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Evidence for hindrance in fusion between sulfur and lead nuclei
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The influence of the structure of projectile and target nuclei on the capture cross sections was investigated for
the reactions 348 + 204.206208pp apnd 36§ 4 204.206.208pp, Capture cross sections were deduced by measuring the
fission fragments using multiwire proportional counters. An enhancement of the capture cross sections relative
to a one-dimensional barrier penetration model was observed for all reactions at energies below the interaction
barriers. The enhancement is larger in the case of reactions with 3*S than with S. This observation is explained
by a stronger coupling to the vibrational states in the reactions with 3*S. Comparing the capture cross sections
and the evaporation-residue cross sections for the reactions *°S 4 2°Pb and **S + 2%Pb, both yielding the same
compound nucleus 2*2Cf, it is shown that the latter reaction has a lower fusion probability.
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I. INTRODUCTION

The most successful method for the production of heavy
and superheavy nuclei is the fusion of two colliding nuclei
forming an excited compound nucleus (CN), which de-excites
by evaporation of light particles, preferably neutrons, resulting
in a cold evaporation residue (ER) [1,2]. However, excited CN
can also decay into two fragments (CN fission). The prob-
ability depends on the fissility parameter, excitation energy
and angular momentum of the formed CN. These so-called
fusion-evaporation and fusion-fission reactions represent the
complete fusion-reaction channel of the colliding nuclei.

However, the system formed by the projectile and target
nuclei can also reseparate before fusion due to the strong
repulsive Coulomb force in the so-called quasifission process.
In general, the fragments from quasifission have significantly
different mass and angular distributions than the fragments
from a fusion-fission reaction.

The sum of the cross sections of complete fusion includ-
ing fusion-fission and particle evaporation and quasifission
represents the capture cross section. In the case of heavy
CN, the cross section deduced from the sum of fragments of
fusion-fission and quasifission reactions (fission cross section)
represents a good approximation to the capture cross section,
because the ER cross section is small.

The so-called fusion hindrance of the colliding nuclei can
be determined as the ratio of quasifission and capture cross sec-
tions. Fusion hindrance depends strongly on the properties of
nuclei in entrance channel of the reaction, i.e., on charge, mass
and deformation of projectile and target [3]. As a result, the fu-
sion probability for the formation of a certain CN can differ sig-
nificantly using different combinations of projectile and target.

The choice of a suitable projectile-target combination as
well as an optimum beam energy are crucial for a successful
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synthesis of the heaviest nuclei. In this respect, the study
of reactions resulting in the same CN, but using different
projectiles and targets, is especially interesting, because the
data result in information on the reaction mechanism in the
entrance channel.

One pair of such reactions is *°S 4 2%Pb and *S + 208Pb,
both yielding the same CN 2*2Cf. Evaporation residue cross
sections of the 2n channel have been measured in [4] for the
first time. The values reported there were (5.0 £ 2.5) nb and
(1.0 & 1.5) nb, respectively, with the reaction 3¢S + 2%Pb
having a cross section about five times larger than that for
3§ 4 208pb, This difference was attributed to the different
reaction Q value which is more negative for the reaction
with the semimagic nucleus 3°S, resulting, at the same CN
excitation energy, in a higher fusion probability. However, in
this experiment only the fission fragments from the produced
ER’s were measured and ER cross sections were deduced
taking into account an estimated spontaneous fission branching
of 0.02.

Recently, we have measured the ER cross sections for the
2n and 3n channels of these two reactions using an improved
experimental technique allowing for detection of both o and
spontaneous fission decays of the produced ER’s [5,6]. The
measured cross section for the 2n channel of 3°S 4 2%°Pb was
approximately 25 times larger than that of >*S 4 2%Pb, In the
case of the 3n channel an approximately ten times larger cross
section was measured for %S + 2%°Pb than for 34S + 2%3Pb.
These values were obtained near the maxima of the 2n and 3n
cross sections.

In this work we studied effects of the entrance channel
on reactions with beams of **S and 3*S and targets of the
lead isotopes 2%4Pb, 2%Pb, and 2°®Pb. The data are compared
with coupled-channels (CC) calculations. Finally, the obtained
fission cross sections for the reactions *°S + 20°Pb and 3*S +
208Ph were used as input data for a cross-section calculation in
order to explain the difference between the ER cross sections
of these two reactions.
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II. EXPERIMENTAL SETUP

The experiment was performed at the JAEA tandem
accelerator laboratory in Tokai, Japan. Beams of 3*S and
33 were extracted from the negative ion source and were
accelerated to energies of Ej, = (160 —200) MeV. Beam
intensities were in the range from 0.1 to 3.0 pnA (1pnA =
6.24 x 10 particles/s). Metallic lead targets with thicknesses
of 100 pg/cm? were prepared at the GSI target laboratory.
They were produced by evaporating metallic, isotopically
enriched (>99.9%) material of 2%Pb, 2°Pb, and 2°3Pb on
carbon foils having a thickness of approximately 40 pg/cm?.
The opposite side of the targets was covered with a 10 p1g/cm?-
carbon layer. The targets were mounted at an angle of 45°
to the beam axis with the thin carbon layer upstream. The
experimental setup and the analysis procedure were similar to
that described in [7].

Two position-sensitive multiwire proportional counters
(MWPCs) were used for detecting both fission fragments
in coincidence. The emission angles 6; (i = 1,2) and out-
of-plane angles ¢; of the fission fragments are defined in
Fig. 1. They were determined by the incident positions of
the fragments on the MWPCs. The MWPC consists of a
gold coated mylar foil (cathode), which is sandwiched by two
grounded wire planes. The wire planes were made of stretched
gold-coated tungsten wires with a 2 mm pitch. The active area
of the MWPC is 200 mm in horizontal and 120 mm in vertical
direction. The entrance windows of the MWPC were made of
Mpylar films of 3 um thickness. The detectors were operated
with isobutane gas at a pressure of 3 mbar.

The counters MWPC1 and MWPC2 were located at a
distance of 211 mm from the target at angles 6; = —57.0° and
6, = 4+90.0°, respectively. They covered a range of —82.0° <
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FIG. 1. (Color online) Upper left: definition of the emission
angles 6, and 6, and of the out-of-plane angles ¢, and ¢,, under
which the fission fragments FF1 and FF2 are emitted. (a) Measured
events plotted in the ¢, vs 0, plane. (b) Events plotted in the At and
(AE, + AE,) plane. (c) Same as (a), but obtained with a gate on the
events marked in (b).
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61 < —32.0° and 65.0° < 6, < 115.0°. The covered out-of-
plane angles were 72.0° < ¢; < 108.0° at §; = —57.0° and
74.1° < o < 105.9° at 6, = 4+90.0°. The folding angle 6,
and the out-of-plane angle ¢, are defined as 6; + 6, and as
©1 + @2, respectively.

The time difference At between the signals from the
cathodes of the two MWPCs was measured. The charges
induced in both MWPCs contain information on the energy
deposition AE| and AE; of particles traversing the active
area between the cathode and the wire planes. The accumulated
beam dose was deduced by detecting elastically scattered beam
particles within a solid angle of 1.96 msr at an angle of 4+-26.5°
relative to the beam axis.

Examples from the analysis of fission fragments from the
33 4 208pb reaction are shown in Fig. 1. The data were
obtained at the center-of-mass energy E.p = 158.7 MeV
(in the middle of the target). Figure 1(a) shows the events
in a (@2, 012) plot. Fission events are observed at ), =
141° and events from elastic scattering at 6, = 128°. In
the (Af, AE|, + AE,) plot Fig. [1(b)] these events are well
separated.

The polygon plot around the events shown in Fig. 1(b)
marks the selected fission events. Figure 1(c) shows the fission
events marked in Fig. 1(b) in the (¢;, 612) plot. The total
number of these events, which could include events from
quasifission as well as events from fission of the CN, were
used for determining the fission cross sections.

In reactions with lead targets, lead-like nuclei produced in
transfer reactions have excitation energies smaller than the
fission barrier. Therefore, fission of such reaction products
was not observed. This is different in reactions using ac-
tinide targets, where fission of target-like nuclei produced by
nucleon-transfer reactions occurs, however, at different folding
angles [7].

III. RESULTS AND DISCUSSION

The measured fission cross sections are shown in Fig. 2
as function of E_p, /Vin, Where Vi, is the height of the
interaction barrier (see below). The cross sections were
deduced from the fragment angular distribution doggs/d6c.m.
in the range of 85° < 6., < 125°. The function W(6¢n.)
defined in [8] was fitted to the data of the angular distribution.
The integration of this function over the scattering angle
yielded the fission cross section. The errors include systematic
uncertainties arising from the limited angular range covered
by the detectors as well as from statistical fluctuations. The
measured excitation functions are very similar within the
set of data measured with one projectile, S or 3*S, for all
three target isotopes 20+200.208ph However, comparing the
data obtained with S and 34S, we observe higher cross
sections in the sub-barrier region in the case of the reactions
with 34S. This indicates a larger number of open entrance
channels or an increased softness in the entrance channel of the
reaction.

In order to discuss the influence of nuclear structure on
the capture cross section, we performed CC calculations using
the code CCFULL [11]. A potential depth (Woods-Saxon) of
200 MeV [10] was chosen for all reactions. For the interaction
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TABLE 1. Variable lez/(A:/3 + Aé/S), reaction Q value, in-
teraction barrier (Vi) used in the present CC calculations, and

barrier (Vg,s) according to the Bass prediction [9] of the reactions
34.36g 4 204,206,208 pp,

Reaction Z,1Z,/(A)? + AY?)  Q value Vint Vass
(MeV) (MeV) (MeV)
33 + 208pp 142.19 —113.9 141.1  144.8
363 4 206pp 142.49 —113.8 1417  145.1
363 4+ 204pp 142.78 —113.8 142.4* 1454
34 + 208pp 143.16 —111.0 1427 145.7
345 4 206pp 143.46 —111.7 143.2*  146.0
3#S 4 204pp 143.76 —112.4 1437 1463

2Values from [10].

barriers Vi, radius and diffuseness parameters were taken
from [10] in the case of the reactions **S + 2%°Pb and 3°S +
204pp, The values are listed in Table I (Vi) and Fig. 2 (rp and
a). The Vi, values of the other reactions were estimated by
linearly scaling the barrier height with Z,Z, /(A}/ Ty Aé/ 3)
from the data given in [10]. These values deviate from the
barriers of the Bass model, Vg, [9], which are also given in
Table 1. Radius and diffuseness parameters of these reactions
were determined in the same way as the values obtained in [10]
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in order to reproduce the estimated interaction barriers Viy.
Reaction Q values, third column in Table I, were calculated
using atomic mass data compiled in [12].

The results of the CC calculations are shown in Fig. 2.
Dashed curves are the results without coupling (one-
dimensional barrier penetration). The experimental data at
energies above the interaction barrier Vi, are well described
by the calculation with the radius and diffuseness parameters
given in the figure. However, the experimental data at sub-
barrier energies are underestimated.

The cross sections are well reproduced in the reactions
using 2°°Pb and 2%8Pb target nuclei, even at the lowest measured
energies, when coupling to the first 2* and 3~ states of the
sulfur and lead nuclei, respectively, is included. Energies and
deformation parameters of these states are listed in Table II.
Energy and deformation of the 3~ states in 204pp, 205ph and
208Pb vary only smoothly. Therefore, the excitation functions
below the interaction barrier are similar within the set of
data with the same projectile but different target isotopes.
Energy and deformation of the 2* vibrational state in **S and
38 are significantly different. The lower energy and larger
deformation of the 2% state in 3*S explains the increased
softness and thus increased cross sections in the sub-barrier
region of reactions with 3*S.
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FIG. 2. (Color online) Measured fission
cross sections (solid circles) plotted as a function
of the ratio of center-of-mass energy and height
of the interaction barrier. Solid and dashed
curves represent the coupled-channels calcula-
tions (code CCFULL) with and without coupling
to vibrational states, respectively. Values of the
radius and diffuseness parameters ry and a used
in the calculations are given. Vertical dotted lines
indicate the position of the interaction barrier
Vine.
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TABLE II. Spin and parity (™), energy (E*), and deformation
parameter (8, ) of low-lying states of the nuclei used in the reactions
studied here. The values were taken from [13,14] for use in the CCFULL
code of the coupled-channels calculation.
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363 2+ 3.291 0.164
g 2+ 2.127 0.252
208py, 3- 2.615 0.150
206py 3~ 2.648 0.108
204py, 3~ 2.618 0.092

10'4
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10°4
1074
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In the case of 2%“Pb, the measured cross sections are
apparently larger than the calculated ones for both reactions
with %S and 3*S projectiles. This deviation of the data from
the calculation cannot be explained by the coupling to transfer
channels, because the Q values for one-neutron pick-up
channels are negative for all of the reactions and for reactions
with 2%Pb even more negative than in the other two cases. A
reason for the higher cross section could be the coupling to
additional vibrational states in 2**Pb or an increased softness
in the entrance channel.

Two of the reactions, °S + 29*Pb and 3*S + 29°Pb, result
in the same CN 2%Cf, another two, °S + 29Pp and S +
208pp_in the same CN 2*2Cf. For these latter reactions, ER cross
sections for 2n and 3n channels were measured in previous
experiments [5,6]. Comparing these data with the capture cross
sections (quasifission plus CN fission) measured here, opened
a possibility to obtain information on differences in the fusion
probability of the two reactions.

We assumed that the capture cross section is the sum of the
quasifission cross section, the fusion-fission cross section, and
the ER cross section. Because the total fission cross section
could not be decomposed into quasifission and CN fission cross
sections, we calculated the ER cross sections with the statistical
code HIVAP [15], normalizing the HIVAP capture cross section to
the measured capture cross sections. The survival probability
that the excited CN evaporates neutrons in competition with
fission is a function of the excitation energy and angular
momentum of the CN, which is calculated and taken into
account in the HIVAP code. Thus, a comparison between the
experimental ER cross sections and those calculated with
HIVAP results in information on fusion.

In the HIVAP code we modified the parameters for the
survival probability of 2>Cf* such that the measured ER cross
sections of the 3S + 2%Pb were reproduced at E* = 25.5
and 33.1 MeV for the 2n and 3n channels, respectively (see
Fig. 3).

The ER cross sections of the 3*S 4 2%Pb reaction pro-
ducing the same CN *2Cf* were calculated, consequently,
using the same survival probability as before for 3°S + 20Pb,
In addition, the parameters of the calculations of the capture
cross sections were fitted to describe the measured capture
cross sections (see Fig. 3).

Experimental and calculated cross sections of 2n and 3n
evaporation channels of the 3°S + 2%Pb and **S + 208Pb
reactions are given in Table III. The ratio between the
experimental and calculated ER cross sections, (Oexp/0Ocal)s
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FIG. 3. (Color online) Comparison of capture and ER cross
sections as function of the excitation energy of the reactions
363 + 209pb (filled symbols, solid lines) and S + 2%Pb (open
symbols, dashed lines), both forming the same compound nucleus
22Cf. The downward arrow marks an upper cross-section limit,
upward arrows mark the positions of the interaction barriers. Solid
and dashed lines represent the results HIVAP calculations [15] for the
ER cross sections using as input for the capture cross sections the
results of the coupled-channels calculation. Whereas the ER cross
sections of the reaction S + 20Pb are well reproduced, the data of
the reaction 3*S + 2%Pb (connected by the dotted line to guide the
eye) are overestimated.

is used to reveal the discrepancies between the ER cross
sections relative to the capture cross sections of these two
reactions. Statistically more significant values are obtained
by the geometric mean value of Oeyp/0ca of the data

TABLE III. Experimental and calculated (HIVAP) ER cross sec-
tions of the reactions 3¢S + 2%Pb [5] and 3*S + 2%8Pb [6] (see also
Fig. 3).

Reaction E* Evap Ocxp Ocal Ocxp/Ocal
(MeV) chan (nb) (nb)
08 + 2P 255 2n 76 £ 10 65 1.2
3n 778 1.0 7.0
33.1 2n 124 3.0 4.0
3n 165+20 220 0.75
S 4 2%ph 249 2n 0.5%97 53 0.09
28.2 2n 3.0%08 10 0.30
3n 1742 16 0.11
30.7 2n 10403 5.0 0.20
3n 77 88 0.08
36.6 2n 0.7 0.2 35
3n 1413 66 0.21
39.5 2n 0.3559 <0.1 >3
3n 572 18 0.28
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measured for the 2n and 3n channels at different excitation
energies.

On the average, HIVAP underestimates the experimental
ER cross sections by a factor 2.2 for the ¢S + 205Pb
reaction. The mean value of 2.2 was deduced as geometric
mean of Oeyp/0ca = 1.2,7.0,4.0, and 0.75 (see Table III).
Simultaneously, HIVAP overestimates the ER cross sections
of the 3*S + 2%8Pb reaction by a factor of 4.2 (see Fig. 3).
This factor is deduced as the inverse of the geometric mean
of 0.24 of oeyp/0cal = 0.09, 0.3,0.11, 0.2, 0.08, 3.5, 0.21, and
0.28 (see Table III).

Finally, a factor 9.2 (2.2/0.24) is attributed to the ratio of
the ER cross sections of the reactions 3°S 4 2°°Pb and *S +
208Ph obtained with HIVAP relative to the experimental data.
Presumably, this discrepancy has to be attributed to an increase
of fusion hindrance of the reaction **S + 28Pb compared to
368 + 206Pb.

In heavy ion reactions, fusion hindrance is evident for
systems having Z,Z, values larger than 1800 [16-19]. The
existence of fusion hindrance for very asymmetric reactions
having Z,Z; values as low as 1036 and 711 was measured
in an experimental study of the reactions 3Si + "W and
9F + 197 Au, respectively [20]. The effect was observed in
comparison to the reaction '2C + 2Pb having Z,Z, = 492.
All three reactions form the same CN 2!®Ra.

In our study the Z,Z, value is 1312 and the same for
all reactions. The observed fusion hindrance of the reaction
38 4 208pp relative to S + 20°Pb cannot be attributed to
different values of Z, Z;. However, it is experimentally evident
that a difference of only two neutrons in projectile and target
nuclei has such a strong influence on the fusion probability.
This phenomenon cannot be explained by any model available
for fusion reactions. On the experimental side the observed
fusion hindrance has to be consolidated by a more complete
measurement of 2n and 3n excitation functions using smaller
energy steps. On a longer range the study could be extended
to similar reaction pairs which differ by only two neutrons.
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Keeping lead isotopes as target, ideal pairs of projectiles can
be found in the region of elements from oxygen to iron.

IV. CONCLUSIONS

Fission cross sections of **S and *°S induced reactions
with 204.206.208pp, target nuclei were measured. The excitation
functions change smoothly for the different lead isotopes.
A larger enhancement of the fission cross sections in the
energy region below the interaction barriers was observed
in 34S induced reactions compared to 3S. Coupled-channels
calculations which take into account the coupling to low lying
vibrational states in projectile and target nuclei describe the
experimental results well except for the reactions with 2%4Pb,
where the experimental fission cross sections have larger
values than the calculated ones. A reason could be a coupling of
more vibrational states or an increased softness in the entrance
channel.

Combining data of fission and evaporation residue cross
sections of the reactions 3*S + 208Pp and 3°S + 20°Pp, it was
shown that the former reaction exhibits a significant hindrance
of fusion relative to the reaction S 4 2%Pb, in spite of the
same Z,Z; value. For an explanation of this discrepancy more
refined theoretical models are needed.
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