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Background: Nuclear reactions are complex, involving collisions between composite systems where many-body
dynamics determines outcomes. Successful models have been developed to explain particular reaction outcomes
in distinct energy and mass regimes, but a unifying picture remains elusive. The irreversible transfer of kinetic
energy from the relative motion of the collision partners to their internal states, as is known to occur in deep
inelastic collisions, has yet to be successfully incorporated explicitly into fully quantal reaction models. The
influence of these processes on fusion is not yet quantitatively understood.
Purpose: To investigate the population of high excitation energies in transfer reactions at sub-barrier energies,
which are precursors to deep inelastic processes, and their dependence on the internuclear separation.
Methods: Transfer probabilities and excitation energy spectra have been measured in collisions of 16,18O,
19F + 208Pb, at various energies below and around the fusion barrier, by detecting the backscattered projectile-like
fragments in a �E-E telescope.
Results: The relative yields of different transfer outcomes are strongly driven by Q values, but change with the
internuclear separation. In 16O + 208Pb, single nucleon transfer dominates, with a strong contribution from −2p

transfer close to the Coulomb barrier, though this channel becomes less significant in relation to the −2p2n

transfer channel at larger separations. For 18O + 208Pb, the −2p2n channel is the dominant charge transfer mode
at all separations. In the reactions with 19F, −3p2n transfer is significant close to the barrier, but falls off rapidly
with energy. Multinucleon transfer processes are shown to lead to high excitation energies (up to ∼15 MeV),
which is distinct from single nucleon transfer modes which predominantly populate states at low excitation
energy.
Conclusions: Kinetic energy is transferred into internal excitations following transfer, with this energy being
distributed over a larger number of states and to higher excitations with increasing numbers of transferred
nucleons. Multinucleon transfer is thus a mechanism by which energy can be dissipated from the relative motion
before reaching the fusion barrier radius.

DOI: 10.1103/PhysRevC.94.024607

I. INTRODUCTION

The coupled-channels model describes cross sections for
both peripheral reactions and fusion by considering the collid-
ing nuclei to be in a coherent superposition of their intrinsic
states [1]. This approach has been highly successful at repro-
ducing the observed fusion enhancement in the vicinity of the
Coulomb barrier across many systems, and has demonstrated
the importance of couplings between the internuclear motion
and internal excitations in the reactants [2,3]. Though highly
successful in the near-barrier region, and offering important
insights into the physical mechanisms underlying fusion
reactions, several studies have demonstrated that standard
implementations of the coupled-channels formalism are not
always adequate [4–6]. In particular it has been suggested that
important dynamic effects are not being properly accounted
for [7–9].

Discrepancies are observed both above [7,8] and far below
[4,7,10,11] the Coulomb barrier, with coupled channels mod-
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els overpredicting cross sections compared to experimental
data. At energies above the Coulomb barrier, fusion hindrance
was suggested to be due to irreversible dissipation of energy
from the relative motion to internal excitations [6], lowering
the probability for overcoming the barrier. This idea is
taken from the much studied phenomenon of deep inelastic
scattering, where it is accepted that a major rearrangement
of nucleons between the reactants reduces the kinetic energy
in the system and so hinders fusion [12]. Studies of deep
sub-barrier fusion hindrance have shown that the effect can be
reproduced by modifying the potential or couplings used in
the calculations [4,13]. However, these approaches do not ad-
dress self-consistently the problems at above barrier energies
[5,7].

The transition between the deep inelastic scattering
phenomenon, expected at above-barrier energies, and the
quasielastic and quantum tunneling regime below the barrier
remains poorly understood [14,15]. It has been suggested that
at low energies irreversible energy loss can proceed through
doorway states such as giant resonances [16] and cluster trans-
fer [17], which may occur even at large internuclear separation.
Understanding the transition between the quasielastic and
deep-inelastic scattering regimes in detail is an important step
towards developing a complete picture of energy dissipation
in both peripheral reactions and fusion.
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Few-nucleon transfer reactions provide an important tool
for studying this transition [18], as these channels span the
range of energies between the sub-barrier and the complex
(dissipative) deep inelastic regimes, and are expected to
evolve smoothly between them. Of particular interest are those
channels that lead to high excitation energies in the outgoing
fragments, which can in principle suppress fusion.

In this work, we have measured the probabilities of different
single- and multinucleon transfer channels in reactions involv-
ing light nuclei including their evolution as a function of the
internuclear separation. An additional focus of the work has
been to evaluate the excitation energy distributions for each
transfer mode to investigate how the dissipation of energy
from the relative motion might occur through these, and in
multinucleon transfer in general.

II. EXPERIMENT

Measurements were made at the Australian National
University Heavy Ion Accelerator Facility, where beams of
12,13C, 16,18O, and 19F from the 14UD tandem electrostatic
accelerator were produced in the energy range 3.5–5 MeV/A,
corresponding to 90–100 % of the capture barrier energy VB

in the colliding systems. The beams were incident on a target
of 208PbS of thickness 80 μg cm−2, supported by a carbon
backing of thickness 15 μg cm−2. The range of bombarding
energies Ec.m and fusion barrier energies VB of the systems
of interest are listed in Table I. In this and the following
discussion, center-of-mass energies Ec.m are reported having
been corrected for energy losses of the beam and reaction
products in the target calculated using SRIM [19].

There are two standard methods which have been widely
used to measure transfer probabilities as a function of
internuclear separation—measuring angular distributions at a
fixed energy, or alternatively measuring excitation functions
at fixed backward angles at sub-barrier energies [15]. In
this experiment we have pursued the latter—back-scattered
projectile-like fragments (PLFs) were detected at a laboratory
angle θlab = 160.6◦ using a �E-E telescope, with yields
normalized to Rutherford scattering events in two forward
angle monitor detectors at θlab = ±22.5◦ to give absolute
probabilities of the identified channels. The experimental setup
is schematically shown in Fig. 1.

TABLE I. Fusion barrier and beam energies (both in the center-
of-momentum frame) in systems studied in this work. The capture
barrier for 16O + 208Pb is the average barrier energy extracted from
the measured experimental barrier distribution [20]. The values for
18O + 208Pb and 19F + 208Pb are scaled according to the masses and
charges of the light projectile.

System Barrier energy Beam energies
VB (MeV) Ec.m. (MeV)

16O + 208Pb 74.5 73.0, 72.5, 70.9, 69.3
18O + 208Pb 73.6 73.6, 71.6, 71.1, 70.3, 69.6, 68.0
19F + 208Pb 82.4 83.3, 81.3, 80.6, 78.9, 77.2, 75.5, 74.1

160.6◦

Target
Incoming Beam To Beam Dump22.5◦

22.5◦

Vacuum Chamber

Monitor 1

Monitor 2

ΔE-E telescope

FIG. 1. Schematic diagram of the experimental setup. The mon-
itor detectors are placed perpendicular to the plane containing the
�E-E telescope.

The �E-E telescope used in this experiment consisted
of a Frisch grid ionization chamber [21], which measures
the energy lost by the incoming ion �E in a propane gas
volume, and the residual energy ESi in a silicon detector.
Reaction products are separated in mass and charge due to
their differing stopping powers and thus energy loss in the
gas. The sub-barrier energies of interest and the backward
angle of the detector limit the energy that can be deposited
in the �E detector to relatively small values (15–30 MeV),
requiring low electronic noise. From the measured quantities,
after correcting for energy losses in the �E detector window
and silicon detector dead layer, we can derive the Q-value
distributions of products arising from the different processes.
This allows us to examine the transfer of energy from the
relative motion to internal excitation of the reactants.

Typical �E-ESi spectra are shown in Fig. 2 for the three
reactions of interest at a bombarding energy equivalent to
0.98 VB . The reaction products are separated into groups
according to charge, with a finer structure visible within
these groups corresponding to different mass isotopes. For
example, in Fig. 2(a), the carbon group exhibits two intense
bands corresponding to the isotopes 12,14C. An intense band
of events identified as α particles was observed for all
measurements at low �E values, which was used to aid the
calibration of the detector.

III. ANALYSIS

The main challenge in identifying reaction products is in
determining the unique locii in the �E-E spectrum belonging
to each isotope. For this purpose, projectiles corresponding to
products of interest were back-scattered from a thick tantalum
target. The projectiles can scatter at various depths in the target,
and thus emerge over a wide energy range as shown in Fig. 3,
where the spectra obtained from elastic back-scattering of 12C,
18O, and 19F from the thick target are superimposed. This
allows us to map out the locii of the different isotopes in the
�E-E spectrum, which remain constant throughout of the
experiment as long as the detector properties (biases and gas
pressure) are unchanged. These measurements were made at
energies well below the barrier to ensure that nearly all events
seen in the detector correspond to elastic scattering.
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FIG. 2. �E-ESi spectra obtained for (a) 16O + 208Pb, (b)
18O + 208Pb, (c) 19F + 208Pb at Ec.m./VB ≈ 0.98. Main intense spots
correspond to elastically scattered beam species. Products are shown
to be well separated in charge, with the carbon band also showing
separation of species by mass. Black dashed lines are SRIM [19]
calculations showing the expected locus of α particles in the �E-E
telescope. In the 18O + 208Pb (b) and 19F + 208Pb (c) reactions, we
observe a small number of events corresponding to charge pickup
by the projectile. However, the vast majority of events correspond to
charge stripping from the projectile, elastic/inelastic scattering, and
neutron transfer reactions.

Once the locii have been identified, isotopes within each
band can be separated by finding the relative energy loss �Erel

in the ionisation chamber of all events relative to the nearest
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FIG. 3. Mapping of 12C, 18O, and 19F locii in the �E-ESi

spectrum. The intense bands of events are from scattering of each
projectile from a thick tantalum target. The positions of the elastic
peaks for scattering of each projectile from the thin Pb target are
indicated by the blue circles, and are used to map the locii to higher
energies. The locii determined through this method are shown in the
figure by the solid black lines. The intensity scale on the right of the
figure applies only to the 19F band.

identified locus. An example is shown in Fig. 4(a), where the
identified locus of 12C is overlaid on the measured �E-ESi

spectra for 16O + 208Pb at 0.99 VB . Here we have defined
�Erel as the deviation in �E with respect to the locus of 12C.
The resulting �Erel distribution is shown in Fig. 4(b), and is
analysed through a process of Gaussian deconvolution. The
peak widths of all isotopes of the same element are taken to be
equal, which reduces the number of parameters of the fit. The
best fit was found by minimizing χ2 with respect to the number
of peaks, whilst constraining the width to be consistent with the
expected systematics (derived from the elastic scattering peaks
for the various beam-species). The yields of each product are
then found by taking the integrals of the individually separated
Gaussian components. Once the yields have been determined,
they are normalised to Rutherford scattering events in the
forward angle monitor detectors, giving absolute probabilities
for each reaction channel [5,22].

To obtain Q-value and excitation energy spectra, gates
were applied to the �Erel spectra to identify products on an
event-by-event basis. These are guided by the mapped species
locii, with adjacent isotopes separated by mapping the edges
of the gates to the intersections between the adjacent fitted
Gaussian components, as shown by the vertical dashed lines
in Fig. 4(b). This method was chosen to give optimal isotopic
identification of each event, and to provide minimal mixing
of adjacent isotopes.

After identification of the projectile-like fragments, the Q-
value spectrum of the reaction can be reconstructed by tracing
back to the center-of-mass system on an event-by-event basis
from the known beam energy and measured final energies. The
Q value is calculated according to

Q = A3 + A4

A4
E3 − A4 − A1

A4
E1 − 2

√
A1A3E1E3

A4
cos θlab.

(1)
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FIG. 4. (a) �E-ESi plot obtained in the reaction 16O + 208Pb at
0.98 VB . The red line shows the 12C locus from which the relative
energy loss (�Erel) spectrum is calculated. The �Erel spectrum is
determined from events within the dashed contour. (b) Resulting
�Erel spectrum. Red curve shows the multiple Gaussian function
fitted to the distribution. Black curves indicate the corresponding
fitted components, which are attributed to yields of the expected
isotopes, in this case 12,13,14C. Vertical blue dashed lines show the gate
limits for event-by-event analysis as determined by the intersections
between adjacent fitted peaks.

In the above, subscripts are given in the standard reaction
notation 2(1,3)4, where 1 is the projectile, 2 the target, 3 the
ejectile, and 4 the recoiling target-like nucleus, with Ai their
masses and θlab the scattering angle in the laboratory frame.
Ei are the energies, with E1 the projectile energy, and E3

the measured energy of the detected projectile-like product,
after correction for energy losses in the target and detector
dead layers. From the deduced Q value and knowledge of the
identity of each event, we can deduce the excitation energy of
the reaction products according to

Ex = Qg.g. − Q, (2)

where Qg.g. is the ground-state to ground-state transfer Q
value, and Q is that given by Eq. (1).

IV. Q-VALUE DEPENDENCE OF TRANSFER
PROBABILITIES

Multinucleon transfer cross sections have been shown to
have an approximately exponential dependence on the reaction
Q value [23,24], with the cross sections for production of each
element lying on parallel lines, shifted relative to each other
according to the difference in the Coulomb potential between
the entrance and exit channels. Correcting the ground-state
Q values by the change in the Coulomb potential, evaluated
at the distance of closest approach, gives an effective Q
value Qeff = Qg.g. − �VC , with �VC the Coulomb energy
shift. This provides a rough basis for estimating the relative
strength of different channels. The Q values Qg.g. for the
ground-state–to–ground-state transfer processes and the Qeff

(incorporating the relevant �VC) are listed in Table II in the
Appendix for all likely transfer modes in the three systems
studied.

The correlation between the transfer probabilities at around
95% of the barrier energy and the corresponding effective
Q values is shown in Fig. 5(a)–5(c) for each collision pair.
Viewed this way, there is no clear dependence of the channel
probability on the effective Q value. In each case a large
number of transfer processes are observed. In general, single-
nucleon transfers are strong, though in the case of 18O −2p2n
is found to be the most significant, with other complex transfer
channels such as −1p2n and −2p3n being stronger than single
proton stripping.

In Fig. 5(d)–5(f) we demonstrate, however, an exponen-
tial correlation between these quantities when we consider
together channels of the same charge transfer. The correlation
appears strongest in the case of the �Z = −1 channels, though
the probabilities where two and three charges are transferred
also suggest this broad trend. For a given number of protons
transferred, the probability is strongly driven by Q-value
effects, while the number of neutrons also transferred is largely
irrelevant. Similar conclusions can be drawn when comparing
the measured probabilities at other values of Ec.m./VB .

V. RADIAL SEPARATION DEPENDENCE

To obtain a full picture of the effects of transfer on fusion
and its relation to the dissipation of kinetic energy from
the relative motion, it is important to understand the energy
dependence of these processes. This allows us to build an
idea of what processes occur in the barrier region as well as
at large separations that might have a bearing on the fusion
mechanism. Furthermore the energy dependence is required
for extrapolation of the transfer probabilities to the barrier
radius for use in phenomenological models [25,26] which
include transfer channels.

A. Quasielastic scattering and total transfer probability

Here we consider the global behavior of the reflected
flux for the three reactions under study, and how it varies
with internuclear separation. In order to compare different
reactions, the surface separation parameter � is used, as it
eliminates the dependence on the reactant masses [27–29].
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(a)
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FIG. 5. Measured probabilities at Ec.m ∼ 0.95VB for various transfer processes in the studied reactions and the associated effective Q

values, corresponding to the data shown in Table II. Left hand panels (a–c) show the data for the reactions indicated. Right hand panels (d—f)
show the data sorted by �Z channel. The downward arrows indicate all of the modes that are within the shown range in Qeff but are not
observed experimentally, thus their probabilities are much closer to zero.

This is given by

� = rmin − r0
(
A1/3

p + A
1/3
t

)
, (3)

where the subscripts p and t represent the projectile and target,
respectively. r0 above is the nuclear matter radius parameter in
the sharp cutoff model, for which we have used the standard
value of 1.2 fm [30]. rmin is the distance of closest approach
of the reactants assuming pure Coulomb classical trajectories
[see Appendix Eq. (A2)].

The total quasielastic scattering cross section (elastic +
inelastic + transfer) as a fraction of that for Rutherford
scattering is shown in Fig. 6(a). The total probability for
transfer as a function of the surface separation is shown in
Fig. 6(b). As the internuclear separation is reduced there is
a corresponding reduction in the quasielastic flux due to in-
creased fusion. At large distances, the total transfer probability
depends exponentially on the internuclear separation. The total
transfer probability increases as � is reduced before saturating
near the barrier energy, where it is ∼50% of the total. Though
the transfer probability saturates, the quasielastic cross section
continues to fall, such that the transfer channels become an
increasingly large fraction of the backscattered flux.

The systematic trends are broadly the same for all three
reactions. The 19F-induced reaction has a markedly higher
probability for transfer than those of 16,18O. As will be shown
later in Fig. 9, single proton stripping from the fluorine
projectile is the dominant transfer mode in 19F + 208Pb. It
is shown in Fig. 6(b) that excluding this mode in the sum
of probabilities reconciles the fluorine data with that of the
oxygen isotopes at smaller separations, though a discrepancy
remains at larger values. This difference in the transfer
behavior of fluorine is likely associated with the single proton
outside the Z = 8 shell. Despite this difference, the total
quasielastic flux is very similar to the other reactions. Not only
are a large number of multinucleon transfer channels observed,
but they also represent a large fraction of the backscattered flux
close to the barrier energy.

B. Semiclassical transfer

Before examining the radial dependence of the transfer
probabilities of individual channels, we first discuss some of
the expectations from the viewpoint of semiclassical models
[31]. The details of the theory are outlined in the Appendix.
The transfer probability is expected to depend exponentially
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FIG. 6. (a) Ratio of the quasielastic and Rutherford scattering
cross sections for all systems as a function of the surface separation
parameter �. (b) Total transfer probability for each system. Key
shown in the top panel is relevant to both panels. Open circles in
the bottom panel show the sum of channel transfer probabilities in
19F + 208Pb excluding the −1p channel. Vertical red dashed line
indicates the approximate location of the fusion barrier in the �

coordinate, where the probability for absorption = 0.5.

on the distance of closest approach rmin:

PTr(rmin) ∝ exp(−2αrmin), (4)

where the slope parameter α is related to the binding energies
of the transferred nucleons in the donor and acceptor nuclei.
Further details, and fitted values of the slope parameters αexp

can be found in the Appendix.
When considering multinucleon transfer, in the simplest

picture the slope parameter should scale with the number
of nucleons transferred (i.e., α2n � 2α1n), with the absolute
probability scaling accordingly. For example,

P2n � (P1n)2. (5)

This scaling, together with Eq. (4), suggests that at low
energies, with larger internuclear separations, simple single
nucleon transfer channels should be most important. As the
energy increases and the barrier is approached, multinucleon
transfer modes are likely to become more important.

Enhancements relative to this expectation have commonly
been attributed to correlations beyond the simple model.
Fully microscopic calculations based on the independent
particle picture have shown that Eq. (5) serves only as
an approximation to sequential nucleon transfer [17,32]. In
addition, the inclusion of pairing correlations [33], quantum
fluctuations [34,35] and particle evaporation [36] leads to a
more complicated picture.

FIG. 7. (a) Measured one and two neutron pickup probabilities.
Blue line is a fit to the 1n transfer data (�N = +1), and the red dashed
line is the expected pickup of two independent neutrons (�N = +2)
according to Eq. (5). (b) One proton stripping probability as a function
of the separation (triangles), along with those reported in Ref. [17]
(circles). The purple line is a fit to the data in the range 13.1 fm � rmin

� 14.5 fm. (c) Measured �Z = −2 channels in this experiment
(diamonds), along with those reported in Ref. [17] (circles). Shown
again is the fit to the 1p stripping data shown in (b), along with
its square (green dashed line), which is the expected probability of
stripping of two independent protons according to Eq. (5).

C. Results for 16O + 208Pb

Multinucleon transfer at sub-barrier energies in the
16O + 208Pb system has been the focus of several previous
studies [17,37–39]. With the enhanced mass resolution of
the new �E-E detector used in the present experiment, we
have measured this system again in order to clarify the trends
of the two charge stripping channels, and to extend these
measurements to lower energies (larger rmin).

Figure 7 shows the most significant transfer channels
identified in the 16O + 208Pb system, along with the results of
the previous ANU experiment [17]. Figure 7(a) shows neutron
transfer, with transfer of one and two neutrons from the target
to the projectile being seen in the experiment. The blue line
is a fit to the 1n data, and the red dashed line is the square of
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this, which is expected to correspond to a sequential transfer of
two neutrons according to Eq. (5). The measured two neutron
transfer is shown to exceed the square of the fitted 1n data by
around an order of magnitude, though is in agreement with the
expected slope of the transfer function.

Figure 7(b) shows �Z = −1 products, in which the only
ejectile significantly populated is 15N, associated with single
proton transfer. Other �Z = −1 products are too weak
to separate in this reaction. Figure 7(c) shows �Z = −2
products. The 2p transfer exceeds the prediction of Eq. (5)
(green dashed line). The 1p trend is indicated by the purple
line for comparison. At the highest energies (smallest rmin)
the 2p transfer is comparable in strength to 1p transfer, and
is in agreement with time-dependent Hartree-Fock predictions
[40]. The 2p2n transfer also far exceeds the expectation of
Eq. (5), and is stronger than 2p1n transfer. Of particular note
is the behavior of the 2p and 2p2n channels as the internuclear
separation increases, where their probabilities become almost
equal. Extrapolating to larger distances, it appears likely that
the −2p2n channel producing 12C will become dominant over
that producing 14C. In the previous experiment with a similar
experimental set-up [17], the dominance of −2p over −2p2n
transfer was reported, but with an improved mass resolution
we can elucidate the low energy behavior. At the fusion barrier
the strongest channels are one nucleon stripping, followed by
two-nucleon and 2p2n stripping.

D. Results for 18O + 208Pb

Figure 8 shows the measured transfer probabilities in the
18O + 208Pb system. In Fig. 8(a), we show the experimental
data for the observed −1n and −2n transfer. The probability
for 2n transfer is comparable to that of 1n neutron transfer. This
behavior has been observed previously in several reactions
involving 18O [41,42], and is thought to be due to the valence
dineutron configuration in this nucleus, where the two neutrons
outside the closed shell are weakly bound and easily removed.
It is likely that the −2n transfer is underestimated here, as
it is difficult to separate the 16O yield arising from ground-
state transfer from elastic scattering events, as there is some
overlap in the �E-ESi spectrum. The probabilities for transfer
of a single neutron in either direction (pickup or stripping)
appear to be very similar, as might be expected due to their
similar Q values (−3.412 and −4.108 for pickup and stripping,
respectively). For comparison, the measured trends for −2p2n
(the strongest transfer mode) and −1p are shown by the dashed
green and solid purple lines, respectively.

Figure 8(b) shows the mass partitions associated single
proton stripping. 1p stripping is comparatively weak in this
reaction, with the 1p2n transfer mass partition the most intense
of the �Z = −1 modes at all separations. Similar behavior in
18O has been reported elsewhere [42], and was interpreted
as being due to a correlated transfer of the three nucleons.
However, as the internuclear separation is increased, this effect
appears to be diminished, with the −1p2n channel nearing
equivalence to proton transfer at the lowest energy measured
here. The −2p2n trend is plotted here to emphasize the extent
to which this transfer mode exceeds all of the �Z = −1
channels.

FIG. 8. (a) shows measured neutron transfer probabilities. We
show also the trends in the −1p and −2p2n (α) modes for the sake
of comparison by the solid purple and dashed green lines respectively.
(b) shows measured probabilities for channels involving the transfer
of one proton, again with the −2p2n and −1p trends for comparison.
(c) shows �Z = −2 channels, along with the measured −1p and
−2p2n trends.

Figure 8(c) shows the data for �Z = −2. The −2p2n
channel is dominant over all others involving charge transfer in
this system, over the entire energy range studied. The transfer
products of 2p3n and 2p4n are weak, though comparable to
1p transfer, which is indicated by the full (purple) line.

E. Results for 19F + 208Pb

Transfer probabilities for 19F + 208Pb are shown in Fig. 9.
In Fig. 9(a), we show the data for 1n and 1p pickup. Neutron
pickup, forming 20F, is reasonably strong in this reaction, being
comparable to 1p stripping, which is the strongest transfer
mode, indicated in this panel by the full (blue) line. Charge
pickup is present in this reaction, with a small yield of Z = 10
events observed at all bombarding energies. Several �Z = +1
channels have positive Q values in this system, as shown in
Table II (see Appendix). We do not have sufficient statistics to
conclusively separate these events by mass, though the 1p2n
pickup mode has the most favorable Q-value conditions (see
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FIG. 9. (a) One proton and one neutron pickup probabilities.
Note that we cannot unambiguously separate the neon products, so
the square symbols represent the total �Z = +1 probabilities. (b)
Measured �Z = −1 probabilities. Solid blue line and dashed blue
line indicate −1p and −1p2n trends to guide the eye. (c) �Z = −2
probabilities. Shown also are the trend lines of the most significant
�Z = −1 modes for comparison, with the trend in −2p2n indicated
by the purple dash dotted line. (d) �Z = −3 probabilities, along with
the most significant �Z = −1 and �Z = −2 trends for comparison.

Table II in the Appendix). In this system, one proton stripping
is by far the strongest mode involving charge transfer.

Figure 9(b) shows �Z = −1 transfer modes. We observe
the production of 16,17,18O, with single proton transfer being
strongest. Significantly, −1p2n transfer is stronger than

FIG. 10. Variation in the distribution of excitation energy fol-
lowing transfer reactions in 16O + 208Pb (a), 18O + 208Pb (b),
and 19F + 208Pb (c). Legend labels give bombarding energies in
the center-of-momentum frame Ec.m. as a factor of the barrier
energy VB .

−1p1n over the entire range of distances except in the lowest
energy measurement.

Figure 9(c) shows −2p2n transfer to be the most significant
�Z = −2 mode, which also exceeds all �Z = −1 channels
other than single proton stripping. The −1p transfer trend is
indicated by the solid blue line for comparison. We see very
few events corresponding to 2p or 2p1n transfer: In fact 15N
has a significantly more favorable Q value and is produced
with by far the highest abundance of all nitrogen isotopes.
This may also be in part due to the low neutron separation
thresholds in 17N (5.88 MeV) and 16N (2.49 MeV), meaning a
contribution from evaporation to the high 15N yield. However,
any such contribution is likely to be very small on the basis of
Q-value considerations.
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FIG. 11. (a–c) and (g–i) show the distribution of excitation energy in the 1p, 2p, and 2p2n channels (left to right) in the reaction
16O + 208Pb, measured relative to the ground state Q values for those processes, at bombarding energies of 73 MeV and 69.3 MeV, respectively
(corresponding to Ec.m./VB of 0.98 and 0.93). Black dashed line shows total excitation energy of all channels (including transfers and inelastic
scattering). The filled areas show events corresponding to the detected product listed in the legend. The solid black curves in (a) and (g) show
a GRAZING calculation [44] of the excitation energy for the single proton stripping channel. (d–f) are contour plots showing the distribution
in excitation energy of each product as the beam energy varies relative to the Coulomb barrier energy. Contours are drawn in increments of
0.0001 in dP/dEx . Thick black dashed line in (e) and (f) shows the evolution of the optimal excitation energy with bombarding energy, which
is derived from the optimal Q value (see Appendix); in the case of the 1p stripping reaction shown in (d), the optimal Q value is less than Qg.g.

and thus is not shown.

Figure 9(d) displays the �Z = −3 modes, of which −3p2n
is very prominent. For comparison, the −1p and −2p2n trends
are indicated by the blue solid and purple dash dotted lines,
respectively. Transfer producing 14C is almost as likely as
−2p2n at intermediate energies, before the −3p2n probability
falls off quickly at larger separations. The enhancement
of the −3p2n channel was found at higher energies in
Ref. [43], which was interpreted as some kind of correlated
p-α transfer. However, our results show that the 14C yield is
much diminished at the largest separations, and it seems that
the behavior of this channel might also have a contribution
from a more complex transfer + evaporation mechanism, as
will be described in Sec. VI.

VI. EXCITATION ENERGY FOLLOWING TRANSFER

In the analysis of deep inelastic scattering, collision out-
comes are generally characterized by the total kinetic energy
loss (TKEL). Where the TKEL is large (�100 MeV), the loss

of kinetic energy resulting from the reduction of the Coulomb
energy �VC after charge stripping reactions is a small fraction
of the total. In contrast, in the reactions studied here, �VC

often makes up the majority of the TKEL. If it were the ground
states of the transfer products that were populated, the TKEL
would be 25% of the total energy, or ∼15 MeV for a �Z = −2
stripping reaction. However, such ground-state transfer should
be treated in a coupled reaction channels approach in the
same way as scattering populating any discrete states at
low Ex .

In contrast, the population of high excitation energies with
high level densities cannot practically be included explicitly
in a coupled channels model space. This can be more closely
related to both fusion in nucleon-nucleus collisions, and the
classical treatment of energy loss in deep inelastic collisions
(DICs). In both, an effectively irreversible coupling to a heat
bath is implicit in the different treatments between fusion
and energy loss in DICs, compared with peripheral scattering
which is treated explicitly in a coherent quantum approach.
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FIG. 12. (a–c) and (g–i) show the distribution of excitation energy in the −1p, −1p2n, and −2p2n channels (left to right) in the reaction
18O + 208Pb, measured relative to the ground state Q values for those processes, at bombarding energies of 73.6 MeV and 68 MeV, respectively
(corresponding to Ec.m./VB of 1.00 and 0.92). The black dashed line shows total excitation energy of all channels (including transfers and
inelastic scattering). The filled areas show events corresponding to the detected product listed in the legend. The solid black curves in (a)
and (g) show a GRAZING calculation [44] of the excitation energy for the single proton stripping channel. (d–f) are contour plots showing the
distribution in excitation energy of each product as the beam energy varies relative to the Coulomb barrier energy. Contours are drawn in
increments of 0.0001 in dP/dEx . Thick black dashed line in (f) shows the evolution of the optimal excitation energy with bombarding energy,
which is derived from the optimal Q value (see Appendix); for modes shown in (d) and (e) the optimal Q value is below Qg.g., and thus Ex opt

is not visible.

Thus in this investigation of the crossover from quasielastic
scattering to the energy dissipation seen in DICs, the excitation
energy populated should be a more robust indicator of the
likelihood of energy dissipation than TKEL. Accordingly we
have carefully determined excitation energy distributions for
each transfer mass partition, and their dependence on the
internuclear separation.

Figure 10 shows the summed Ex distributions of all transfer
modes for each reaction studied. Here the excitation energy is
the sum for both the projectile-like and target-like fragments
since our experiment cannot distinguish the partition of energy
between the fragments. In general, the target-like fragment
energies are expected to be larger, as is discussed below.

The general trend is for the distribution to extend to higher
values of Ex as bombarding energy increases. Remarkably,
even at the lowest beam energies, the measured distributions
extend to ∼8 MeV for the oxygen projectiles (92% of VB),
and ∼10 MeV in the case of 19F (90% of VB).

In Figs. 11–13 we show the measured Ex distributions of the
most significant charge transfer modes for the three reactions
under study. We show the proportion of each mode compared to
the total of all reaction products excluding the elastic scattering
only. In each column the top and bottom panels show a high
and low bombarding energy measurement, respectively. The
central panel shows a contour plot of the evolution of these
modes as the energy varies with respect to the barrier. These
figures reiterate the observation that the system has a high
excitation energy following transfer.

The overall distribution of excitation energy depends
mainly upon two factors. Firstly, the probability for the
transfer mode in question, which in turn depends upon the
overlap of the Q window with the threshold for allowed
states. Secondly, the density of states in the reaction products
will determine how likely each is to reach a certain level
of excitation [18]. The optimum Q value [defined in the
Appendix, Eq. (A5)] can be transformed to an optimal Ex
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FIG. 13. (a–e) and (k–o) show the distribution of excitation energy in the −1p, −1p2n, −2p, −2p2n, and −3p2n channels (left to right)
in the reaction 19F + 208Pb, measured relative to the ground state Q values for those processes, at bombarding energies of 83.3 MeV and
74.1 MeV, respectively (corresponding to Ec.m./VB of 1.01 and 0.90). The black dashed lines show total excitation energy of all channels
(including transfers and inelastic scattering). The filled areas show events corresponding to the detected product listed in the legend. The solid
black curves in (a) and (k) show a GRAZING calculation [44] of the excitation energy for the single proton stripping channel. (f–j) are contour
plots showing the distribution in excitation energy of each product as the beam energy varies relative to the Coulomb barrier energy. Contours
are drawn in increments of 0.0001 in dP/dEx . Thick black dashed line shows the evolution of the optimal excitation energy with bombarding
energy, which is derived from the optimal Q value (see Appendix).

by subtracting the ground-state Q value for the channel in
question, i.e., Ex opt = Qopt − Qg.g.. In the central panels of
each column in Figs. 11–13, the thick dashed black lines show
the evolution of Ex opt with beam energy, moving to higher
Ex values with higher bombarding energy. Where these lines
are not visible, the optimum Q value lies below Qg.g.. These
modes are generally suppressed compared to those in which
Ex opt reaches significant positive values.

Figures 11–13 show that although all channels qualita-
tively follow the systematics expected from optimum Q-
value considerations, there are distinct differences in the
Ex distributions between multinucleon transfer channels and
those in which only a single nucleon is transferred. While
single proton transfer leads to a distribution exhibiting regions
of low and high population, suggesting the population of
well-defined discrete states, the distributions of multinucleon
transfer processes have higher mean Ex , and are essentially
featureless. This suggests that there are a large number
of states populated in these processes. Even at the lowest
bombarding energies, there remains a spread in Ex over
10 MeV for these channels. This flags the possible be-
ginning of dissipative processes even at large internuclear
separation.

We can generally discount evaporation from an excited
projectile-like nucleus as significantly distorting our mea-
sured transfer probabilities. Various evaporation thresholds
are indicated in Figs. 11–13. Only in the case of the
208Pb(19F ,15N)212Po measurement [Figs. 13(d), 13(i), and
13(n)] is there a significant distribution of Ex above the
nucleon emission thresholds, and there is no sign of a

discontinuity in this region that might be expected from these
processes. There may be a contribution to the yield of 15N in the
19F + 208Pb reaction due to neutron evaporation from 16,17N
transfer products due to their relatively low neutron separation
energies. However, the Q values for producing 16,17N are
unfavorable, and in general we expect this contribution to
be low. Similar arguments cannot explain the very strong
production of 14C in the 18O + 208Pb case.

Since excitations can occur in both the target and projectile,
the thresholds so determined represent absolute minima. It
is likely that the target-like product will carry most of the
excitation energy due to its higher level density at a given
excitation energy. Most of the channels observed are those
in which the heavy partner receives the transferred nucleons
[24], which has been shown to be important in determining the
collision partner that becomes excited in the transfer process
[45,46].

We also show excitation energy distributions from the code
GRAZING [44] for one-proton stripping, which is based on the
semiclassical approximation and makes use of empirical form
factors for single particle transfer. This code can calculate
the distribution of excitation energy Ex between the projectile
and target in heavy ion transfer reactions, and is shown in
Figs. 11–13 to have varying success in predicting the measured
excitation energy distributions for single proton stripping
reactions. The GRAZING prediction for the Ex-integrated
probability is generally higher than that measured, and the
calculation shown in the frame has been renormalized to
the measured value. The extent of the Ex distribution is
significantly overpredicted in the case of 16O + 208Pb, where
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we in fact observe a concentration of Ex in well-defined states
at lower energy. The agreement for the 18O and 19F induced
reactions is generally good, though at the highest energies in
the case of 19F, the distribution is peaked at more positive
values than predicted by GRAZING.

VII. CONCLUSIONS AND OUTLOOK

In this work we have reported new experimental results for
multinucleon transfer channels and their associated excitation
energy in 16,18O and 19F induced reactions on a 208Pb target at a
series of sub-barrier energies. Many different transfer products
emerge from each reaction, even at the lowest bombarding
energies. The dominant transfer modes vary widely between
the different projectiles, despite their proximity in the nuclear
chart. The observed transfer probabilities are driven to a large
extent by Q-value considerations.

The relative importance of the different transfer channels in
each system is shown to vary significantly with the internuclear
separation. For example, our results suggest that at low energy,
when the internuclear distance is large, an extensive α-cluster
configuration of 16O might be preferentially probed over the
configurations contributing to the 2p transfer channel. With
18O, α-stripping is by far the strongest mode at near barrier
energies, but is weaker than both 1n and 2n stripping at large
separations.

Distinctions can be drawn between those reactions involv-
ing single nucleon transfer and those that involve the transfer
of many nucleons. The former leads to a strong population
of states at low excitation energies, while the latter involves
the excitation energy being distributed over very many states,
and extending to high excitation energies. Coupled-channels
models often only consider transfer to low lying, strongly
populated states. Our results show such processes are only a
small part of the total, and that a broad range of excited states in
the products are populated via multinucleon transfer. As more
nucleons are transferred, the mean excitation energy grows.

The significant probabilities for transfer reactions in 16,18O,
19F + 208Pb, even at beam energies below the fusion barriers,
combined with the observed population of excitation energies
of 10 MeV and more, imply the dissipation of kinetic energies.
These observations strengthen the case that energy dissipation
may play a significant role in fusion hindrance even for
projectiles as light as 16O. A quantitative model to estimate
the effect of (multi)nucleon transfer on fusion is required to
take this idea further.
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APPENDIX: SEMICLASSICAL THEORY OF TRANSFER

The semiclassical description of transfer [31] treats the
relative motion of the colliding system classically and the
transfer process quantum mechanically. In the first-order Born
approximation, the transfer probability to state β with Q-value
Qβ can be written in the form

PTr(rmin,Qβ) = π

σ 2
|Fβ(rmin,Qβ)|2g(Qβ), (A1)

where Fβ(rmin,Qβ) is the transfer form factor, and rmin is the
distance of closest approach. This can be calculated in the low
energy limit [31] by

rmin = ZpZte
2

4πε0

1

2Ec.m.

(
1 + csc

θc.m.

2

)
. (A2)

This is a standard and convenient way of representing the
energy dependence of transfer cross sections [15]. Of course,
the transfer occurs over the whole trajectory, including either
the incoming or outgoing trajectories, before and after the
point of closest approach. The observed transfer probability is
thus an integral over the whole trajectory.

The factor g(Qβ) is the adiabatic cutoff function which
defines the Q window (i.e., the range of kinematically
favorable states produced in the reaction):

g(Qβ) = exp

(−(Qβ − Qopt)2

2σ 2

)
. (A3)

Here, the width of the distribution is estimated by

σ =
√

α�2r̈

2
, (A4)

where r̈ is the acceleration of the projectile at the distance
of closest approach [47]. The optimum Q value, Qopt, can
be calculated based on the requirement that the classical
trajectories join smoothly in the entrance and exit channels
[48]:

Qopt = Ec.m.

[(
Z3Z4

Z1Z2

)
− 1

]
, (A5)

using the same notation as Eq. (1). It is worth mentioning
that there have been several different formulations of the
optimum Q value [49–52]. The above simple expression does
not include the effect of target recoil, though at these low
energies and with such projectiles relative to the target mass,
these effects can be considered negligible.

Assuming equal probability for all excited states, inte-
grating Eq. (A1) with respect to Q gives the total transfer
probability for each mass partition:

P (rmin)= π

σ 2
|F (rmin)|2

∫ Qg.g.

−∞
ρ(Q) exp

(
− (Q−Qopt)2

2σ 2

)
dQ,

(A6)

where ρ (Q) is the level density. The form factor now becomes
the Q-independent F (rmin), which is normally parametrized
as

F (rmin) = F0 exp(−2αrmin). (A7)
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TABLE II. Ground-state–to–ground-state Qg.g. and effective (Qg.g + �VC) Q values for various transfer processes in the systems studied
here, as well as theoretical slope parameters αTh and experimental αexp where it has been possible to extract them. PTr are those measured at
separations of 13.41, 13.51, and 13.55 fm for the 16O + 208Pb, 18O + 208Pb, 19F + 208Pb systems, respectively, corresponding to ≈95% VB .
�VC were calculated at these separations.

System Transfer channel Product Qg.g. (MeV) Qg.g. − �VC PTr αCalc (fm−1)a αexp (fm−1)

16O + 208Pb +1p 17F − 7.403 − 15.241 − 0.699 −
+2n 18O − 1.917 − 1.917 0.0079 ± 0.0033 1.153 1.376 ± 0.301
+1n 17O − 3.224 − 3.224 0.0306 ± 0.0062 0.594 0.704 ± 0.153
−1n 15O − 11.726 − 11.726 − 0.605 −
−2n 14O − 19.764 − 19.764 − 1.187 −
−1p 15N − 8.328 − 0.275 0.0266 ± 0.0009 0.714 1.160 ± 0.036

−1p1n 14N − 14.557 − 6.250 − 1.291 −
−1p2n 13N − 19.972 − 12.670 − 1.842 −
−2p 14C − 13.552 2.769 0.0078 ± 0.0005 1.380 2.374 ± 0.065

−2p1n 13C − 17.178 − 0.856 0.0009 ± 0.0001 1.929 2.608 ± 0.247
−2p2n 12C − 16.116 0.205 0.0042 ± 0.0003 2.451 (2.016) 1.730 ± 0.085

18O + 208Pb +1p 19F − 0.010 − 7.790 − 0.702 −
+1n 19O − 3.412 − 3.412 0.0166 ± 0.0018 0.589 1.143 ± 0.913
−1n 17O − 4.108 − 4.108 0.0162 ± 0.0013 0.602 0.629 ± 0.460
−2n 16O − 3.065 − 3.065 0.0155 ± 0.0009b 1.184 1.178 ± 0.170
−1p 17N − 12.143 − 4.153 0.0011 ± 0.0002 0.711 1.491 ± 0.169

−1p1n 16N − 13.423 − 5.433 0.0005 ± 0.0001 1.288 1.753 ± 0.224
−1p2n 15N − 10.774 − 2.784 0.0028 ± 0.0003 1.842 2.198 ± 0.122
−2p 16C − 20.272 − 4.073 − 1.378 −

−2p1n 15C − 19.971 − 3.772 − 1.930 −
−2p2n 14C − 15.182 1.017 0.0270 ± 0.0010 2.459 (2.006) 2.734 ± 0.007
−2p3n 13C − 19.002 − 2.803 0.0018 ± 0.0004 2.965 3.329 ± 0.046
−2p4n 12C − 18.061 − 1.862 0.0004 ± 0.0002 3.449 3.088 ± 0.067
−3p4n 11B − 29.943 − 5.447 − 3.972 −

19F + 208Pb +1p2n 22Ne +8.609 0.957 1.803
+1p1n 21Ne +4.749 − 2.903 0.0018 ± 0.0003c 1.268 0.717 ± 0.152d

+1p 20Ne +4.839 − 2.813 0.707
+1n 20F − 0.766 − 0.766 0.0604 ± 0.0120 0.593 0.815 ± 0.082
+2n 21F 0.597 0.597 − 1.156 −
−1n 18F − 6.494 − 6.494 − 0.603 −
−1p 18O − 4.195 3.496 0.1024 ± 0.0079 0.711 0.647 ± 0.065

−1p1n 17O − 7.635 0.055 0.0099 ± 0.0053 1.290 0.733 ± 0.414
−1p2n 16O − 6.640 1.050 0.0246 ± 0.0037 1.847 1.021 ± 0.120
−2p 17N − 15.153 0.48 0.0007 ± 0.0002 1.380 1.212 ± 0.446

−2p1n 16N − 16.487 − 0.857 0.0004 ± 0.0002 1.935 1.315 ± 0.307
−2p2n 15N − 12.968 3.357 0.0088 ± 0.0008 2.468 (1.956) 0.677 ± 0.270
−3p2n 14C − 19.676 4.024 0.0118 ± 0.0009 3.054 1.999 ± 0.397
−3p3n 13C − 22.981 0.719 0.0001 ± 0.0001 3.540 2.280 ± 2.705
−3p4n 12C − 21.980 1.720 0.0005 ± 0.0002 4.003 2.581 ± 0.133

aFor the −2p2n channels in each reaction, we have given αTh in brackets where it has been calculated using Qα as the effective binding energy.
bThe 2n stripping channel of 18O + 208Pb is likely underestimated slightly as these events are obscured by the elastically scattered particles.
cWe cannot distinguish between the neon isotopes, so it is unknown if the yield corresponds to a single isotope or several.
dslope in this case is extracted from the mass integrated Z = 10 events.

The parameter α =
√

2μEb

�
is known as the slope parameter,

in which μ is the reduced mass and Eb is the binding energy
of the nucleons being transferred. For neutrons, which are not
influenced by the Coulomb field, Eb in this expression is taken
as the normal binding energy, where protons are transferred
the effects of the Coulomb field of the approaching collision
partner must be taken into account as well as the barrier that
must be overcome by the transferred protons, and as such
an effective binding energy is used [53]. When considering
the possibility of clusters of nucleons being transferred, the

effective binding energy for the cluster should be used in the
calculation. In addition, α is calculated as the average of the
slopes in the donor and acceptor nuclei [47]:

α = 1
2 (α1 + α2). (A8)

Here, the 1 and 2 indices indicate the donor and acceptor,
respectively. The α values as calculated in this manner (αcalc,
as well as those extracted from the data shown in Figs. 7–9
(αexp) are listed in Table II.
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