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The effect of the nuclear shell structure on the heavy-ion fusion reaction was investigated
for the reaction systems %2Se + ®®Ba, 82Se + ®*Ba, 160 + 204PD, 8°Kr 4 '3*Ba, 3Kr +
138Ba, and 32Se + "*“Ce. Evaporation residues for these fusion reactions were measured
using a recoil mass separator (JAERI-RMS) near Coulomb barrier region. The measured
evaporation residue cross sections for the reactions 3?Se + *®*Ba and %°Kr + '*®*Ba were
two orders of magnitude and one order of magnitude larger than those for the reactions
82Ge + !34Ba and %Kr + '3¥Ba, respectively, at the excitation energy region of 10 ~ 30
MeV. The evaporation residue cross sections were compared with those of the other reaction
systems that make the same or similar compound nuclei as the present reaction systems. It
was found that the evaporation residue cross sections correlate strongly with the sum of the
shell energies for both projectile and target nuclei, i.e., the evaporation residue cross sections
increase as the sum of the shell energy decreases.

§1. Introduction

Fusion process between heavy nuclei to produce super-heavy elements has been
extensively investigated so far. It is well known that the fusion probability between
heavy nuclei is sensitive to the product Z,Z; of the atomic numbers of projectile and
target, i.e., the Coulomb repulsion at contact. When the charge product is less than
~1800, its fusion cross section is well reproduced by the conventional one-dimensional
barrier penetration model. When the charge product is larger than ~1800, its fusion
cross section is considerably reduced compared with the model calculation. This fact
means that interacting nuclei cannot always fuse to make a compound nucleus even
if they have an enough kinetic energy to surmount the fusion barrier between two
nuclei. This is because the saddle point of heavy compound nucleus is more compact
than a touching configuration of two nuclei. An extra kinetic energy is needed so
that the reaction system can reach the saddle point after surmounting the fusion
barrier. This extra kinetic energy begins to increase sharply at the charge product
~1800.Y

A fusion probability between heavy nuclei at a low excitation energy is sensitive
to not only the charge product Z,Z; but also the nuclear structure of projectile and
target. It has been reported that the number of a valence nucleon outside a major
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shell changes the fusion probability,})? i.e., the extra kinetic energy increases as the
number of the valence nucleon. This effect was incorporated as a small correction in
the systematics of the extra kinetic energy.)) A large deviation from this systematics
has been reported by Oganessian et al.,®) where they found a large difference in
the evaporation residue cross sections between the fusion reactions '36Xe 4 %6Kr
and 139Xe + 85Kr, where the nucleus #%Xe has a closed neutron shell N = 82 and
the neutron number of the nucleus 3%Xe is 76. The measured evaporation residue
cross sections for the fusion reaction 3Xe + 86Kr are almost two to three orders of
magnitude larger than those for the fusion reaction °Xe + 8Kr near the Coulomb
barrier region. This large difference can not be ascribed to the decay property of
the two compound nuclei ?2Th and 2'®Th in their de-excitation processes. The
enhancement of the evaporation residue cross sections for the fusion reaction **Ca +
208P} is also pointed out in Ref. 4). Recently, We reported the measurements of the
evaporation residue cross sections for the reactions 82Se + ¥®Ba and 32Se + 3*Ba,
where the nucleus ®®*Ba has a closed neutron shell of N = 82 and the nucleus **Ba
has a neutron muber of 78. We showed that the measured evaporation residue cross
section for the reaction 82Se 4 ¥®Ba was two orders of magnitude larger than those
for the reaction 82Se + 134Ba.) This large difference could not be explained by the
decay properties for the compound nuclei 22°Th and ?'6Th, and is rather ascribed
to the fusion process itself.

In this paper, we report the experimental results on the fusion reactions 6Kr
+ 134Ba, 8Kr + 3%Ba and 82Se + "a%Ce, where the nucleus 8¢Kr has the closed
neutron shell N = 50. The nucleus " Ce consists of the isotope “9Ce with the
natural abundance of 88.48%, which has the closed neutron shell N = 82. Recently,
Hinde et al.%) showed that the cross sections of the evaporation residues for the
reaction system 0 + 204Pb, which makes the compound nucleus 2?°Th, is one
order of magnitude larger than that of the reaction system 82Se 4 !3®Ba. In order
to verify this fact, we also measured the evaporation residues for the reaction 60 +
204ph. Based on these experimental results, we emphasize that the sum of the shell
energy of projectile and target are important quantities having a strong effect on the
heavy-ion fusion process.

§2. Experimental procedures

Evaporation residues for the fusion reactions 8Kr + ¥®Ba, 86Kr + 134Ba and
828e + mat-Ce were measured using *Kr and #2Se beams from JAERI-tandem booster
accelerator and the JAERI-recoil mass separator (JAERI-RMS).” The detailes of
the experimental procedures are written in Ref. 9).

As for the measurements of the evaporation residues produced for the reaction
160 4 204pPh, the evaporation residues recoiling out from a target foil were implanted
in an aluminum catcher foil. After the irradiation of 70 to 90 min. by 'O beams,
the catcher foil was put on a silicon surface barrier detector to detect subsequent
a-decays from implanted evaporation residues.
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Fig. 1. Evaporation residue cross sections measured for the reaction 3Kr +'%¥Ba. The arrow
indicates the position of the Bass barrier.

§3. Experimental results and discussions

The obtained evaporation residue cross sections for the reaction system 36Kr
+ 138Ba are plotted in Fig. 1 as a function of c.m. energy. Evaporation channels
expected in respective energy regions are indicated in the figure. The evaporation
residues corresponding to the 3n and 4n channels were not identified because the
half-lives and the a-decay energies for the evaporation residues 22°U and ??'U were
unknown. The 1n channel is clearly seen at about 10 MeV below the Bass barrier
217.2 MeV. This means that the actual fusion barrier is extended to a lower energy
than the Bass barrier.

The reduced cross sections o(ER)k?/7 obtained from the sum of the detected
evaporation residues (1n, 2n, an, a2n, a3n and pn channels) were plotted in Fig. 2
together with those for other reaction systems which makes the same or the similar
compound nuclei 222:226:2281J as the present reaction system 5Kr + '38Ba. Here k is
the wave number. The measured evaporation residue cross sections for the reactions
86Ky + 134Ba and 82Se + " Ce are also plotted for comparison. In the reaction 36Kr
+ 134Ba, one event corresponding to the an channel was detected at the excitation
energy Fox =29.9 MeV and one event corresponding to the pn channel was detected
at each excitation energy of 25.4 MeV and 31.5 MeV. The measurements at Fex =
18.5 MeV and 21.1 MeV correponding to the 1n channel were carried out. No
evaporation residue was detected at these excitation energies. As for the reaction
82Ge + mat-Ce, no evaporation residue was observed at Eo = 15.4 MeV, 19.4 MeV
and 21.7 MeV.

As shown in Fig. 2, the reduced cross sections for the reaction %6Kr 4 3%Ba
show the largest values among the reaction systems shown at the excitation energy
region less than 35 MeV. Above the excitation energy of 35 MeV, the reduced cross
section for the reaction system 2°Ne + 208Pb'") becomes largest. This is simply
because the charge product Z,Z; = 820 is well below the threshold value 1800. It
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Fig. 2. Reduced evaporation residue cross sections for various reactions; S°Kr + 13¥Ba (solid circles),
86Kr 4 1%4Ba (solid squares), 32Se 4+ "**Ce (open circles), "*Ge + %°Nd (diamonds'®), 28Si
+ 98Pt (open triangles'®), *°Ne + 2°°Pb (inverted open triangles'™). The Bass barriers for
these reaction systems are shown as arrows. The Bass barrier for the reaction system Kr +
131Ba locates at the excitation energy of 22.7 MeV. The upper limits of the cross section for the
reaction systems 86Kr + 3*Ba, 82Se 4+ "**Ce and "°Ge + '5°Nd are shown as the vertical thick
lines , thin lines, and dashed lines with bar, respectively.
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Fig. 3. Reduced evaporation residue cross sections at the Bass barriers as a function of the sum of
the shell energy of projectile and target nuclei for various reaction systems. The thin lines show
the values calculated by HIVAP.'Y)

is noted that although the charge product for the reaction system 86Kr + 13%Ba is
the largest (Z,Z; = 2016) among the reaction systems shown here and also well
above the threshold value ~ 1800, we observed the 1n channel only in this reaction
system S6Kr + !38Ba. This result suggests that the fusion of heavy nuclei is not
always governed only by the single quantity Z,Z;, but also the nuclear structure of
interacting nuclei. In order to emphasize this point, the reduced evaporation residue
cross sections at the c.m. energy corresponding to the Bass barriers are plotted in
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Fig. 3(b) as a function of the sum of the shell energy for the projectile and target
nuclei.

The shell energy (Mexp, — Mip) was obtained from the mass table of Ref. 10),
where Mey, and Mip are the experimental mass and the liquid drop mass, respec-
tively. The reduced evaporation residue cross sections at the Bass barriers may
depend on the property of each compound nucleus with a different excitation energy
and a different mass number. This was simulated using the statistical model code
HIVAP.') The thin line shows the result of the calculation, where we adopted the
statistical mode parameters used in Ref. 9). The calculated values for the evapora-
tion residue cross section do not follow the observed trend as a function of the sum of
the shell energy. On the other hand, the measured evaporation residue cross sections
increase smoothly as the sum of the shell energy decreases in negative values. This
result indicates that the sum of the shell energy is an important quantity for the
formation of the compound nucleus.
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Fig. 4. Reduced evaporation residue cross sections for various reaction systems which make the
compound nucleus ??°Th; 82Se + '*¥Ba (solid circles®), **Ca + ">Yb (solid triangles'®) , “°Ar
+ 180HF (solid squares'®), 124Sn + %9Zr (diamonds'®), "°Zn + *°Nd (open circles??), %0 +
204ph (open triangles for the present work and open squares of Ref. 6)). The positions of the
Bass barriers for these reaction systems are indicated by the arrows. The Bass barrier for the
reaction system 160y 4 204P} Jgcates at Eox = 31.1 MeV.

In Fig. 4, we plotted the reduced cross sections o(Xan)k?/n for the various
reaction systems which make the compound nucleus 22°Th. Here, o(Xxn) is the sum
of the observed zn channels (x = 1 to 7). Our previous data for the reaction ¥2Se +
138Ba5) and the present data for the reaction 160 + 204Pb are also included together
with the data of Ref. 9). We see that the reduced cross section for the reaction 32Se +
138Ba shows a peak exactly at the Bass barrier of this reaction system. The present
result shows no fusion barrier shift and a narrow barrier distribution centered at the
Bass barrier. On the other hand, the absolute values of the reduced cross section for
the reaction 82Se 4 !3Ba is the one order of magnitude smaller than that for the
fusion reaction %0 + 294Pb. This point will be discussed later.

The reaction systems '24Sn + %Zr and "°Zn + '"°Nd show a broad barrier



6 H. Ikezoe, et al.

distribution extended from their Bass barrier energies to the energies larger by about
20 MeV than the Bass barriers. These broad barrier distributions are commonly
observed in the heavy-ion fusion reaction as shown in Ref. 1) and well correlated
with the extra kinetic energy needed for fusion. This systematics!) is not true for
the reaction ¥2Se + !38Ba. We expect the extra kinetic energy around 10 ~ 15 MeV
for the reaction ®2Se + 2®*Ba based on this systematics. This effectively makes the
fusion barrier high and considerably decreases the 1n and 2n channels cross-sections
at the low excitation energy region less than 30 MeV. There is no barrier shift seen
in Fig. 4. On the other hand, the reduced evaporation residue cross section for the
reaction 2Se + 134Ba® shows the consistent trend as predicted by the systematics,?
i.e., the fusion barrier is shifted to a high energy by the amount of 10 ~ 15 MeV.?)12)

Our present data for the evaporation residue cross section in the reaction 60 +
204ph are consistent with and even larger than those of Hinde et al.®) If we assume
no fusion hindrance for the reaction 10O + 2%4Pb, the present result shows that the
fusion for the reaction ¥2Se + 3®Ba is hindered by the one order of magnitude or
more at the energy region above the Bass barrier. This hindrance can be ascribed to
the formation process of the compound nucleus after soumounting the fusion barrier.
We plotted the relative positions between the saddle point of the compound nucleus
220Th and the contact points for various reaction systems in Fig. 5. Here, the abscissa
shows the distance between the mass centers for two touching spherical nuclei and
the ordinate shows the effective fissility parameter xog. Here, Ry is the radius of the
compound nucleus ??°Th. The position of the saddle point of 22°Th predicted by
Ref. 20) is also indicated by the thin line. The parameter z.g is a measure for the
ratio of Coulomb repulsion to nuclear attraction at half-density overlap.?!) As shown
in Fig. 5, the contact points for the reaction systems except the system 60 + 204Ph
locate close to or outside the saddle point and their effective fissility parameters are
larger than that for the reaction system 60 + 204Pb. This suggests qualitatively that
in the fusion process after surmounting the Coulomb barrier, the reaction system 60
+ 204Ph forms more easily the compound nucleus than the other reaction systems.
In order to verify this suggestion quantitatively, a theoretical calculation taking into
account the dynamics on a multi-dimensional potential energy surface is needed.

In Fig. 3(a), we plotted the reduced cross sections at the Bass barriers for various
reaction systems which make the compound nucleus 2?°Th. The reduced evaporation
residue cross sections are not totally correlated with the excitation energy of the
compound nucleus and rather well correlated with the sum of the shell energy of
the target and projectile nuclei. It is clearly seen that the reduced cross section
increases as the sum of the shell energies decreases in negative values, i.e., the target
and/or projectile with a closed shell structure makes the fusion probability high.
This systematic trend is consistent with that seen in Fig. 3(b).

Myers and Swiatecki'® pointed out that the shell energy resists neck growth at
the time of contact between projectile and target, and then the projectile nucleus can
approaches closely to the target nucleus with a small kinetic energy dissipation. They
proposed the sum of the shell energy and the congruence energy for both projectile
and target as a resistance factor against the neck growth. The observed trend seen in
Fig. 3(a) and 3(Db) is essentially unchanged even if the reduced evaporation residue
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Fig. 5. Positions of contact points (diamonds) for various reaction systems. The position of the
saddle point of the nucleus ?*°Th is indicated by the horizontal thin line.

cross section is plotted as a function of the sum of the shell energy and the congruence
energy. Therefore, the present data are consistent with this argument.

Moller and Sierk discussed the fusion process on the multi-dimensional mi-
croscopic potential energy surface.® When heavy nuclei first touch, mainly the
Coulomb repulsive force push the system to deformations and eventually the system
falls down the fission valley. If the system resists deformations away from the fu-
sion path by the help of the shell energy, the system may proceed to a compound
nucleus following the fusion path. This argument qualitatively explains the present
data. Oganessian et al. suggests the close relation between the fusion process and
the fission process.?) In the case of the fusion reaction 36Xe + 36Kr, the low excited
compound nucleus 22Th can decay into the asymmetric fission components close
to the nuclei ®Kr and 35Xe. The compound nucleus ??°Th which is produced in
the fusion reaction 82Se + '38Ba, may decay into the asymmetric fission components
close to the nuclei 82Se and '*8Ba.’® On the other hand, the compound nucleus
2167} which is formed in the fusion reactions °Xe + 86Kr and also #2Se + 13Ba,
has little chance to decay into such asymmetric fission component.!?) This argument
is also related to the shell structure of final fragments. We conclude that the shell
energy of the projectile and target plays a major role in the fusion process between
heavy nuclei in addition to the Coulomb repulsive force characterized as the quantity
ZpZy.

§4. Summary and conclusions

Evaporation residues for the reactions 82Se + 38Ba, 82Se + 134Ba, 160 + 204Pb,
86Kr + 138Ba, 86Kr + 3*Ba and #Se + " Ce were measured to investigate the
fusion process. The evaporation residue cross sections measured in the reactions
82Ge 4 1%8Ba and 3Kr + '38Ba were almost two orders of magnitude and one order
of magnitude larger near the Coulomb barrier region than those for the reactions
82Ge + 134 Ba and 3Kr + 134Ba, respectively. These large differences are ascribed to
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the entrance channel property of the fusion process. The present data were compared
with the other reaction systems, which make the same or similar compound nuclei
as the present reactions. From these comparisons, we conclude that the fusion for
massive reaction systems is strongly affected by the shell structure of colliding nuclei
in addition to the Coulomb repulsion Z,Z;. It is important to realize theoretically
the energy dissipation due to the friction after contact by taking into account the
shell structure of projectile and target nuclei. Further experimental investigation is
needed also to make the relation between fusion and fission clear.
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