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Above-barrier capture cross-sections for heavy ion-fusion are systematically lower than predictions, with the
discrepancy rapidly growing with increasing charge product of the colliding nuclei. It has been proposed that
this can be explained by the onset of energy dissipation outside the barrier. Here, we present measurements of both
capture cross-sections and the reflected flux in the 32S+2%Pb reaction to quantitatively correlate signatures of
energy dissipation with the reduction of capture. The measurements of the reflected flux show that multinucleon
transfer begins outside the barrier leading to high excitation energies and effective energy dissipation. We deduce
the resulting change in kinetic energy relative to the new potential, and combine these with coupled channels

calculations. This demonstrates that discrepancies between calculations and experimental cross-sections and
barrier distributions can be quantitatively related to the observed multinucleon transfer.

1. Introduction

The fusion of two heavy nuclei is a challenge to our understanding of
quantum many-body dynamics. Two many-body quantum systems hav-
ing large numbers of degrees of freedom collide, interact, and merge,
effectively irreversibly, into a single new compound nucleus. Given the
complexity of the interactions, the short-range nucleon-nucleon interac-
tions are represented by a mean-field attractive nuclear potential. When
combined with the repulsive Coulomb potential, this produces a poten-
tial barrier to fusion. In quantum barrier-passing fusion models, fusion
occurs only when the two colliding nuclei pass inside this barrier. Ab-
sorption (capture) inside the barrier is implemented mathematically via
an incoming wave boundary condition or a short-range imaginary po-
tential, neglecting the physical mechanism that leads to capture.

It has been long recognized that a single barrier-passing approach
is unable to describe the observation of many orders of magnitude
enhancement of fusion cross-sections below the barrier [1]. This phe-
nomenon was addressed by treating the nuclei outside the barrier as
being in a coherent quantum superposition of their ground state and

low-lying collective excited states, with coupling to a few transfer chan-
nels considered in an approximate manner [2,3]. This is the coupled-
channels formalism (originally developed for scattering) and is currently
the most successful type of model for heavy-ion fusion. The effect of the
couplings is most clearly revealed in experimental barrier distributions
[4], where couplings can be interpreted as causing a number of effective
barriers to fusion [5].

However, there remains a long-standing problem: fusion cross-
sections for heavy ion collisions are lower than the coupled-channels
calculations at energies both above the barrier [6,7] and far below
the barrier [8,6,9,10] when using a nuclear potential constrained by
elastic scattering data [11,12]. The above-barrier fusion hindrance be-
comes substantially worse with increasing charge product between the
projectile (P) and target (T) Zp Z [7], with experimental capture cross-
sections being just ~ 60% of calculations by Zp Z; =~ 1600.

Proposed explanations for above- and below-barrier fusion hin-
drance can be separated into two types: dynamical and mean-field. In
the latter, modifications are made to the shape (and thus inner turn-
ing point) of the potential, attributed to (for example) nuclear incom-
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pressibility [13,14] or the Pauli exclusion principle [15]. These act to
widen the barrier, hindering tunneling and thus deep sub-barrier cross-
sections. Additionally, if the process of capture is considered dynami-
cally, the onset of energy damping may occur well outside the fusion
barrier radius. Then, lower kinetic energies will result in reduced fu-
sion cross-sections [6,16,7]. This proposed mechanism will reduce both
above- and below-barrier fusion cross-sections [6].

Recently, measurements of the reflected flux in collisions of *°Ca+
208pp have revealed that multinucleon transfer occurs with high prob-
ability outside the fusion barrier [17]. It was shown that multinucleon
transfer can result in much-reduced kinetic energies with respect to the
new barrier following transfer and hence reduced capture cross-sections.
The observation of multinucleon transfer outside the barrier is consistent
with previous measurements for more mass-symmetric systems [18,19].

Crucially, in Ref. [17], the fraction of reflected flux remaining as 40Ca
+ 208pb was found to be only 11.6 +0.1% when the distance of closest
approach was still 0.46 fm outside the single (uncoupled) barrier, with
31 different nuclide partitions comprising 95% of the reflected flux. The
mean excitation energy of these many nuclide partitions was 19 MeV,
expected to be largely in the heavy partner.

At such excitation energies, quantum states in nuclei are very dense
and overlapping. The highly excited (doorway) state formed in transfer,
as nuclei approach on the way to fusion, may be reasonably expected to
evolve into the large number of overlapping states. This can occur for
each partition. In heavy-ion reaction there can be tens of partitions even
below the barrier [17], leading to extreme complexity. Evolution from
doorway states populated following transfer to a large number of states
is expected to cause (energy) dissipation [20,21].

The energy dissipation resulting from multinucleon transfer [22] on
the path to fusion is similar to that of a compound nucleus, where the
kinetic energy in the entrance channel is thermalised among many de-
grees of freedom. Thermalisation following multi-nucleon transfer on
the incoming trajectory results in the energy not being available as ki-
netic energy on the timescale for fusion. This is the nature of the energy
dissipation that we refer to in this paper.

In this Letter, we present two complementary measurements of
325+ 208ph (Zp Zy = 1472) aimed to provide a quantitative understand-
ing of the impact of multinucleon transfer on capture. We measure: (1)
the capture cross-sections and deduce the fusion barrier distribution;
(2) the energy dissipation in the reflected flux at below-barrier energies
resulting from multinucleon transfer to high excitation energies. We em-
pirically incorporate the measured change in kinetic energy (relative to
the new barrier) resulting from excitation of the reaction products in
multinucleon transfer with coupled-channels calculations. In doing so,
we quantify the effect of the measured energy dissipation on both the
fusion cross-sections and fusion barrier distribution.

2. Experimental methods
2.1. Reflected flux measurements with PRISMA

Measurements of the reflected flux of beam-like particles in colli-
sions of 325+ 208Pb were performed at Legnaro National Laboratory XTU
Tandem-ALPI accelerator complex, using the PRISMA magnetic spec-
trometer [23-25], located at 6,,, = 102°. PRISMA has a large solid
angle (80 msr, Af;,, = +6°, A¢ = +11°), and momentum acceptance
Ap = +10%, together with high mass-resolution AA/A ~ 1/200, and
energy resolution (via time-of-flight measurement) up to 1,/1000.

Beams of 32S were delivered at 3 energies (with centre of mass energy
E,, =140.9,153.1 and 165.2 MeV) onto ~150 pg/cm? 208PbS targets
oriented with their normals at 60° to the beam axis. The E,,, have been
corrected for energy loss through the half-target thickness. The targets
had 20 pg/cm? carbon backings which were oriented upstream such
that the particles accepted into PRISMA did not pass through the carbon
backing. Reactions from the carbon and sulfur components of the target
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are in inverse kinematics, and therefore were forward focused and did
not enter PRISMA at §,,, = 102°.

Absolute probabilities of the integrated reflected flux Pyyfecreq Were
determined by normalising to 32S+2%8Pb Rutherford scattering yields
in two Si beam monitoring detectors placed at forward angles on ei-
ther side of the beam axis. To approximately account for the trans-
mission probability through PRISMA [26], it was assumed that at the
lowest energy (where reactions are expected to be purely quasielastic),
d O-reﬂected/ d6Rutherford = Preflected = 1-

The atomic number Z, mass number A and kinetic energy of the
reflected beam-like particles accepted into PRISMA were determined
through measurement of their energy loss A E, magnetic rigidity Bp and
time-of flight (TOF) [23]. The ions passed through a position-sensitive
microchannel plate timing detector (MCP) [27] before traversing a
quadrupole and dipole magnet. Subsequently, the ions passed through a
multi-wire parallel-plate avalanche counter (MWPPAC) then into a seg-
mented ionisation chamber at the focal plane [28]. The positions of the
ions measured in the MCP and MWPPAC defined the trajectory of the
ions through the magnetic elements, determining the magnetic rigidity
Bp. The energy loss of ions in the ionisation chamber enabled the deter-
mination of Z, and in combination with Bp, the charge-state g. Together
with time-of-flight (TOF), this allowed determination of A (and hence
neutron number N = A — Z) and the kinetic energy of the projectile-like
nuclei.

The determination of excitation energy allows the explicit determi-
nation of the change in kinetic energy of each event with respect to the
new potential barrier following transfer [17]. This key step in the analy-
sis allows us to calculate the effect of energy dissipation on fusion barrier
distributions and cross-sections, discussed in detail in Sec. 3.2. The re-
action Q-value and hence excitation energy E, was reconstructed for
each event using two-body kinematics. We estimate the E resolution
of PRISMA in this analysis to be ~ 2 MeV FWHM.

2.2. Capture cross-sections & barrier distribution measurements with CUBE

In 325+ 208Ph reactions, capture leads almost exclusively to fusion-
fission or quasifission, so measurement of fission fragments allows de-
termination of capture cross-sections o. The measurement of precise
capture cross-sections in small energy steps enables the determination of
the experimental barrier distribution d*> Ec/d E?. As the capture cross-
sections (though not the barrier distribution) from this measurement
were published previously [29], the measurement will be only briefly
summarised.

Pulsed beams of 32§ in the energy range E,,, = 151.7 to 211.8 MeV
were delivered by the Heavy Ion Accelerator Facility at the Australian
National University. The beams impinged on 2%!PbS (> 99% enrich-
ment) targets of thicknesses ranging from 25 to 90 ug/cm? evaporated
onto 15 pg/cm? C backings, which faced downstream. Fission fragments
were detected in coincidence using the large-acceptance CUBE multi-
wire proportional counter (MWPC) detector array [30,31]. Two beam
monitor detectors (Si) were placed at forward angles above and be-
low the beam axis to enable absolute cross-section normalisation using
Rutherford scattering. Solid angle calibration of the CUBE detectors was
achieved by simultaneously measuring elastic scattering in the MWPCs
and in the monitor detectors at deep sub-barrier energies. The known
folding angle of elastic-recoil coincidences enabled checking of the ge-
ometrical calibration, achieving agreement to +0.1°.

The fission fragment angular distributions were determined for each
energy at centre-of-mass angles between 120° and 170°. The total fission
cross-sections were extracted by fitting these angular distributions using
the transition state model, treating Kg as a free parameter as described
in Refs. [32,33].
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Fig. 1. Top: The N, Z distribution of the reflected flux measured at §,,, = 102° in
the 328+ 208Pb reaction for the three energies measured. Each column is labelled
by the beam energy with respect to its #-dependent fusion barrier calculated
for 6,,, = 102°. The cross indicates the location of the projectile nuclide *2S
(in)elastic channel. Bottom: Excitation energy as a function of the minimum
number of transferred nucleons for each energy, determined by the net number
nucleons transferred from the entrance channel |16 — Z| + |16 — N|.

3. Results and discussion
3.1. Reflected flux N, Z, E, distribution

The N, Z distributions from the measurements with PRISMA (Sec. 2.1)
are shown in top row of Fig. 1 for the three measured energies. The
colour scale shows the absolute probability of a nuclide being in the
outgoing (reflected) trajectory following the collision of 32S+2%pb. Im-
mediately below each N, Z distribution is the excitation energy of the
nuclei in the reflected flux as a function of the number of nucleons away
from the elastic channel |16 — Z| + |16 — N|. As multinucleon transfer
will involve the transfer of nucleons both towards and away from the
projectile, this quantity is a measure of the minimum number of trans-
ferred nucleons.

Since the measurement was made at a fixed angle of 102° (A#f,,, =
+6°), each measurement probes only a small range of #. The ¢ corre-
sponding to that for Rutherford trajectories scattering to 6,,, = 102°,
are ¢ = 63,60,58 in order of increasing beam energy. Thus, each col-
umn in Fig. 1 is labelled with E/Vp,, the beam energy with respect to
the #-dependent fusion barrier (where the nuclear potential parameters
used were that of the inert barrier calculation in Sec. 3.3.1).

As the energy increases, the fraction of the reflected flux remain-
ing as 328+ 208pb (at the position of the cross in each panel) decreases,
and the excitation energy broadens and increases. While few nucleon
transfer and inelastic scattering largely contribute to the total flux (as
also seen in [34]), multinucleon transfer produces a very broad range
of N, Z, having high excitation energies. Even well below the barrier
at E/Vg,=0.93, 49 different nuclide pairs are observed in the reflected
flux, well beyond what would be expected from (in)elastic and few nu-
cleon transfer, consistent with the onset of deep-inelastic processes and
with observations from measurements of *°Ca+ 203Pb [17]. Importantly,
even in significantly improved calculations [35], this degree of complex-
ity — the number of nuclide pairs and extent of excitation energy — is not
captured.
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Fig. 2. Distribution of kinetic energy of the reflected flux with respect to the new
internuclear potential AE , following transfer in reactions of *S+2%Pb at 6, =
102° for three beam energies E/Vy,= 0.85,0.93,1.02. The integrated reflected
flux probabilities compared to Rutherford scattering o,,,/0,, are indicated.

The measured N, Z, E, distributions depend on the acceptance of
PRISMA. The magnetic fields of PRISMA were set for each energy to
maximise the transmission of the dominant charge state of the elas-
tically scattered beam. Binary reaction channels outside the PRISMA
acceptance of Ap < +10% - those with large changes in N, Z or energy
— would not be transmitted to the focal plane. Our measurements are
thus lower limits of the distributions of N, Z, and so likely also of dis-
sipated energy. Capture outcomes for 325+ 2%8Pb are known to produce
slow quasifission and fusion-fission with masses near mass-symmetry
[36], well outside the acceptance of PRISMA in these measurements,
so the observed distributions cannot have a significant component of
events associated with re-separation following capture.

3.2. Energy dissipation in the reflected flux

The integrated impact of multinucleon transfer on fusion can be de-
termined by evaluating a new variable AE,; measuring the change in
kinetic energy relative to the new internuclear potential following trans-
fer AE;; [17]. AE; is calculated under the assumption that transfer
occurs at the distance of closest approach R, and is given by

AEs; =[E" =V (Ryi) = [E =V Ry, ¢3)

where E and E’ are the kinetic energies and V and V' are the Coulomb
potentials at R,,;, in the initial and final states, respectively. This is
equivalent to,

n

AEs; =0y

where Q,, is the ground-state to ground-state Q-value and E, is the
excitation energy.

Events with AE,; > 0 mean that following transfer there is an in-
crease in kinetic energy relative to the (new) potential which should
increase capture. Conversely, AE; <0 decreases the kinetic energy rel-
ative to the new internuclear potential, reducing capture. We note that
V'(R,in) — V(R,,;,) approximates the optimum Q-value [37-40], where
there is a smooth joining of trajectories in the entrance and exit chan-
nels. Therefore, AE;; represents a measure of how much each event
deviates from the optimum Q-value.

The AE ; distributions for the reflected flux measured in 32S+2%pb
reactions are shown in Fig. 2. At the lowest measured energy, the distri-
bution peaks strongly at AE,; = 0, predominantly arising from elastic
scattering with E, = 0 MeV and no change in the internuclear potential.
The peak remains at E/Vg,= 0.93, having additional strong contribu-
tions from transfers that lead to excitation energies at the optimum
Q-value. The peak is hardly present for E/Vy,= 1.02, likely due to a com-

- Ex - [Vl(Rmin) - V(Rmm)] (2)
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bination of capture and through multinucleon transfer moving events to
more negative AE ;.

At higher energies, a strong, nearly exponentially decreasing tail
tending towards negative AE ;; forms, hardly changing between E/Vg,=
0.93 and E/Vg,= 1.02. The tail extending to negative AE,; has two
origins [17]: the exponential increase in the density of states with in-
creasing E,, causing an enhancement of transfer probabilities towards
the high E, (more negative AE ;) side of the optimum Q-value, and
multiple nucleon transfers in both directions (deep-inelastic scattering)
leading to high excitation energies [41,42]. As discussed in the intro-
duction, these high excitation energies lead to energy dissipation due to
high level densities. Thus, the nuclei have less kinetic energy available
to overcome the potential barrier.

We are faced with two seemingly opposing facts: (1) that bar-
rier passing models provide a reasonable reproduction of fusion cross-
sections, when they assume that colliding nuclei are essentially un-
changed in N, Z, and E before capture; (2) that by the time the barrier
is reached, the colliding nuclei have exchanged significant mass, charge
and are in a wide range of excited states. The fact that AE; shows a
peak at 0 MeV provides a resolution: since the kinetic energy of the col-
liding nuclei remain largely unchanged with respect to their new barrier,
then the transmission coefficients are similar, resulting in similar cross-
sections. Simultaneously, the amount of flux located at negative AE;,
and thus decreased energy with respect to the new barrier, provides a
mechanism for effective energy dissipation, hindering fusion at above-
barrier energies. This idea can be tested via empirical inclusion of the
distribution of AE; on barrier passing calculations.

3.3. Fusion cross-sections and barrier distribution

The capture barrier distribution for 325+ 298Pb, the second deriva-
tive of the energy weighted capture cross-sections, was extracted [5]
using the point-difference formula with energy steps of ~2.5 MeV, and
is shown in Fig. 3(a) and (b). The experimental barrier distribution has a
mean value of 145.2 MeV, with a wide distribution and attenuated peak
structure. The measured capture cross-sections are shown in Fig. 3(c),
the uncertainties are typically < 1% and smaller than the size of the
points.

3.3.1. Coupled-channels calculations

Coupled-channels calculations for the fusion of 325+ 2%Pb were per-
formed using the CCFULL code [43]. Three representative results are
shown by the dashed lines in Fig. 3. In all cases, the Woods-Saxon po-
tential parameters were taken to be ry = 1.05 fm, ay = 0.70 fm from
the systematic analysis of Ref. [7], while the depth parameter V, was
adjusted in each calculation to reproduce the centroid of the barrier
distribution. The magenta dashed line shows the calculated inert (no-
couplings are included) barrier distribution, scaled by 0.5 to fit on the
graph. As would be expected, this calculation does not reproduce the
width or structure in the measured barrier distribution.

The next calculations follow the ‘standard’ approach by including
the lowest-energy collective excitations in the projectile and target as
they have the maximum effect on the barrier distribution. Including one-
phonon harmonic vibrational couplings of states in both the projectile
and target, being 2% (E, = 2.23 MeV, $, =0.314) for 325 [44], and for
208pp, 3= (E, = 2.615 MeV, f; =0.111) and 5~ (E, = 3.198 MeV,
ps =0.061) [45] is shown by the dashed green line in Fig. 3(a). It pro-
vides a better reproduction of the width of the barrier distribution, but
the peak of the experimental barrier distribution at 144 MeV coincides
with a dip in the calculation. The comparison is improved when two-
phonon harmonic couplings of the same states are included, as shown
in the dashed blue line in Fig. 3(b). The barrier distribution is smoother
than the one-phonon calculation and the width of the calculated barrier
distribution approximately coincides with the experiment. The peaks in
the calculated barrier distribution approximately agree with the loca-
tion of increased strength of the experimental barrier distribution, but
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Fig. 3. (a) Measured 2S+2%8Pb barrier distribution with energy steps of ~ 2.5
MeV (black triangles), compared to coupled-channels (CCFULL) calculations o,
described in the text. The dashed magenta line shows the calculated inert barrier
distribution (scaled by 0.5 to preserve the y-axis). The green dashed line shows
the calculation assuming single-phonon couplings to the first 2* state in 32S and
the first 37 and 5~ states in 2®Pb. The green solid line shows the “dissipated”
barrier distribution o,;,,, obtained by folding the calculated ¢, (green dashed)
with the distribution of reflected kinetic energies with respect to the barrier
AE i (b) Same as for (a), but with calculations showing two-phonon couplings
of the same state. (c) Measured 2S+28Pb capture cross-sections (black), com-
pared to the two-phonon coupled channels calculation (dashed blue) and the
folded “dissipated” fusion cross-section (solid dark blue). The statistical error
bars of the experimental cross-sections are smaller than the points.

still show too much amplitude. All mutual couplings (including mutual
excitations) were included in the coupling scheme, though this had little
impact on the results. Adding two-neutron transfer (Q,, = 5.953 MeV,
F,. =0.3) had similarly minor effects on the barrier distribution. Adding
more and/or higher-order couplings [46] should modify the barrier dis-
tribution, but the full spectroscopic data to perform these calculations
is not available.

The measured above-barrier capture cross-sections for 325+ 293pb
shown in Fig. 3(c) are ~ 25% lower than the two-phonon coupled-
channels calculations (blue dashed line), consistent with the systematic
study of Ref. [7]. Given that 3254 208pp approaches the barrier in a mul-
titude of different (N,Z) pairs with large changes in kinetic energy, it is
no surprise that the coupled channels calculation with a limited number
of channels fails to reproduce the experimental data.

3.4. Impact of multinucleon transfer on cross-sections

The measurement of the change in kinetic energy relative to the
new potential AE,; shown in Fig. 2 allows quantitative evaluation of
the impact of multinucleon transfer on the calculated cross-sections. We
construct a “dissipated” fusion cross-section ¢, (E. ,, ), that models the
colliding nuclei at a given initial energy E.,, as experiencing a range
of kinetic energies E. ,, +AE,; due to multinucleon transfer leading to
energy dissipation, as defined above. The probability distribution of ki-
netic energies is given by P(AE,;, E, ,,, ), and the cross-sections for each
E, . + AEy; are taken from the coupled-channels calculations o, giv-
ing:
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O-disx(EcAmA) = Z P(AEfH Ec.mA)gcc(EcAm. + AEfi)' 3)
AEy

In principle, the P(AE,;, E, ,,) distribution will evolve with E_
and needs to be that for all possible trajectories — those that fuse and
those that lead to other outcomes. This is naturally a very difficult quan-
tity to determine experimentally. We are therefore forced to make a sim-
plifying assumption and use a constant P(AE;) distribution. We take
the conservative choice, using P(AE ;) measured at E/Vg,= 0.93. Here,
multinucleon transfer has begun, producing the tail in AE;, but little
absorption has occurred (6, fected /O Rutherfora = 0-91) to impact the
shape of the measured multinucleon transfer distribution. It was seen in
ref [17] for “°Ca+2%8Pb that the shape of the tail of A E ;; hardly changes
from E/Vg,=0.91 to E/Vy, =0.99, meaning that choosing E/Vg,= 0.93
may be expected to reasonably represent the multinucleon transfer in
this small energy region, though it might be expected to evolve above
the barrier (discussed below). To account for the small effect of absorp-
tion, we normalise P(AE) such that / P(AEf)dE;; = 1.

Using this procedure to take energy dissipation into account, the
fusion cross-sections ¢, and associated barrier distributions are
shown by the full blue lines in [Fig. 3(b,c)], calculated using the same
two-phonon coupled channels calculation as before. The fusion cross-
sections with dissipation included empirically are in excellent agree-
ment with the experimental data up to 155 MeV, but are increasingly
above the experiment at higher energies. The corresponding barrier
distribution is lowered and spread, significantly improving the agree-
ment with the experimental data while producing a tail of probability
extending to high energies. The much better correspondence between
these calculations and the experimental data indicates that the mea-
sured N, Z, E,_ distributions of multinucleon transfer outside the fusion
barrier is consistent with the observed suppression of fusion compared
to standard calculations.

The use of the measured reflected flux at below barrier energies and
single 0 relies on the assumption that this accurately represents the
P(AE;, E,,,) at each £ that leads to capture. Since o,, at a given
E,,, is largely determined by the limiting ¢ for fusion, measuring
P(AE;, E. ,,) as a function of # (i.e. varying 6, ,, at below-barrier en-
ergies) is an important avenue for future work.

The overestimation of the cross-sections above 155 MeV and the
high-energy tail of barrier strength are likely caused by the assumption
that P(AE,;, E, ) for all values of energy and ¢ is represented by that
measured at E/Vg,= 0.93 for one scattering angle. It is expected that as
E, ,, increases, the limiting ¢ for capture increases, and thus the matter
overlap also increases. This results in more nucleon exchange and evo-
lution towards more negative AE; compared to that at E/Vg,=0.93,
decreasing the available kinetic energy even more, and further suppress-
ing the cross-sections. As a further complication, the measured reflected
flux will have components arising from multinucleon transfer occurring
both before and after the distance of closest approach, when only the
processes occurring on the incoming trajectories are relevant to fusion.
Further investigations of low-energy multinucleon transfer and so the
evolution of AE ;; with energy and angle is necessary. In the much heav-
ier system 20°Pb+ 1183n, very recent results show very long tails of total
kinetic energy loss (TKEL), with increasing yields with energy [47]. A
theoretical approach to this problem is very attractive, as the calculation
of accurate multinucleon transfer cross-sections and energy distributions
would alleviate many of the above assumptions imposed by experiment.
The semi-classical model GRAZING [48] reproduces the low excitation
energy portion of multinucleon transfer very well. However, it system-
atically fails (see for example, Fig. 2. of ref. [47]) to reproduce the large
tail of high excitation energies leading to energy dissipation, which act
to lower and spread the barrier distributions. Further theoretical devel-
opments will be necessary.

The present approach, of taking measured transfer distributions and
combining these with coupled-channels calculations has similarities
with Ref. [35], where the transfer form-factors are modified to reflect
the measured Q-value distribution. However, in Ref. [35], only specific
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few-nucleon transfer channels are included (though many more than in
standard CCFULL) and all couplings are assumed to remain coherent. In
contrast, here we treat all changes in kinetic energy with respect to the
new barrier as irreversible on the timescale of fusion. In reality, there
will be a smooth evolution from full coherence to dissipative energy
loss as the system becomes more complex with increasing level density.
Since thermalisation is correlated with level density, the excitation en-
ergy at which thermalisation occurs will be higher for collisions of light
nuclei than for heavy nuclei, potentially explaining why above-barrier
capture suppression decreases with decreasing charge-product [7].

3.5. Remaining signatures of channel couplings

In the calculation of ¢, it is implicit that the channel couplings for
all the mass partitions are well-represented by those for 325+ 298pb. This
may be questioned — a majority of the collisions change their N, Z par-
tition prior to reaching the fusion barrier, as seen in Fig. 1. However,
the correspondence between the experimental and CCFULL barrier dis-
tributions in Fig. 3(b) seem to suggest that the nature of the low-lying
couplings included in the calculation remain important.

To illustrate this, the green magenta line Fig. 3(a) shows the o;,,
obtained using the single-phonon coupling scheme. This results in a o ;
barrier distribution that is much too wide, with too much strength in the
lower and higher parts of the barrier distribution.

How can the structure of the original colliding nuclei remain rele-
vant to the barrier distribution after multiple transfers? Collective states
of nuclei result from the many constituent nucleons, and are initially ex-
cited through the long-range Coulomb interaction. Since the energy and
strength of collective states generally vary slowly with nucleon num-
ber, we expect that the transfer of a small number of nucleons will not
substantially change the collective motion of the whole nucleus. For ex-
ample, 32S has a first 2* with E, = 2.23 MeV f, = 0.314, while for 3°Si
(-2p) E, = 2.23 MeV and f, = 0.330, almost identical. Similarly for the
target-like nuclei, while the first 3~ state in 2%®Pb has E, = 2.615 MeV,
B3 =0.111, 219Po (the complementary fragment to 3°Si) has its first 3~
state at E, = 2.39 MeV, f; =0.109. Similar behaviour is seen in the 3~
states in Pb isotopes. One might therefore expect that the structure of the
barrier distribution arising from collective couplings for 3°Si+21%Po to
be similar to that for 325+ 208Pb, Structure in the barrier distribution will
therefore remain provided that following transfer, a major part of the
flux couples to similar low-lying collective states as the entrance chan-
nel. Whilst currently, the exact nature of the couplings and the evolution
of multinucleon transfer distributions is not known, it is clear that for a
full understanding of heavy-ion fusion, a quantitative treatment of both
coherent coupling to low-lying states and multinucleon transfer leading
to non-zero AE; and energy dissipation is necessary to reproduce the
measured barrier distribution.

4. Conclusions

For heavy-ion reactions with large charge products Z,Z, > 500, a
consistent reproduction of observables cannot be achieved using a single
mean-field potential. Discrepancies are found in:

1. above- and below-barrier capture cross-sections, which cannot be
reproduced simultaneously [6],

2. the shape of the fusion barrier distributions do not agree [49],

3. fusion and quasi-elastic scattering cross-sections, which require
very different potential diffuseness parameters [11,50].

The capture cross-sections of 32S+208Pb presented here fit into this
longstanding picture — showing a lower above-barrier cross-section com-
pared to coupled-channels calculations, and a barrier distribution that
cannot be reproduced by including only couplings to low-lying collec-
tive states.
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We address this discrepancy by making measurements of the N,
Z, and E, of reflected flux in sub-barrier reactions of 32S+208Pb at
0,,5 = 102°. These showed that substantial multinucleon transfer begins
at energies well below the (¢-dependent) fusion barrier, indicating that
it can occur prior to capture. Wide ranges of N, Z are populated, often
leading to high excitation energies. This may well explain why calcu-
lations assuming that 325+ 208pb collide essentially unchanged in N, Z
fail to reproduce the data.

In order to quantitatively determine the influence of multinucleon
transfer on fusion, we combined the distributions of N, Z and E, fol-
lowing multinucleon transfer into a single quantity, the change in kinetic
energy of the colliding nuclei with respect to their (new) barrier. We find
that:

1. The distribution of the change in kinetic energy AE; shows a long
tail of lowered kinetic energies relative to their new potential due to
multinucleon transfer leading to high excitation energies, consistent
with energy dissipation. This will hinder fusion.

2. After folding the calculated fusion cross-sections from coupled
channels calculations with the measured AE;; distribution at
E/Vg,=0.93, where multinucleon transfer has begun but little
absorption has occurred, the resulting deduced cross-sections and
barrier distributions are in much better agreement with experimen-
tal measurements.

This result was obtained assuming that AE,; does not evolve with
energy or angular momentum, and that the transfer products experi-
ence the same couplings to collective states as in the entrance channel
(325+208ph). Even better agreement may be obtained by including these
effects once they can be quantified from further measurements. The de-
tails of the impact of multinucleon transfer on the barrier distribution
and capture cross-sections will depend on the precise form of the AE;
distribution. However, multinucleon transfer will always produce an ex-
citation energy distribution with some portion of events having high
excitation energy. This means that multinucleon transfer (when present)
will act to reduce above-barrier capture cross-sections and smooth bar-
rier distributions though some signatures of channel couplings remain.
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