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ABSTRACT

The velocity distribution of fusion-like products formed in the
reaction 701 MeV 28i+1%Mo is decomposed into 26 incomplete
fusion channels. The momentum deficit of the residue per non-
evaporative mass unit is approximately equal to the beam mo-
mentum per nucleon. The yields of the incomplete fusion chan-
nels correlate with the Q-value for projectile fragmentation rather
than that for incomplete fusion. The backward angle multiplic-
ities of light particles and heavy ions increase with momentum
transfer, however, the heavy ion multiplicities also depend on
the extent of the fragmentation of the incomplete fusion chan-
nel. These data indicate that at fixed linear momentum transfer,
increased fragmentation of the unfused component is related to
a reduced transferred angular momentum. These observations
can be accounted for if incomplete fusion proceeds by a two step
process, the first of which is projectile fragmentation, and if the
critical angular momentum condition for fusion applies to the
products of this first stage.

The decline of the complete fusion cross section in heavy ion reactions as
the relative velocity at contact exceeds 1/10 ¢ is well known. The telltale sign of
this decline is found in measurements of the velocity distributions of the fusion-
like residues (ER)! or in measurements of the angle between fission fragments.?
In the former case the velocity distributions are broad and skewed to low ve-
locities with mean values less than expected for complete momentum transfer.
Coarsely, one can divide the explanations for this incomplete momentum trans-

fer into those where the projectile nucleons carrying the non-fusing momentum
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traverse the target nucleus, and those where they do not. The latter, most ap-
propriate for large impact parameters, was first provided by the sum rule model
of Wilczynski.® Here the projectile fragments into two pieces, one which fuses and
the other which continues on a Coulomb trajectory with a velocity close to that of
the beam. In this model, the nonfusing mass provides a crude impact parameter
selection. On the other hand, for small impact parameters, one must account for
incomplete fusion by lack of sufficient stopping power to thermalize the relative
kinetic energy within the nuclear volume. Pre-equililbrium models of this sort
have taken several forms, including Fermi jets,* hotspot formation®’ and the
standard pre-equilibrium model® modified for heavy-ion systems.® More recently,
Harvey has generated a model based on free nucleon-nucleon scattering.!® This
model may be valid over a broad range of impact parameters, but is undoubt-
edly restricted to high energy heavy-ion collisions due to the lack of an explicit
treatment of Pauli bocking. Another recent and promising development is the
melding of the Fermi jet model to the nucleon exchange model developed for lower
energy deep inelastic heavy-ion collisions.!! The relevance of the different mech-
anisms underlying these models is one of the fundamental issues in the study
of intermediate energy heavy-ion reactions. This is so, not simply because we
wish to understand why complete fusion ceases to be viable, but also because of
the restrictions imposed by these mechanisms on our capabilities of forming and
therefore studying highly excited and rapidly rotating nuclear systems.

In this work we take a large step towards a complete experimental doc-
umentation of the nature of the incomplete fusion process. This is accomplished
by decomposing the velocity distribution of fusion-like products, formed in the
reaction 701 MeV 28Si+1%Mo, into channels specified by the exclusive charge
(Z5) and mass (Ay) which compose the fast forward spray of particles for each
event. The relative probabilities for these channels correlates with the Q-value for
projectile fragmentation rather than the Q-value for the overall incomplete fusion
reaction. The channels are further characterized by the backward angle multi-
plicity of neutrons, y-rays and charged particles. The forward angle particle data
and the velocity of the residue are used to determine the decrement in the linear
momentum transferred to the fusion-like product per forward non-evaporative

mass unit. The backward angle data show that while the multiplicities increase
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with increasing momentum transfer, they also depend on the extent of the frag-
mentation of the mass in the channel definition. Specifically, backward angle
heavy ion emission is strongly suppressed when the incomplete fusion channel is
highly fragmented. .

This study required a multi-layered coincidence apparatus capable of de-
tecting all of the emissions associated with fusion-like events. These include:
a) the evaporation residue; b) the nonfusing components which, as stated above,
specify the channel and c} the products which result from the de-excitation of
the highly excited, rapidly rotating, compound system {mostly n,p, « and +’s).
These diverse needs are served by a detection scheme incorporating: a) a for-
ward annular parallel plate avalanche counter (PPAC) spanning 2.1° to 8.1° in
the laboratory; b) a forward wall of 35 plastic-CsI scintillators subtending angles
between approximately 11° and 35°; and c) a small ball of 64 plastic-CsI scintilla-
tors subtending angles larger than approximately 35°, which is positioned inside
a large multielement Nal ball. This experiment was done at the HHIRF facility at
Oak Ridge National Laboratory, where the 72 element Nal Spin Spectrometer!?
was used to detect the 4-rays and neutrons. In this work, the most forward
Nal elements were removed in order to make room for an enlarged scattering
chamber to house the CsI Wall and the PPAC. Therefore, only 65 of the 72 Spin
Spectrometer elements were used, corresponding to 88% of 4. The plastic-Csl
multidetector system, which we call the Dwarf Ball and Wall, utilizes the different
time characteristics of scintillation output, the phoswich technique. An early ver-
sion of this device,!? along with one of the important subsequent modifications,!*
is described in the literature. For the present study, each plastic-CsI module
provides light charged particle identification (LCP= p,d,t and a), distinguishes
these LCP’s from heavy ions (HI} and provides an energy for the LCP’s. The en-
ergy calibration for LCP was obtained from elastic and inelastic proton scattering
on !2C at two bombarding energies.

We have identified 26 channels differing by their forward light charged
particle composition. These channels consist of 1, 2, 3 and 4 LCP’s. The ER
velocity distributions are shown in Fig. 1 for selected channels and the sum of all
charged particle channels. The latter distribution should be quite similar to the
inclusive distribution (omitting only xn channels) and the most probable velocity,
77% of the full momentum transfer value, is consistent with the systematics
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Figure 1. The channel decomposition of the velocity distribution
of fusion-like products. The channels are labeled by the type and
number of the forward particles. The top (bold) distribution is the
sum of all charged particle channels. The distributions are offset
from the abscissa for display. The arrow indictes V;yy.

presented in Ref. 1. These distributions can be understood as consisting of two
parts. One of these components, which arises from the detection of all the forward
light charged particles, takes the form of a gaussian at the higher velocities.
On the other hand, if some forward particle is not detected, as would occur
for 8rcp < 11°, then the channel is misidentified. The latter case produces a
background distribution peaked at lower ER velocities, i.e., lower values of the

momentum transfers. In order to extract both the channel probablity and the
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mean ER velocities for each channel, we transform the velocity distributions to
a Galilean invariant representation and fit the large Vgg portion by a gaussian.

The centroids of these fits divided by the velocity values expected for full
momentum transfer, R = V//Vyyy, are shown in Fig. 2. It should be erpphasized
that these ratios are channel selected and independent of the extent of sequential
evaporation. The latter quality originates from the use of Galilean invariant
cross sections.! (Formally, a cos@ term should exist in the denominator of the
ratio; however the small angles used in the present study make this correction

negligible.)
1.0
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Figure 2. Ratio of velocity centroid of the channel selected data to
the value for complete momentum transfer. The abscissa (Ay) cor-
responds to all detected forward mass (solid diamonds) and to the
detected forward mass with energies greater than the evaporation
peak (open diamonds). The solid line is the result of a calcula-
tion assuming a linear momentum deficit equal to A;x the beam
momentum per nucleon. The dashed curve assumes 3 additional
beam velocity nucleons (neutrons) exist in each channel but are not
observed.
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Figure 2 can be used to determine the mean linear momentum per nucleon
associated with the forward particles which compose our channel definition. The
solid line is the expected residue velocity if, on average, each of the As nucleons
has the beam momentum per projectile nucleon, Py/A,. These data exhibit the
same slope as the solid line, indicating that on average each nucleon included on
our channel definition results in a linear momentum transfer deficit equal to the
beam momentum per nucleon. The downward displacement of these data can be
explained by the fast forward neutrons which are not counted in the channel def-
inition, Ay. D. Hilscher et al.!1% have determined the number of non-evaporative
neutrons as a function of momentum transfer in the reaction 30 MeV /nucleon
Ne+Ho.!® Their results indicate that there are between 2 and 3% pre-equilibrium
neutrons for linear momentum transfers between 50% and 100%. Applying the
average correction implied by this result shifts the solid line in Fig. 2, to the
left 3 mass units and yields the dashed line. Close inspection of Fig. 2, and
the associated channel compositions, indicates that it is the multiple a-particles
in the channel definition which determines the overall trend. More decomposed
channels tend to have a slightly larger residue volocity or momentum transfer per
nucleon.

These conclusions could be influenced by an underlying evaporative com-
ponent in our channel definition. To estimate the magnitude of this contam-
ination, we have done single component moving source fits to the backward
(0L > 75°) LCP data. The velocity of the source was fixed to the centroid
values of narrow residue velocity bins (AV = 2mm/ns for V < Vjy). Extrap-
olation of these fits to forward angles provides an estimate of the evaporative
contamination in our channel definition. At most, 40% of the protons, 30% of
the a-particles and smaller fractions of the deuterons and tritons selected in the
forward Wall can be the result of isotropic evaporation from the residue. In order
to reduce the evaporative component in the channel definition, we have obtained
distributions similar to those shown in Fig. 1 with the requirement that all parti-
cles in the channel definition not only be forward of 35°, but also have energies in
excess of the evaporation peak. Representative points obtained from the gaussian
fits of the Galilean invariant representations of these distributions are shown as
open symbols in Fig. 2. The trend of the data is unaltered, verifying that, on the

average, each non-evaporative forward nucleon is responsible for a deficit in the
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momentum transfer equal to the beam momentum per nucleon. This analysis
retains the effect of particle energy correlations on the momentum transfer (or
ER velocity) which is lost in analyses based solely on the inclusive particle energy
spectra. »

TABLE I

Channel Yields

Channel Energy Integrated Energy Truncated
(%) (%)
P 17.4 17.2
d 7.0 11.1
t 4.0 6.8
(47 19.7 26.9
P P 5.1 2.4
P « 11.4 7.6
a o 7.1 6.6
a a o 1.6 1.0
a o o « 2 ?
p d 4.1 3.1
p t 2.5 2.3
d d <.l ?
d t 9 1.2
d « 4.8 5.2
t o 2.7 3.1
P P « 29 9
P a « 3.5 1.4
p d « 2.4 1.2
d d a 5 4
d a «a 1.4 1.1
t a «a .8 .5

The yields of the identified channels are listed in Table 1. As done for
the velocity centroids, two methods where used to extract these yields. Energy
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integrated channels yields are given in the second column and the yields of chan-
nels where each particle in the channel definition has an energy in excess to the
evaporation peak are shown in the third column.

The standard picture of incomplete fusion3 is that of a one step process
where the probabilities are related to the cost of creating the final state, given
by the overall Q-value.

Mprojectilc + Mtarget => M, + Mtargct+tranafcred + quaion (1)

However, our channel data indicate that there is only a weak correlation between
this Q-value and the yields. This is shown in Figure 3a, where the relative yields
are plotted versus this fusion Q-value. The squares are the total energy inte-
gerated values while the diamonds represent the truncated integration, columns
2 and 3 in Table I respectively. On the other hand, the yields do correlate with
the projectile fragmentation Q.

Mprojcctile => M. + Mtranafercd + eragmentatian (2)
10t Fusion @ ProJectile Frogaentation @ Projectile Frogmentotion ¢ 2n Q
a) b) )
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Figure 3. Correlation between channel probablity and Q-value.
Channels defined by all forward particles irregardless of kinetic en-
ergy are represented by squares. Channels defined only by particles
with energies in excess of the evaporation peak are represented by
diamonds. The solid symbols are for the 2a, 3a, and 4a channels.
Table I contains a list of the channels. The abscissa for a) is the
Q-value for incomplete fusion (eq. 1), b) is the Q-value for pro-
jectile fragmentation (eq. 2), and c) is the Q-value for projectile
fragmentation with 2 additional free neutrons.
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Figure 3b demonstates this feature. The improvement in the correlation
in going from Qfysion 10 Qfragmentation can be traced to the fact that with in-
creasing mass transfer the binding energy per nucleon of the target + transfered
component decreases (eq. 1) while the opposite is true of the projecjile remanant
which is the transfered component (eq. 2).

Stokstad et al. have shown that projectile fragmentation reactions do in
fact exhibit the type of correlation seen in fig 3b.1¢ This prompts us to suggest
that incomplete fusion proceeds by a two step process, a projectile disassembly
followed by partial fusion, in which the cost of the first step determines the yields.
This concept is different than that of Wilczyriski’s sum rule model.® The relevance
of the fragmentation Q in our reaction while the incomplete fusion Q seems to
determine the yields in the 10 MeV/nucleon *N + 1°Tb reaction studied in
ref 3, may be due to the difference in beam energies and/or to the more highly
fragmented nature of our channels.

The forward (1.5 < 35°) and backward (0L, > 35°) charged particle
multiplicities M; as a function of the percentage momentum transfer, p, are shown
in Figs. 4a and b, respectively. (The fictitious values of p > 100% arise from the
random nature of the evaporation sequence which can boost V' > Vyuy.) The
open symbols correspond to the inclusive residue-charged particle coincidences
while the solid symbols correspond to the specific channels; see below.

The inclusive, non-channel selected multiplicities in the backward direc-
tion increase with increasing p and tend to saturate as full momentum transfer
is approached. (The heavy ion multiplicities saturate at smaller values of the
momentum transfer than do the light ion multiplicities. This behavior can be
understood as a result of the greater sensitivity of the heavy ion decay to an-
gular momentum. This is discussed below.) This dependence indicates that the
multiplicity of charged particles at large angles is a measure of the violence of
the collision in the same fashion as has been previously demonstrated for the
neutron multiplicity’® and as we have also found from the present study, (see
Fig. 5). The same cannot be said of the forward multiplicities. These reflect the
momentum transfer itself, and therefore there is a slight enhancement of M,—; for
relatively large values of p, while M, and My peak at low values of p. The total
forward charged particle multiplicity is rather insensitive to momentum transfer,

and therefore cannot be used as an indicator of the centrality or violence of the
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Figure 4. The multiplicities of charged particles detected at a)
forward (¢ < 35°) and b) backward (f > 35°) angles as a function
of the linear momentum transfer. The open symbols are derived
from inclusive charged particle-residue coincidences. The solid and
star symbols are derived from a subset of the inclusive data where
specific exclusive channels (forward particles) are selected, see text.

collision. This has also been found to be true in the study of the reactions 3®Ar
+ 238U at E/A = 35 MeV and MN + 238U at E/A = 50 MeV.!7

The solid points in Fig. 4b are the backward multiplicities (Mp, My, My,
M; and Mpy) for the specific incomplete fusion channels, 1p, 1o, 2¢, 3a and 4«
with decreasing p. At the five values of p corresponding to these channels, the
solid points represent a subset of data represented by the open points. An addi-
tional subset for small p is shown by stars which show the backward multiplicities
for the HI channel with the same momentum transfer as for the 4a channel. For
the most part, these channel selected multiplicities agree with each other and the
inclusive values. The exceptions are the values of My for small p. As most of
the excitation energy of the fused system is dispensed in the form of neutrons,
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protons and a-particles, the agreement between the values of M, and M, for

the channel selected and inclusive data indicates that the value of p prescribes a

value of the excitation energy.
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Figure 5. Neutron fold distributions for seven residue velocity bins.
These distributions are deduced from the backward, ;4 > 75°, Nal
detectors with an overall solid angle correction to account for the
solid angle with 68;,, < 75°. The distributions are offset from the

abscissa for display.

If the mean excitation energies of the emitting nuclei in the channel
selected and inclusive data are the same, there must be a difference between the
angular momentum distributions to account for the difference in HI evaporation.

Since HI evaporation is known to be far more sensitive to angular momentum than
is light particle evaporation!® and HI evaporation is suppressed for the 3a and 4o
channels (the solid points at p = 57% and 43%, respectively) then the transferred
spin for these channels must be less than the transferred spin for other channels
contributing to the same region of p. This is verified by selecting the HI channel,

stars in Fig. 3. While the total excitation energy is virtually the same as the 4¢
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channel and the inclusive data (see M, and M,), the My is significantly larger
than that arising from the 4o channel. This indicates that the highly fragmented
incomplete fusion channel transfers less angular momentum than does a channel
with an intact spectator.

The influence of angular momentum is not only observed in the channel
dependence of the HI multiplicity but also in the overall dependence of Mgy
on momentum transfer. As pointed out earlier, My increases faster at low p
and saturates sooner than do the My data. This can be explained by the com-
bined influence of increasing excitation energy and generally decreasing angular
momentum transfer with increasing p. On the other hand light ion evaporation
reflects the strictly increasing E with increasing p.!®

Previous experimental studies have investigated the relationship between
linear and angular momentum transfer.!%2° The present work demonstrates that,
for fixed linear momentum transfer, the angular momentum transfer depends on
the nature of the incomplete fusion channels. It is possible to reconcile this ob-
servation with the standard model of incomplete fusion® by applying the critical
angular momentum (£,,) condition for fusion to each exit channel fragment rather
than to the entrance channel. The application of £., logic to the exit channel of bi-
nary systems has previously been suggested in order to explain transferred spins,
deduced from «-ray multiplicity measurements, which are less than those calcu-
lated from the entrance channel condition even allowing for angular momentum
fractionation.?1:#? Consider the case where the ®Si breaks up into %0 and 1*C
and the !2C fragment fuses, (see inset on the right hand side of Fig. 6). The
critical angular momentum condition applied to the 10 - target +!%C system
indictes that all total angular momenta less than 40 % will fuse. On the other
hand, if the !0 breaks up into 4 alpha particles, only a — target +1%C systems
with £515k will fuse, (see inset on the left hand side of Fig. 6). (Here we have
ignored the perturbation caused by the other fragments. As long as they are
light particles our qualitative argument is valid.) In other words, due to the fact
that £., decreases with increasing mass asymmetry, light fragments can escape
from smaller impact parameter collisions than can large fragments. This allows
fragmented channels to exist in a region of impact parameters or total -waves
not allowed to non-fragmented channels.
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Figure 6. The critical angular momentum values for the 288i +
100Mo system as a function of exit channel mass asymmetry. In
this calculation the remainder of the projectile fuses. The values of

L., are almost identical if the remainder of the projectile is neglected,
presumed not to fuse.

In summary, we have made a channel decomposition of incomplete fusion.
In doing so, we have shown that the yields of incomplete fusion channels corre-
late with the Q-value for projectile fragmentation rather than that for the total
Q-value for the incomplete fusion. This suggests that incomplete fusion proceeds
by a two step process. The first being the fragmentation of the projectile and it
is the cost of this step which determines the channel probabilities. The differ-
ence in the dependence of the backward light and heavy ion multiplicities with
linear momentum transfer indicate that while the backward multiplicities of light

ions are indicators of the excitation energy deposition, the backward heavy-ion
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multiplicity reflects both excitation and angular momentum deposition. Futher-
more, the channel dependence of the heavy ion multiplicities shows that while on
average the linear momentum transfer is proportional to the mass transfer; the
angular momentum transfer, at fixed linear momentum transfer, depends on the
fragmentation of the unfused part of the projectile. This feature of incomplete
fusion reactions can be understood by transferring the concept of the critical an-
gular momentum for fusion from the entrance channel to the stage of the reaction

following the fragmentation of the projectile.
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