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Complete energy spectra and angular distributions of charged light particles (Z <2 and A4 < 4) were
measured for the bombardment of 80 MeV deuterons on *’Al and %Ni and 70 MeV deuterons on **Zr,
28pp, and **’Th. The charged particles were detected by two triple-counter telescopes using combinations of
AE-E and time-of-flight techniques for particle identification. The experimental results are presented in
cross sections doubly differential in energy and angle, as well as in angle- and energy-integrated cross
sections. For all the nuclei studied, the proton energy spectra show large deuteron-breakup peaks centered at
approximately half of the incident deuteron energy at forward angles. The energy spectra for the same type
of emitted particle are similar in shape for all nuclei at a given angle except in the region of the low-energy
evaporation peak. The magnitude of evaporation peak varies rapidly with target mass. The total
nonequilibrium yield of charged light particles is approximately (300 4-50)4 !"’mb. The angular distributions
for the high-energy particles are strongly forward peaked and are nearly isotropic for the low-energy
particles. The deuteron and triton yields increase with A; while those for p, *He, and a particles decrease
with 4. The total charged light-particle yield is found t. be roughly two times the total reaction cross
section (o) for light- and medium-mass nuclei; while it is less than o, for heavy nuclei. The experimental
results were analyzed within the framework of the pre-equilibrium exciton model together with evaporation
theory. The pre-equilibrium exciton model using a 3p-1h initial configuration reproduces the experimental
angle-integrated energy spectra for all target nuclei studied both in spectral shapes and in magnitudes for all
emitted particles except protons. The deuteron-breakup yield in the proton spectra was compared with the
Serber model. When the breakup yield is added to the pre-equilibrium yield, agreement is obtained for the
proton spectra. :

NUCLEAR REACTIONS %'Al, %Ni, ¥Zr, 28pb, #2Th (d,xp), (d,xd), (d, xt),

(d, x3He), (d, xa), E=80, 70 MeV; 0 = 20°~150°, measured d?0/dQde, deduced

do/de and o(E). Comparisons with pre-equilibrium exciton, compound nuclear
evaporation and deuteron-breakup models.

FEBRUARY 1979

I. INTRODUCTION

In the energy region above 50 MeV, the wave-
length of an incident nucleon becomes comparable
to nuclear dimensions. The influence of nucleon-
nucleon interactions begins to be manifested and
their effects become more apparent with increas-
ing energy. We expect the effects of multiple
scattering to dominate nucleon-induced nuclear re-
actions in the energy range from 50 to 150 MeV.
For energies above 150 MeV the single nucleon-
nucleon collision becomes the dominant interac-
tion. ! )

In the energy region between 50 and 150 MeV,
models of nuclear reactions involving two stages
have often been used. The incident nucleon is
first assumed to interact with the target nucleus
by a series of nucleon-nucleon collisions initiating
a nuclear cascade. During the nuclear cascade,
one or more high-energy particles may be ejected,
leaving the residual nucleus in an excited state.
Second, the residual excited nucleus may deexcite
by emitting additional particles or ¥ rays. The

general description of the interaction of a particle
with a nucleus emphasizing the early multiple col-
lision process has been called the pre-equilibrium
reaction.

Many different approaches have been developed
to interpret such reactions. Among them are the
intranuclear cascade model (INC),? the quasi-free
scattering model (QFS),? the pre-equilibrium exci-
ton model (PE),* and the hybrid model.® These
various models have been reasonably successful
in accounting for a large body of experimental
data.

Conceptually, the pre-equilibrium process for
nucleon emission is straightforward. The proces-
ses for complex particle emission are, however,
not as clear. - Experimental information using com-
posite particles as projectiles at higher energies
as well as the observation of the emission of com-
plex particles are required in order to understand
more completely the dominant nuclear reaction
mechanisms.

From the experimental point of view, the multi-
particle-removal reactions can be studied either
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by measuring the cascade y rays® which are used
to identify the residual nuclei or by observing the
complete energy spectra of emitted particles from
which the dominant nuclear reaction mechanisms
can be studied. Most of the measurements of the
particle spectra have concentrated on the proton
or ¢ particle channels, and were carried out at
relatively low energies.” Less attention has been
directed toward the study of other complex parti-
cles either in the incident or the exit channels, al-
though measurements have been carried out at 62
MeV for proton-induced reactions.®

Deuteron-induced reactions have been rarely ex-
plored in the energy range above 50 MeV. The
availability of deuteron beams with energies up to
80 MeV at the University of Maryland allows us to
investigate a number of interesting nuclear reac-
tions. Most nuclear structure experiments using
deuterons have emphasized only the low-lying dis-
crete states’® or the giant resonance regions of the
spectra.!? Little attention has been directed toward
the measurement of entire energy spectra, extend-
ing from a few MeV up to maximum kinematically
allowed energy, except for some investigations
made at lower energy.!'™® The results of the nu-
cleon-induced or a -induced reactions at energies
above 10 MeV indicate that exit channels other than
the entrance channels also represent alarge yield.”*®
It is, therefore, important to obtain complete ex-
perimental information on charged-particle pro-
duction induced by complex projectiles at higher
energies.

In this work, we have concentrated on the mea-
surements of the complete charged-particle energy
spectra using 70 MeV and 80 MeV deuterons on five
nuclei spanning the periodic table. Briefly, the
objectives of this investigation are

(1) To study the dominant reaction mechanisms
which produce the energy and angular dependence
of the observed spectra of charged particles.

(2) To study how the reaction cross section is
distributed among the various reaction channels.

(3) To study the dependence of the charged-par-
ticle yields on target nuclei.

(4) To test the validity of the existing models.
We have limited ourselves to the pre-equilibrium
exciton model and the deuteron-breakup model. !¢

(5) To obtain information about complex particle
formation.

(6) To provide guidance for further theoretical
development.

In Sec. II, the experimental method is described.
In Sec. III, the data are presented in the forms of
differential energy spectra [d%0/dQde (mb/sr MeV)],
angle-integrated energy spectra [d0/de (mb/MeV)],
angular distributions for different energy bins
[d%0/dSde (mb/srMeV)], integral particle produc-
tion yield [04(E) (mb)], total charged-particle pro-

duction yield [0,(E) (mb)], and the mean yield or
multiplicity of particle B, i.e., Yz=04(E)/0x(E),
where 0z(E) is the total reaction cross section.

In Sec. IV, the experimental data were analyzed
in the framework of pre-equilibrium exciton mod-
el, compound nuclear evaporation model and.the
Serber model of deuteron breakup.

II. EXPERIMENTAL METHOD

The University of Maryland sector focused iso-
chronous cyclotron provides good energy resolu-
tion and high duty cycle deuteron beams with ener-
gies up to 80 MeV. In this series of experiments,
the energy spectra of secondary proton, deuteron,
triton, 3He, and o particles were measured with
70 MeV deuterons on °Zr, 2°8Pb, 232Th and 80 MeV deu-
terons on >’Al and *®Ni. The spectra were obtained
at approximately ten angles from 20° to 150° in
15° steps. The typical energy resolution of the
beam transported to the scattering chamber was
approximately 40 keV. The beam currents used
varied from 10 to 200 na, depending upon the angle
of observation and the target. The beam spot size
ontargetwas ~2mmX2mm. The experimentswere
carried out in a high resolution and low background
experimental area. The beam was first momentum
analyzed through two 90° -bend analyzing magnets
and then bent additional 20° through a switching
magnet. Many sets of “clean up” slits were placed
between magnets. The slit widths were adjusted to
minimize the scattering of beam halo from the tar-
get frame by use of a blank target and with the de-
tectors located at small angles. Although no at-
tempt was made to measure the low-energy com-
ponent of the beam, this component was believed
to be small due to the beam transport system de-
scribed above.

The target thickness was generally limited be-
cause of the need to observe low-energy helium
ions. Five targets spanning the periodic table
were investigated: 27Al(1.72 mg/cm?), *®Ni(1.11
mg/cm?), *Zr(5.8 mg/cm?), *Pb(3 mg/cm?), and
32Th(1. 03 mg/cm?). A CH target was used to pro-
vide an energy calibration for the emitted hydro-
gen particles by observing deuterons scattered
from !?C and the recoiled protons at various angles.

The primary interest of this experiment was to
measure the charged light-particle (Z<2,A<4)
energy spectra over the entire energy range of
particles produced by 70 and 80 MeV deuterons on
the above targets. Two triple -counter telescopes
were employed to compensate the gaps which ap~
peared in the spectrum due to detector dead layers
and electronic thresholds in each telescope. One
counter telescope was capable of stopping the high-
est-energy hydrogen particles and the other, the
maximum-energy helium particles. The choice of
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FIG. 1. The electronics block diagram.

the detector thickness and detector type was deter-
mined by the following factors: (1) to provide good
particle identification, (2) to stop high-energy par-
ticles, and (3) to identify tritons and °He to as low
an energy as possible [these particles cannot be
separated by time of flight (TOF) information].

The two telescopes were (1) 100 um(Si)—1000 um
(Si)—7.6 cm Nal, and (2) 500 pm(Si)—4000 pm
(Si-Li)—500 pm(Si). The detector solid angles
were 0.27 and 0.23 msr, respectively. The over-
all energy resolution of the energy spectrum ob-

tained with Nal was about 400 keV.

The secondary particles were identified by a com-
bination of AE ‘E and (TOF) vs E techniques which
permitted unambiguous particle identification over -
an energy range from a few MeV to a maximum
energy which was kinematically allowed for particle
with A <4. Information was also obtained for par-
ticles with A >5 in the form of two-dimensional
spectra of TOF vs E.

All Si detectors were calibrated using a ***Th o
source. The Nal detector was calibrated by ob-



serving the spectrum from the CH target resulting
from the 70 or 80 MeV deuteron beams.

A block diagram of the electronic setup used in
this experiment is shown in Fig. 1. The setup in-
cludes a fast-logic system, a linear-pulse-height
analysis system, and a computer-interface system .
(IBM 360/44). Outputs from the first two systems
were combined in the third for on line processing,
storage, and display. Two events were associated
with each counter telescope for particle identifica-
tion: AE{‘E, (AE,+E )E, TOF vs AE,, and AE,
E,. Note that the computer software summed AE
and E; as AE for the second event. The beam ar-
rival time relative to the RF signal was monitored
and the TOF was corrected to about 1 ns. The de-
tails of the electronics, computer software, and
data taking procedures are described in Ref. 15 and
references therein. -

A complete particle spectrum was constructed
from sections of the spectra corresponding to the
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four different events used to identify the particle
type. No cross normalization for each section was
made because each triple-counter telescope was
normalized separately. The spectra were correc-
ted for the reaction tails produced in the detector,
collimator scattering, energy loss, and straggling
in the target, low-energy background arising from
target contaminants, and background contributed
from the beam. The spectra were then summed
into 1 MeV energy bins to provide smoother curves.
For more detailed treatment of the data, see Ref.
15.

The differential cross sections were transformed
to the c.m. system using the relationship

1.d%’(¢’) _ 1d%(9)
P dVde T p dQde ’
where p and p’ are the momenta of emitted par-

ticles in the laboratory and the c.m. systems,
respectively. The assumption was made that all

1

TABLE I. Summary of the experimental conditions and measured integral cross sections.

Measured Average

Compound average low Calculated Measured
Target nucleus Low emitted energy Coulomb integral
and and Angles energy Reaction energy peak barrier cross section
incident initial excitation observed Particle cutoff & value (MeV) location (MeV) in lab o,
energy energy (degree) emitted (MeV) (MeV) E (MeV), a (mb) b
30, 45, b 2 5.50 20.44 3.5 3.12
241 295 60, 90, d 2 0 50.20 4.5 2.93
120 t 5.5 —6.79 30.26 6.5 2.83 1651165
Eq=80 MeV  E*=92.28 MeV ' 3He 11 -2.79 37.45 5.23
150. ‘He 2 6.69 11.11 4.5 5.11
20, 30, ) 2 6.77 16.81 4.5 5.49
584 600y 45, 60, d 3 0 38.51 6.5 5.24
90, 120 ¢ 5.5 -5.94 32.62 6.5 5.08 3526 £ 350
= * = ’ ’ . . .
Eq=80 MeV  E*=88.55 MeV .’ SHe 115 =2.70 35.79 9.80
150. ‘He 2 6.51 13.69 8.5 9.58
20, 30, ) 2 4.96 19.95 6.5 6.98
g5 2N 45, 60, d 3 0 37.07 oo 6.69
90,120 t 5.5 —5.74 30.39 - 7.5 6.50 2365 =240
= *= ’ ’
Eq=70 MeV  E*=79.25 MeV ..’ SHe 12 ~2.90 29.53 12.68
150. ‘He 3 6.21 15.03 11.5 12.41
20, 30, ) 5 1.71 34.07 11.35
28py, 205 45, 60, d g 0 49.(1)9 1 10.9g -
75, 90 t .5 -1.12 34,03 5.5 10.7 12+210
= X = ’ ’
Eq=70 MeV  E*=75.50 MeV ,,."150,  SHe  11.5  —2.56  44.60 21.14
140. ‘He 14 11.21 31.46 23.0 20.75
20, 30, ) 6 2.73 35.29 12.08
75,105 ¢ 6 -0.11 31.1 . 11. £
= *= ’ ’ .
Eq=70 MeV  E*=77.71 MeV 120, 3He 11.5 -2.20 39.07 22.55
140. ‘He 14 12.45 31.04 23.0 22.15

2 Coulomb barriers are calculated from V,=1.44z2Z/1.5(41/3+41/3).

b Excluding the elastic scattering.
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observed particles were emitted from a nucleus
moving with initial c. m. velocity.

The cross sections integrated over either labora-
tory or c.m. angles,

T d20
= ——si 6
do/de 21r-/0‘ dﬂdesmed ,

were obtained by means of Gauss integration. For
integration purposes, the Lagrange interpolation/

extrapolation method was employed to estimate

the cross section of those integration points which
fall outside the experimental data.

The uncertainties in the experimental cross sec-
tions arise from the solid angle (~1%), the statis-
tical error which could be as large as 20% for
high-energy triton, 3He, and o particles, the tar-
get thickness (<5%), the integrated beam current
(<0.3%), the background from slit scattering (<1%),
and the uncertainties due to various corrections
(<5%). Additional uncertainties may also have re-
sulted from mixing one particle type into another
as a result of gain shift, the electronics dead time,
and the contaminants. However, these were con-
sidered to be small. In obtaining the angle-inte-
grated cross section and c.m. transformation,
additional uncertainties might also arise due to
the propagation of the statistical error in the ex-
trapolation/interpolation. The overall error is

~10%.

d20/dQUdE (mb/sr MeV)

&l 1-9., elastic scattering

E 2. inelastic scattering

F 3. giant quadrupole resonance

k4. deuteron stripping states

-'g’ 5 deuteron breakup a2 1
L. 6. neutron (proton) pick up states .

7 2 nucleon pick up or knockout reaction

[ 8.compound nucleus evaporation

.. Il 1 1 N 2

30 40 50 60 70 80
ENERGY (MeV)

4 A
0O 10 20
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III. EXPERIMENTAL RESULTS AND DISCUSSION

Table I summarized the targets studied, the in-
cident projectile energies, the compound system,
the initial excitation energy, angles of observation,
the low-energy cutoff for each particle observed,
reaction @ value, average emitted energy mea-
sured, average observed low-energy peak loca-
tion, calculated Coulomb barrier, and the mea-
sured integral charged particle yield for A < 4.

Typical differential energy spectra at 6, =30°
and angle-integrated energy spectra are shown in
Fig. 2 for *®Ni. The spectra are plotted on the
same scale to indicate the relative yields of the
various particles. Figure 2(a) demonstrates the
general forward angle behavior of the particle
spectral shapes which results from the deuteron
bombardment. From Fig. 2(b) one sees that the
proton yield is larger than any other particle ob-
served. This is also the case for other targets
studied. The characteristic of the spectra in each
region observed for medium-energy deuteron bom-
bardment is summarized in Fig. 2(a). The most
striking feature is a broad peak in the proton spec-
trum at about half of the incident deuteron energy.
This peak will be discussed later. Another strik-
ing feature of the data is the flat spectra of high-
energy deuterons, tritons, and *He at forward
angles. As can be seen from Fig. 2, the cross

(b)

58ni(d,x)
E4=80 MeV 1
(angle-integrated)

do/dE (mb/MeV)

I I A il A

A
30 40 50 70 80 90
ENERGY (MeV)

| 1 1
O 10 20

FIG. 2. (a) Differential energy spectra at 6, =30°," and (b) angle-integrated energy spectra for p, d, ¢, *He, and

a particles from 80 MeV deutrons on *¥Ni.
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FIG. 3. (a) Differential energy spectra at 6, =150° for b, d, t, and « particles from 80 MeV deuterons on 58Ni.
d, t, and « particle spectra have been multiplied by 10, 100, and 10, respectively. (b) Comparisons of o par-
ticle energy spectra at backward angle for various targets.

section leading to the discrete low-lying states,
except for the elastic scattering peak, represents
only a small fraction of the total reaction cross
section (determined from optical model analysis

of elastic-scattering data). The spectra are gen-
erally quite smooth and structureless for excitation
energy above the particle-emission thresholds ex-

cept for a broad intense peak for low-energy pro-
tons and a particles.

Figure 3(a) shows the typical energy spectra ob-
tained at backward angles for the reaction **Ni(d, x)
at E,=80 MeV and 6, =150°. 'The spectral shapes
for E>20 MeV are quite similar for all emitted
particles and the magnitudes for d, f, and a par-
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ticles are approximately 1/10, 1/100, and 1/10,
respectively, of proton yield. A similar behavior
is also seen in the case of 90 MeV protons and 140
MeV « -particles induced reactions.'® This sug-
gests that the same process accounts for the pro-
duction of particles in the backward direction for
all projectiles.

Figure 3(b) shows the comparison of o -particle
energy spectra obtained at backward angles for
various targets. It is interesting to note that in
the c.m. system, the spectral shape as well as
the magnitude are similar for all targets above
the low-energy peak.

Figure 4 displays the measured laboratory dif-
ferential energy spectra of p, d, ¢, *He, and a par-
ticles for %'Al, *®Ni(d,x) at E, =80 MeV and *'Zr,
208pp, 282Th(d,x) at E, =70 MeV. This figure is
intended only to illustrate the similarity in the

target nuclei.

shapes and the systematic angular dependence of
the spectra for the various emitted particles and
Numerical cross sections for these
spectra can be obtained from the authors upon re-
quest. As can be seen from Fig. 4, for the same
type of emitted particle, a similar shape is obser-
ved for all target nuclei at a given angle, except
at the very low-energy end of the spectra. Such a
similarity suggests that essentially the same basic
reaction mechanisms are involved in each reaction.
The yields for d, ¢, *He, and a particles relative
to protons vary from target to target. Generally,
the ratios d/p and ¢/p increase with A, while those
for *He/p and a/p decrease with A.

For heavy nuclei, the triton yield is much lar-
ger than the *He yield, as one might expect because
the ratio of N/Z is larger for heavy nuclei. The
higher Coulomb barrier also inhibits the emission

TABLE II. Summary of the experimental results.

Total
Total Mean Non- mean
integral particle Discrete equilibrium particle
cross section yield states Evaporation cross yield
Emitted g 98 y. .98 MeV/Reaction cross section cross section section y=It
Target particle (mb) o g =EXYp (mb) ? (mb)® (mb) © T og
2TAL P 984 0.596 1.025 20.95 4 380 600
d 266 0.161 . 0.277 13.91 35 51 180
t 40 0.024  0.041 1.24 6 6 28 1.719
*He 23 0.014 0.024 0.90 3 2 18
‘He 338 0.205 0.352 3.91 1 153 184
58N b 2717 0.771  '1.775 29.84 9 1667 1041
d 328 0.093 0.214 7.24 50 73 205
t 39 0.011  0.026 0.85 5 8 26 2.304
SHe 25 0.007  0.017 0.61 2 3 20
‘He 416 0.118  0.272 3.72 1 309 106
Nz p ) 1757 0.743  0.893 17.82 17 908 832
d 302 0.128  0.154 5.71 56 48 198
¢ 44 0.018  0.022 0.67 7 9 28 1.202
SHe 11 0.005  0.005 0.16 cee 1 9
‘He 251 0.106  0.128 1.92 oo 190 61
208pp p 1574 0.745  0.536 18.26 28 128 1418
d 377 0.178  0.128 6.30 83 18 276
t 80 ' 0.038  0.027 0.92 13 9 58 0.718
He 10 0.005 0.003 0.15 3 1 6
‘He 71 0.034  0.024 0.76 1 18 52
227h ) 1453 0.722  0.478 16.87 19 105 1329
d 410 0.204 0.135 6.66 86 20 304
¢ 75 0.037  0.025 0.77 9 10 66 0.663
3He 15 0.007  0.005 0.20 2 1 12
‘He 60 0.030  0.020 0.61 1 14 45

2 Discrete state cross sections are estimated from 0—10 MeV in the low excitation region.
b Evaporation cross sections are estimated from the total cross section at 150° or 140° multiplied by 4.
¢ Non-equilibrium cross sections are obtained by subtracting the evaporation and discrete state cross sections from

the total integral cross section.
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of low-energy *He particles more than tritons. The
triton and *He yields are comparable for nuclei in
the medium-mass region. The high-energy por-
tions of the spectra (>20 MeV) for hydrogen par-
ticles increase withA. On the other hand, this
region of the spectra for a particles is almost in-
dependent of A and decreases with A for °He.

One should notice that the total yield of protons
(and @ particles) is larger for °®Ni than other tar-
gets studied (see also Table II). (This effect is
somewhat exaggerated in our data because of the
lower incident energy for the heavier targets. )
Similar results were also obtained for the reactions
induced by 62 MeV protons in the mass region
around °8Ni,® 90 MeV protons,!® and 140 MeV «a par-
ticles. !¢

It can be seen that the slope of the high-energy
region of the spectra at low angles is much steeper
for emitted o particles than for the other particles.
The spectra for *He and triton have essentially the
same slopes as those for deuterons. Somewhat
similar behavior is also observed for proton-in-
duced reactions.'® In the following, the energy
spectra and angular distributions for each type of
particle will be discussed separately.

A. Protons

As shown on the top row of Fig. 4, the magnitude
of the high-energy portion of the proton spectra de-
creases very rapidly with increasing angles, while
the low-energy regions show little variation with
angle. At the high-energy ends of the spectra (low
residual excitations), pronounced discrete peaks
dominate the spectra for all targets at forward
angles. These discrete peaks result from deuteron
stripping reactions leading to the bound states of

" the residual nuclei. The contribution from these
states, however, is rather small in comparison
with the total yield of protons.

At energies below these high-energy peaks the
spectra at low angles increase rapidly reaching
a maximum at approximately a half of the deuteron
incident energy. This broad peak is due to the
deuteron-breakup process which dominates the
yield of protons at forward angles. The deuteron-
breakup yield decreases dramatically with increas-
ing angle and the peak location shifts slightly to a
lower energy. Figure 4 also shows that the break-
up cross section increases with target mass.

Below the deuteron-breakup region the spectra
again increase, reaching another maximum at
approximately the proton Coulomb barrier energy
for each target nucleus. This peak is due to the
evaporation of protons. For heavy nuclei the evap-
oration peak at forward angles is not as pronounced
as in light nuclei because the Coulomb barrier
diminishes the emission of the low-energy charged

particles. (Neutron evaporation and fission are
more favorable for heavier nuclei.) The evapora-
tion peak yield decreases and peak energy shifts
to higher energy with increasing mass. For angles
larger than 90° the spectral shapes are similar
and the magnitudes of the peak are nearly constant
for a particular nucleus, indicating that the yield
is dominated by the compound nuclear evaporation
process. (A small nonequilibrium component also
appears to exist.) This behavior allows one to es-
timate the total evaporation cross section. For
heavy nuclei, the evaporation process amounts to
less than 10 percent of the total proton yield. In
addition to the dominant deuteron-breakup contri-
bution, nonequilibrium reactions are also more
important than evaporation for heavy nuclei.

For the medium-weight nuclei, the spectra show
a pronounced evaporation peak with considerable
high-energy cross section. The importance of the
evaporation and the nonequilibrium processes is
comparable.

Typical c. m. differential angular distributions.
for various energy bins are shown in Fig. 5 for
the reaction *®Ni(d,xp) at E,=80 MeV. The angu-
lar distributions behave quite smoothly and are
similar for all target nuclei studied. The high-
energy protons (>20 MeV) show a strong forward
peaking which suggests that direct or nonequilibri-
um processes dominate the reaction in this region

of the spectra. The distribution of the low-energy

protons is nearly isotropic for lighter nuclei and is
slightly forward peaked for heavy nuclei.
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B. Deuterons

The deuteron energy spectra are shown in the
second row of Fig. 4. The spectral shapes and
the magnitude of the yields vary rapidly with angle.
At forward angles the spectral shapes are flat or
may even rise slightly at the high-energy end. For
some of the nuclei, a broad peak located at 63/41!/2
of excitation energy is consistently seen at forward
angles. This peak has been previously identified
asthe isoscalar giant quadrupole resonance (GQR). 1°
Between the GQR region and the elastic peak, sev-
eral descrete peaks corresponding to inelastic
scattering to bound states of the residual nuclei
are also seen. The yield due to the bound state
region is less than 15 percent of the total deuteron
yield. Most of the energetic deuterons are emitted
in the forward directions, corresponding to small
momentum transfers to the target nuclei. At lar-
ger angles the spectra show a rapid decrease in
the deuteron yield with increasing energy. For
angles larger than 90°, the similarity of the spec-
tral shapes as well as nearly constant yield sug-
gest that the low-energy deuterons are primarily
due to evaporation. The evaporation yield of deu-
terons is considerably smaller than that for pro-
tons: for *®Ni about 60% of the protons emitted are
due to evaporation, whereas only 20% of the deu-
terons are due to evaporation. Figure 5 shows
the typical angular distributions for various ener-
gy bins for the *’Ni target. ,

The systematic behavior of the deuteron spectra
is very similar to that observed for proton emis-
sion. The spectra of protons and deuterons differ
primarily as a result of the small evaporation com-
ponent of the deuteron spectra and the breakup com -
ponent on the proton spectra.

C. Tritons

At forward angles, the triton energy spectra also
exhibit a characteristic flat continuum. At the
high-energy end, corresponding to low excitations,
some discrete states are observed at low angles.
Again, the yield resulting from these discrete
states is less than 15% of the total yield of tritons.
The angular dependence of the spectral shapes and
the magnitudes with angle is very similar to that
of the deuterons decreasing dramatically with angle,
especially for heavy nuclei over the entire energy
range (see Fig. 4). This observation implies that
the evaporation of tritons is not important. The
triton yield, which increases with A, is about 1/10
‘the yield of deutrons.

D. 3He

Because of the lower yield, the ®He spectra
showed more statistical fluctuations than the spec-

tra of other particles. In Fig. 4, the spectra for
only a few angles for 2°®Pb and 2°Th are shown.
Part of the 3He spectra are missing from *Zr for
some angles because of the failure of detecting sys-
tems during the run. The °He spectrum also exhib-
its a flat continuum very similar to the triton spec-
trum at forward angles. The high-energy region

of the spectra is dominated by discrete peaks which
account for of the order of 15% of the total *He
yield.

The °He yields are comparable to the triton
yields for *’Aland *®Nibut are much less for heavier
target nuclei. The great similarity in spectral
shapes and magnitudes between *He and triton for
%TA1 and 5®Ni implies that there is nearly an equal
chance for a deuteron to pick up either a proton or
a neutron in this mass region. The energy spec-
tra also show that the evaporation mechanism is
unimportant.

E. « particles

As shown in Fig. 4, the structure of the o par-
ticle spectra at high energies is ambiguous because
of the poor statistics. Note that the failure of the
detector system during the *Zr run also resulted
in the loss of some a-particle data for this target.
The yield of high-energy a particles is a factor of
2 or 3 times smaller than the high-energy yield of
tritons and *He. The spectral shapes for o par-
ticles are quite similar at energies higher than
~20 MeV for all nuclei investigated. The energy
spectra increase smoothly in magnitude with de-
creasing energies until a broad maximum is reach-
ed at approximately the energy of the Coulomb bar-
rier and then fall off rapidly. The high Coulomb
barrier clearly prohibits the emission of low-en-
ergy a particles for heavy nuclei.

The yield of high-energy a particles decreases
rapidly with increasing angle. At the same labor-
atory angles, the high-energy yield of a particles
is surprisingly large when compared to the same
regions of the triton and *He spectra. One would
expect two-nucleon pickup or « -particle knockout
to be much less important than single-nucleon
pickup or stripping. The low-energy yield of «
particles is approximately independent of angle
for the lighter nuclei. Clearly, the a-evaporation
process plays an important role for « -particle
emission in the light- and medium-mass nuclei.

All of the evaporation peaks shown in Fig. 4
shift to lower energies as the angle increases.
Such a shift in energy suggests that the evapora-
ting particles are emitted from a recoiling nucle-
us. The momentum of the recoiling nucleus de-
duced from the shift corresponds to almost the en-
tire momentum of the incident projectile. The
variation of @ peak energy with laboratory angles
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FIG. 6. The variations of ¢-particle evaporation peak
energy with laboratory angles and comparisons with two-
body kinematics for various target nuclei.

is shown in Fig. 6 for all targets studied. The
dashed curves represent two-body kinematics as-
suming only one emitted particle. The corres-
ponding c.m. energies of @ particles are also in-
dicated. For light- and medium-weight nuclei, the
observed evaporation peak locations follow the two-
body kinematics rather well. To confirm this kin-
ematic shift, we have plotted in Fig. 7 the c.m. en-
ergy spectra transformed from the laboratory spec-
tra according to Eq. (1) at several ¢c.m. angles
for the %®Ni(d,xa) reaction. It can be seen that all
spectra are peaked at the same location in the
c.m. frame. As discussed previously, the evap-
oration of charged particles is considerably less
important for heavy target nuclei. The pre-equil-
ibrium emission tends to obscure the evaporation
peak at forward angles and makes the location of
the peak very uncertain. This could account for
the apparent anomalous shift in the peak indicated
for the heavy nuclei.

A brief summary of experimental results is pre-
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FIG. 7. The c.m. energy spectra of a particles at
several c.m. angles for 80 MeV deuterons on *®Ni.

sented in Table II. The important features observ-
ed for the medium-energy deuteron-induced reac-
tions are outlined below:

(1) The deuteron-breakup process dominates the
proton spectra at forward angles. The breakup
yield increases with increasing target mass A.

(2) For all target studied, the high-energy con-
tinuum of all emitted particles decreases rapidly
in magnitude with increasing angle (strongly for-
ward peaked). For the lighter nuclei, the low-
energy region is dominated by an evaporation peak
which is nearly isotropic in the c.m. A small non-
equilibrium yield is also observed at backward
angles in many reactions. The energy spectra are
rather constant at backward angles (>90°).

(3) The highest-energy particles are produced
via direct reactions leading to the bound states of
residual nuclei. These low-lying states (integra-
ted up to 10 MeV excitation energy) represent only
a few percent (6%) of the total integral charged
light-particle yield (see Table II).

(4) The evaporation process (~50% of total
charged light-particle yield) is comparable to the
nonequilibrium process in light- and medium-mass
nuclei, while the nonequilibrium (over 90% of the
total charged light-particle yield) processes dom-
inate the emissions of charged particles for heavy
nuclei.

(5) Except for the deuteron-breakup peak in the
proton spectra, the high-energy portion of the spec-
tra of all other particles are relatively flat at small
angles. This flatness and the rapid angular depen-
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FIG. 8. The variation of total production cross sec-
tion for various charged light particles (Z=2, A=4),
and the total charged light-particle yield v/ith target
nuclear mass. : ‘

dence of the high-energy particles suggest that di-
Jxect or semidirect processes involving relatively

few interactions dominate this region.of the spec-
tra.

(6) The total yield of charged light particles o,
plotted as function of A in Fig. 8 appears to reach
a maximum in the region around *®Ni. The de-
crease in charged light-particles yield for heavy
mass nuclei undoubtedly reflects the increasing
importance of neutron emission and fission, as the
increasing Coulomb barrier inhibits the emission
of low-energy charged light-particles. Note that
the total production of deuterons and tritons con-
tinues to increase with A because evaporation plays
only a very small role in the production of these
particles.

(7) The spectral shapes of a given particle type
above the evaporation peak are similar for all tar-
get nuclei studied (see Fig. 4). Figure 9 shows
a log-log plot of the nonequilibrium yields of var-
ious charged light-particles o and the total non-
equilibrium charged light-particle yield 0} (non-
equilibrium yield which is obtained by subtracting
the most backward angle energy-integrated cross
section multiplied by 47 from total integral cross
section) vs A. 0%/A'/? has a rather constant value
0, ~(300+50)4!/3mb. The production of energetic
(nonequilibrium) protons and deuterons appears to
be proportional to the nuclear radius, suggesting

Mass Number (A)

FIG. 9. The variation of nonequilibrium charged
light-particles cross sections, and the total nonequili-
brium charged light-particle yield with the target nu-
clear mass. The straight line shows the A!/3 dependence.

that these particles may result from the peripheral
collisions. Tritons, *He, and ¢ may involve a
more complicated process.

(8) The total proton yield (see Table II) is found
to be ~60-80 % of the total charge light-particle
yield.

IV. COMPARISON WITH CALCULATIONS

The compound -nucleus evaporation mechanism
seems adequate in describing the low-energy re-
gion of the spectra for the lighter nuclei. However,
the model fails to account for the observed spectra
above 20 MeV. The compound -nucleus evaporation
is the last stage of a nuclear equilibration process.
The failure of this model to predict sufficient yields
of the high-energy particles suggests that a reac-
tion mechanism bridging the energy region between
the direct interaction to bound states and the com-
pound-nuclear evaporation is needed. Several mod-
els of such mechanisms have been developed in re-
cent years, such as the direct reaction, the quasi-
free scattering, the intranuclear cascade (INC),?
and the pre-equilibrium model.* Some of these
models seem to be reasonably successful in ac-
counting for the gross features of the experimental
data. In this paper, we have analyzed the data
within the framework of the pre-equilibrium exciton
model together with evaporation theory.!™1® This
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model has a serious limitation in that it can only

be compared with the experimental angle-integrated
energy spectra. Nevertheless, it provides a quali-
tative guide which suggests that much of the high-
energy component of the spectra results from rel-
atively simple interactions of the projectile with the
target nucleus. In the case of protons produced via
deuteron breakup, we have compared the results
with the prediction of a simple deuteron-breakup
model originally developed by Serber. !4

A. Pre-equilibrium exciton model and evaporation model
calculations

At angles beyond 90°, where direct reactions are
expected to be relatively unimportant, many of the
spectra exhibit the characteristics of the evapora-
tion process. Comparisons are made between the
c.m. spectra at backward angles and the pure
evaporation calculations (normalized to data) in
Fig. 10. The level density parameter a=g1r2/6,
where g is single-particle level density, is taken
tobe A/8, i.e., g=3A/4r* MeV, for all calcula-
tions carried out in this paper. The evaporation
calculation fails to predict the shape of spectra for
energies greater than 20 MeV even at such large
angle.

The pre-equilibrium exciton model assumes that
the composite system equilibrates from the initial
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FIG. 10 The comparison of experimental particle ener-
gy spectra at 0, =147.24° with the evaporation calcu-
lations for 80 MeV deuterons on 58Ni. Evaporation cal-
culation with a level density parameter a=A/8 have
been normalized to the experimental data.

particle-hole state (p, +h,) formed by a two-body
interaction between a nucleon in the projectile with
a nucleon in the target. The system is then as-
sumed to proceed to more complex particle-hole
states through a series of two-body collisions.
Particles may be ejected after the first few colli-
sions with rather high energies. Details of the
pre-equilibrium exciton model used to analyze these
data are given in Refs. 17 and 18. All symbols
used in this paper are the same as those of Refs.
17 and 18.

Pre-equilibrium calculations indicate that the
high-energy particles result primarily from the
lowest particle-hole state (p+h) from which the
particle type B can be emitted. From Eq. (5) of
Ref. 17 we see that to first order the high-energy
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FIG. 11 Plot of iqz cun/ €0iny(€)vs U (excitation energy)
for protons resul’cimgE rom deuteron-induced reactions
for various target nuclei. The slopes are indicated in
each spectrum. This slope analysis yields a value of 2
for s which suggests an initial 3p-1% configuration.
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portion of the spectrum is given by

d9g(e

de( L eayeurne, @
where 0g(c) is the inverse reaction cross section
for particle B at energy ¢, and U is the excitation
energy of the residual nucleus. The proportionali-
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ty constant contains all other information required
in the exciton model.. From the above equation one
finds that the slope of

logf%i@/soﬂ(ei}vs log(U)

is related to p and h by
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FIG. 12, (a) The comparisons of experimental proton angle-integrated energy spectra with pre-equilibrium exciton
model plus evaporation model calculations. nnrepresentsthe experimental data; mum represents the calculated pre-
equilibrium spectra from the first stage as indicated; --- represents the calculated total pre-equilibrium spectra; see
represents the calculated evaporation spectra; and —represents the sum of calculated total pre-equilibrium and evap-
oration spectra. (b) Same as (a) except for deuteron. (c) Same as (a) except for triton. (d) Same as (a) except for *He.

(e) Same as (a) except for a particles.
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pth=s+8+1. - (3)

Hence, the analysis of the slope of the experimen-

tal data can often provide an estimate of the first
particle-hole configuration from which particle B
can be emitted. The results of such analyses are
presented in Fig. 11 for protons.

The most probable value of the initial exciton
number deduced from these analyses is found to be
4; i.e., 3p—1h. In the case of ¢ -particle emis-

(c) TRITON SPECTRA
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o
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sion p+h is found to be 6; i.e., 4p—-2h. As the
model assumes that the incident projectile inter-
acts with the target nucleus by exciting one of the
target nucleons to form a certain initial particle-
hole configuration, a 3p - 1h initial state for deu-
teron-induced reaction is expected. An o particle
cannot be emitted from the 3p - 1h state, hence the
first particle-hole state from which a -particle
emission is possible is the 4p —2h state. This is
also in agreement with the ‘slope analysis.

(d)

*He Spectra

do/dE (MeV)

0 10 20 3040 50 60 70 80 0
Energy (MeV)

Fig. 12. (Continued)
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Figures 12(a)-12(e) show comparisons be-
tween the calculations and the experimental angle
integrated spectra in the c.m. frame. The calcu-
lation consists of three parts: (1) the pre-equili-
brium component shown as dashed curves; (2)
evaporation following the pre-equilibrium emis-
sions; (3) pure evaporation [evaporation which re-
sults from the equilibrating system proceeding to
equilibrium without the emission of particles in the
earlier stages as defined in Eq. (17) of Ref. 17.]
The contributions from (2) and (3) combined are

(e)

(mb/MeV)

doMdE

10

Energy (MeV)

Fig. 12. (Continued)

shown as dotted curves. The solid curves are the
sums of all three components.

The following parameters are used in the pre-
equilibrium calculations: o

(1) The averaged two-body transition matrix ele-
ments used in the present calculations are given by
|M|?=KA™3E™1.2° Avalue of K= 200 MeV3was found
to give reasonable agreement between the calcula-
tions and the experimental data for all targets
studied.

(2) The inverse reaction cross sections 0g(e) for
the pre-equilibrium calculations are calculated
from an optical model analysis using a global set
of parameters taken from Refs. 20 and 21. In the
evaporation calculations, empirical expressions
which reproduce the inverse reaction cross sec-
tions calculated from the optical model are used.!%#

(3) The total reaction cross section 0gx(E) is
needed in the calculation of the absolute cross sec-
tions. Since no experimental 0x(E) were available
for 70 or 80 MeV deuterons, they were computed
from the optical model with parameters obtained
from Refs. 15 and 23. These values of 0z (E) are
listed in Table III.

A comparison between the experimental data and
the calculations leads to the following observations:
(1) The pre-equilibrium exciton model predicts
a rather large cross section in the region of high-
energy continuum of the spectra. In heavy nuclei,
the pre-equilibrium reactions dominate the entire

energy spectrum of charged light particles.

(2) The pre-equilibrium calculations agree well
with the high-energy components of the angle-inte-
grated energy spectra both in shape and in absolute
magnitude. The calculated pre-equilibrium proton
spectrum provides a reasonable continuum under-
lying the deuteron-breakup peak.

(3) As shown in Figs. 12(a)-12(e), the spectra
resulting from the 3p - 1h states for p, d, ¢, and
He and the 4p — 2h states for a particles account
for most of the highest-energy charged light par-
ticles emitted. The results also show that the con-
tributions from states formed after a few collisions
(from higher exciton states) are important, partic-
ularly for ¢, *He, and o particles. In the case of
deuterons, the pre-equilibrium calculations do not
predict enough yield for high-energy particles.
This is expected because the pre-equilibrium mod-
el does not include any effect of collective excita-
tion which is dominant in the high-energy region of
the inelastic spectrum. )

(4) Deuterons emitted from 3p — 1h states are
equivalent to inelastic scattering, which leads to
1p ~ 1h excited states in the residual nucleus. The
emission of tritons (or 3He) from the 3p — 1h state
corresponds to the pickup of a neutron (or a pro-
ton) by the incident deuteron, leading to 1 neutron-
hole (or 1 proton-hole) states in the residual nu-

»
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TABLE III. Summary of the calculated results.

Calculated

Total Initial Complex particle pre-equilibrium Estimated
~reaction particle formation cross section deuteron
cross section and Measured probability first breakup
(mb) hole Emitted non-equilibrium No pairing pairing total stage cross section
Target Og number particle cross section correction correction (mb) (mb) (mb) 2
2TAL 959.4 3p-1h p 600 coe .o 293 217
. d 180 0.0315 0.0312 155 105 307
t 28 0.007 72 0.006 86 22 10 (80 MeV)
3He 19 0.006 68 0.007 39 19 8
‘He 184 0.0169 0.0175 18 5
58Ni 1531.0 3p-1h ? 1041 oo cee 619 382
d 205 0.0203 0.0218 183 101 492
¢ 26 0.004 32 0.004 21 29 8 (80 MeV)
SHe 20 0.003 32 0.003 32 20 6
‘He 106 0.00748 0.006 45 29 4
Nz 1967.2 3p-1h b 832 ceo coo 537 262
d 198 0.0161 0.0177 175 85 295
t 28 0.003 05 0.00312 31 8 (70 MeV)
He 9 0.001 78 0.00176 12 3
‘He 61 0.004 78 0.003 69 45 4
208pp 2934.7 3p-1h b 1418 coe oee 663 390
d 276 0.016 3 0.0175 230 97 755
t 58 0.002 57 0.002 69 64 9 (70 Me¥)
He 6 0.001 03 0.001 02 7 2
‘He 52 0.002 07 0.001 90 44 2
282Th 3037.6 3p-1h p 1329 PR e 619 363
d 304 0.0167 0.0181 215 93 710
¢ 66 0.002 29 0.002 36 62 8 (70 MeV)
SHe 12 0.001 52 0.001 53 9 2
‘He 45 0.00144 0.001 30 35 1

2 Deuteron breakup cross section is estimated by subtracting calculated pre-equilibrium cross section from measured
non-equilibrium cross section of proton.

cleus. Similarly, the two-nucleon (1 proton and 1
neutron) pickup process corresponds to an ¢ par-
ticle being emitted from 4p — 2h states. The pre-
equilibrium calculations suggest that these simple
one- and two-nucleon pickup processes only ac-
count for a small fraction of the non-equilibrium
yield of ¢, He, and o particles. More complex
interactions, such as multiple scattering, are im-
portant in the production of such particles.

The direct-stripping process leading to the exci-
tation of 1 neutron particle states in the proton
spectrum is not included in these pre-equilibrium
calculations, unless an initial 2p — Oh state is as-
sumed. This stripping process would be expected
to include the deuteron-breakup contribution. The
calculation, using a 2p — Oh state, however, pre-
dicts a flat spectral shape for protons, in contrast
to the strong peak observed in the experimental
data. -

(5) In the present calculations multi-particle
emission in the pre-equilibrium stage is not in-
cluded. The inclusion of such processes would
probably reduce the yield in the evaporation re-
gions and enhance the yield in the middle of the
spectrum., This may provide better agreement be-
tween theory and data. For example, if a deuter-
on is emitted from a 3p — 1h state, the residual nu-
cleus is left in excited 1p - 1h states. Particles
emitted from such states may carry off relatively
large amount of energy. In the present calcula-
tions these secondary pre-equilibrium emissions
are treated as evaporation process for simplicity.

(6) The complex-particle formation probability
7p extracted from these data (see Table III and Fig.
13) shows a strong dependenceon A. The procedure
for obtaining y; from the experimental data was
discussed in great detail in Ref. 18, In Fig. 13 we
have plotted v,g/g; instead of 7, where g and g4
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FIG. 13. Plot of v3g/g as a function of nuclear mass ¢, He, anda particle. A family of curves showing various A

dependence are also plotted as dashed lines.

are single nucleon and complex-particle state den-
sities. The y4’s are extracted from experimental
data both with and without pairing correction in the
pre-equilibrium calculations.

B. Deuteron-breakup model calculations

As shown in Fig. 4, deuteron-induced reactions
are dominated by the deuteron-breakup process at
forward angles. The deuteron-breakup cross sec-
tion increases with increasing A. It is difficult to
extract the deuteron-breakup yield from the under-
lying continuum at a given angle. In the case of
the angle-integrated spectra we have assumed that
we can use the pre-equilibrium calculations to es-
timate the underlying continuum of protons. Figure
14 shows the angle-integrated spectra obtained by
subtracting the pre-equilibrium calculations from
the observed spectra. The resultant spectra shown
as smooth curves are compared with the prediction
of the Serber model for deuteron brea.kup,14 shown
as dashed curves in Fig. 14. By normalizing the
calculations to the experimental cross sections, a
qualitative agreement of the spectral shapes is ob-
tained, except that the calculated peak location is
shifted slightly to lower energies. In fact, the ob-
served deuteron-breakup cross section is much
larger (~2 to 4 times larger) than the predictions
of Serber’s model. This discrepancy is not due to
the assumed background from the pre-equilibrium
calculations. The total breakup cross section in
the breakup model is given by 0, =37RR,, where R
=7,A1/3 is the nuclear radius and R, is the deuter-
on radius.!* The model predicts the A'/3 depen-
dence of the breakup yield. In Fig. 9, the observed
deuteron-breakup yield estimated using the pro-

cedure described above shows an approximate A'/3
dependence.

V. CONCLUSIONS

The spectra of charged light particles produced
by deuteron bombardment of five target nuclei
show surprisingly systematic behavior and consid-
erable similarity. The spectra exhibit three dis-
tinct regions: the discrete states at low-excitation
energy resulting from two-body reactions, the
evaporation peak, and a large continuum between
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FIG. 14. Comparisons of proton enegy spectra cal-
culated using Serber’s deuteron-breakup model (dashed
curves) with experimental data (solid curves). Cal-
culation has been normalized to the experimental peak
cross section,
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the evaporation peak and the low-lying discrete
bound states. In the angular region studied, the
total yield due to the discrete states (up to about
10 MeV excitation energy) is less than 6% of the
total charged light-particle yield. The extremely
flat shape of the high-energy continuum region at
low angle for emitted deuterons, tritons, and *He
is perhaps the most striking feature of the data.
The spectral shapes at all angles are also quite
similar for deuterons, tritons, and ®He. The non-
equilibrium continuum is strongly forward peaked
for all particles. The proton continuum is dom-
inated by deuteron breakup.

Approximately 75% of the total charged light-
particle yield is due to protons (except for 27Al).
The nonequilibrium yield of charged light particles
increases with target mass and is roughly propor-
tional toA'/3, For lighter nuclei, approximately
half of the total production cross sections are due
to evaporation process. For heavy nuclei, evapor-
ation accounts for less than 10% of the total cross
section. The observed total charged light-particles
yield is approximately a factor of 2 larger than the
total reaction cross section except for heavy nuclei
where neutron and fission competitions dominate.
Clearly, multiparticle emission is important.

The pre-equilibrium exciton, the evaporation and
the Serber deuteron-breakup models provide rea-
sonable fits to the angle-integrated spectra, except
in the region of the discrete states. The results
show that the particles emitted with energies high-
er than ~20 MeV for light- and medium-weight nu-
clei are mostly from pre-equilibrium emission.
For heavy nuclei, almost all of the charged light-
particle production results from pre-equilibrium
emission.
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These models have the severe limitation in that
they cannot provide an explanation of the dramatic
angular dependence of the nonequilibrium yield.
The fact that the first few particle-hole states of
the pre-equilibrium model appear to account for
most of the high-energy continuum and that the life
times of these particle-hole states are comparable
to nuclear transit times suggests that the basic
mechanisms which produce the nonequilibrium yield
involve the interaction of relatively few nucleons of
the target with the projectile.

The overall behavior of the differential energy
spectra suggests that the nuclear reaction is dom-
inated by two- types of mechanisms:

(1) One which occurs on a fast time scale, re-
taining the initial dynamic information where a
relative simple process, such as quasi-free scat-
tering, pickup, breakup, etc., which involves
large momentum transfer interaction with relative-
ly few target nucleons.

(2) The other which results in equilibration pro-
cesses and corresponds to almost complete trans-
fer of the incident projectile momentum to the equil-
ibrium system.
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