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Sources of light particles in peripheral collisions
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By studying light charged particles emitted in coincidence with projectile-like fragments, we
probe heavy ion reaction mechanisms that result in the production of light particles in peripheral
collisions. Triple coincidence n-n — C correlations in the reactions of 35 MeV/nucleon 0 with
Ni conclusively identify previously known sources of light particles. The fast, beam velocity
component of a particles in coincidence with projectile-like fragments is associated with the
breakup of the projectile. The correlations suggest that the origin of the intermediate velocity
component of n particles is the target nucleus. Both of these components are characterized by
o. particles emitted during the early stages of the collision.

Extensive studies of correlations between light par-
ticles and projectile-like fragments in heavy ion reactions
indicate that a significant yield of projectile-like frag-
ments is accompanied by the production of light particles
focused in the beam direction with velocities approaching
the velocity of the beam. The emission of light particles
in such peripheral collisions has been associated with var-
ious production mechanisms such as the formation of hot
spots, 7 Fermi jets 8 piston eQ'ect, 9 quasifree knockout zo

and projectile breakup. ~2 In such mechanisms emission
is expected to take place during the early stages of the
collision, thereby providing a probe of the reaction mech-
anism that yields information on the dissipation of the
energy during the collision. However, the projectile and
target nuclei can be excited to particle unbound states
that are long lived. Decay of such states leads to sequen-
tial processes. Sequential emission is the decay of sta-
tistically equilibrated projectile-like fragments (PLF s),
defined here as fragments with ZpLF Zp«j«t;, i„and
target-like fragments (TLF's), defined here as fragments
with Z~Lp Zt, @,t, that have been fully accelerated by
the Coulomb field of the two interacting nuclei. Several
studies2 s is 2i 2s have pointed out that the majority
of the coincidence yield can be accounted for in terms
of sequential decay of projectile-like and target-like frag-
ments. As the bombarding energy increases, other non-
sequential processes begin to compete in the production
of light particles. The experimental challenge is to iden-
tify and separate these short and long decay processes in
order to study the reaction mechanism.

The 0+Ni system and the similar system 0+Ti
have been extensively studied. Coincidence correla-
tions of 0, particles and carbon ions have suggested the

presence of two nonsequential decay processes. The
first component consists of o. particles focused in the
beam direction, having velocities similar to that of the
beam and with an enhanced yield on the opposite side
of the beam from the detected carbon ions. This com-
ponent has been referred to as the fast or beam veloc-
ity component. The second component is characterized
by o. particles with velocities intermediate between the
beam velocity and the velocity of the center of mass.
The intermediate component has a maximum yield on
the opposite side of the beam from the remnants of the
projectile and in the general direction of the recoiling
target nucleus. The energy spectra of a particles from
the intermediate component are harder than expected
from the equilibrated emission of the target nucleus as
observed at backward angles. However, the spectra sug-
gest a Coulomb barrier similar to that between the n
particle and the target nucleus (TLF's).s

In this paper we report some results of an experiment
designed to separate and better identify these two pro-
duction sources of 0; particles in the peripheral collisions
of 35 MeV/nucleon 0 with " tNi. We find conclusive
evidence that the fast component arises from the breakup
of the projectile. Since this component cannot be ac-
counted for by a sequential decay model, the time scale
for the emission of these fast particles must be of the or-
der of the collision time. We find that the source of the
second intermediate component of 0, particles, also emit-
ted nonsequentially, is identified to be the target nucleus.

We performed the experiment in the Michigan State
University (MSU) 4x array, 24 using a beam of 35
MeV/nucleon iso ions accelerated by the K500 cyclotron
at the National Superconducting Cyclotron Laboratory
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to irradiate a nickel foil having a nominal thickness of
2.26 mg/cm2. Light charged particles and PLF's were
detected in the forward array consisting of 45 fast/slow
plastic scintillators covering an angular range between 7
and 18 with respect to the beam direction. Used in con-
junction with the forward array, the MSU 4' array, con-
sisting of fast/slow plastic scintillators, detected hydro-
gen and helium isotopes. The fast plastic AE scintilla-
tors had thicknesses of 1.6 mm and 3.2 mm in the forward
array and the MSU 4n array, respectively. The forward
array detectors had energy thresholds of 46 MeV and 260
MeV for o, particles and carbon ions, respectively. The
MSU 4m array had an n-particle energy threshold of 70
MeV.

In this paper, we focus on results of particle-particle
correlations measured in the forward array using the 35
MeV/nucleon i 0 projectiles. We refer to angles of the
particle detectors on the same side of the beam as the
detected PLF's with a positive sign and on the opposite
side with a negative sign. The angles in this paper are
given in spherical coordinates in the laboratory frame
with the beam axis being the z axis.

In Figs. 1(a) and 1(b) for multiplicity=2 events in
which two particles are detected and identified in the
forward array, we present energy-energy correlations of o.
particles detected at the indicated angles in coincidence
with carbon ions observed at +10~. As we have seen
before, we find the signature for sequential emission
observed best on the same side [Fig. 1(a)] of the beam
as the detected carbon ions. This signature is revealed
by the pattern of two high-intensity regions with a pro-
nounced valley in between them. On the opposite side
of the beam in Fig. 1(b), the data show only one broad
pattern consisting of o, particles with an average velocity
of 90% of the beam velocity and of carbon ions with an
average velocity of 80% of the beam velocity. In Figs.
1(c) and 1(d), we show the projections of the yields onto
the n-particle energy axis. The two lobes of Fig. 1(a)
are seen as two bumps in Fig. 1(c). Sequential model
calculationss are shown as dashed curves (dim) for the
sequential decay of TLF's, and dot-dashed curves for the
sequential decay of the PLF's. The high-energy thresh-
olds of the forward array prevent the observance of the
sequential component from the TLF's. As a result most
of the yield at 0 = +15 is produced by the sequential
breakup of isO. On the opposite side of the beam, the
energy spectrum, shown in Fig. 1(d), is characterized by
the large bump of n particles having 90Fo of the beam ve-
locity. The fast component is manifested by this excess of
high-energy a particles. The resulting fit by the model
of this component is shown as a dotted curve. From pre-
vious studies, we expect that at energies lower than
100 MeV, the spectrum also indicates an excess in the
yield of o, particles that cannot be accounted for in terms
of the sequential emission from PLF's and TLF's. This
excess at intermediate energies, shown in Figs. 1(c) and
1(d) by the bold dashed curve, reflects the presence of
the intermediate component of nonsequentially emitted
o. particles. 5
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FIG. 1. Density plots [(a) and (b)], with the intensity
varying linearly, for n particles at the indicated angles in co-
incidence mith carbon at Hc ——+10'. The data have been
smoothed using a two-dimensional Gaussian distribution, and
gray scaled with 8x8 pixel cells. Curves represent three body
kinematic calculations. The dot-dashed curves correspond
various values of the relative energy (MeV) between C and n
particle assuming the breakup of 0 into C + u. The solid
curves correspond to the total excitation energy, Q3 (MeV).
(d) and (c) show the projections onto the energy axis of the
n particles with dashed (dim), and dot-dashed curves repre-
senting the calculated contributions from the sequential de-
cay of TLF's and PLF's, respectively. The contributions of
the intermediate and fast components are represented by cal-
culated dashed (bold) and dotted curves, respectively. The
solid curve represents the sum of the contributions from the
fast, intermediate components and the sequential decay of the
P LF's.

In order to understand better the binary nature of
breakup of the projectile, we examine the correlation of
atomic numbers from multiplicity=2 events. Figures 2(a)
and 2(b) presents ions of atomic number Zz detected be-
tween Oz, ——+(7' —+ 18') on the same side [Fig. 2(a)]
and opposite side [Fig. 2(b)] of the beam from Zi de-
tected at Og, ——+10'. As can be seen along the solid line
of Zi+ Zz ——8, the C+ n channel is the most probable
two-body decay mode of isO on both sides of the beam.
There may be a substantial number of events for the pro-
ton pickup channel, Zi+ Zq ——9 (dashed line), but many
fewer for the o.-particle pickup channel, Z1+ Zq ——10
(dot-dashed line). The distributions in this figure along
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FIG. 2. Coincidences between ions of atomic number Z2

observed on the opposite side of the beam from the detected
Zq. Solid, dashed, and dotted lines indicate events in which
the sum of Zq + Zq is equal to the atomic number of the
projectile, Zpp. &, is equal to Zppo+1 and is equal to Zppo+2,
respectively. The intensity scale re8ects the logarithm of the
counts.

the Z~ + Z~ lines suggest that most of these fragments
come from the projectile breakup. Fragments whose sum
of atomic numbers is less than the atomic number of the
projectile may result from the multiple decay of highly
excited states of the projectile.

To test the hypothesis of the multiple breakup of the
projectile, we consider multiplicity=3 events in the for-
ward detector array in which Z~ and Z3 are detected on
the same side of the beam. We define the zz plane by
the direction of Z~ and the beam axis, i.e. , Pq ——O'. For
particles with Z2 detected on the opposite side of the
beam from Zq we have selected Pq to be between 160
and 200 . Correlations between the atomic numbers of
Z1 and Z2 on the opposite side of the beam each other
are shown in Fig. 3 with the third fragment, Z3, indi-
cated in the figure. Since the distributions of products
are limited by the solid line of Z1+Z2+Z3 ——8 as in the
case of multiplicity=2 events, the majority of the yield
can be understood in terms of the multiple decay of the
excited projectile. Such correlations of atomic numbers
of products observed on the opposite sides of the beam
suggest that most of the light particles emitted on the
opposite side of the beam from the observed PLF's may
indeed have their origin in the projectile.

In order to identify clearly the source of the fast com-
ponent of n particles shown in Figs. 1(b) and l(d), we
reconstruct the projectile by detecting an a particle in
the vicinity of a ~ C on the same side of the beam. We
are confident that the projectile can be reconstructed be-
cause of the following reasons. First, from Figs. 1(a) and
l(c), we can see that the majority of the n-~~C yield at
8~ = +15O results from the breakup of ~so. Secondly,
with the large energy thresholds, the contribution from
the decay of TLF's as seen by the forward array is of
the order of a few percent. Thirdly, since the o.-particle
pickup channel is weak, we do not expect that the C nn--
events arise from the double o,-particle decay of Ne. By
detecting an o, particle on the same side of the beam as
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FIG. 3. Triple coincidences among ions of atomic num-
ber Zq observed on the opposite side of the beam from the
detected Zqand Z3. Solid, dashed, and dotted lines indicate
events in which the sum of Zq+ Z2+Z3 is equal to the atomic
number of the projectile, Zppo, is equal to Zpzo + 1 and is
equal to Zpp. o + 2, respectively. The intensity scale reRects
the logarithm of the counts.

the ~2C, the data indicate that we can, with a high proba-
bility, reconstruct the projectile. In coincidence with the
reconstructed projectile we select multiplicity=3 events
in which three particles are detected and identified in the
forward array, where a second o, particle appears on the
opposite side of the beam from the reconstructed pro-
jectile. In Fig. 4(a) we represent by open circles the
energy spectrum of the second n particle on the oppo-
site side of the beam. In order to compare the shape
of this spectrum with that of multiplicity=2 events, the
energy spectrum of o, particles, shown previously in Fig.
l(d), is presented in Fig. 4(a) as a histogram. As men-
tioned above, the fast component is manifested by the
presence of the high-energy bump in the histograms in
Fig. 4. Since in the case of C-n-n events the projectile
has been reconstructed, these n particles on the oppo-
site side of the beam from the reconstructed projectile
can only come from the target nucleus. The absence of
the high-energy bump in the a-particle energy spectrum
of C-n-n multiplicity=3 events (open circles) indicates
conclusively that the fast, beam velocity component of n
particles arises from the breakup of the projectile.

In the case of ~~C-p-n events [solid circles in Fig. 4(a)]
in which a proton is detected on the same side of the
beam as the carbon ions, the proton may come from the
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projectile (proton pickup) or from the target nucleus. In
either case, the o, particle will come mostly from the
breakup of the projectile. The energy spectrum of the
o; particle on the opposite side of the beam shown in Fig.
4(a) for the C-p-n events is very similar to the energy
spectrum (histogram) from C-a multiplicity=2 events,
thus confirming that the high-energy n particles come
from the breakup of the projectile. In Fig. 4(b), we

also present the n-particle energy spectra (solid circles)
for the B-n-o, , Be-o,-a, and Li-o.-n multiplicity=3 events.
These triple coincidence energy spectra are compared to
the double coincidence energy spectra for n particles in
coincidence with B, Be, and Li ions (histograms). The B-
n-n events select the proton pickup channel, whereas, the
Be-o,-a and Li-a-o. events result from the direct, multiple
decay of the projectile without the necessity of picking up
nucleons from the target. These triple coincidence energy
spectra have the same shape as the spectra for the mul-
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FIG. 4. Energy spectrum of n particles [histogram in (a)]
in coincidence with carbon ions detected on the opposite side

of the beam (double coincidences). Open circles (a) repre-

sent the energy spectrum of n particles detected on the op-

posite side of the beam from the reconstructed O (triple
coincidences). Solid circles in (a) represent C-p-n triple coin-

cidence events. Narrow dashed (dim) and the broad dashed

(bold) curves represent the calculated contribution from the

sequential decay of TLF's and the intermediate component.
Similarly, data are shown as solid circles in (b) for B-n-n,
Be-n-a, and Li-n-a triple coincidences. Energy spectra of n

particles [histograms in (b)] in coincidence (double) with B,
Be, and Li ions detected on the opposite side of the beam.

tiplicity=2 events, indicating that the fast component of
nonsequentially emitted n particles is a general feature of
the decay mode of the projectile. Since it has been estab-
lished that the fast component is a result of the breakup
of the projectile, the presence of the fast component in
these triple coincidence energy spectra strongly suggests
that the projectile undergoes multiple o,-particle decay,
leading to the production of multiple energetic light par-
ticles. These studies provide conclusive evidence that the
projectile is the source of the fast, beam velocity compo-
nent focused on the opposite side of the beam from the
detected PLF's.

The model calculation describes very well the sequen-
tial decay characteristics rejected by the shape and mag-
nitude of the energy spectrum of n particles observed
on the same side of the beam as the detected carbon
ions, shown above in Fig. 1(c). At these coincidence an-
gle pairs where sequential decay processes are separated
most clearly, we fix the parameters in the model associ-
ated with the excitation energy distribution and energy
and angular distributions of the primary ~ 0 prior to de-
cay. VVith this set of parameters that best describe the
data on the same side of the beam, we are unable to de-
scribe the energy spectrum of the fast component, shown
above in Fig. 1(d), of n particles detected on the opposite
side of the beam. Even though the fast, beam velocity
component has its origin in the projectile, such o, parti-
cles do not come from sequential emission processes and
so must be emitted on a time scale shorter than the time
scale for sequential emission.

The narrow dashed (dim) curve in Fig. 4(a) represents
the calculated energy spectrum of o, particles emitted
sequentially by TLF's in coincidence with carbon ions.
These calculations are based on the n-particle energy
spectra observed at backward angles. s For C-n-n events,
the energy spectrum of o, particles on the opposite side of
the beam from the observed carbon ions, that must come
from the TLF's, is much harder than the expected spec-
trum for n particles emitted sequentially by the TLF's,
but is similar to the spectrum expected for the intermedi-
ate component shown by the broad dashed (bold) curve. s

The absence of the high-energy bump in the o,-particle
energy spectrum for the C-n-n events [open circles in
Fig. 4(a)j also indicates that the n-particle pickup chan-
nel, and subsequent double o,-particle decay from Ne, is
not contributing to these events. If the C-o,-o. events re-
sulted from this process, then the a-particle energy spec-
trum should look like the spectra for the cases of B-o,-n,
Be-n-a, and Li-n-n in Fig. 4(b) where multiple decay of
the projectile seems to explain the data. Therefore, the
triple coincidence correlations suggest that the TLF's are
the source of the intermediate component of o, particles.
Since for these events the projectile is reconstructed, it
cannot be the source. Because the intermediate compo-
nent of n particles cannot be accounted for in terms of
sequential decay processes, it must be produced during
the early stages of the collision.

In conclusion, we And that triple coincidence correla-
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tions between the reconstructed projectile and an n par-
ticle detected on the opposite side of the beam from the
detected ~~C conclusively reveal that the fast, beam ve-

locity component of o. particles previously observed in
coincidence with projectile-like fragments arises from the
breakup of the projectile. In addition, the correlations
seem to indicate that the target nucleus is the origin of
the intermediate component of n particles. Both of these

components are produced by mechanisms leading to the
emission of o, particles during the early stages of the col-
lision.
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