2; see Ref. 5).

We have varied the parameters, 3f' and g, and
the initial exciton number (nz) to test the suitability
of the generally utilized values to our case. For
initial exciton number, we find that our (a, p) and

(a, d) results are better described by a 4p-Oh con-
figuration than by a 4-1 or 5-0 configuration.
This result is in agreement with the work of Ref.
12 which was based only on the (a, p) reaction. It
is interesting to note that our measured high-
energy (E R 20 MeV) a inelastic spectra are some-
what better described by n~ = 5. Presumably, this
is due to the possibility of "first-stage" e-particle
emission when n~ &4. However, the calculated
inelastic spectra are so poor, compared to the
data, that no weight was given to these compari-
sons in the selection of n~ for our calculations.
Variation of M' and g gave no evidence that use
of other than the usual values, 1450 and A/13,
respectively, would improve the comparisons.
Thus, the values for the model parameters ob-
tained from the behavior of a number of reaction
systems' were accepted for the comparisons
shown here.

The separation energies for the outgoing particles
were taken from the mass and Q-value tables of
Wapstra and Gove." The inverse cross sections
and composite nucleus formation cross sections
were approximated by optical model reaction cross
sections. For neutrons and protons these were
taken from the tabulations of Mani, Nelkanoff, and
Iori" and for e particles on "Fe the results of
Huizenga and Igo" were used. For deuterons,
tritons, 'He ions, and for e particles on C,
values were calculated using the code DWUCK"

and the optical model parameters given in Table
II. The absolute normalization of the calculations
is determined by the composite nucleus formation
cross sections, 410 mb for "C and 1730 mb for
54pe

Since the extended Griffin model does not now
include conservation of angular momentum, it is
only possible to calculate the angle-integrated
spectrum in the center-of-mass system. To allow
comparisons, the measured spectra were inte-
grated to give center-of-mass spectra by assuming
that each observed particle was the first emitted
in the reaction which produced it. Thus, the low-
energy portions of the experimental spectra,
where multiple emission is important, are dis-
torted in the center-of-mass conversion, partic-
ularly for reactions on carbon.

To account for multiple preequilibrium emission,
the calculation would have had to keep track of the
exciton number and energy of each of the residual
nuclei produced by emission of a first preequilibri-
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um particle. The equilibration of these residuals
would have to be followed to look for emission of
a second preequilibrium particle. This has not
been done because of the rather tedious nature of
the calculations. Instead, the approximation has
been made that only one preequilibrium particle is
emitted from each nucleus, and subsequent emis-
sion occurs only from the equilibrated residual
nuclei. At lower initial (composite nucleus} excita-
tion energies, the assumption of no more than one
preequilibrium particle per reaction is quite rea-
sonable since the fraction of preequilibrium emis-
sion is found to be fairly low, but at 50 or 60 MeV
of excitation, the emission of a second preequilib-
rium particle may have a significant probability
(see Ref. l).

The residual nuclei are assumed to have a
distribution of excitation energies determined by
the energy spectra of the previously emitted par-
ticles. In calculating these distributions, approxi-
mate preequilibrium energy spectra were obtained
from a closed-form preequilibrium expression
given in Eq. (9}of Ref. 6. The Weisskopf-Ewing
evaporation formula, with level density parameter
a = (~~ n') g, is used for all equilibrium emission
calculations in this work. The equilibrium cal-
culations were performed with a computer program
which has been previously described' and which
allows for the emission of up to five particles
from the compound nucleus. The net equilibrium
spectrum for each particle type is obtained by
adding together the spectra for the second and all
later members of each possible decay chain.

V. CALCULATIONAL RESULTS AND DISCUSSION

Comparisons between calculated and experimen-
tal angle-integrated particle energy spectra are

shown in Figs. 7 and 8, while Table III shows a
comparison of the energy-integrated cross sec-
tions for the different types of emitted particles.
The reaction systems are discussed separately.

A. Fe + n reaction system

The calculated and measured spectral shapes
shown in Fig. 7 nearly agree for emitted protons
and deuterons, while the experimental triton and
a-particle spectra have much more high-energy
cross section than is calculated. Changing the
P&t normalization factor would not improve the
comparisons of Fig. 7.

The agreement in spectral shapes for the protons
and deuterons is particularly encouraging because
none of the model parameters were varied to
achieve it. Systematic empirical values based on
other (o., nucleon} spectra were used. Since pre-
equilibrium emission of only one particle per nu-
cleus was considered in the calculations, one

might expect to observe the effect of medium-
energy second preequilibrium particles in the
experimental proton spectrum. There may be
some marginal evidence for this in Fig. 7. Such
effects should be much smaller in the deuteron
and triton spectra because of the fairly large
separation energies of these particles.

The underestimation of the high-energy triton
emission cross section by the calculations may
be the result of a surface enhancement for the
single-nucleon direct stripping reaction. A simi-
lar behavior may be noted in Fig. 7 of Ref. 6 for
the single-nucleon pickup (P, d) reaction also on
a '4Fe target. In that case, the low-energy portion
of the deuteron spectrum was overestimated in
the calculations, but not as seriously as in the
present (o., t) results.

TABLE II. Optical model parameters used to compute composite nucleus formation cross
sections:

U=-Vp(1+e") ' —iWp(1+e" ) +4a'iWD —(1+e" ) +V&,Ddr

r -rpA 1/3

a

Vz ——Coulomb potential for a uniformly charged sphere of radius,

I, =r, A».
~p rp

Particle Target (Me V) (fm)
a 8"p 8 "D r p

a' r
(fm) (MeV) (MeV) (fm) {fm) (fm) H,ef.

3He

4He

12C

'4Fe
12C

54Fe
12C

54Fe
12C

77
90

152
152
175
175
50

1.15 0.81 0
1 15 0 81 0
1.24 0.678 32
1.24 0.678 26
1 14 0 723 17
1.14 0.723 17
1.51 0.576 3.9

22
19

0
0
0
0
0

1.34
1.34
1.45
1.45
1.60
1.60
1.51

0.68
0.68
0.841
0.841
0.81
0.81
0.576

1.15
1,15

24
1.40
1.40
1.51

24
24
g5
25
26
26
22
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There are several possible explanations for the
large deficiency in high-energy a particles in the
calculated spectrum. Excitation of strong collec-
tive states in the final nucleus accounts for some
concentration of strength in the region of high
e-particle energies, but this is almost certainly
not the whole story. Figure 8 shows the similarity
in measured spectral shape for the (P, xP) and

(a, xa) reactions on "Fe and suggests that similar
reaction mechanisms may be involved. A mech-
anism which is thought to be important in the

(P, xP) reaction, but which has not been included
in the present (a, xa) calculations, is quasifree
scattering. In the present calculations, the inci-
dent u particle is thought of as "dissolving" in the
nuclear potential, but u-nucleon quasifree scat-
tering might make significant contributions to the
reaction cross section. Angular momentum ef-
fects may also play a role in enhancing the ratio
of high-energy u particles to protons in a-particle-
induced reactions since a particles can both bring
in and carry off more angular momentum than
nucleons.

It is apparent from Table III that in spite of the
deviations in spectral shapes, the calculations
reproduce some of the measured integral cross
sections. As was the case for proton-induced
reactions, most of the complex particle emission
cross section is found to be due to preequilibrium
emission.

B. C+ n reaction system

the calculation cannot account for the structure
observed at the high energies, the calculations do
account for the average spectral shapes, yielding
better shape agreement for triton and n particles
above 20 MeV than was the case for "Fe.

The numbers in Table III indicate that the cal-
culated intensities obtained using the systematic
model parameter values are as much as a factor
of six (a particles) in error.

10

10

E

b
0.1—

Nuclei between "C and "O, the ones involved
in the "C+o reaction system, are generally not
thought of as good candidates for statistical model
analyses. They contain a relatively small number
of particles, and their single-particle states are
widely spaced in energy. It can be seen from Fig.
2 that much of the "C+z cross section goes into
the population of well isolated levels in the resid-
ual nuclei. In addition, shell effects in this mass
region are quite strong so that the equispacing
approximation with g=(A/13) MeV ' should not
be expected to be valid.

To first order, the variation in g from one
residual nucleus to another should not drastically
change the shapes of the calculated spectra4 but
would almost certainly change the relative abun-
dances of the different types of emitted particles.
Despite all these objections and partly because
of the relatively high bombarding energy used in
this work, it was decided to compare the data
with preequilibrium model predictions.

The results are shown in Fig. 9. The relative
abundances of the different particle types are not
well reproduced by the model. However, while

100

0.1
!
I
I

60500 10 20 30 00
ENERGY ( VeV }

FIG. 7, Comparison of calculated and experimental
angle-integrated particle spectra in the c.m. system for
58-MeV a particles incident on 54Fe. The heavy solid
histograms show the data; the thin solid curves are the
calculated total spectra, while the long- and short-dashed
curves show the equilibrium and preequilibrium compo-
nents of the spectra, respectively. Elastic o. scattering
is omitted. The low-energy cutoffs on the measured
spectra are instrumental in nature.
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TABLE III. Experimental and calculated integral emission cross sections in the c.m.
system.

Target
Detected
particle

Calculation ~

(no cutoff)
Pre Tot
(mb) (mb)

Calculation ~

(experimental cutoff)
Pre Tot
(mb) (mb)

Experiment ~

Integral Cutoff
cross section energy

(nib) (Me V)

12C

p
d

~He

Hec

n

p
d
t

~He

Hec

352 1998
339 2259
138 181

28 31
26 29

537 807

40 230
53 290
93 176
44 S9
48 S2

117 265

339 2259
136 178

22 22
19 20

537 807

51 211
84 135
28 32
13 13
72 77

2255 + 180
124+ 10
24~ 2
37+ 14

660~ 53

321 + 38
121+ 14
19+ 2
13+ 7

497 + 60

2.1
3.9
7.5

11.9
5.2

3.1
4.6

10.8
20.4
12.1

~ Based on composite nucleus cross sections (oz) for ' C and Fe of 410 and 1730 mb, re-
spectively.

~ Errors include uncertainty from all sources for the various targets. No estimate is made
for uncertainty due to probable distortion of e.m. spectra due to assumptions made in c.m.
conversion (see text).

Excludes elastic scattering.

I I I I I I I I I I I I

) IO
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K
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z 2
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I
I

I I
I
I I

I
I

I
I I
I I
I I

l' I
I

, xp)

MeV

10 p-t
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~.-i

~ ~

I
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E =5S MeY

)00 I

)0
I I

20 25

I I I I

30 55 40 45
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I I

50 55
I

60 65

FIG. S. Comparison of angle-integrated {lab system) (p, &p) and {e, &n) energy spectra. The proton results are for
61-MeV incident protons and frere taken from Ref. 1. The distinct shape similarity in the portion of the continuum re-
gion not dominated by equilibrium reactions is discussed in Sec. VA of the text.
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VI. CONCLUSIONS

The extended Griffin model seems to have about
the same degree of success in accounting for com-
plex particle emission in the ~Fe+ e reaction
system as it did in the analysis of proton-induced
reactions (except possibly for deuteron and triton).
In both cases high-energy a-particle emission is
strongly underestimated, but more so for incident
n particles. Spectral shapes are not very ac-
curately reproduced, but the equilibrium calcula-
tions clearly account for the measured spectral
distribution of the observed particles much better
than a pure compound nucleus description. The
empirical weighting factor of pet for the complex
particle emission rates seems equally applicable
to a-particle-induced reactions and proton-in-
duced reactions.

For the "C+a system, the spectral shapes are
surprisingly well reproduced except for details of
nuclear structure. However, the abundances of
the different particle types were not well accounted
for in the calculations.

Again, as in the work of Ref. 6, the significant
point is not that the extended Griffin model can
reproduce the complex particle spectra perfectly
(it cannot), but rather that is can account for a
significant fraction of the observed high-energy
particles except for a particles and tritons from
~Fe. Co~plex particle emission is a far more
difficult problem to treat in more microscopic
preequilibrium models, such as the intranuclear
cascade description, and such models have gen-
erally not been applied to these reactions. The
equilibrium compound nucleus model is, of course,
hopelessly inadequate to account for the high-en-
ergy complex particles. Thus, it is encouraging
that some agreement is obtained between the data
and the results of the present calculations.

0.1

0
I

10 20 30
ENERG"c.m, (Me&)

)ep

I

40 50

FIG. 9. Comparison of calculated and experimental
angle-integrated particle spectra in the c.m. system for
58-MeV & particles incident on ~ C. Each curve has the
same significance as in Fig. 7. Elastic n scattering is
omitted. The strong peak in the o. spectrum at ~ 38 MeV
is from excitation of the 4.43-MeV level of ~2C. The low-

energy cutoffs on the measured spectra are instrumental
in nature.
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