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Nonequilibrium a emission in deeply inelastic ' 0+ Ni collisions
at 6 and 9 MeV/nucleon
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Energy and angular correlations of a particles in coincidence with deeply inelastic ejec-
tiles from ' 0+ "Ni collisions at 6 and 9 MeV/nucleon reveal a emission processes which
cannot be explained by sequential emission from the fragments.

NUCLEAR REACTIONS Ni(' O,HIa), E =6,9 MeV/nucleon; ener-

gy and angular correlation for HI a coincidences measured; deduced re-

action mechanism.

Recently, a study on heavy-ion-a-particle correla-
tion' cast doubt on the existence of nonequilibrium
a emission in deeply inelastic ' 0+ Ni collisions at
6 MeV/nucleon. Assuming sequential a emission
from the primary projectilelike and targetlike frag-
ments, a model calculation was applied in Ref. 1 to
earlier correlation data on ' 0+ Ni at 6
MeV/nucleon (Ref. 2}, and it was found that the
model calculation completely exhausts the observed
yields. It was claimed that the strongly forward
peaked angular correlation observed in Ref. 2 can be
entirely explained by sequential a emission from the
projectilelike fragment. However, the calculations
in which the collision of the primary fragments and
the subsequent decay by light particle emission were
simulated' were based on imprecise information
about the energy and angular distribution of the pri-
mary fragments, as well as the decay energy distri-
bution of emitted light particles. In this paper we
report on the measurement of the primary fragment
distribution, directly giving reliable parameters for
such calculations. A further improvement was
achieved by angular correlations measured with nar-
row steps between neighboring a detection angles
and extended to much more forward angles than in
a previous study. Owing to that, structures in the
angular correlations are visible that are not observed
in most other studies. The two steps enabled us to
fractionate a emission into sequential emission from
the fragments and nonequilibrium emission. In an
additional experiment at a higher bombarding ener-

gy, the heavy ion was detected at a large backward

angle, and the same nonequilibrium component was
observed. The current study confirms the observa-
tion of nonequilibrium a emission in an earlier
study, but shows that owing to the lack of forward
angle data, the contribution of nonequilibrium a
emission was overestimated. On the other hand, the
two measurements at 6 and 9 MeV/nucleon show
that the multiplicity for the nonequilibrium com-
ponent increases strongly with bombarding energy,
in agreement with the high multiplicity values
measured for the ' 0 + Ti system at 20
Me V/nucleon.

The experiments had been performed with a 96
MeV ' 0 beam supplied by the MP tandem Van de
Graaff accelerators in Heidelberg and Strasbourg,
and with a 147 MeV postaccelerated ' 0 beam in
Heidelberg. ~&-E telescopes were used to measure
charge and energy of heavy ions and light particles.
To lower the detection threshold for light particles,
in addition, their time of fiight was measured in the
experiment at 147 MeV. In order to study a emis-
sion from the projectilelike fragments, a special-
detector setup was used: two position sensitive tele-
scopes each consisting of a gas ionization && detec-
tor and a position sensitive Si E detector of 50&(8
mm (100&&8 in some experiments) sensitive area
were mounted with their larger (position sensitive}
extension paralleled. Since the telescopes' position
sensitive extensions were also parallel to the horizon-
tal plane containing the beam axis, they measured
simultaneously light particles and heavy ions in the
same range of scattering angles. The angular ranges
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were (15',40'), (26', 64'), and (30', 75'). The separa-
tion between the telescopes in the direction perpen-
dicular to the horizontal plane was -5', allowing us
to detect heavy-ion-a-particle coincidences with
differences in detection angle as small as 5'. Under
such conditions a emission froin the projectilelike
fragment has two kinematical solutions, of which
the high a energy solution is as well separated from
the low a energy solution as from a emission from
the targetlike fragment. The targets were isotopi-
cally enriched ~ Ni foils of 1 mg/cm . In order to
be able to discriminate reactions with light target
contaminations, carbon target measurements were
performed for almost all a detection angles. From
these measurements lower limits for heavy ion ener-
gies were derived which reduced possible contribu-
tions from reactions with light target contamina-
tions to less than 10% for every a detection angle.
These small contributions were not subtracted in the
data. At 96 MeV an upper limit in the heavy ion
energy was set in order to select the deeply inelastic
component. Assuming simple two-body kinematics,
these limits correspond to a range of two-body Q
values of ( —25,—42} MeV and (—29,—45) MeV for
oxygen and carbon coincidences, respectively. At
147 MeV the lower limits correspond to —93 and
—85 MeV, respectively. All energy signals and time
of flight differences for heavy-ion-light-particle
coincidences were digitized and recorded on line on
magnetic tape event by event and analyzed off line.
Random events contributed less than 15% and were
subtracted in all data presented.

Figure 1 shows in-plane angular correlations for a
particles in coincidence with deeply inelastic carbon
(dots) and oxygen (circles} detected at eH&

——35' for

the ' 0+ Ni system at 96 MeV. We have plotted
the differential a multiplicity, i.e., the number of a
particles per deeply inelastic scattered heavy ion and
per unit solid angle, versus the a detection angle in
the laboratory system 8 . The angular correlations
show distinct structure in the forward region and ex-
tend to much more forward angles than earlier data
presented. It can be clearly visualized that in the
angular region of +40' around the detected heavy
ion, structures show up that could be ascribed to u
emission from projectilelike fragments. Since these
structures are observed in coincidence with carbon
and oxygen, one has deeply inelastic collisions pro-
ducing excited oxygen and neon fragments followed

by sequential a decay of the fragments. This is dif-
ferent in studies where such structures are observed
in coincidence with quasielastic fragments but not
with fragments with the projectile charge. 3' Using
the close-geometry setup, we have investigated a
emission from the projectilelike fragments in more
detail. Selecting the high energy solution of the a
decay, the distribution of the relative energy between
the a particle and the secondary fragment was con-
structed and studied as a function of scattering an-

gle of the primary fragment. In the following we
demonstrate the basic features of the analysis for
deeply inelastic primary oxygen, i.e., for three-body

Q values & —14 MeV.
Relative energy distributions were constructed

from carbon-a-particle coincidences and are dis-

played in Fig. 2 (left side) for three primary oxygen
angles 20, 40', and 60'. One can see that there are
practically no events with relative energies larger
than 8 MeV. The relative energy distributions have
a most probable energy of 3.5 MeV with a width of
2.5 MeV. The pronounced peaks at 3 and 4 MeV
relative energy —visible at most angles —can be
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FIG. 1. In-plane angular correlation for a particles in

coincidence with deeply inelastic carbon (dots) and oxygen
(circles) detected at 35' for 96 MeV ' 0+ ' Ni. Curves
drawn are results of simulation calculations.
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FIG. 2. Relative energy distributions (left side) and an-

gular distributions (right side) for primary oxygen decay-

ing by a emission. Curves drawn are results of simulation

calculations.
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identified with 4+ states in ' 0 at 10.4 and 11.1
MeV excitation energy and a 2+ state at 11.5 MeV.
Integrating over the relative energy distribution for
the various primary oxygen angles, we obtain the
primary oxygen angular distribution as shown in
Fig. 2 (right side). It turns out that the kinetic ener-

gy and the slope of the primary oxygen decaying by
a emission are close to those for deeply inelastic ox-
ygen from singles measurements. The energy and
angular distributions of the primary fragments and
the relative energy between the decay products are
essential ingredients in calculations where the deeply
inelastic collision of the primary fragments and the
subsequent deexcitation by light particle emission is
simulated. The full curves in Fig. 2 show results of
such calculations where the Q value distribution of
deeply inelastic primary oxygen and the distribution
of the relative energy were described by Gaussian
distributions. For the angular distribution of deeply
inelastic primary oxygen, do/dQ, an exponential
function decreasing with scattering angle in the
center of mass and isotropy for the a decay of oxy-
gen were used. It was found that the parameters of
the Gaussian distribution were independent of the
primary oxygen angle. The non-Gaussian shape of
the relative energy spectra (Fig. 2) is due to the ener-

gy dependence of the detection efficiency and is
closely reproduced by the calculation. It should be
stressed at this point that in the measurement of a
emission from ' 0' we cannot a priori discriminate

Ne* decaying by two succeeding a emissions to
' C. Such contributions —if any —show up as con-
tinuous background in the relative energy spectra,
and it was checked that inclusion of such contribu-
tions in the simulation calculation does not change
the results significantly.

The dotted curve in Fig. 1 is a calculation simu-

lating a emission from quasielastic and deeply in-

elastic primary oxygen. It can explain most of the
observed structure around the detected heavy ion,
but, however, fails to describe the high yield ob-

served at 7' and 15' on the opposite side of the beam.
Relative energy distributions with a most probable
energy of 5.5 MeV and a width of 8.3 MeV are
necessary to fit the peak in beam direction. This,
however, is in contradiction to the breakup data
measured at 20'. The data on the opposite side fall
off steeply until 25' and moderately from there on.
Performing a calculation for a emission from the
targetlike fragment with the parameters adjusted at
the coincident a and heavy ion energy spectra mea-
sured for 9 =80 to 140', we obtain the dashed
curve in Fig. 1. The sum of sequential a emission
from both fragments (the full curve in Fig. 1) cannot
describe the data. Apart from an unexplained yield
close to the beam direction, there also persists an ex-

cess yield in the direction of the recoiling targetlike
fragment. The recoil direction is marked in Fig. 1

by the full and the open arrow for carbon and oxy-
gen coincidences, respectively. Using results from
out-of-plane measurements we can integrate over the
sphere and obtain the following multiplicities for a
particles: (i) from the projectilelike fragment,
M =0.14+0.04, (ii) from the targetlike fragment,
M =0.10+0.03, and (iii) in the excess, M
=0.02+0.01. We have to interpret the multiplicity
values in the following way: Since we have tried to
explain the correlation data with the maximum
amount of sequential emission, a minimum amount
for the excess yield results.

In order to obtain more information about the ex-
cess yield we have performed another heavy-ion-
light-particle correlation experiment. The main em-
phasis in this latter experiment was to change the
dynamics of the heavy ion collision by (i) increasing
the bombarding energy and (ii) detecting the heavy
ion at a large scattering angle. Figure 3 shows the
angular correlation for a particles in coincidence
with carbon (dots) and oxygen (circles) detected at
HHi ———60' for the system ' 0+ Ni at 147 MeV.
Since at this bombarding energy the grazing angle is
15', we observe only deeply inelastic scattered frag-
ments. The u detection angles are not as closely
spaced as in Fig. 1, but one can recognize the same
pattern except for an overall shift of —30'. Again,
the simulation calculation (full curve), composed of
a emission from the projectilelike fragment (dotted
curve) and from the targetlike fragment (dashed
curve), cannot describe the angular correlation.
From the a correlation angles 0~ = —45' and —75',
the relative energy distribution for a emission from
the projectilelike fragments was determined and a
larger mean of 5.5 MeV and a larger width of 4.7
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FIG. 3. Same as Fig. 1, but for heavy ions detected at
6O' and II47 MeV ' 0+ Ni.
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MeV were found. Similar relative energy distribu-
tions are observed in 310 MeV ' 0+' Au reac-
tions and indicate that these distributions do not
change significantly above 147 MeV bombarding en-

ergy. Assuming similar out-of-plane anisotropies as
measured at 96 MeV, we estimate the multiplicity
for a particles (i) from the projectilelike fragment to
M =0.04+0.01, (ii) from the targetlike fragment to
M =0.53+0.16, and (iii) in the excess to M
=0.09+0.05.

Further information comes from the spectra in
the direction of the recoiling targetlike fragment.
Figure 4 shows o. energy spectra measured at 45'
(top) and 20' (bottom) for 96 and 147 MeV, respec-
tively, in coincidence with deeply inelastic carbon.
The dotted curve is the expectation for sequential
emission from deeply inelastic scattered fragments.
One sees that sequential emission cannot reproduce
the high and low energy parts of the spectra. The
excess yield at low energies is due to reactions with
light target contamination, as was checked with car-
bon target measurements. The excess yield at higher
a energies is drawn in Fig. 4 as a smooth dashed
curve, whereas the full curve represents the sum of
sequential emission and excess yield. At all angles
where excess yield is observed, we find the same
broad energy distribution for the excess yield with
the most probable energy higher than the energy for
sequential a particles from the targetlike fragment
but lower than the energy for a particles with beam

velocity (indicated by VnE~M). In order to explain
the highly energetic a particles by sequential emis-
sion from projectilelike fragments, we have to as-
sume relative energies of -25 and -35 MeV for 6
and 9 MeV/nucleon bombarding energy, respective-

ly, and primary fragment energies which are more

MeV

than a factor of 2 lower than normal deeply inelastic
fraginent energies. Reviewing all the experimental
facts, we are unable to explain all data by statistical
emission from fully accelerated fragments.

On the other hand, the assumption of emission
from fully accelerated fragments is not strictly true,
and for higher excitation energies of the fragments,
some fraction of the statistical a particles is emitted
before the fragments are fully accelerated. To study
the effect of proximate fragments we performed
three-body-Coulomb-trajectory calculations with the
assumption that before scission the two fragments
rotate as sticking spheres with a total angular
momentum of 45% (Ref. 8) in the same direction as
results from a negative deflection function. After
scission we assume that the fragments decay statisti-
cally, according to the exponential decay law, by a
emission with the radial kinetic energy distribution
governed by a temperature of 2 MeV. It turns out
that even for very short lifetimes of the projectilelike
fragments, a emission from these fragments cannot
explain the excess yield unless we assume unrealisti-
cally high decay energies. For a emission from the
targetlike fragment, calculated angular correlations
are shown in Fig. 5 for various lifetimes. As can be
seen, proximity effects manifest themselves by a
shadow in the direction of the detected carbon and
by some buildup of yield at the edges of the shadow.
Indeed, we may interpret the low yield at 8 = —75'
in Fig. 3 as an indication of shadowing, but we also
see that the calculated buildup of yield in the recoil
direction is too small to explain the experimentally
observed excess yield.

We therefore conclude that statistical emission
from the fragments cannot explain the excess yield
of a particles and that these a particles have to be
emitted during interaction of the two fragments.
From Fig. 5 we infer that a emission from the tar-
getlike fragment could account for the excess yield
if we were to ignore the concept of isotropic emis-
sion in the restframe of the targetlike fragment: A
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FIG. 4. Coincident a energy spectra measured at 45'
(top) and 20 (bottom) for 96 and 147 MeV bombarding
energy, respectively. The dotted curve is the contribution
from sequential emission, the dashed curve represents the
excess yield, and the full curve is the sum of both.

FIG. 5. Calculated in-plane angular correlation for a
particles emitted from the targetlike fragment including
proximity effects between a particles and the projectile-
like fragment. The curves represent different lifetimes of
the targetlike fragments, v, with v =~„corresponding to
emission from fully accelerated fragments.
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localized region on the nuclear surface with higher
emission probability for highly energetic a particles
could account for all experimental facts, as has al-
ready been proposed in earlier studies. ' On the
other hand, the observation that the excess yield is
focused into a small angular region and that the
mean velocity is close to beam velocity supports the
explanation of a emission in the first stages of heavy
ion collision followed by deeply inelastic collision of
the residual fragments. ' To discriminate between
the two processes at these low bombarding energies
is not as easy as it was in the system ' 0 + Ti at 310
MeV. There, both processes have been observed
separately since their energy distributions are suffi-
ciently different at high bombarding energy. In or-
der to trace the evolution of these two processes as a
function of bombarding energy, it is desirable to per-
form similar studies in the range of 10 to 20
MeV/nucleon.

In conclusion, we have reconfirmed our earlier
study that nonequilibrium a emission exists in
'sO+ ssNi collisions at 6 MeV/nucleon. In contrast
to other studies, our simulation calculations are
based on the direct measurement of the a decaying
primary fraginents leaving no free parameter for the
calculation. The multiplicity of nonequilibrium a
particles was found to increase from 0.02+0.01 to
0.09+0.05 for bombarding energies from 6 to 9
MeV/nucleon. This trend is confirmed by similar
detailed analyses applied to heavy-ion-a-particle
correlation data measured for the systems S,

Ar + 3Nb at 10 MeV/nucleon ' and ' 0+ Ti at
20 MeV/nucleon. " We have plotted in Fig. 6 the
multiplicity of nonequilibrium a particles, M"', de-
duced from these various systems as a function of
the relative velocity between projectile and target at
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FIG. 6. Multiplicity of nonequilibrium a particles as a
function of relative velocity between projectile and target
at the barrier for several systems.

the barrier 8
[B=Z&Z,e /R, R=1.22(A ' +g, ' )+2.0] .

The exponential increase of the multiplicity with the
relative velocity clearly shows that although non-
equilibrium processes contribute at the percentage
level at low bombarding energy, they cannot be
neglected at medium and high bombarding energies.
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