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Measured binary quasifission mass spectra in reactions with actinide nuclides show a large peak in 
yield near the doubly-magic 208Pb. This has generally been attributed to the enhanced binding energy of 
208Pb causing a valley in the potential energy surface, attracting quasifission trajectories. To investigate 
this interpretation, binary quasifission mass spectra and cross-sections have been measured at near-
barrier energies for reactions of 50Ti with actinide nuclides from 238U to 249Cf. Cross-sections have also 
been deduced for sequential fission (a projectile-like nucleus and two fragments from fission of the 
complementary target-like nucleus). Binary cross-sections fall from ∼70% of calculated capture cross-
sections for 238U to only ∼40% for 249Cf, with a compensating increase in sequential fission cross-
sections. The data are consistent with the 208Pb peak originating largely from sequential fission of 
heavier fragments produced in more mass-asymmetric primary quasifission events. These are increasingly 
suppressed as the heavy quasifission fragment mass increases above 208Pb. The important role of 
sequential fission calls for re-interpretation of quasifission characteristics and dynamics in superheavy 
element synthesis reactions.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The heaviest elements with significant natural abundance are 
Th and U (atomic numbers Z=90,92) with lifetimes ∼1010 years. 
Much shorter-lived isotopes of elements with Z up to 118 (oganes-
son) have been synthesised [1–6] by nuclear fusion of two lighter 
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nuclei. An example is the “hot fusion” reaction of 48Ca with 248Cm, 
used to form element 116 (livermorium) [2]. This process can 
be thought of as analagous to merging charged droplets of liq-
uid. Those elements with Z ≥104 are called superheavy elements 
(SHE). They only exist due to stabilization of the nucleus by quan-
tum shell effects [7,8]. Their synthesis and nuclear decay charac-
teristics challenge models of nuclear reactions and structure [9], 
whilst atom-by-atom investigations of chemical properties probe 
the limits of the periodic table [10–14].

To synthesise SHE by nuclear fusion, two conditions must 
be met. Firstly, the two nuclei must be brought into contact, 
by providing enough kinetic energy to overcome their mutual 
Coulomb repulsion. Secondly, the shape must evolve from the elon-
gated contact configuration to the compact shape of the shell-
stabilised superheavy compound nucleus (CN). This probability 
PC N is small [15–20] because after contact the effective poten-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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tial is generally repulsive [21]. This results in strong competi-
tion from fast non-equilibrium processes: deep inelastic scatter-
ing (with masses close to those of the projectile and target) and 
quasifission [22–24,19] (with masses evolving towards symmetry). 
These typically occur in 10−21 to 10−20s [24–32].

Measurements of binary quasifission mass distributions in 
heavy ion reactions with actinide nuclides (used to synthesise all 
elements with Z>113) show a strong peak in cross-section near 
208Pb [15,28,33–38]. This has been associated with extra stability 
resulting from the 82 protons and 126 neutrons of 208Pb filling 
spherical quantum shells (208Pb is a so-called “doubly-magic” nu-
cleus). This increased binding energy results in a valley in the 
calculated (zero temperature) potential energy surface (PES), lead-
ing to scission [21]. The valley has been thought to attract or 
intercept [21,28,33,39,37] trajectories over the PES that might oth-
erwise have led to formation of a compact superheavy nucleus. The 
consequence of this interpretation is enhancement of the quasi-
fission yield near 208Pb, and reduction of the SHE cross section. 
Other shells have also been predicted to similarly affect quasifis-
sion [40,41].

There may be a problem with the accepted interpretation of 
the 208Pb peak. An early experimental study [42] of 48Ca, 50Ti 
+ 238U reactions concluded that sequential fission plays an im-
portant role in binary quasifission mass distributions. Sequential 
fission is a well-established process [43,44,42,45–47] by which a 
heavy nucleus produced in an initial (primary) reaction subse-
quently decays by fission, resulting in a three-body [44,46], or 
four-body [45–47] outcome. The three-body process relevant here 
is sketched in Fig. 1(a). Fission barriers fall rapidly for nuclides 
heavier than 208Pb, so sequential fission would be expected to re-
sult in increasing suppression of binary quasifission events as the 
heavy fragment mass increases above 208Pb.

In contrast with the experimental conclusion, contemporaneous 
calculations [23], also for reactions with 238U, indicated that se-
quential fission, though present, might have only a relatively small 
effect. This disagreement could in principle result from experi-
mental problems, or uncertainties in the parameters used in the 
calculations. The discrepancy has not subsequently been investi-
gated experimentally, nor have further calculations been made (to 
our knowledge) of the impact of sequential fission on binary quasi-
fission mass distributions, in particular for SHE synthesis reactions 
with heavier (more fissile) actinide nuclides.

As a result, the role of sequential fission has not been con-
sidered in later interpretation of the 208Pb peak [21,28,33,39,37]. 
The effect of sequential fission on evaluating total capture cross-
sections was, however, recently discussed [48,49].

Support for the idea that the 208Pb shells drive the dynam-
ics came from time-dependent Hartree-Fock calculations (e.g. 
Ref. [28]). These showed that in actinide reactions, the most likely 
heavy fragment mass in quasifission is close to 208Pb. However, the 
implicit assumption (seemingly reasonable) that the yield should 
peak at the most likely (calculated) mass [28] is not consistent 
with very recent experimental data for reactions of Cr with (non-
fissile) Pt [31]. The measured mean mass-split agrees well with 
TDHF calculations made for these reactions. However, the exper-
imental mass spectra were not peaked at the mean, rather were 
approximately triangular in shape, with the peak yield close to the 
entrance-channel mass. Thus support from microscopic theoretical 
calculations may be less decisive than believed previously.

To resolve the conflicting assumptions and interpretations of 
experiments and calculations, a model-independent experimental 
study is desirable. In this Letter we report on a purely experimen-
tal investigation of the origin of the 208Pb peak, for reactions with 
actinide nuclides from 238U to 249Cf. The aim was to determine 
whether the small yields of binary quasifission fragments heav-
ier than 208Pb result mainly (i) from trajectories being attracted
2

Fig. 1. (a) Two-body (2B) fission and quasifission (QF), and three-body (3B) 
sequential-fission (Seq.F) mechanisms. Characteristic times of the primary (bi-
nary) mechanism, heavy fragment masses A, and experimental and conceptual 
(perepheral and capture) cross-sections σ are indicated. (b) Fission source veloc-
ity distribution [50,27,51,49] for all angles, for the 50Ti+248Cm reaction at Ec.m. = 
231.4 MeV, 1.049 times the calculated [52] capture barrier energy VB . The central 
blue-white dashed ellipse is used to select binary events. The large dashed circle, 
encompassing most events, shows the boundary for sequential fission when the 
projectile-like ejectile has the beam momentum. (c) Measured mass ratio vs. an-
gle distribution (MAD) for binary events. The intensity scale (indicated above) is mb 
per radian per full (unity) MR range. The vertical dashed lines show the entrance-
channel mass-ratio, dotted lines that for a 208Pb quasifission fragment. The arrow 
at MR =0.79 indicates the region of missing events, attributed here to sequential fis-
sion. Mass-spectra in Fig. 3 are for 25◦ < θc.m. < 60◦ (blue rectangle).

to the 208Pb valley in the PES, or (ii) from sequential fission of 
heavier (actinide) fragments produced in an initial (primary) quasi-
fission event. This would result in a three-body outcome, leading 
to suppression of products heavier than 208Pb in measured binary 
quasifission mass spectra. Importantly, this scenario would result 
in reduced total experimental cross sections of binary quasifission.

The experiments included systematic measurements of binary 
quasifission mass distributions, and cross-sections of both binary 
and three-body (sequential) fission in reactions of 50Ti with the 
actinide nuclides 238U, 244Pu, 248Cm and 249Cf. The results from 
all observables consistently show that the 208Pb peak, a corner-
stone of interpretation of the dynamics of SHE synthesis reactions, 
largely results from sequential fission of primary quasifission frag-
ments heavier than 208Pb.

2. Experiment

The experiments were carried out at the ANU Heavy Ion Ac-
celerator Facility. Pulsed beams [53,54] of 50Ti (pulses of width 
≤ 1 ns separated by 106.7 ns) from the 14UD + Linac acceler-
ators [55,56] bombarded targets of 238U, 244Pu, 248Cm and 249Cf 
at beam energies ranging from 0.98 to 1.15 of the capture bar-
rier energies VB [52]. Targets comprised 30-160 μg/cm2 of the 
actinide material, supported on 115-280 μg/cm2 Al or Al/Ti back-
ing foils [30]. Pairs of fission fragments, identified both by their 
individual and correlated velocities (corrected for fragment energy 
losses), were detected in coincidence using the CUBE detector sys-
tem [50,57,27,30]. The position-sensitive multi-wire proportional 
counters gave continuous scattering angle coverage of 10◦ ≤ θ ≤
80◦ on one side of the beam axis, and 55◦ ≤ θ ≤ 169◦ on the 
other, with typically 70◦ azimuthal angle coverage.



D.Y. Jeung, D.J. Hinde, M. Dasgupta et al. Physics Letters B 837 (2023) 137641

Fig. 2. Cross-sections as a function of E/VB for each reaction. The grey band encompasses the coupled-channels (CC) capture cross-sections σcap for all reactions. (a) Measured 
binary quasifission cross-sections σ2B with dashed lines showing CC cross-sections for each reaction scaled by the indicated factor. (b) Extracted three-body sequential fission 
cross-sections σ3B , with dotted lines representing linear fits to guide the eye. (c) Sum of σ2B and σ3B . (d) Deduced primary quasifission cross-sections assuming the observed 
quasifission mass distributions extend linearly to the entrance channel masses (see text and Fig. 3).
Detected pairs of fission fragments can originate from a two-
body final state (quasifission or fusion-fission), or from a three-
body final state comprising a projectile-like nucleus and two frag-
ments from the sequential fission of a target-like nucleus [49]. 
These mechanisms (illustrated in Fig. 1(a)) can be separated using 
the co-linearity of the two-body fragments in the centre-of-mass 
frame of the collision [49,50,27,51].

Components of the fission source velocity along the beam axis 
(v par ) and perpendicular to both the beam axis and the fission axis 
(v perp) [50,27] can be determined experimentally. Optimum sepa-
ration for these heavy projectiles is achieved by plotting (v par −
vc.m.) as a function of v perp [50,58], as illustrated in Fig. 1(b) for 
231.4 MeV 50Ti + 248Cm. The central peak corresponds to two-body 
events, whilst the surrounding “halo” comprises pairs of fission 
fragments from three-body events.

For the two-body events the fragment c.m. velocity vectors 
allow determination of the mass-ratio MR (the mass of one frag-
ment divided by their sum) and θc.m. , and thereby the genera-
tion of mass-angle distributions (MADs) [57,35,27]. With cross-
section normalization using sub-barrier elastic scattering [19,
31], the MADs represent the double differential cross-section 
d2σ2B/dMRdθc.m. .

3. Results and analysis

An example of a binary quasifission MAD is shown in Fig. 1(c). 
This is for 231.4 MeV 50Ti + 248Cm, corresponding to an energy 
with respect to the calculated [52] capture barrier VB of E/VB = 
1.049. The binary events were selected by the blue-white dashed 
elliptical gate in the centre of Fig. 1(b).

The MAD shows elastic, quasielastic and deep inelastic events 
close to the projectile-target mass-ratio (long dashed lines). Binary 
quasifission yields are peaked close to 208Pb (dotted lines), and 
extend to or beyond [31] mass-symmetry. Quasifission events are 
localised in angle, consistent with a short sticking time of ∼5 zs, 
typical for all these and similar [59,25,27,60,30] reactions. Signif-
icantly, there is a rapid drop in quasifission yield as MR values 
approach the projectile/target masses. This is seen best at an-
gles where cross-sections of heavy target-like scattering recoils are 
weakest (indicated by the black arrow). The mass projection for 
the angular range 25◦ < θc.m. < 60◦ (blue rectangle) is presented 
in Fig. 3(i), and will be discussed in Section 3.3.

The quantitative analysis of cross-sections that follows is ap-
plied to several independent experimental quantities: (i) the ex-
perimental cross-sections of two-body fission, which are compared 
to capture model calculations; (ii) ratios of three-body to two-body 
fission yields, allowing estimation of three-body cross-sections; 
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and (iii) analysis of the binary quasifission mass spectra to esti-
mate cross-sections lost to sequential fission.

3.1. Experimental binary quasifission cross sections

Total binary (2-body) quasifission cross-sections σ2B were 
obtained by extrapolating the measured angular distributions 
[Fig. 1(c)] to 0◦ and 180◦ by fitting with an empirical model of 
quasifission angular distributions [49]. In Fig. 2(a) the σ2B for all 
reactions are shown as a function of E/VB . They are compared with 
capture cross-sections σcap calculated using the coupled-channels 
code CCFULL [61] using a nuclear potential diffuseness of 0.65 
fm. Couplings to static deformation of the targets, and vibrational 
states in the projectile and targets were included. The nuclear po-
tential radii were then adjusted for each reaction to match [49]
predicted mean capture barrier energies [52].

The calculations for all targets lie within the grey band. How-
ever, the experimental σ2B are different for each reaction, falling 
significantly with increasing target Z. The calculations match ex-
periment only after scaling (dashed curves) by the indicated fac-
tors, which decrease monotonically from 0.67 for 238U to 0.41 for 
249Cf.

This reduction with target Z is not consistent with trajectories 
being attracted to the 208Pb valley, since that mechanism should 
change the mass spectra, but not σ2B . However, it could be consis-
tent with an increasing fraction of sequential fission with higher 
target Z. This would be expected since the fraction of fissile ac-
tinide primary quasifission fragments produced in the primary 
quasifission process should be larger for higher target Z.

3.2. Sequential fission cross sections

The sequential fission yields themselves can give independent 
evidence for this interpretation. Fig. 1(b) shows that the two-body 
and three-body fission events are clearly separated using the de-
duced fission source velocity components. However, a potential 
problem is that correlation angles of sequential fission fragments 
can be widely spread due to the high momentum of the associ-
ated beam-like ejectile [49]. Only the large detector angular cover-
age in these measurements allowed this to be overcome. Selection 
of a specific limited range in lab. frame scattering and azimuthal 
angles for one sequential fission fragment ensured that the sec-
ond fragment was detected with full geometrical efficiency in the 
other detector. For these measurements the selected scattering an-
gles typically corresponded to mean centre-of-mass angles θc.m. ∼
105◦ . Details of this procedure are described in Ref. [49].
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Fig. 3. (a)-(e): Measured spectra of (v par − vc.m.) for the angular selection where 
both fission fragments are detected with full efficiency (see text). Binary fission 
events (blue histogram) are selected by the blue-white dashed gate in Fig. 1(b), 
whilst three-body events (black) originate outside. The reactions, c.m. energies and 
(E/V B ) are indicated. R32 is the ratio of 3- to 2-body events. (f)-(j) show forward 
angle mass spectra dσ2B/dA F for binary quasifission. The red line is a fit up to 
A∼200, extrapolated to the experimental (quasi)elastic peaks. These are shown by 
the scaled down histograms, having FWHM ∼4 u. The hatched area is assigned to 
sequential fission following capture; dashed lines in (j) correspond to ±20% uncer-
tainty.

Resulting spectra of (v par − vc.m.) of binary quasifission events 
(blue) and three-body events (black) are shown in Fig. 3(a) to (e), 
at similar E/VB (given in brackets in each panel). The ratios R32 of 
three-body to two-body fission events are also indicated. Note that 
R32 nearly doubles between 238U and 249Cf.

To estimate the total three-body cross-section σ3B , first the 
three-body differential cross-section was obtained by multiply-
ing the 2-body differential cross-section by R32. Since the an-
gular distribution of the sequential fission fragments could not 
be determined experimentally, angular distributions with angular 
anisotropy A=1 and A=2 [62] were fitted to the three-body cross 
section obtained at θc.m. ∼ 105◦ , giving two σ3B values. The av-
erage was adopted for σ3B , with the range giving the assigned 
uncertainty. This was always larger than that from counting statis-
tics alone.

These σ3B are shown in Fig. 2(b). At E/VB ∼ 1 they are all sim-
ilar, consistent with mainly non-capture origins such as sequential 
4

fission following multi-nucleon transfer (MNT), and some contri-
bution from Coulomb excitation. At these lowest energies, where 
the fission cross-sections are small, there may also be some con-
tamination in the sequential fission region of the source velocity 
spectra from random coincidences due to the high rate of scattered 
projectile and target nuclei. At the higher energies σ3B increases 
systematically with target Z. Indeed for the 248Cm and 249Cf reac-
tions, the σ3B are larger than the σ2B . This increase in σ3B with 
target Z is consistent with sequential fission being responsible for 
the observed reduction in σ2B with increasing target Z, clearly seen 
in Fig. 2(a).

The complementarity of σ2B and σ3B is demonstrated quanti-
tatively in Fig. 2(c), where their sum is compared with σcap . All 
reactions show the same behaviour, demonstrating that the re-
duction in σ2B with increasing target Z is indeed associated with 
increasing sequential fission. The experimental σ2B + σ3B are close 
to σcap at the higher energies, but significantly higher at near-
barrier energies. This excess is expected, since (as noted above) 
non-capture events will contribute increasingly to σ3B (as illus-
trated in Fig. 1(a)) when E/VB decreases [63,58].

Both σ2B and σ3B are consistent with a large cross-section 
of sequential fission following capture, increasing with target Z. 
It is concluded that capture must frequently result in sequential 
fission of heavy (actinide) nuclei produced in the primary mass-
asymmetric quasifission decay, resulting in three-body events, as 
illustrated schematically in Fig. 1(a). This probability increases as 
the Z (and thus fissility) of the target nucleus increases, as would 
be expected.

3.3. Binary quasifission mass spectra

Are the measured mass spectra of the experimental binary 
quasifission events that survive sequential fission consistent with 
this picture?

For the binary events, multiplying MR by the compound nu-
cleus mass gives the fragment mass number A F at scission 
(pre-scission evaporation should be negligible [26,64]). For 25◦ <

θc.m. < 60◦ (blue rectangle in Fig. 1(c)), the experimental spectra 
dσ2B/dA F are shown in Fig. 3(g) to (j). The increase with target Z 
of the gap in yield between 208Pb (dotted line) and the target mass 
is clear. This is not because of experimental mass resolution, as the 
FWHM for quasielastic events was ∼4 u for all actinide targets.

Fig. 3(f) shows a contrasting mass spectrum observed for the 
58Fe + 208Pb reaction, having similar charge product Z1Z2 = 2132 
but negligible sequential fission. This shows an essentially lin-
ear increase in yield (associated with both quasifission and deep-
inelastic products [19]) from A=175 to A=200 (red line in Fig. 3(f)). 
Significantly, similar behaviour was found for Cr+Pt reactions (Z1Z2
= 1872) [31], where the 208Pb closed shells cannot influence the 
quasifission characteristics.

With sequential fission already shown to be important, we now 
investigate the consequences if the primary quasifission mass dis-
tributions (before sequential fission) in the present actinide reac-
tions were to also follow this trend.

Linear fits were made to the actinide mass spectra for AF = 170 
to AF = 200, shown by red lines in Fig. 3(g) to (j)). These fits were 
extrapolated to the mass-centroids of the experimental quasielas-
tic peaks (down-scaled histograms). If these extrapolations repre-
sent the true primary quasifission mass distributions, a significant 
fraction of capture events, increasing with target Z, is lost to se-
quential fission (red hatching). A ±20% uncertainty was assigned 
to the extrapolation (dashed lines in Fig. 3(j)). Extended to the full 
experimental angular range (the binary mass spectrum shape is 
essentially angle-independent), values of σprimary based on the lin-
ear extrapolation were obtained. These are compared in Fig. 2(d) 
for the different reactions, and with the capture calculations.
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Fig. 4. Estimated sequential fission survival probabilities Psurv as a function of the 
fragment mass number A F . The open triangle is for p+233U [67] for Ex in the range 
15-25 MeV. Uncertainties shown correspond only to statistical uncertainties in the 
measured dσ/dA F .

3.4. Deduced primary quasifission cross-sections

The deduced σprimary for all targets show very similar values, 
and are close to the expectations for capture. This consistency sup-
ports the linear extrapolations of yield towards the entrance chan-
nel masses for the different reactions. More importantly, it demon-
strates that the drop in the measured binary quasifission yield 
between the 208Pb peak and the target mass is the reason for the 
reduction in σ2B as the target Z increases (Fig. 2(a)). Furthermore, 
the σ3B results show conclusively that these missing cross-sections 
(corresponding to fissile actinide primary quasifission fragments) 
appear in the three-body sequential fission cross-sections. All re-
sults are thus consistent with the importance of sequential fission 
in these reactions.

A detailed comparison of the deduced σprimary with the calcu-
lated σcap presented in Fig. 2(d) shows some disagreement. With 
increasing E/VB , the σprimary are below the capture calculations, 
whilst at below-barrier energies they are consistently higher. This 
is likely to result from a combination of factors that can include: 
(i) uncertainties in the slope and form of the mass-yield extrapo-
lation; (ii) the actual capture barriers being lower than calculated; 
(iii) missing channel couplings in the capture calculations; and (iv) 
expectations from experimental capture systematics [65] that cap-
ture cross-sections above-barrier should be below the calculated 
σcap . The latter reduction was suggested to be caused by kinetic 
energy loss outside the capture barrier, through the same mecha-
nisms that result in deep inelastic scattering [49,65,66].

3.5. Sequential fission survival probabilities

A consistency check of the method used to extract σprimary can 
be made by evaluating the ratios of the experimental dσ2B/dA F

to the extrapolated primary fragment yields (red lines in Fig. 3(g) 
to (j)). This ratio represents the probability Psurv(A F ) that heavy 
primary quasifission fragments with mass AF survive sequential 
fission.

Psurv is plotted as a function of primary fragment mass A F in 
Fig. 4. Psurv shows an increasingly steep fall with A F . This might be 
expected from the decreasing liquid drop fission barriers resulting 
as A F (and thus the proton number Z F ) of the primary quasifission 
fragment increases.

The extracted Psurv values are in reasonable agreement with the 
experimental [67] Psurv for the p+233U fusion reaction (with sim-
5

ilar A F /Z F to the systems measured here) of ∼0.08 at excitation 
energies Ex between 15 and 25 MeV.

In heavy ion reactions, the Psurv are likely to be smaller be-
cause of expected higher angular momentum and Ex . Furthermore, 
shape polarization near scission due to the nearby complementary 
quasifission fragment has been postulated [68,69] to result in de-
formation of the heavy fragment outside its own fission barrier. 
This would result in a further decrease in Psurv .

The results in Fig. 4 suggest a (relatively weak) dependence of 
Psurv on target mass for a given AF . This result relies on the as-
sumed linear extrapolation to estimate the primary quasifission 
dσprimary/dA F . Nevertheless, the result is reasonable, since more 
mass must necessarily be transferred from the higher mass target 
nuclides to reach a given A F . This should be correlated with higher 
excitation energy [70], and thus greater fission probability.

3.6. A framework for binary quasifission mass distributions

The presence of significant sequential fission probabilities 
changes the variables controlling the observed binary quasifission 
mass distributions dσ2B/dA F . Including the effect of sequential 
fission, dσ2B/dA F is determined by the product of the primary 
quasifission mass distribution dσprimary/dA F and the sequential 
fission survival probability Psurv(A F ):

dσ2B/dA F = [dσprimary/dA F ].[P surv(A F )]. (1)

Psurv(A F ) should in fact have a stronger dependence on pri-
mary fragment charge than on mass. However, for a given reaction, 
the primary quasifission fragments are likely to have essentially 
the same Z/A as the compound nucleus, and thus effectively the 
function can be specified in terms of A F .

It is clear from this equation that in the observed binary quasi-
fission, a peak in both mass [28] and charge [38] near 208Pb would 
be expected to result from an increasing probability of sequential 
fission with primary fragment mass (and thus charge). It is well-
known that the fission probability of excited nuclei near 208Pb is 
low, but increases rapidly with increasing charge and mass towards 
and beyond 238U.

It is also clear that the position of the peak in A F will depend 
on the shape of dσprimary/dA F as well as on Psurv (A F ). Even if 
Psurv(A F ) were independent of reaction variables, the peak posi-
tion could change for different entrance channels. This is because 
the shape of the dσprimary/dA F distribution is expected to depend 
on the characteristics of the reaction, in particular the sticking 
time [25,31].

Key entrance channel variables affecting quasifission character-
istics are known to be the effective entrance channel fissility [27]
(depending largely on the charges of the two colliding nuclei), tar-
get deformation alignment [71,72,28] and E/VB [58]. Thus within 
the proposed explanation of the origin of the peak in binary quasi-
fission yield near 208Pb, shifts in the position of the peak yield can 
be expected, and indeed have been observed [37], depending on 
the reaction.

4. Conclusions

In summary, all the cross-section measurements indicate that 
for reactions with heavy actinide nuclides, the peak in binary
quasifission yields around 208Pb results largely from removal of 
heavier fragments produced in the primary quasifission process by 
their sequential fission, resulting in three-body outcomes. In pre-
vious investigations of quasifission in SHE synthesis reactions (e.g. 
Refs. [23,24,73,34,35,28,15,20]) these events have been removed by 
detector geometry and two-body event selection.
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The current experimental results and analysis lead directly to 
the conclusion that the Pb peak seen in binary quasifission mass-
spectra cannot now be taken as reliable evidence for the influence 
of Pb closed shells on quasifission dynamics. Further experimental 
investigation is required.

To determine the true effect of the Pb shells on the primary
quasifission mass spectrum, measurements of all three fragments 
are called for. These data would also allow quantitative character-
ization of the sequential fission process itself for very heavy (ac-
tinide) primary quasifission fragments. This could potentially probe 
excitation energy division in the primary quasifission process, and 
the time scale of the sequential fission [46].

Major consequences of a significant role of sequential fission in 
superheavy element synthesis reactions include:

(i) The understanding of actinide reaction dynamics may need 
revision. The fall in measured binary quasifission yields above the 
208Pb peak [23,34,36,15,30,20] for reactions with actinide nuclides 
provides separation from deep inelastic reaction outcomes. This 
suggests distinct mechanisms for these two processes. However, 
recent measurements where sequential fission is absent [74,19,31]
found a continuous distribution of masses from deep inelastic 
products to quasifission. The present results suggest this may also 
be true in reactions with actinide nuclides.

(ii) Empirical values of VB extracted from σ2B may need revi-
sion in reactions where the sequential fission probability is high. 
The actual capture cross-section σcap = σ2B /(1 − F3B), where F3B

is the fraction of three-body events following capture. Significant 
changes in the 2-body mass spectrum are seen as Ec.m. changes, 
suggesting that F3B (and thus the relationship between the mea-
sured σ2B and σcap ) depends on Ec.m. .

(iii) Where sequential fission is very likely, binary quasifission 
events surviving sequential fission are likely to have excitation en-
ergies in the heavy partner significantly lower than the average of 
the primary quasifission events. This is because the fission prob-
ability will be lower at low excitation energy. This effect will po-
tentially distort both the excitation energy division between frag-
ments, and also the total kinetic energy spectra in binary quasifis-
sion events.

(iv) The empirical function [23] commonly used to describe the 
time-dependence of mass evolution in quasifission was derived 
from experimental binary quasifission mass and angle spectra in 
reactions with 238U. With a significant modulation of the mass 
spectrum by sequential fission, the apparent mean mass will be 
further from the entrance channel. This can be seen most clearly 
in Fig. 3(j). Thus the evolution of mass towards symmetry appears 
to be faster than in reality. Already experimental work where se-
quential fission should be less important [60] than in the current 
work, or completely absent [29], has found that mass evolution in 
quasifission indeed proceeds more slowly than the formula pre-
dicts. TDHF calculations for a wide range of systems also find 
mass evolution to be slower [75]. Thus the method of extraction 
of quasifission sticking times from mass spectra alone, making use 
of this standard mass evolution function, should be re-evaluated.

This work has shown that incorporating the effects of sequen-
tial fission is very important to allow correct interpretation of 
superheavy element synthesis reactions. The framework presented 
here can explain quantitatively the experimental results measured 
in this work, and appears consistent with prior experiments as 
well.

In general, clarification of mass and energy flows in actinide-
based superheavy element synthesis reactions will allow better 
tests of models, leading to more accurate predictions of optimal 
reactions for the production of new superheavy elements and iso-
topes.
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