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Charged-particle spectra: 90 MeV protons on *’Al, **Ni, *Zr, and **Bi
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Complete charged light-particle (Z <2, 4 <4) energy spectra were measured for 90 MeV protons on
Al %¥Ni, *Zr, and *Bi and 100 MeV protons on ¥Ni. The energy spectra show a strong angular
dependence and the spectral shapes at a given angle for the same particle type are similar in the high-energy
continuum for all target nuclei. The non-equilibrium, charged light-particle yields show an 4 '/ dependence
and are approximately given by (2004-10)4 '*(mb). One striking feature is the similarity of the shapes of
the p, d, and t spectra, if the spectra are shifted by an appropriate binding energy. The relative intensity is
approximately p:d:t 1:1/10:1/100 at all angles. In the backward directions (8 > 140°) the spectra exhibit
characteristic evaporation behavior with approximately the same slope for each target nucleus for a given
observed particle. The slopes of the evaporation peaks (corresponding to a temperature of 2-3 MeV) for the
different particle type are also rather similar. The experimental results were analyzed within the framework
of the pre-equilibrium exciton model together with the evaporation theory. The pre-equilibrium exciton
model using a 2p-1h initial configuration generally reproduces the experimental angle-integrated energy
spectra reasonably well in shape, but underestimates especially the proton yield in the region of high-energy
continuums.

.

NUCLEAR REACTION: 27Al, %Ni, ¥7zr, 209Bi (p, xp), (p, xd), (b, xt), (p, x3He),

(P, x@), E,=90 MeV; 6, =20°-40°, BNi (p, xp), (9, xd), (p, 1), (p, x3He), (p, xa),

E,=100 MeV; 0;,=15°-155°, measured d*o/dQude, deduced do/de and o(E). Com-
parisons with preequilibrium exciton and evaporation models.

MARCH 1979

I. INTRODUCTION

We have previously reported studies of charged
light-particle (Z < 2,A <4) energy spectra result-
ing from medium-energy deuteron! and a-particle?
induced reactions. A number of interesting fea-
tures have emerged from these studies. From the
analyses of these results it was concluded that in
addition to the direct one-step processes second-
ary interaction processes (multiple collisions) are
important. The cross sections leading to bound
states of the residual nucleus constitute only a
small fraction of the total reaction cross sections.
Particles in the high-energy continuum appear to
result mainly from interactions involving only a
few nucleons of the target nucleus. The low-ener-
gy particles are due either to the compound nu-
cleus evaporation or to the higher order preequili-
brium decay. The projectile breakup process was
found to be significant for composite projectiles.!’?
The basic reaction mechanisms involved in reac-
tions induced by different composite projectiles
with energies around 100 MeV appear to be simi-
lar.

The energy spectra of charged light particle
from proton induced reactions have been widely
studied. Most of these measurements were per-
formed at lower energies (< 60 MeV).? Limited
data are available at higher energies.* It is gen-
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erally believed that the single collision processes
(quasifree scattering) are the predominant inter-
actions in the energy range of several hundred
MeV and that multiple collision processes domin-
ate in the neighborhood of ~100 MeV. In the last
few years a number of experiments have been car-
ried out to study the nuclear structure and the re-
action mechanisms by means of reactions such as
(»,2p), (p,pa), (p,pd), and (p,d°He) using 100 MeV
protons.® In-beam y-ray measurements have also
been used to identify the product nuclei resulting
from reactions induced by 100 MeV protons.® In
order to obtain a more complete picture of the re-
action mechanisms involved in this energy region
we have measured the complete spectra of charged
light particles produced by 90 MeV protons on four
target nuclei spanning the periodic table (the same
targets were used in the studies of deuteron and
a-particle induced reactions) and by 100 MeV pro-
tons on °®Ni. Some of the 100 MeV results have
been previously reported.’

Data for 62 MeV protons reported by Bertrand
and Peele® show that the particle yields from these
reactions are governed by peripheral type of colli-
sions. This conclusion is based on the fact that
the nonequilibrium yield has an approximate A!/3
dependence. Processes which involve the emission
of particles after several interactions and from the
equilibrated nucleus in the compound stage were
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also observed. These lower energies data have
been interpreted in terms of various reaction mod-
els.>8

In Sec. I, the experimental results are given
and are compared with data at lower energies. The
comparisons of the experimental results with the
pre-equilibrium exciton model and the conventional
evaporation model are given in Sec. IV,

II. EXPERIMENTAL METHOD

In this series of experiments, protons acceler-
ated to 90 and 100 MeV by the University of Mary-
land Cyclotron were used to bombard 2TAl (1.72
mg/cm?), %Ni (1.11 mg/cm? for 90 MeV protons
and 1.6 mg/cm? for 100 MeV protons), *Zr (5.8
mg/cm?), and 29Bi (8.85 mg/cm?) targets. The
primary interest of this experiment was to mea-
sure the charged light-particle (Z < 2,A <4) energy
spectra over the entire energy range of particles
produced by 90 MeV protons on the above targets.
Two triple-counter telescopes were employed to
compensate for the gaps which a'fppeared in the
spectrum due to detector dead layers and electron-
ic thresholds in each telescope. The detector ar-
rangements of these two triple-counter telescopes
were (1) 100 um (Si)-1000 pm (Si)-7.6 cm Nal,
and (2) 500 pm (Si)-4000 um (Si-Li)-500 um (Si).
The detector solid angles were 0.271 and 0.165
msr, respectively. The details of the experiment-
al methods, including data collection, reduction,
computer programs, and the error analyses were
described in Refs. 1 and 9. The overall uncertain-
ties for the experimental data are approximately
10%.

The experimental laboratory differential cross
sections were transformed to the c.m. system us-
ing the relationship

1 d’’(6’) 1 d*o(6)
p' dQ'de’ T p dQde ’

where p and p’ are the momenta of the emitted
particles in the laboratory and the c.m. systems,
respectively. In carrying out the point by point
transformation, the assumption was made that all
observed particles were emitted from a nucleus
moving with initial c.m. velocity.

The cross sections integrated over either lab-
oratory or c.m. angles, do/de =2 [} (d%/dSude)
sinfd6, were obtained by means of Gauss integra-
tion. For integration purposes, the Lagrange in~
terpolation/ extrapolation method was employed to
estimate the cross section of those integration
points which fall outside of the experimental data.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

The spectra of charged light particle were mea-
sured for the four target nuclei over the energy
range from ~2 MeV up to the maximum possible
energy and the angular range from 20° to 140°,
Data with limited energy and angular ranges for
100 MeV protons on *®Ni were also obtained. Table
I summarizes the experimental conditions and
some of the results. The results of some earlier
work performed at another laboratory at lower en-
ergies are listed in Table IL®

Figure 1 displays the laboratory differential en-
ergy spectra for p, d, t, *He and a particles for
90 MeV proton induced reactions on 27Al, *8Ni,
Nzr, and 2°Bi. Spectra for the %®Ni(p, ) reaction
E, =100 MeV are shown in Fig. 2. The character-
istic behavior of these spectra is quite similar to
those observed for the deuteron' and a-particle?
induced reactions. The spectra vary rapidly with
angle in the forward direction and remain more
constant in shape and magnitude in the backward
direction (>90°). The high-energy particles are
produced mainly at forward angles for all target
nuclei. On the other hand, the low-energy parti-
cles are nearly isotropic for lighter nuclei and
are slightly forward peaked for heavy nuclei. The
typical angular distributions in the c.m. frame for
various energy bins are shown in Fig. 3 for the
®Ni(p,x) reactions E, =90 MeV.

The spectra for the *®Ni(p, x) reactions at §;=20°
in the laboratory system are shown in Fig. 4 to
illustrate the general forward angle features of
these data for each emitted particle. In the proton
spectrum, a broad peak at E,~634"1/3 MeV cor-
responding to the excitation of the giant quadrupole
resonance is observed. The laboratory angle-inte-
grated spectra are also shown in Fig. 4. All spec-
tra are plotted on the same scale to facilitate the
comparison of their relative intensities. At for-
ward angles the proton and deuteron spectra are
very similar in shape and are almost flat in the
region of continuum above the low-energy evapor-
ation peak. The triton and *He spectra also show
a similar behavior except that they exhibit a slight
decrease with energy. The a-particle spectrum,
however, decreases rapidly with energy. These
observations suggest that the emission of nonequil-
ibrium protons and deuterons result from a very
similar process. The processes which result in
the emission of tritons and 3He may also be closely
related, but the emission of o particles is clearly
more complex,

Figure 5 shows the comparison of deuteron and
triton spectra with those of protons for the
58Ni(p, ) reactions at E, =100 MeV. The deuteron
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or: Total reaction cross section.
Y: Mean particle yield,
Integral yield for particle 8.

Og:
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TABLE II. Summary of experimental results of Ref, 3.
Target and
incident Emitted
energy o; (mb) og (mb) Y=o0,/0p particle g (mb) ag/0, Ya=03/0g
2¢c » 346.0 0.576 1.075
61 MeV 600.6 322 1.865 d 71.1 0,118 0.221
¢ 9.3 0.015 0.029
3He 18.2 0.030 0.057
4He 156.0 0.260 0.484
6o p 448.0 0.643 1.161
61 MeV 696.6 386 1.805 d 78.7 0.113 0.204
¢ 7.4 0.011 0.019
3He 14.5 0.021 0.038
‘He 148.0 0.212 0.383
2TAL b 705.6 0.721 1.314
62 MeV 979.22 537 1.824 d 88.7 0.091 0.165
t 8.88 0.009 0.017
SHe 11.04 0.011 0.021
iHe 165.0 0.168 0.307
Hye P 1670.0 0.868 2.032
62 MeV 1923.27 822 2.840 d 87.3 0,045 0.106
¢ 6.92 0.004 0.008
3He 9.55 0.005 0.012
iHe 149.5 0.078 0.182
Sre p 1542.0 0.893 1.680
39 MeV 1727.59 918 1.882 d 54.5 0.032 0.059
¢ 2.69 0.002 0.003
3He 7.7 0.004 0.008
“‘He 120.7 0.070 0.131
re b 1409.0 0.914 1.448
29 MeV 1540.95 973 1.584 d 34.7 0.023 0.036
t 0.93 0.001 0.001
3He 0.42 0,0003 0.0004
‘He 95.9 0.062 0.099
8y ) P 868.7 0.816 0.772
62 MeV 1064.2 1125 0.946 d 78.4 0.074 0.070
¢ 12.6 0,012 0.011
3He 4.0 0,004 0.004
iHe 100.5 0.094 0.089
120gp b 811.0 0.814 0.601
62 MeV 996.24 1349 0.739 d 95.1 0.095 0.070
t 23.6 0.024 0.017
3He 3.34 0.003 0.002
‘He 63.2 0.063 0.047
197 Ay p 654.6 0.822 0.364
62 MeV 796.2 1799 0.443 d 86.0 0.108 0.048
¢ 21.3 0.027 0.012
3He 2.3 0.003 0.001
iHe 32.0 0.040 0.018
200§ P 707.0 0.818 0.377
62 MeV 864.08 1876 0.461 a 95.0 0.110 0.051
¢ 27.2 0.031 0,015
3He 2.58 0.003 0.001
He 32.3 0.038 0.017
o;: Total integral charged particle yield.
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and triton spectra have been shifted by an appro-
priate binding energy and were scaled by a factor
of 10 and 100, respectively. The similarity in
spectral shape is obvious.

Figure 6(a) shows typical energy spectra observ-
ed at backward angle in the laboratory system for
the 5®Ni(p, x) reactions at 6, =140° and E, =90
MeV. The a-particle and deuteron spectra have
been multiplied by a factor of 10 and the triton
spectrum by 100. Clearly the dominant channels
are the protons and the o particles. The spectra

27 58, .
Ni

for all particles have similar shapes. The proton
spectrum, however, shows a change in slope start-
ing at about 15 MeV. Figure 6(b) shows the labor-
atory and c.m. a-particle energy spectra for vari-
ous target nuclei in the backward direction. It is
interesting to note that the slope, corresponding to
a temperature of 2—3 MeV, is nearly identical for
all target nuclei. This suggests that particles
emitted in the backward angles result from the
same reaction mechanism.

Figure 7 demonstrates the A dependence of emit-

d%/dQdE (mb/sr MeV)

©

U

020306080 O 2040 60 80 0 20 40 60 80 0 20 30 60 80 100

ENERGY (MeV) '

FIG. 1. The laboratory differential energy spectra for p, d, ¢, *He, and « particles resulting from the bombardment
of 90 MeV protons on 27Al, %Ni, %Zr, and 29Bi. The heavy mark represents the cross section of 1 mb/sr/MeV.
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FIG. 1. (Continued),
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. (b)
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d>/69de  (mb/sr MeV)
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FIG. 2. (a) The laboratory differential energy spectra for protons resulting from the bombardment of 100 MeV pro-
tons on °8Ni. 2(b) Same as Fig. 2(a) for d, t, 3He, and « particles. Because of detector thickness used in the 100 MeV
experiment. ’He and & particles were measured over energy range from 8.5 to~ 46 MeV.
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FIG. 3. Typical c.m, angular distributions for vari-
ous energy bins (1 MeV bin) as indicated for the 58Ni
(p, x) reactions at E,=90 MeV.

ted protons. As previously indicated, an approxi-
mate A!/3 dependence in the yield of nonequilibri-
um emission was observed at lower bombarding
energies which suggests a peripheral type of re-
action. The 90 MeV data shown in Fig. 7 [see also
Fig. 9(c)] further support the previous observations
for proton and deuteron emission. (The yield for
YAl may deviate somewhat from the A3 depen-
dence.) Furthermore, the spectral shapes are
very similar for all targets studied, except in the
low-energy region. From the similarity in spec-
tral shape and the Al/3 dependence, we conclude

J.R. WU, C. C. CHANG, AND H. D. HOLMGREN

19
T T T T T T T T 7§
F 58Ni(PX) Ep=I00 MeV 1A
| ——Proton |
[ —=~-Deuteron (xIO) energy shifted by OMeV ; |
_. |0 [=~-=Triton (xI00) energy shifted by 14 MeV l| m
E - T T 250 ]
. S SS=I=IE ; .
ol SN RN —4
R RN S J
- N NI
= NONWNWIN XL N -
g o' SISO -
E - \\\\.\-. \\ N N -
Ng N \\ \\.. \\ |
-2 N
10— —
- N
e (N NN TN SR D RN R A
10 20 30 40 50 60 70 80 90 IOQ 1[0]

ENERGY (MeV)

FIG. 5. Comparisons of proton, deuteron, and triton
energy spectra for %Ni at E,=100 MeV. Deuteron and
triton spectra have been shifted by an energy as indi-
cated, and were scaled by a factor of 10 and 100, re-
spectively.

that the reaction mechanisms involved in the emis-
sion of protons and deuterons are basically the
same for all target nuclei.

Since the energy spectra are summed over ap-
proximately 1 MeV bins, the structure in the low-
excitation region is smeared out. The cross sec-
tion for these low lying states, however, consti-
tutes only a small fraction of the total cross sec-
tion. Figures 1 and 2 and Table III show how the
charged light-particle yield is distributed among
various energy regions and outgoing channels. The
proton channel dominates in all cases. The non-

'025 T T T T T T T T T T E ‘l T T T T 17 T s T |02
- O8Ni(P,x) Ep=90Mev T \S8Ni(P,X)Ep=90Mev] 3
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FIG. 4. Typical energy
spectra at 6; =20° and the

(e}
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FIG. 6. (a) Typical laboratory energy spectra for the
8Ni (p, x) reactions at E,=90 MeV and 6, =140° 6 (b)
Laboratory and c.m. @ particle energy spectra in the
backward direction for various target nuclei at E,
=90 MeV.
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FIG. 7. Comparisons of charged light-particle spectra

resulting from the bombardment of 90 MeV protons on

various target nuclei at 6, =20° in the laboratory system.
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equilibrium deuteron yield is roughly 1-10 that of pro-
tons. The evaporation of protons and a particles

is important for light and medium nuclei, but is
unimportant for heavy nuclei. The equilibrium

and nonequilibrium processes are comparable for
light- and medium-mass nuclei, while the nonequil-
ibrium process dominates the yield of charged

light particles for heavy nuclei. (Clearly neutron
evaporation and fission should be important for
heavy nuclei.)

Figure 8 shows the laboratory energy-integrated
angular distributions. The yields of all particles,
except a particles, are strongly forward peaked
and decrease smoothly as angle increases. The
shapes of the angular distributions for a given nu-
cleus are similar for all particles, except a-par-
ticles, and are more strongly forward peaked for
the heavy nuclei than for lighter nuclei. The rel-
atively flat angular distribution of @ particles for
the lighter nuclei suggests that the yield of o par-
ticles in the backward angles could result from
evaporation. The strong forward peaking of the a
particle yield for 2°Bi suggests that nonequilibri-
um processes are more important for a-particle
emission from heavy nuclei.

In order to estimate the nonequilibrium cross
section, we have first taken the spectrum at the
most backward angle and multiplied by 47 to obtain
the total evaporation yield. [A nonequilibrium com-
ponent exists even at the most backward angle

rrrrrrrrovryT |]|]||||Trl-‘
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FIG. 8. The laboratory energy-integrated angular dis-
tributions for the 2'Al, 5Ni, %Zr, 29Bi (p,x) reactions
at E,=90 MeV.
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where the data were taken. However, this com-
ponent is rather small (see Fig. 13). We have,
therefore, assumed that the most backward angle
spectrum could provide a reasonable estimation for
the evaporation yield. This could over-estimate
the evaporation cross section by not more than
20%.] The total evaporation yield was then sub-
tracted from the angle-energy-integrated cross
section to give the nonequilibrium cross section.
Figure 9(a) shows the integral (angle and energy
integrated) cross section for various charged light
particles and the total charged light-particle inte-
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gral cross section as a function of the target mass,
A. Figure 9(b) shows the target mass dependence
of the evaporation yield for each charged light par-
ticle and for the total evaporation yield. As can

be seen from Figs. 9(a) and 9(b), the largest total
charged light particle and evaporated yields occur
around *®Ni. This is also the case for the 62 MeV
proton data (see Table II). The yield then decreas-
es as A increases. This decrease may be due to
the higher Coulomb barrier, which inhibits the
evaporation of low-energy, charged light particles,
and the strong competition of neutron emission (as
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FIG. 9. (a) The plot of total charged light-particle yield
as a function of A, 9 (b) The plot of equilibrium yield
of charged light-particle as a function of A. 9 (c) The
plot of nonequilibrium yield of charged light-particles
as a function of A, Dashed curve shows the A!/3 de-
pendence.
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well as fission for heavy nuclei). In Fig. 9(c) the
nonequilibrium yield is plotted as a function of the
target mass. The total nonequilibrium yield can
be expressed as (200+10)A!/3 mb. The total inte-
gral yield in the forward direction (<90°) is ~ 70—
90% of total charged light-particle yield. The total
nonequilibrium charged light-particle yield is
dominated by the proton and deuteron yields which
have an approximate A!/% dependence. The triton
yield shows a rapid increase with A; whereas the
He yield decreases with A. The yield of He rela-
tive to that of tritons decreases rapidly as A in-
creases. The decrease is considerably more rapid
than the ratio of proton to neutron number as a
function of A. The yield of tritons increases more
rapidly than AlY 3, but the combined triton and *He
yield increase approximately as A!/3, The yields
of tritons and *He may be due to peripheral reac-
tion but they are influenced by the Coulomb bar-
rier. The nonequilibrium yield of @ particles does
not appear to have a simple interpretation. The
increase in the a-particle yield for heavy nuclei
may be due to the binding energy effects. Table
III summarizes the observed experimental results.
As can be seen from Tables II and III, the domin-
ant channel is the proton channel (60-90% of total
" charged light-particle yield). The fractions of in-
dividual charged light- particle yields (individual
particle yield og divided by the total charged light-
particle yield, o,) for 90 MeV data are quite simi-
lar to those of 62 MeV protons.

It is interesting to note that the location of the
low-energy evaporation peak shifts with angle. The
shift is not as large as in the case of a particle or

- deuteron induced reactions.!”? It is, however, con-
sistent with the two-body kinematics. Figure 10
shows that a-particle spectra at various angles in
the initial c.m. frame. It is obvious that they are
peaked at the same location. These observations
imply that most of the evaporation yield results
from complete momentum transfer processes.

Figure 11 shows linear plots of proton spectra
at forward angles resulting from 90 and 100 MeV
protons on %®Ni. Broad peaks are clearly seen in
these spectra at energies corresponding to quasi-
free scattering. The arrows in Fig. 11 indicate
the expected quasifree peak locations as calculated
from the three-body kinematics assuming zero re-
coil momentum. The sharp peaks are the free p-p
scattering due to the hydrogen contaminant in the
target. The quasifree peak is, however, not as
distinct as in the higher energy studies.? It is in-
teresting to note that the quasifree scattering peak
is more pronounced at 100 MeV than at 90 MeV and
is not evident at 62 MeV.? This may suggest that
the distortion effects are important in this energy
range.
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The forward-angle proton spectra shown in Fig.
11 suggest that the quasifree scattering in which
the incident nucleons interact with a single nu-
cleon in the target nucleus is important. The
struck nucleon can be ejected from the nucleus
after the initial collisions or initiate a nuclear
cascade through a series of nucleon-nucleon col-
lisions.!’ During the cascade, particles could be
ejected or the interactions could continue until an
equilibrium state is reached. The protons emitted
during the cascade contribute to the observed con-
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FIG. 11, The proton spectra resulting from 100 and
90 MeV protons on Ni at several forward angles in the
laboratory system. The arrows indicate the expected
location of quasifree peak at various angles.



tinuum spectrum. The similarity between the deu-
teron (or triton) and the proton spectra in the high-
energy continuum suggests that a similar reaction
mechanism might be involved, i.e., before the cas-
cade proton leaves the nucleus it picks up one (or
two) neutron to form a deuteron (or triton).!! The
steeper slope for the triton spectra could be due to
the fact that more interactions and greater mo-
mentum transfers are required to form a triton..
Similarly, the production of *He particles could be
interpreted as the successive pickup of two nu-
cleons.

The emission of high-energy a particles could
result either from the knockout of an & particle
from the nuclear surface or the pickup of three
nucleons. These two processes could in principle
be distinguished on the bases of coincident experi-
ments, such as the (p,pa) reactions.!? Distortion
effects not only severely reduce the knockout con-
tribution in the observed spectrum of (p,pa) re-
actions, but also limit the observed contributions
to the low-density region of the nuclear matter
distributions. Such distortion effects would not be
expected to be as severe in the single-particle
spectra (where only one particle has to survive)
and will have to be calculated before a comparison
could be made between the two types of experi-
ments.

In order to investigate the energy dependence of
the production of charged light particles, and whe-
ther different mechanisms are involved in differ-
ent energy regions, we have compared our data
with the results of other authors obtained at lower
energies. Spectra for **Fe(p, xp) at E, =62 MeV?
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FIG. 12. Comparisons of the laboratory proton spec-
tra resulting from 62 MeV protons on *Fe and 90 MeV
protons on *8Ni at various angles.
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and 5®Ni(p, xp) at E, =90 MeV are compared in Fig.
12, The data at these two energies exhibit the
same general behavior. Similar behaviors are ob-
served for other emitted particles. This observa-
tion suggests that the same basic reaction mech-
anisms are involved at both energies.

From the observed experimental results, the
high-energy particles seem to “retain” much of the
dynamic information of the incident particle and
result in relatively small momentum transfers to
the residual nucleus. The low-energy particles,
which appear to be associated with processes in-
volving large momentum transfers to the target
system, do not “memorize” their original informa-
tion and result from the statistically equilibrated
nuclei.

IV. CALCULATIONS

The details of the reaction models used in this
section have been described previously.!* #1314
We will present here only the results of calcula-
tions. Moreover, we have restricted ourselves to
the preequilibrium exciton model® ¥4 and evapor-
ation model calculations. The quantities needed
in the calculations have been explained in Refs. 1,
13, and 14.

First, the evaporation calculation, as described
in Ref. 13, was divided by 47 before comparing
with the proton and a-particle spectra at backward
angles in Fig. 13. In this calculation, the evapor-
ation process continues until no energy is avail-
able for further evaporation. The level density of
the form p(E) <a !/ 4(E - 5)75/* exp[2a(E - 5)]'/? was
used, where the level density parameter a is taken
to be A/8 which is equivalent to a single-particle
state density g =6a/7*=(34/47%) MeV~!, and 6 is
the pairing energy. All calculated cross sections
are absolute in magnitude, and the total reaction
cross sections 0 needed in the calculation were
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FIG. 13. Comparisons of calculated evaporation spec-
tra with experimental proton and « particle spectra
at 0, g, =147.24° in the c.m. frame for the %Ni (p,x) re-
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taken from Ref. 15, The evaporation calculation
gives a rather good description of the major com-
ponent of the particles emitted in the backward di-
rection, although a small nonevaporation compo-
nent exists for protons.

Figure 14 shows comparisons of experimental
angle-integrated energy spectra with calculations
for all target nuclei studied. For the preequilibri-
um exciton model calculation, an initial particle-
hole configuration of 2p-1h (an initial exciton num-
ber equal to 3) is used for proton induced reac-
tions. The average two-body transition matrix
elements |M |2 are given by the empirical expres-
sion, |M|?=KE"A"® with K =200 MeV3.'® It should
be pointed out that no multiparticle emission was
included in the preequilibrium emission. The sec-
ondary preequilibrium emission is treated as an
evaporation process for simplicity.

The spectra resulting from the first stage pre-
equilibrium emission (p and d from 2p-1h, ¢ and
He from 3p-2h, and @ particle from 4p-2h) are
shown as dots in Fig. 14. This contribution
accounts for most of the high-energy yield of pro-
tons and a good part of the highest energy nonequil-
ibrium yield of other particles. In the case of pro-
ton emission, the first stage (2p-1h states) contri-

90 MeV PROTONS ON... 711

bution is somewhat equivalent to the quasifree
scattering. The average energy of protons emitted
from this state is ~ 3 of the initial excitation energy.
The short dashed curves in Fig. 14 are the calcu-
lated total preequilibrium spectra which are the
sum of particle emission from all of the preequil-
ibrium stages. The calculated evaporation com-
ponent and the total calculated spectra (the sum of
total preequilibrium and evaporation calculations)
are shown in Fig. 14 as dash-dotted and solid
curves, respectively.

The emission of complex-particles such as deu-
terons results from nucleon-nucleon interactions
followed by nucleon pickup (or from the cascade
nucleon subsequently picking up another nucleon).
By normalizing the calculation for complex parti-
cles to the experimental data at the high-energy
end of the spectra, the complex-particle formation
probability, as described in Ref. 14 can be extract-
ed. This complex-particle formation probability
represents the probability of the cascade nucleon
picking up one or more nucleons with proper mo-
menta to form the observed particle. The complex-
particle formation probabilities y, extracted from
this procedure are given in Table IV. The values
of ¥4’s depend strongly on the choice of oy, the

TABLE IV, Summary of calculated results.

Total Calculated
‘reaction Complex particle preequilibrium
Target cross Initial Measured formation probability yield
and section  particle nonequilibrium Vs 8/ 8 First
incident Og and hole  Emitted yield No pairing Pairing Total  stage
energy (mb) number  particle (mb) correction correction (mb) (mb)
2TAL P 440 oee oo 248 154
E,=90 MeV 430 2p~1h d 55 0.0364 0,0331 51 22
' t 8.4 0.0147 0.0165 7 2
3He 8.6 0.0083 0.0091 7 2
‘He 70.9 0.0092 0,0201 39 7
58N ) 694 oo eee 480 267
E,=90 MeV 770 2p-1h d 71 0.0273 0.0268 70 25
t 10.3 0.,0085 0.0092 11 2
*He 8.4 0.0056 0.0049 9 2
‘He 42.9 0.,0099 0.0093 13 1
0zyr b 739 aee con 615 319
E,=90 MeV 1077 2p-1h o d 88 0.,0255 0.0255 95 29
t 16.1 0.0055 0.0066 18 2
*He 8.6 0.0037 0.0033 10 2
‘He 31.4 0.0045 0.0046 22 1
20984 » 1011 ceo cee 757 385
E,=90 MeV 1831 2p-1h d 115 ) 0.0196 0.0186 134 31
t 33.6 : 0.0034 0.0033 40 2
He 5.6 0.0013 0.0013 7 1
‘He 45.9 0.0017 0.0020 49 1
58Ni b 725 cee oee 462 263
E,= 100 MeV 771 2p~-1h d 69 0.0271 oo 67 25
t 8 0.0071 e 6 2
BHe 9 coe coe 7 1
4He 55 cen cee 8 2
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total reaction cross section (see also Ref. 14).
Figure 15 shows the log-log plot of ysg/g,; as a
function of A. A strong A dependence of vsg/gs

is found for each particle. Similar A dependence .
was also observed for reactions induced by 80 MeV
deuterons,! 140 MeV « particles,? and lower ener-
gy protons (<62 MeV).! A family of curves cor-
responding to various A dependence are also
shown. It should be noted that the pairing effect
tends to play an important role in extracting the
values of yz. The effect can be seen in Fig. 15,
(See Ref. 14 for more detailed discussions.)

The calculations generally reproduce the experi-
mental spectra reasonably well in shape, but un-
derestimate the proton yield in the region of high-
energy continuums. If the reaction cross sections
used in our calculations!® are too small, this dis-
crepancy could be accounted for. A change in the
magnitude of the reaction cross section would af-
fect the complex-particle energy spectra, but the
magnitudes of the complex-particle energy spectra
could be corrected by varying the complex-parti-
cle formation probability. The overall agreement
between the calculations and the experimental spec-
tral shape is encouraging.

Because of the limitation of the preequilibrium
exciton model used in this paper, no calculations
of the experimental angular distributions were pos-
sible. Some preequilibrium models have been re-
cently developed to account for the angular distri-
butions.!” So far, however, they are limited to
nucleon channels and lower energies only. As in
our 'previous studies, the complex-particle chan-
nels are very important and constitute a large frac-
tion of the total charged light-particle yields
(~20%). One is not justified in neglecting their
competitions in any model calculation.

V. CONCLUSION

To summarize this work, we list briefly the main
experimental observations as follows: .
(1) The spectra of each emitted charged light -
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particle has a characteristic behavior with angle
which is similar for all target nuclei except in the
low-energy evaporation region.

(2) The dominant reaction channel is the proton
channel which accounts for about 80% of total
charged light-particle yield.

(3) Excluding the elastic peak, low-lying dis-
crete states (E, <10 MeV) account for only <5% of
total charged light-particle yield.

(4) The total nonequilibrium yield of charged
light particles can be expressed as (200 £10)4!/3
mb. The approximate A3 dependence seems to
suggest that the nonequilibrium yield is due pri-
marily to peripheral processes. From the magni-
tude of the nonequilibrium yield one could conclude
that more than one particle is emitted from such
peripheral processes, for example, the quasifree
(P, 2p) and (p,pn) reactions.

(5) The high-energy continuums of the spectra
show a strong angular dependence in the forward
direction suggesting that this region is dominated
by relatively direct interactions. The proton and
a—particle spectra in the backward directions and
at low energies are nearly isotropic especially for
lighter nuclei, which indicates that this region is
dominated by an equilibrium process.

(6) The shape and magnitude of spectra above the
low-energy evaporation peak vary with the emitted
particle type. The yield decreases in the order of
b, d, t, (*He), and a particle with the ratio of the
p/d/t yields approximately 100/10/1, respectively.
The shapes of deuteron spectra are very similar
to those of protons if they are shifted by about 10
MeV, the binding energy difference of the picked
up neutron. Even the triton spectra are very simi-
lar to the proton spectra, if they are shifted by ap-
proximately 14 MeV.

(7) The evaporation process is comparable to the
nonequilibrium process for medium and light nu-
clei, but the latter becomes dominant for the heavy
nuclei, where neutron emission and fission com-
pete strongly with charged light-particle evapora-
tion,

(8) The quasifree scattering peak is evident in the
forward angle proton spectra but it is not as strik-
ing as in higher energy data.’

(9) The total charged light-particle yield is about
a factor of 2 larger than the total reaction cross
section (0g) for medium and light nuclei, and is
roughly 0.9 of 0 for heavy nuclei. As neutron
emission and fission are very important for heavy
nuclei, multiparticle emission processes are nec-
essary in order to produce the observed yields of
particles.

As shown in Sec. IV, the model calculations are
limited only to the angle-integrated energy spec-
tra. A more sophisticated model is needed to ac-
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count for both angular distributions and complex-
particle spectrum.!® Even though a number of sim-
plifications have been made on the present calcula-
tions, the angle-integrated data reported here are
reasonably well described by the preequilibrium
exciton and compound nuclear evaporation models.
A single scattering process which is equivalent to
the first stage of the preequilibrium spectrum is
unable to predict the entire energy spectra. Such
a process, however, accounts for a large fraction
of the nonequilibrium proton yield and most of
high-energy deuterons. On the other hand, the
comparison of the experimental results with the
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calculations indicate that multiple collisions are
significant at this energy range, particularly for
complex-particle emission.
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