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Mass Equilibration and Fluctuations in the Angular Momentum Dependent Dynamics
of Heavy Element Synthesis Reactions
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Mass and angle distributions for the >*Cr + '8Pt and *Cr + '%%Pt reactions (both forming *’No) were
measured and subtracted, giving new information on fast quasifission mass evolution, and the first direct
determination of the dependence of sticking times on angular momentum. TDHF calculations showed good
agreement with average experimental values, but experimental mass distributions unexpectedly extended to
symmetric splits while the peak yield remained close to the initial masses. This implies a strong role of
fluctuations in mass division early in the collision, giving insights into the transition from fast energy

dissipative deep-inelastic collisions to quasifission.
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Timescales of relaxation processes are important in
understanding the dynamics in interactions of many-body
quantum systems [1]. Characteristic times in nuclear
collisions are ~1072! s (zs), thus inaccessible to probes
(e.g., lasers) that can be used for atomic systems. However,
in nuclear collisions, high angular momentum is typically
introduced (Z1007) resulting in rotation periods of the
joined nuclei of ~10 zs. This makes rotation angle a good
experimental probe to investigate nuclear equilibration time
scales [2—4].

This tool has been exploited to probe the dynamics of the
nuclear fusion reactions used to synthesize heavy and
superheavy elements (Z > 104 protons). In these collisions
of two heavy nuclei, fusion can be suppressed by a factor of
21000 [5-7] by the fast nonequilibrium quasifission (QF)
process [3,8], as well as deep-inelastic collisions (DIC) [9],
reducing superheavy element production cross sections. A
fundamental understanding of quasifission, and how it can
be minimized, is sought to optimize synthesis of new
superheavy isotopes.

Quasifission results in the reseparation of the rotating
system into projectilelike and targetlike nuclei after a
certain sticking time, during which there is net mass flow
towards energetically favorable symmetric mass splits. The
correlated distributions of mass and angle is called a mass-
angle distribution (MAD) [3,4]. MAD measurements have
illuminated many aspects of the physical variables con-
trolling quasifission [2,8,10,11]. Quasifission sticking
times range from less than half a rotation (fast quasifission
[12]) to several rotations (slow quasifission). Fast quasi-
fission results in a correlation between mass and angle,
giving access to equilibration timescales.
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Extracting quantitative information from MADs is lim-
ited by two problems. The first is that MADs contain
contributions from angular momenta ranging from zero to
the maximum that results in capture of the two nuclei. The
sticking time ¢, determines the rotation angle ,,; while in
contact through 6, (,) = Lht,/Z, where L# is the angular
momentum and Z is the mean moment of inertia.
Contributions from a wide range of L make it difficult
to map from measured angles to sticking times. The second
problem is that in actinide-based reactions, heavy quasi-
fission fragments may themselves undergo fission [3,13].
This could distort the quasifission mass spectrum, affecting
conclusions regarding equilibration.

In this Letter, we overcome both these problems, giving
the first direct experimental measurement of the angular
momentum dependence of the quasifission sticking time,
and a new description of mass evolution in fast quasifis-
sion. MADs were measured for the >°Cr + '*®Pt and >*Cr +
196pt reactions, both forming >“No, at four excitation
energies E,. The different initial neutron numbers should
rapidly equalize through transfer reactions [1,14,15]. The
key difference is the different binding energies of the
colliding nuclei. For the same E, after contact, this results
in L distributions with different maximum L values for the
two reactions. Subtracting the MAD with the lower
maximum L reveals for the first time the MAD (and thus
the dynamics) for the much narrower “difference” angular
momentum distribution. Using '°%198Pt nuclei eliminates
the possibility of sequential fission distorting the binary
mass spectra, since their fission barriers are 23-25 MeV
[16], making the probability of sequential fission negli-
gible. Being neither spherical magic nuclei, nor having
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FIG. 1. Measured pairs of MADs (a),(b) and (c),(d) for the
indicated reactions leading to similar E, in >°No. Black hatched
regions indicate reduced detector efficiency due to low heavy
fragment pulse heights. The gray hatched region in (d) indicates
little or no detector coverage, also applicable at mirrored angles
[26], and to all MADs.

large static deformations, these effects on the reaction
dynamics are minimized [8,10,14].

The experiments were performed at the Heavy Ion
Accelerator Facility of the Australian National University.
Pulsed beams [17,18] of 32°‘Cr (FWHM ~ 700 ps) were
provided by the 14UD electrostatic accelerator [19] and
superconducting Linac [20]. They bombarded isotopically
enriched targets of '°198Pt of thickness 190 and 40 ug/cm?,
respectively, on 20 ug/cm? carbon backings, at near-barrier
energies (see Supplemental Material [21]).

Binary reaction products were detected in coincidence
using two large-area, position-sensitive multiwire propor-
tional counters, whose normals (18 cm from the target)
were centered at scattering angles of 45° and 90° (see Fig. 1
of Ref. [24]).

Time-of-flight and position information from the detec-
tors provided the fragment velocity vectors, which were
analyzed by the kinematic coincidence technique [3,25,26].
This gave the mass ratio Mgz = m;/(m; + m,) (where m,
and m, are the masses of the reaction product), the total
kinetic energy (TKE), and the center-of-mass scattering
angle 6., . Representative MADs are shown in Fig. 1.
Consistent with systematics [26,27], they are dominated by
fast quasifission, with no clear vertical band centred at
mass-symmetry from slow fissionlike processes.

Quantitative information from the subtracted MADs
were obtained by (i) determine the angular momentum
distributions for the fast quasifission events; (ii) use these to
obtain the angular momentum distributions associated with
the subtracted MADs; (iii) with trial functions describing
Mg (t,) (the evolution of My with sticking time), fit the
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FIG. 2. (a) Scattering cross section relative to the Rutherford

cross section dog/dog with respect to 6., . (b) Deduced cross
sections o, for each angular momentum, from dog/doy. (c) Total
(symbols) and quasifission partial cross sections ¢; vs L from P,
values shifted by AL (see text), and the sharp-cutoff model
(SCM). (d) Experimental and SCM reduced cross sections 6; =
6, /mA? vs L for the primary reactions (thin lines). The exper-
imental difference distribution is shown by the thick line. The
(L), indicated by the arrow, is close to the SCM(L).

subtracted MADs, and determine both Mg(t,) and the
dependence of ¢, on angular momentum.

Step (i) is problematic, since measured quasifission cross
sections are significantly smaller than standard capture
models [9,13]. Therefore a novel approach described below,
using only experimental data, was developed to determine
empirically the L distribution (agF ) of the quasifission cross
section 6op = ZO’SF. First, 6or was determined in the range
0.28 < My < 0.72 (to eliminate contamination by quasie-
lastic events). The experimental angular coverage 6., =
40°-140° was extrapolated to 0°, 180° using the best fits from
quasifission simulations [2,13].

The G(L)F are defined in terms of a probability PSF that
each L value results in capture followed by quasifission:

o = zA2(2L +1)PY, (1)

where A is the reduced de-Broglie wavelength. P?F is
expected to be ~1 for low L, and ~0 at large L, giving
~triangular distributions of U?F [Fig. 2(c)].

From o alone, the mean angular momentum can be
estimated, but here two L distributions must be subtracted,
so knowledge of the shape of the L distributions at high
L is desirable. This information is sourced from the
scattering angular distributions. Assuming scattering follows
Rutherford trajectories, the ratio of scattering cross section to
the Rutherford cross section dog/dog (0., ) can be written
dog/dog(Ocm.) = [1 = T(6.1n.)], where T(0,. ,,.) is the prob-
ability at 6., that flux is removed from the Rutherford
trajectory by complex reactions such as quasifission
and DIC.
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The dogs/dog (6., ) for scattering (Mg < 0.28) for the
two reactions populating »No at E, ~ 52 MeV are pre-
sented in Fig. 2(a), showing the expected falloff at back-
ward angles. The partial cross sections o; for complex
reactions were obtained by mapping from 7'(6,,,) to T,

(the equivalent probability at L) and substituting for P(LDF
in Eq. (1).

Mapping was achieved using the Coulomb deflection
function [28,29], giving L = (D/24) cot(0, . /2), where D
is the distance of closest approach in a head-on collision.
Distributions of ¢; are shown in Fig. 2(b), displaying the
expected smoothed triangular shape, but also a negative
component, associated with dog/dop > 1 [Fig. 2(a)]. This
feature likely results from DIC trajectories (with
Mp < 0.28) deflected to more forward angles, resulting
in higher-than-Rutherford yields. The positive values of the
experimental o; [Fig. 2(c)] were adopted and attributed to
both DIC + QF reactions. To extract the quasifission GSF
using Eq. (1), we recognize that DIC is expected at the

highest L values [29], so we take P( L-AL) = = T;,where AL is

a fixed L offset chosen such that 6o = aPZ(2L + I)PSF
matches experimental cross sections. Figure 2(c) shows AL
and o2 (solid line).

To subtract L distributions for reactions with different 4,
dimensionless reduced cross sections [6,30] &, = o, /7A*
must be used [Fig. 2(d), solid lines]. The experimental
difference L distribution (thick line with (L) indicated) is
responsible for the difference in the MADs for the two
reactions. A sharp-cutoff model (SCM) gives different
distributions (dashed lines), but very similar (L).

To obtain the MADs associated with the difference L
distributions, the measured MADs for the two reactions,
normalized by the corresponding 7%, were subtracted. Two
of the four subtracted MADs are shown in Figs. 3(a) and 3(b).
They show (i) that for all 8, ,, , the quasifission yield initially
falls monotonically towards mass symmetry, and (ii) that
with higher (L), the quasifission distribution moves to more
forward angles, as expected.

If the subtracted MADs resulted from a single L value,
direct mapping from 6., to sticking time could be
achieved. However, since MAD subtraction results in a
range of L values [Fig. 2(d)], quantitative analysis requires
a quasifission simulation, described below.

The 6., of fast quasifission events were calculated
following Toke et al. [3,4], as implemented in
Refs. [2,11,13,26,31]. The ingredients are incoming
Coulomb trajectories up to contact 6;,, rotation through
angles 0., while in contact, and outgoing Coulomb trajec-
tories of the quasifission fragments 6, [26]. The measured
angle 0., = 7 — 0y, — O,y — Oout [3,26]. As well as the L
values (from experiment), calculation of 6, during f,
requires the average moment of inertia Z. From TDHF
calculations [32,33] for Cr+ Pt, Z = 2.02 x 1073 kg m?
was adopted, 2.04 times the spherical value [11].
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FIG. 3. Experimental subtracted MADs are shown in (a) and
(b) for the indicated (L). Corresponding best-fit simulations from
the picture of Toke are in (c),(d), and from the mass evolution
picture of this work in (e),(f). Mean sticking times 7 are given.
Projected experimental (black) and simulated My spectra (thin
blue and thick red histograms) for the indicated c.m. angle ranges
are given in (g)—(n), with the total y> values indicated in blue
(Toke) and red (this work).

The second variable in the MAD is the fragment mass-
ratio M, at scission. In the simulation, the first trial function
for My(t,) came from the parametrization of Toke et al.
[3,4,26], where the mean mass-split approaches 0.5 asymp-
totically with increasing time [see Fig. 4(c)]. A Gaussian
distribution of My was assumed [2,11,26], widening as the
system approaches symmetry [see Fig. 4(a)].

Using the standard [3] mass equilibration time constant
of 5.3 zs following an initial delay of 1 zs [4], the four
subtracted MADs were individually fitted by varying the
mean 7 and standard deviation o, of the assumed Gaussian
distribution of sticking times ¢,. The best fitting MADs are
presented in Figs. 3(c) and 3(d), for the values of 7
indicated. Projected experimental and simulated (blue
histograms) M, distributions for 10° slices in 6, are
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FIG. 4.

(a) My distributions as a function of #; in previous simulations of quasifission. (b) Experimental My distribution showing

projectilelike (green dash-dotted line) and targetlike (purple thin line) components, the lines representing the new description of time-
dependent M distributions for three values of #;. Bottom arrows indicate the mean My, for each ¢,. (c) mean M vs mean sticking time 7
from the present experimental results and for the prescription of Ref. [3], together with results of TDHF calculations. (d) Mean sticking
time vs mean angular momentum from the current experiments, for L distributions from experiment (red points) and the sharp-cutoff
model (black points). Results of TDHF calculations at single L values are shown for the indicated reactions.

shown in Fig. 3(g)-3(n). The fit regions are shaded gray.
The simulation gives too little yield close to the initial mass
ratio of the projectile and target M?%, with total y> for each
spectrum averaging 84.

Experimentally, a monotonic fall in yield from the
projectile and target masses towards mass symmetry was
observed; see Fig. 4(b). This prompted a new trial function
describing mass evolution in fast quasifission. A rapid
linear fall in yield Y (My) from MY is assumed for small ¢,,
with slope decreasing as f, increases. This is shown in
Fig. 4(b), and described by

Here at, is the slope parameter, taken as depending linearly
on t,, and A provides normalization.

To obtain the best fit to each subtracted MAD, the
parameter a, the mean sticking time 7, and its Gaussian
standard deviation o, (which determine the angular dis-
tribution) were varied freely. The optimum simulated
MAD:s are shown in Fig. 3(e) and 3(f), and the My spectra
in Fig. 3(g)-3(n) (red histograms). The agreement is
improved, with the average y> for each spectrum falling
from 84 to 33.

From the fits to the four subtracted MADs, four values of
7, 0., and a were obtained. The a values ranged from 0.039
to 0.059 zs~!, averaging 0.047 zs~'. From each a value,
the change in mean mass ratio (Mg) with time was
evaluated using Eq. (2). The orange band in Fig. 4(c)
covers the full range of a values. The form resembles that of
Toke (gray band), but (M) approaches 0.5 more slowly, as
found in previous fast quasifission analyses [11,31].
Although this new mass evolution picture describes fast
quasifission in these reactions, it cannot describe any slow
quasifission component, since it cannot generate the peak
in Y(Mpg) observed [12,26,34] close to My ~0.5.

My — MY,
at,

Y(Mg) = A [1 - (2)

Sticking times and final My values from the TDHF
calculations carried out in this work are also shown in
Fig. 4(c), together with previous calculations for 3Cr + 136w
[1,27,32]. They lie closer to the new experimental values than
to the Toke ansatz.

The surprising conclusion is that fast quasifission M
distributions extend beyond mass-symmetry while still
peaked near MY, as seen in Fig. 4(b). Many quasifission
My distributions have been measured for reactions with
actinide nuclei [3.4,10,12,35-37], which show little qua-
sifission yield near M%, suggesting M distributions peak
around the mean M. The present fast quasifission results
indicate that this need not be the case, and that theoretical
predictions of (Mp), such as from TDHF, may not
necessarily represent the outcome with the highest Y (Mpg).

We now turn to the original goal of this work, to extract
the dependence of the fast quasifission mean sticking time
on angular momentum. Figure 4(d) shows (red points) the
centroids 7 of the assumed Gaussian sticking time distri-
butions extracted from the experimental data, plotted at the
mean angular momenta (L) of the difference L distribu-
tions. The time decreases with angular momentum, as
might be expected. The robustness of our method is
demonstrated by the small sensitivity to the shape of the
quasifission L distributions. Even fitting the experimental
subtracted MADs using the L distributions from the
extreme sharp-cutoff model [see Fig. 2(d)] gives a very
similar trend, as shown by the black points in Fig. 4(d). The
TDHEF calculated sticking times [Fig. 4(c)] are also plotted
as a function of the input L value. The agreement of both
the absolute sticking times and their dependence on L is
remarkable. This dependence of 7z on L supports our
assumption that DIC occurs at the highest L. It also
indicates that the lowest L are most likely to result in
slow quasifission, and by implication in fusion.

DIC is considered to be the “energy damping mode” [3],
with peak mass yield close to MY, and angular distributions
around the grazing angle [38]. In contrast, quasifission is
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typically fully damped in kinetic energy, but with signifi-
cant angular rotation and mass evolution towards sym-
metry. From experimental data for reactions of >*Cr with
208pb (doubly magic), it was proposed [9] that DIC and
quasifission form a continuum. The evidence is even
stronger in these Cr + Pt reactions, where M, distributions
extend with significant probability beyond mass symmetry
while still peaked near MY, and thus before the peak yield
drifts significantly from M% towards symmetry. This
behavior appears to be intermediate between DIC and slow
quasifission, suggesting a strong role of fluctuations,
growing with time during the reaction, in contrast with
the standard quasifission ansatz of Ref. [3]. Further inves-
tigations are needed.

In conclusion, mass-angle distributions for the 3Cr +
198pt and *Cr + 9Pt reactions (both forming >*°No) were
measured at selected energies. A new experimental method,
involving subtraction of two measured MADs, has enabled
the first direct determination of the dependence of the fast
quasifission sticking time on angular momentum L#A. The
results are consistent with a transition from slow quasi-
fission (and fusion) at the lowest L, through fast quasi-
fission at intermediate L to DIC at the highest L. TDHF
calculations are in good agreement.

The observed fast quasifission mass evolution is incon-
sistent with the standard picture of the peak mass yield
drifting towards symmetric splits. Surprisingly, the mass
distributions can extend to symmetric splits even though
the peak yield remains close to the entrance channel
masses. This implies a very strong role for fluctuations
in determining fissionlike mass partitions during the first
10 zs after contact.
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