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The emission of energetic light ions from heavy-ion induced reactions was studied by
measuring coincidences of protons and alpha particles with (1) Z =1 to 7 particles, (2)
discrete y rays, and (3) y-ray multiplicities from bombardment of ®Ni with '?C ions. In-
cident beam energies were 136 and 194 MeV. Discrete y rays were used to identify the
residual targetlike fragments. Most of the particle-particle coincident angular correlations
are strongly peaked in the forward direction; the full widths at half maximum of the pro-
ton distributions are typically 50°, those of the alpha particles are 30°. The N-Z distribu-
tions of the residual nuclei peak around ®Ni. The y-ray multiplicities are insensitive to
the energy of the gating energetic light ion and are about 9 for 136-MeV '?C projectiles
and 10 for 194 MeV. The results indicate the contribution of more than one mechanism
in producing the high-energy light ions. In part the energetic light ions are emitted in as-
sociation with a projectilelike fragment. A major component of the energetic light ions
can be explained as emission from the projectilelike fragment during the collision process
followed by fusion of the remainder of the fragment with the target.

NUCLEAR REACTIONS ®Ni(*’)C,p), (’C,a) E =136, 194 MeV;
measured o(E,0) in coincidence with Z =1—6 particles, ¥ rays and ¥
multiplicities.

I. INTRODUCTION

It has been suggested' that for reactions induced
with heavy-ion projectiles with energies of less than
10 MeV/nucleon, the duration of the collision is
much longer than the transit time across the nu-
cleus for a nucleon at the Fermi level, and the
dominant phenomena are characteristic of the
mean field. For projectiles with energy in excess of
200 MeV /nucleon, the reaction would be expected
to proceed by independent collisions of the consti-
tuent particles. The metamorphosis between these
two extremes is little studied and poorly under-
stood. For heavy ions with energies between these
two limits, the resulting energy spectra of Z =1,2
particles have high-energy components which ex-
tend far beyond that expected for particle evapora-
tion from an equilibrated system following fusion
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of the target and projectile. Investigation of these
nonequilibrium light ions provides an important
method of exploring the reaction mechanisms in
this intermediate region.

The inclusive spectra of the energetic light ions
are characterized by strong peaking in the forward
direction and an approximately exponential de-
crease in yield with increasing energy of the emit-
ted light ions. Several models provide reasonable
fits to the simple dependence of the inclusive
light-ion spectra on laboratory energy and angle.
Symons et al.? were able to fit proton spectra re-
sulting from bombardment of *’Au with 315-MeV
160 using the fireball model,> and the hybrid for-
mulation* of the exciton model.” They also
demonstrated that a fit could be obtained by as-
suming the protons were evaporated isotropically
(in the rest frame) from an excited moving source.
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The velocity and temperature of the source, which
they extracted from the fit assuming a simple ex-
ponential dependence of the cross section on parti-
cle energy in the moving frame, were one-half of
the projectile velocity and 8.1 MeV.

Still another suggested explanation of the origin
of the energetic light ions is that they are from
evaporation from projectilelike fragments (PLF’s)
that have been excited during the collision. The
evaporation-cascade calculations of Bertini et al.®
have shown that this mechanism can explain the
cross sections as a function of energy and angle of
protons and deuterons produced when *°Fe is bom-
barded with 192-MeV '2C ions.’

Because the shape of inclusive spectra can be
predicted by several quite different nuclear models,
these data are not sufficient to definitively establish
the reaction mechanism. For this reason there
have been a variety of correlation experiments in-
volving energetic light ions, with the greatest em-
phasis thus far placed on coincidences between en-
ergetic alpha particles and PLF’s.3~!* Similar
studies have been performed recently with energetic
neutrons'*!> and protons.!® Several interpretations
have been given to explain the experimental results.
References 8 —11 concluded from the kinematical
correlation of the emitted alpha particles with
PLF’s and from the narrowness and position of the
maximum of the angular correlation of the alpha
particles that the alpha particles were produced in
a fast process at an early stage of the collision. In
contrast, Bini et al.,'? Young et al.,'* and Schmitt
et al.'® reported that the coincident energetic
light-ion spectra could be explained as evaporation
from the PLF’s and targetlike fragments (TLF’s).
Gavron et al.'* found that to explain the fast neu-
trons from the bombardment of **Nb with 204-
MeV 190 they had to include, in addition to eva-
poration from PLF’s and TLF’s, a source of neu-
trons with a velocity of 70% of that of the projec-
tile and a low temperature of 1.5 MeV.

-Other studies indicate that some fraction of the
energetic light particles is not associated with a
PLF. Nonequilibrium light ions have been ob-
served in coincidence with fusion residues or with
v rays characteristic with fusion residues by
Westerberg et al.,'” Geoffroy Young et al.,'® and
Gavron et al.' In Ref. 18 the neutron spectra
were fitted by assuming some neutrons are evap-
orated from a moving source with a velocity of
about one-half of the projectile velocity. This can
be understood in terms of the incomplete fusion
picture of Siwek-Wilczynska et al.?° if, as shown in

Ref. 18, the projectile is damped by some mechan-
ism such as classical orbiting. Inamura et al.,?!
Zolnowski et al.,?? and Yamada et al.?* found evi-
dence through particle-y coincident measurements
that energetic particles with both Z =1 and 2 are
emitted in reactions which lead to fusion of the
remaining PLF and target nucleus— a reaction
which has been labeled as massive transfer.

Awes et al.* observed energetic Z =1 particles
in coincidence with fission fragments following the
bombardment of 2*U with 315-MeV 0. The
proton spectra were explained by assuming the pro-
tons were isotropically emitted from a source mov-
ing with one-half the velocity of the projectile and
with a temperature of 7.0 MeV.

It is also possible that some fast light ions are
emitted unaccompanied by either fission fragments,
fusion residues, or PLF’s. Van Bibber et al.,? us-
ing a streamer chamber, observed a reaction with
35-MeV/nucleon '2C on Ne that yielded nine
charged-particle tracks. This may suggest that the
reaction proceeds by disintegration of the projectile
into a collection of light ions, some of which would
have energies exceeding the average energy per nu-
cleon of the projectile.

The experiments to date, when viewed collective-
ly, indicate that there is more than one mechanism
producing nonequilibrium light particles. Possibly
because of a lack of information, there is not yet a
consensus on what are the important reaction
mechanisms, nor on what is the changing contribu-
tion of these processes as a function of projectile
energy. Ideally, one would like to simultaneously
measure all properties (kinetic energy, excitation
energy, direction, mass, charge,...) of all particles
and y rays emitted in the collision. Obviously, in a
real situation the experiment is limited by a finite
number of detectors whose combination of type
and location is limitless. This paper gives the re-
sults for one such measurement for the reaction of
12C on %Ni. The experiment, which involved 16
detectors, observed a restricted angular distribution
of energetic light ions in coincidence with (1)

Z =1,2 particles, (2) PLF’s, (3) y-ray multiplicities,
and (4) discrete y rays. The discrete y rays were
used as signatures to identify the residual heavy
fragments. The purposes of the experiment were to
study the variation of light-ion spectra in coin-
cidence with different gating particles and y rays,
and to study the variation depending on whether
the light ions were protons or alpha particles.
Measurements were performed for ?C projectile
energies of 136 and 194 MeV to determine if there
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is beam energy dependence in the dominant reac-
tion mechanism.

II. EXPERIMENTAL PROCEDURE

Beams of 136- and 194-MeV '2C ions were ob-
tained from the Oak Ridge Isochronous Cyclotron.
The target was a 3.8-mg/cm? foil of °Ni. The tar-
get was mounted in a 15.2-cm-diameter scattering
chamber with ports at 17°, 38°, —23°, and —49°
that were covered with 0.05-mm-thick nickel foil.
Light-ion telescopes composed of a Si transmission
detector and a Nal(T1) detector with a 5.1-cm-deep
crystal, were placed outside each port. The alumi-
num window of the Nal(T1) crystal was 0.25 mm
thick. For the 17° telescope the Si detector was
500 pum thick. For the other three angles the Si
detectors were 1000 um thick. The solid angles for
the four light-ion telescopes ranged from 9.4 to
21.7 msr.

Inside the chamber there was a “heavy-ion” (HI)
telescope at 17°, with an angular acceptance of
+4.4°, composed of two transmission Si detectors:
one 75 um thick and the other 750 um thick.

(The laboratory grazing angle for 194-MeV '2C on
Ni is 9° and for 136 MeV it is 13°) This tele-
scope, which was used to observe PLF’s and
lower-energy Z =1 and 2 particles, was placed in
front of the 17° light-ion telescope.

Two Ge(Li) y-ray detectors were located in the
plane of the particle detectors at +90° and — 145°.
A Pb filter was placed in front of each detector to
reduce the contribution of low-energy y rays and of
x rays. Gamma-ray energies and absolute detector
efficiencies were determined by means of a calibrat-
ed source placed at the target position. Above the
scattering chamber were four 7.6X7.6 cm Nal(T1)
detectors used for y-ray multiplicity measurements.

Calibration of the E detector of the HI telescope
was accomplished with the !’C elastic scattering
peak and with energies, as calculated from range-
energy relations, deposited by lighter heavy ions
that had just enough energy to penetrate the E
detector. The light-ion Nal(T1) detectors were
calibrated with recoil protons from a polyethylene
target bombarded with the 136- and 194-MeV '2C
beams.

The data were stored event-by-event on magnetic
tapes. An event was recorded if any one of the fol-
lowing coincidences occurred: (1) light-ion—light-
ion, (2) light-ion—PLF, and (3) light-ion and y-ray
detected in either a Ge(Li) or NaI(T1) detector.

Proton and alpha spectra were observed as a
function of angle and energy in coincidence with
particles detected in the HI telescope at 17°. A AE
versus E plot of events in this telescope showed
groups corresponding to Z =1 to 7 particles.
Free-form gates used to extract coincident spectra

‘were drawn around each group of particles in this

AE-E plot. The gates for the Z =1 and 2 parti-
cles were drawn to exclude those that had suffi-
cient energy to reach the Nal(T1) crystal. That is,
the upper energy limit for a gate for protons was
16 MeV, and for alpha particles it was 64 MeV.

When the coincidence was between a heavy ion
and an energetic light ion both at 17°, the light ion
would deposit some energy in the heavy-ion detec-
tor telescope, thereby distorting the AE-E spec-
trum. However, the separation between particle
groups was sufficient to allow free-form gates to be
drawn that included this broadening.

Coincidences between any two energetic light
ions in any two of the four light-ion detectors were
also studied. As above, gates were set around par-
ticle groups in the AE-E two-dimensional spectra.

Gamma rays observed in the Ge(Li) detectors in
coincidence with the light ions were used to identi-
fy the residual nuclei. In many exit channels, the
identification of a given isotope was based on the
observation of one y ray. This is because the yield
was divided among so many channels that the y
rays of any given channel were weak, and few tran-
sitions among higher levels were observed. In
these cases the certainty of identification is some-
what tenuous.

III. RESULTS

The proton energy spectra have very similar
shapes in singles and when gated by various parti-
cles in the HI detector, although the slopes are
somewhat steeper in the coincident spectra. There
is no apparent structure except for the spectra ob-
served in coincidence with carbon for a projectile
energy of 136 MeV. For that case there is a large
peak at 6, =17 and E, ~ 17 MeV that includes
two groups with total kinetic energy E, +Ec ~120
and 123 MeV. The latter is consistent with a sin-
gle proton pickup to form *N* (3.5 MeV) and sub-
sequent decay by proton emission. The lower ener-
gy peak can be explained by the same process if the
residual target nucleus is left in an excited state at
about 3 MeV. In a two-dimensional plot between
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FIG. 1. Angular yields of the energetic protons in coincidence with (a) H, (b) Li, (c) Be, (d) B, and (e) C for a projec-
tile energy of 194 MeV. The coincident protons are divided in the energy bins noted in the figures. The angle of the

gating particles is 17°.

the energies of the coincident protons and C parti-
cles, about half of the protons with E >20 MeV

fall along a line for which E, +E 12.~123 MeV.
These could be explained by decay of higher excit-
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FIG. 2. Angular yields of the energetic alpha particles in coincidence with (a) He, (b) Li, and (c) C for a projectile
energy of 194 MeV. The coincident alpha particles are divided in the energy bins noted in the figures. The angle of the

gating particles is 17°.

ed states of 1*N following proton pickup. A simi-
lar band in the plot of E, versus E 12, for a projec-

tile energy of 194 MeV was not observed.

The energy spectra of alpha particles are also
similar in the singles and coincident modes. No
structure was seen in the spectra.

Representative angular yields of the energetic
protons and alpha particles gated by different parti-
cles in the heavy-ion telescope are illustrated in
Figs. 1—3. The gates include all particles with
sufficient energy to penetrate the 75-um AE detec-
tor of the heavy-ion telescope. In addition there is
an upper energy limit for the gating Z =1 and 2
particles of 16 and 64 MeV, respectively. The or-
dinate in these plots is

N,
N,AQ ’

where N, is the number of coincidences per uC of
collected beam, N; is the singles count of the gat-

(1)

ing particle per uC, and AQ is the solid angle of
the light-ion detector. For the '2C gate the elastic
scattering peak was not included in the singles
count. ,

To make a systematic comparison, the position
of the centroid and the full width at half maximum
(FWHM) have been determined for those distribu-
tions which have a simple peaked shape. These
quantities are plotted in Figs. 4 and 5. The cen-
troid position, with an uncertainty of about +4° for
protons and +2° for alpha particles, generally
peaks close to 0°. But there appear to be some
small differences: The average centroid of the pro-
ton distribution occurs at more positive angles for
the projectile energy of 136 MeV than for 194
MeV; for the alpha-particle angular distributions,
the centroid position reaches a maximum positive
angle for Z =4; and based on the 194-MeV data,
the centroid angle generally increases with energy
of the alpha particles. The FWHM is considerably
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larger for protons (= 50°) than for alpha particles
(30°).

For all gating heavy ions, the angular distribu-
tion of the alpha particles exhibits a single peak
and is symmetric around the peak position. But
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the proton angular distributions cannot, in general,
be so simply characterized. The most distinctive
difference is for the 194-MeV data when gating on
B, C, and N [see Figs. 1(d) and (e)]: this being a
strong decrease in the coincident yield at about 17°.
This minimum does not occur in the 136-MeV
data. In other cases the proton angular distribu-
tions are not symmetric and are skewed to different
sides; e.g., for the 194-MeV data, the distribution is
skewed to positive angles when gating on Be [Fig.
1(c)], while in contrast, most of the 136-MeV re-
sults show skewness to negative angles. Another
unusual case for E 2= 136 MeV is observed when

gating on Li, where the angular distribution for 30-
to 40-MeV protons changes very slowly with angle
[see Fig. 3(b)].

The multiplicity M of energetic protons and al-
pha particles that occur in coincidence with a gat-
ing heavy ion is related to the yield expressed in
Eq. (1) by

M= [ R(6,4)sin0d0d¢ . )
However, since there were no measurements out of
plane, the dependence of R on ¢ is unknown. To
obtain at least the trend in M, we assumed that
R(6,¢) varies as 1+a cos’p with =10 and used
results such as those given in Figs. 1—-3 to in-
tegrate over 8. For distributions such as those il-
lustrated in Figs. 1(d) and (e), it was assumed that
the yield dropped away quickly beyond the four
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~ FIG. 4. The centroid of the angular distribution of the energetic protons and alpha particles when gating on particles

with Z =1 to 6 for (a) E’2c= 194 MeV and (b) E”c: 136 MeV.
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when gating on particles with Z =1 to 6 for (a) E 2= 194 MeV and (b) E 2= 136 MeV.

angles measured. The resulting values of M are
given in Figs. 6 and 7.

Three point angular distributions (4 38°, —23°,
and —49°) of energetic light ions were also ob-
tained in coincidence with energetic light ions at
17°. Two-dimensional displays of the energies of
the two coincident particles showed no obvious

correlations. Within the uncertainties of fitting
three points, the angular distributions had the same
centroids and FWHM’s as obtained when gating on
the lower-energy protons and alpha particles. Mul-
tiplicities of energetic light ions occurring with
other energetic light ions are given in Table I for

E 2= 194 MeV. They are generally comparable
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TABLE I. Comparison of multiplicities of protons and alpha particles occurring in coin-
cidence with protons and alpha particles detected at 17° for E 120= 194 MeV.

Multiplicity
light ion® E (MeV)* E,<16 MeV® E,>16 MeV® E,<64 MeV® E,>64 MeV®
X 1072 X102 X 1072 X 1072
D 16—20 2.5 2.6 4.0 1.1
20—40 3.6 3.7 7.0 3.7
40—40 0.25 0.38 0.65 0.38
a 64—170 4.6 33 52 12.6
70—80 1.6 3.6 2.3 4.1
80—90 0.58 0.082 0.60 0.50
90— 100 0.11 0.12 0.04

2Type and energy of particle observed in coincidence.
®Energy and type of gating particle.

(i.e., within a factor of 2) to multiplicities obtained
when gating on the lower-energy light ion, as indi-
cated in Table 1.

The energies and intensities of y rays detected in
the Ge(Li) detector were determined for spectra in
coincidence with protons and alpha particles. A
sample spectrum is illustrated in Fig. 8. By form-
ing the ratio of the observed particle-gamma coin-
cidence yield N,_, per uC of collected beam with

the particle singles yield N, per uC, one can intro-
duce the quantity

(3)

which, when summed for all the ground-state y-ray
strength for a given nuclide, gives the fractional
yield of that nuclide per particle recorded in the
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FIG. 8. Spectrum of ¥ rays in coincidence with alpha particles with energies of 10 to 40 MeV. The '’C projectile en-
ergy is 136 MeV.
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TABLE II. Residual targetlike fragments for '2C with projectile energy of 136 MeV on *Ni.

Isotope E, keV)?* q(%)"
E, (MeV)® E, (MeV)®

2.5—10 >16 10—40 > 60
%BGe 1016.5¢ 0.7(5) 1.3(5) 1.0Q2) <0.5
“Ga 359.5 0.3(1) 1.2(3) <0.3 <02
66Ga 96.2 <04 <04 <0.3 <0.3
66Zn 1039.4 1.4(5) 2.04) 1.1Q2) 0.8(5)
%Ga 190.6 1.0Q2)¢ 1.7Q3)¢ ~0.1¢ 0.9(2)¢
%Zn 864.3, 1047.3 3.1(6) 3.5(7) 1.0Q2) 1.8(6)
“Zn 991.5 3.7(4) 5.5(5) 1.2(3) 4.9(3)
%“Cu 159.3 0.3(1) <0.3 <0.1 0.2(1)
Zn 192.9, 550.2, 1064.1 1.3(4) 3.6(6)¢ 2.7(7¢ 5.0(5)°
Cu 962.1, 1327.0 1.9(3) 1.6(4) 0.8(3) 1.3(3)
27Zn 953.9 1.3(3) 1.6(4) 0.6(2) 1.8(3)
92Cu 243.4, 349.3, 385.3 3.7(4) 4.0(4) 3.8(3) 7.3(4)
2N 1172.98 ? ? ? ?
*ICu 970.0, 1310.5 4.1(5) 2.6(5) 3.005) 5.2(5)
SINi 947.6, 1015.0%" 1.8(4) 2.14) 1.0Q2) 1.8(3)
ONj 1332.5 5.9(3) 4.6(4) 8.4(4) 7.7(4)
PNi 339.3, 878.0, 1189.1, 1337.9' 2.1(3) 2.4(3) 4.9(3) 3.13)
¥Co 1190.6, 1459.6 2.0(10) 2.9(4) 2.5(5) 2.0(4)
BNj 1454.4 <0.5 <0.8 1.8(4) 0.7(4)
8Co 58.5) 111.7, 321.0, 365.7, 432.7, 1050.0 1.9(6) 1.7(6) 4.2(7) 3.3(7)
S1Co - 1223.7, 1689.4 2.5(4) <09 4.7(2) 1.8(3)
STFe 1061.6 0.7(3) 0.8(4) 0.6(3) 1.2(4)
%Co 576.5 0.7(2) 0.5(2) 0.9Q2) <0.3
Fe 846.8 1.8(3) 1.6(5) 2.9(2) 0.8(3)
Mn 212.0, 335.5, 454.3 1.1(3) 1.2(4) 1.4(3) 0.6(3)
55Fe 931.4 1316.8,% 1408.5 <4.0 <3.0 <3.0 <20
5Mn 126.0 <1.0 0.4Q2) <0.2 <0.1
5Cr 242.1, 517.8, 565.9, 880.7 <17 <0.6 <0.6 <11
*Fe 1408.2! 0.8(4) 1.2(4) 0.8(3) 1.0(4)
$*Mn 156.3 0.32)° 0.3(2)¢ 0.6(1) 0.4(2)
#*Cr 834.9 1.3(2) 1.3(3) 1.5(2) 0.8(2)
3Cr 1006, 1290 0.8(5) 0.6(4) 1.0(4) 0.5(2)

2y rays assumed to contain all the strength to the ground state.

®Yield in percent of residual fragment per detected energetic proton or a particle as indicated. The errors are given by
the numbers in parentheses.

“Energy of gating particles.

dCorrected for contribution from 1015.0-keV ¥ ray in $'Ni.

€90° detector value.

{Corrected for contribution from 385.3-keV y ray in **Fe.

ENot resolved from 1173.2-keV ¥ ray in “Ni.

¥Partially due to Ge. Based on the ®'Ni decay scheme, we adopt I (1015y)=0.0391(947.6y).

Not resolved from strong 1332-keV ¥ ray in Ni. Based on the *’Ni decay scheme, we adopt
1(1337.9y)=0.4291(998.4y). ,

Too low in energy to be seen here. Based on the **Co decay scheme, we adopt I(58.5y)=0.891(111.7y).

¥Upper limit only for 931.4-keV ¥ ray. The 1316.8- and 1408.5-keV ¥ rays are seen but are not due entirely to *°Fe.
From the decay scheme, 1(1316.8y) < 13,71(931.4y) and I(1408.5y) <0.711(931.4y).

'Corrected for contribution from 1408.5-keV y ray in >Fe.
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gating detector. In calculating N, _,, it was neces-
sary to integrate over all angles for y-ray emission.
For this, it was assumed the y rays are emitted iso-
tropically with a value per unit solid angle taken as
the average value of the yield in the two Ge detec-
tors. It was assumed that for even-even nuclei all
the intensity feeding the ground state was con-
tained in the transition from the first 27 level to
the ground state. Intensities of transitions between
higher levels were checked where possible to con-
firm the nuclide identification and to obtain an es-
timate of the relative feeding of higher-spin levels.
For odd-4 and odd-odd nuclei, it was necessary to
make use of other (HI, xy) data to deduce the
probable heavy-ion decay schemes. Since in these
decays the y-ray strength to the ground state is, in
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general, spread over many transitions, the extracted
absolute yields for these nuclei are less reliable.
Because of the low number of coincidence counts,
the gating particles were divided into only two en-
ergy bins, one covering primarily the evaporation
region, and the other the nonequilibrium particles.
The distribution of residual nuclei as extracted
from the y-ray data is given in Table II. The nu-
clei and identifying y rays are given in the first two
columns. The y rays shown are those assumed to
carry all the intensity to the ground state. The de-
duced g values for the gates E, =2.5—10 MeV,
E,>16 MeV, E,=10—40 MeV, and E, > 60 MeV
are given in columns 3—6. There are many chan-
nels with the consequence that no channel is very
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FIG. 9. Distribution of residual nuclei for a projectile energy of 194 MeV in coincidence with (a) 2.5- to 10-MeV
protons, (b) > 16-MeV protons, (c) 10- to 40-MeV alpha particles, and (d) > 60-MeV alpha particles. The contour
lines correspond to percent of all coincident residual nuclei. The locations of the measured points on which these con-

tour lines are based are indicated by solid circles.
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FIG. 10. Distribution of residual nuclei for a projectile energy of 136 MeV in coincidence with (a) 2.5- to 10-MeV
protons, (b) > 16-MeV protons, (c) 10- to 40-MeV alpha particles, and (d) > 60-MeV alpha particles. The contour lines
correspond to percent of all coincident residual nuclei. The locations of the measured points on which these contour

lines are based are indicated by solid circles.

strong. The strongest channel observed is 8.4% for

the production of *Ni in the E, = 10- to 40-MeV
gate for a 12C projectile energy of 136 MeV.

Plots of production of the residual nuclei versus
N and Z, as generated from the values given in
Table II, are illustrated in Figs. 9 and 10. Ideally,
the sum of the production of all nuclei as extracted
from the contour lines should be 100%. In actual-
ity, for the 136-MeV data the sums as obtained
from Figs. 10(a)—(d) are, respectively, 55%, 57%,
58%, and 56%. The uncertainties due only to
counting statistics and efficiency corrections are

5—10%.

One explanation for these low values could be
associated with the problem mentioned above that,
especially for odd-4 and odd-odd nuclei, not all the
cascades feeding the ground state may have been
observed. The sensitivity for detecting a single y
ray, in terms of the g value, ranges from ¢ =0.2%
at £, =200 keV to ¢ ~0.8% at E =1300 keV. It
should also be noted that the ratio
q(90°)/q (—145°) for a given y ray ranges from 1
to 2 with most values in the upper half of this
range. Thus, angular distribution effects are signi-
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ficant. Unfortunately, the relatively low peak
counts did not allow a quantitative study of these
effects as a function of energy and type of gating
particle.

No general conclusion could be drawn regarding
the feeding of high-spin states. However, a few
specific examples can be given. In the case of ®Ni
with a !2C projectile energy of 136 MeV, values of
q(4*—2%)/q(2¥—0%)=0.74+0.08,
q(6*—4%)/q(2*—0%)=0.35+0.05, and
g(7—6%)/q(2*—0%)=0.214+0.07 were obtained.
For *Fe, q(4*—2%)/q(2+t—0%)=0.75+0.13.

In the 194-MeV data, the peak of the contour
“mountain” is at **Ni for gates on both high- and
low-energy protons, and on the high-energy alpha
particles. Thus, the average total of nucleons emit-
ted through all processes is approximately equal to
that of the projectile. The contour plot obtained
through coincidence with lower-energy alpha parti-
cles peaks at ~>°Fe. Possibly, additional particles
are emitted since there is more energy available for
other processes when the gating particle has less
energy. .

In the 136-MeV data the peak of the residual
nucleus distribution (Fig. 10) is at ®Ni for low-
energy protons and alpha particles. For high-
energy protons the distributions are double peaked
with maxima at %Zn (¢ =5.5+0.5) and *Ni
(¢=4.6+0.4); for high-energy alpha particles the
contour plot may also be double peaked with maxi-
ma at ®*Cu (¢ =7.3+0.4) and ®Ni (g=7.7+0.4).

The number of the four Nal detectors observing
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FIG. 11. Smooth curves drawn through experimental
multiplicities of ¥ rays in coincidence with protons of
energies given on the abcissa. The angle denotes that of
the proton detector. Representative error bars are illus-
trated. :
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FIG. 12. Smooth curves drawn through experimental
multiplicities of y rays in coincidence with alpha parti-
cles of energies given on the abcissa. The angle denotes
that of the alpha detector. Representative error bars are
illustrated.

y rays simultaneously in coincidence with the ener-
getic light ions were used to obtain the zero- to
four-fold light-ion spectra. From these spectra the
multiplicities of y rays were extracted by means of
the technique discussed by Hagemann et al.?®
Smooth curves visually fitted to these deduced
multiplicities are plotted in Figs. 11 and 12 as a
function of the energy of the gating particle. The
curves are plotted for each of the four light ion
detectors.

IV. DISCUSSION

The ultimate goal is to understand the reaction
mechanisms leading to emission of nonequilibrium
light ions from heavy-ion induced reactions. These
light ions represent a majority of those whose ener-
gy per nucleon exceeds that of the projectile. In
this section we examine several features of the
present experimental results and comment on pos-
sible implications of these features. In the next
section, Monte Carlo calculations are used to pro-
vide some quantitative comparisons with experi-
ment. The discussion here is divided into three
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parts which compare the results for (i) the two pro-
jectile energies, 136 and 194 MeV, (ii) emission of
energetic protons and alpha particles, and (iii) dif-
ferent energies of the emitted light ions.

(i) We find that the single-peaked angular distri-
butions of the protons and of the alpha particles
observed in coincidence with PLF’s are generally
comparable at the two projectile energies, except
that the centroid of the proton angular distribu-
tions occurs at a somewhat more positive angle for
E 12.=136 MeV than for 194 MeV. This can be

seen from plots of the centroid of the peaks and
their FWHM as given in Figs. 4 and 5. However,
there is one striking difference between the two
projectile energies: For some particle energies the
angular distribution of the protons emitted from
194-MeV projectile bombardment shows a strong
decrease at 17° for gating particles with Z =5—7.
That is, these PLF’s have a smaller likelihood of
being emitted in the same direction as’'the energetic
proton. Another difference for the proton data ob-
served between the two projectile energies is that
for the 136-MeV projectile energy the angular dis-
tributions appear consistently skewed toward nega-
tive angles (compare Figs. 1 and 3). These effects
suggest that in addition to the dominant reaction
process giving rise to the strongly peaked, sym-
metric angular distribution, there is some other
weaker process. More complete angular distribu-
tions would be required to explore this feature.

The multiplicities of ¥ rays in coincidence with
energetic protons and alpha particles are somewhat
larger for 194-MeV !2C data than for 136 MeV
(Figs. 11 and 12). This appears consistent with the
predominant reaction mechanism being the same at
both energies, since the higher-energy projectiles
bring in more angular momentum on average. A
comparison of Figs. 9 and 10 shows that for all
gates, as the bombarding energy is lowered from
194 to 136 MeV, the centroids of the contour maps
of the residual nuclei shift to higher mass along the
N =Z +4 line even though for some contours the
main peak remains at %Ni. This, too, seems reson-
able if the principal reaction mechanism is the
same at both energies as the additional energy pro-
vided by the higher-energy projectiles would cause
more particles to be emitted.

A striking difference is observed in the multipli-
city plots of the energetic protons for the two pro-
jectile energies [see Figs. 6(a) and 7(a)]. Namely,
the ratio of multiplicity of protons extracted when
gating on Z =1 and Z =2 particles is ~0.5 for the
194-MeV projectiles, whereas it is ~3 for 136-MeV

projectiles. We have no explanation to offer for
this phenomenon.

(ii) The angular distributions for the alpha parti-
cles are substantially narrower than for the protons
(see Fig. 5). Furthermore, the width of the angular
distributions for the alpha particles (see Fig. 5) is
remarkably independent of the Z of the gating
PLF, the energy of the alpha particles, and of the
projectile energy. Although there are some special
cases for the proton angular distributions, the
widths given in Fig. 5 taken as a group do not
show any systematic trends with Z of the gating
particle, with the energy of the proton, or with
projectile energy. The behavior of these angular
distribution widths is not consistent with calcula-
tions for complete fusion (CF) or for the deep, ine-
lastic collision process (DIC) (see Sec. V). The ab-
sence of variation in the widths of the angular dis-
tributions with energy of the emitted particle and
Z of the gating particle; the small variation ob-
served in the peak position, and the peak position
of approximately 0° are reasonable features if a
large part of the energetic light-ion emission takes
place early in the collision process and the gating

-PLF’s retain little memory of emission of the light

ions.

The charged-particle multiplicity plots as shown
in Figs. 6 and 7 are different for the protons and
alpha particles. Most noticeable is the sudden drop
between Z =4 and 5 in the multiplicity of alpha
particles. A likely explanation is that many of the
alpha particles are emitted from breakup of the >C
projectile.  But to be consistent with the features
discussed in the previous paragraph, the breakup
must take place early in the collision process. A
corresponding decrease between Z =5 and 6 in the
proton multiplicity is not observed with E 2e= 194

MeV. This indicates that few fast protons come
from the simple process of C breaking up into
B+p without further breakup of the B fragment.
For the 136-MeV data there is a strong drop be-
tween Z =5 and 6. However, the uncertainty of
the Z =6 point is large because of the low-energy
tail from the strong elastic peak in the gating spec-
trum. The observation of alpha particles in coin-
cidence with Z > 5 particles and protons with

Z > 6 particles shows that at least some energetic
Z =1,2 particles do not come from the projectile
in a one-step process. ‘

(iii) Figures 6(a), 6(b), and 7(a) all show that for
the most energetic protons and alpha particles, the
multiplicities obtained with the higher Z gates are
relatively smaller than for Z =1,2 gates as com-
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pared to the lower-energy light ions. The implica-
tion is that there is a component of the very ener-
getic light-ion spectra that is not associated with a
process in which a PLF remains, i.e., not from a
process such as DIC.

The multiplicity of y rays in coincidence with
energetic protons and alpha particles is relatively
insensitive to the particle energy (see Figs.” 11 and
12). If the average angular momentum associated
with each y ray is between 1.5 and 2, the spin of
the state from which the y-ray cascade occurs
would be ~15—204. This is well below the limit
for the maximum angular momentum of ~ 504,
where for this mass region the fission barrier van-
ishes.?” It is comparable to what is expected for a
fusion reaction®® where the maximum angular
momentum is ~25# in the entrance channel. It
has been suggested that for heavier targets massive
transfer has associated with it the emission of ener-
getic light ions and should result in residual nuclei
with higher average angular momenta®' —2* than
obtained through a total fusion process. Our re-
sults do not support the idea that the average an-
gular momentum reached in the residual nucleus is
higher when associated with high-energy light ions.

An interesting result discussed in Sec. III was
that the multiplicity of an energetic light ion ob-
tained for E 12, =194 MeV occurring in coincidence

with light ions was comparable whether the gating
energy was low or high (see Table I). Furthermore,
energy-energy two-dimensional spectra of the two
coincident Z =1,2 particles showed no correlation.
The implication is that the fast light ions are emit-
ted in an early stage of the reaction and other light
ions are emitted in subsequent reaction stages
which have no memory of the early stage.

V. COMPARISONS TO MONTE CARLO
CALCULATIONS

Monte Carlo calculations were performed for the
complete fusion and deep inelastic collision process
for the ?C+%Ni system by means of the computer
program LILITA.”’ For CF the values of the criti-
cal angular momentum /.. were determined with
the sharp cutoff approximation, and the fusion
cross section oy, Was calculated with the critical
distance model.’® With the assumption of the crit-
ical potential V. =0, the fusion cross section is
given by

Ofys= 7R cr2 5 (4)
where
Ry=re(dp'*+47'7) . (5)

A value of r,,=1.0 fm was chosen since it gives a
good fit to the measured fusion cross section result-
ing from bombardment of 3Cu with 167-MeV
2Ne.3! The calculational method for the DIC case
was similar to that described in Ref. 32. The most
probable Q value (Q,,) is given by

QM=EKc.m.—Ec.m. ’ (6)

where the total kinetic energy of the fragments is
Exem =ZpZre*/d +#1p(1;+1)/2ud*, (7).

and E_, is the energy of the projectile in the
center of mass. The quantity d is the separation
distance of the fragment at scission, u is the re-
duced mass, and [y is the relative orbital angular
momentum. The values of d and Iy used in the
DIC calculations are deduced from the analysis*
of the °Ne+%3Cu reaction; they have been scaled
only by the ZpZy and (4p'”>+ A7) factors.
Also, a spread in Qy, has been included and was
taken as AQ/Qy =10%.%? The equilibrium as-
sumption is used to determine the amount of exci-
tation energy carried away by the TLF’s and
PLF’s, i.e., the average excitation energy of the
fragments is determined by their mass ratio.
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FIG. 13. Inclusive proton spectra at 17° for 194-MeV
2C bombardment of ®Ni. The “experiment” line is a
smooth fit to the experimental data. The other two
curves are calculated for a fusion reaction and for a deep
inelastic collision process. They are normalized to the
same value at E, ~10 MeV.
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Results of these calculations for the inclusive
proton spectra for 194-MeV 2C on *Ni are illus-
trated in Fig. 13. Also shown is the experimental
inclusive spectrum. The curves are normalized to
the same yield at E, ~10 MeV. This comparison
shows that neither CF nor DIC can account for
the majority of fast protons. Calculations for CF
and DIC also fail to explain the FWHM of the ex-
perimental angular distributions. For example, for
the angular distribution of 27-MeV protons, the
calculated FWHM’s are 96° and 32°, respectively,
for CF and DIC. The experimental width is 50°.
For 40-MeV alpha particles, the corresponding
FWHM’s are 52° and 48°, whereas the experimental
widths for E, > 64 MeV is 30°. Furthermore, the
calculated FWHM’’s are a strong function of the
energy of the light ions, whereas experimentally
this is not the case (see Fig. 5). Thus; according to
these calculations many of these fast particles are
not associated primarily with evaporation from a
completely fused system or with DIC.

In addition, the LILITA calculations predict the
distribution of the residual nuclei and the y-ray
multiplicity. Comparison of the experimental and
calculated y-ray multiplicities is given in Table III
Comparisons of the distributions of the residual
nuclei as a function of Z and A4 are shown in Fig.
14 for the two bombarding energies of 136 and 194
MeV. The comparisons between the experimental
distributions resulting from coincidences with low-
energy alpha particles and the calculated ones for
CF, shown in Figs. 14(b) and (d), are particularly
useful, since the good agreement, especially at 136
MeV, indicates that the observed distribution is
due to CF. Also given in Figs. 14(b) and (d) are
the experimental yields of residual nuclei resulting
from coincidences with high-energy alpha particles.
For these distributions, there is a clear shift of
nearly two units in Z relative to the low-energy
alpha-particle results and CF calculations. This in-
dicates that the large energy release due to the
emission of the fast alpha particles reduces consid-
erably the excitation energy of the system and,
therefore, the amount of evaporation. In this re-
gard, it is illustrative to comment on the Z and 4
distributions predicted by the Monte Carlo calcula-
tions for the case of DIC (solid histograms in Fig.
14). As can be seen in Fig. 13, the DIC process is
capable of producing higher-energy light particles
than the CF case and, therefore, could account for
some of the features of the energetic light-particle
emission. However, the Monte Carlo calculations
predict centroids of the Z and A distributions for

TABLE III. Comparison of the experimental and cal-
culated y-ray multiplicities. The CF and DIC values
were calculated with the program LILITA.

Type (M,)

194-MeV 2C+%Ni

Experiment 10 +1
CF 10.0
DIC 8.3
136-MeV '2C+%Ni
Experiment 9 +1
CF 10.2
DIC 7.9

DIC that are too low as compared to experiment.
This suggests that most of the light-particle emis-
sion is due to processes other than DIC. This
statement is also consistent with the low multiplici-
ties of protons and alpha particles observed in
coincidences with PLF’s (see Fig. 6). The low
values of the centroids of the Z and 4 distributions
predicted for DIC are due to the large negative Q
values and the two-body-like nature of the DIC
process as well as the equilibrium assumption that
gives more excitation energy to the TLF’s. Be-
cause of this large excitation energy for the TLFs,
evaporation is an important process.

The yields of residual nuclei resulting from coin-
cidences with protons are shown in Figs. 14(a) and
(c). The experimental distributions are essentially
the same whether the gate is on low- or high-
energy protons. This result is different than that
found for alpha-particle emission. In addition, one
sees that the centroids of the Z and A distributions
predicted by both the CF and DIC calculations are
too low compared to experimental results obtained
when gating on protons.  This indicates that even
protons with energies between 2.5 to 10 MeV are
primarily due to a process other than CF or DIC.

The agreement between the experimental distri-
bution of residual nuclei as obtained when gating
on the higher-energy light ions and those calculat-
ed for CF, although not good, is substantially
better than for those calculated for DIC. Also, the
CF predictions for y-ray multiplicity are somewhat
more similar to the experimental results than those
of DIC (see Table III). These comparisons indicate
that the predominant reaction mechanism is more
akin to evaporation from a fused system than to a
process where the PLF stays intact.

A picture suggested by the comparison to the
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FIG. 14. The distribution of the residual nuclei as a function of Z and A. The experimental values denoted by the
open and closed circles are obtained from Figs. 9 and 10. The histograms are calculated with the program LILITA for
CF and DIC. The projectile energy and type of emitted particle for each pair of figures are, respectively: (a) 194 MeV,
protons, (b) 194 MeV, alpha particles, (c) 136 MeV, protons, and (d) 136 MeV, alpha particles.

Monte Carlo calculations and some of the features
described in Sec. IV (i.e., narrow width of the an-
gular distribution, decrease of the multiplicity of
the energetic light particle with increasing Z of the

gating particle) is one in which the projectile be-
gins to coalesce with the target and before equili-
brium is reached the fast particle is emitted. The
remainder of the projectile is then fused with the
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target. Evaporation from the compound system re-

turns the compound nucleus to an average mass
that is similar to that of the target. This picture
could also account for the phenomenological ex-
planation of the data that shows the cross-section
dependence on E and 6 for light ions can be ex-
plained if they are emitted from a source with a
velocity of approximately one-half that of the pro-
jectile velocity.> 182433 This could be the aver-
age velocity of the PLF, as it is in the process of
fusing, at the time the energetic light ion is emit-
ted.

VI. SUMMARY

The measurements reported here suggest that
there are several reaction processes contributing to
the nonequilibrium fast particle yields. Some ener-
getic light ions are associated with a PLF. There
are three observations that favor the conclusion
that energetic light ions observed in coincidence
with PLF’s are emitted during the collision process
and not sequentially: (1) the widths and peak posi-
tions of the light-ion angular distributions at most
show very weak dependence on the energy of the
projectile, on the energy of the emitted light ion,
and on the Z of the gating PLF; (2) the experimen-
tal widths do not agree with the predictions of the
computer program LILITA for the DIC; and (3) the
multiplicity of energetic light ions obtained when
gating on low- and high-energy light ions are gen-
rally comparable. Points (1) and (3) indicate the
coincident PLF has no memory of the emission of
the energetic light ion.

Other energetic light ions are found in coin-
cidence only with Z =1,2 particles, and the frac-
tion increases with increasing light-ion energy.
These conclusions are based on the observed depen-
dence of the Z =1,2 multiplicities on the Z of the
gating particle, and on the comparison of y-ray
multiplicity and distribution of residual nuclei to
those calculated with the program LILITA. The
variation in multiplicity of the alpha particles on
the Z of the gating PLF’s is suggestive of some
breakup of the projectile. Coincidences of protons
with C and of alpha particles with B and C
demonstrate that some particles do not come from
the projectile in a simple one-step process. There
are some effects which may require still other
(weaker) reaction processes; for example, the asym-
metry in the 136-MeV data for the proton angular
distributions and the peculiar minimum at 17° in
the proton angular distribution for E 1. =194

MeV observed when gating on B, C, and N.

The distribution of residual nuclei in coincidence
with low-energy alpha particles is consistent with
the complete fusion picture. However, those result-
ing from coincidences with high-energy alpha par-
ticles and low- and high-energy protons are sup-
portive of a strong nonequilibrium process. Many
of the observed features can be accounted for if the
energetic light ion is emitted in the collision pro-
cess when the projectile begins to coalesce with the
target.
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