Measurement of evaporation-residue cross
sections with light beams and deformed
lanthanide target nuclei
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Abstract — To obtain a better understanding of the fusion reaction, we
have focused on reactions involving deformed nuclei. Evaporation

169 20 .
Tm+“"Ne reaction were measured, from

residue cross sections of the
which we extracted the fusion excitation function. This is compared
with literature data of the '“Tm+'°O and '®’Ho+’°Ne systems.
Irradiation with *°Ne ion beam has been carried out at the incident
energy near the Coulomb barrier, where the effect of nuclear
deformation is prominent. The results are consistent with the idea that

the degree of deformation has an effect on the threshold value of the

excitation functions near the Coulomb barrier.
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Introduction

Production of superheavy nuclei is one of the most worthwhile works
in nuclear physics and nuclear chemistry to identify the location of
closed shell structures in the extreme region of the chart of nuclei as
well as to investigate the atomic properties [1—3]. A good
understanding of the fusion process is important for reliable estimates
of cross sections for the production of superheavy nuclei. In heavy-ion
induced reactions, to examine precisely the evaporation residue cross
section is difficult if fission is the main reaction exit channel.
Measurement of the evaporation residue cross sections is important
because it gives information not only on the fusion probability but also
on the following particle evaporation. It is worth-while to study the
evaporation residue production from non-fissile compound nuclei to
understand the reaction mechanism as a simulation of production of
superheavy nuclei.

We have focused on the influence of the deformation of target nuclei
on the fusion cross section because the nuclei of actinides used as
target nuclei for superheavy element production via hot fusion
reactions are deformed.

In this study, in order to investigate the effect of the degree of
nuclear deformation on the fusion reaction, we have studied the cross

sections of evaporation residues directly from xn/pxn/axn channels or



their beta-decay in the nuclear reaction '®Tm+?°Ne — '*Au’ at
energies near the Coulomb barrier and compared the results with those
of '"Tm+'°0 — '"*°Ir" [4] and '*Ho+*°Ne — '*°Ir" [5] reactions.
The lanthanoid nuclei used as the targets in those reactions are
deformed as well as actinides and they hardly lead to fission in the
nuclear reaction.

The deformation of nuclei is related to the electric quadrupole
moment (Q). The value of Q/e of *°Ne, '°0, ' Tm and '°°Ho is -0.23,
0, -1.2 and 3.58 b [7]. The deformation of nuclei are estimated with the
values of Q by Eq.1,

c=3Z@@ = b (b), (1)

where e is the elementary charge, Z, the atomic number, a, the
half-length of a spheroid along the rotation axis direction and b, its
half-length along the axis perpendicular to the rotational axis in the
spheroid approximation.

The corresponding degree of the deformation (a/b) of *°Ne, '°0O,
"“Tm and '®>Ho is 0.75, 1, 0.95 and 1.16 if the nuclear radius
parameter is 1.2 fm. In the ' Tm+?°Ne and ' Ho+?°Ne systems, the

150 is more deformed than '®**Tm. In the ' Tm+'%0

target nucleus
and '°° Tm+?°Ne systems, the projectile nucleus '°O is spherical, while
**Ne is deformed. From a comparison of the results, we can extract the
effect of nuclear deformation. Besides, we compare the systems of

" Tm+'°0 and '®’Ho+?°Ne forming the same compound nucleus,

'851r* and can thus examine the effect of the entrance channel for the



systems. From a comparison of the results, we can learn about the

effect of nuclear deformation.

Experimental

The bombardment for synthesis of the heavy nuclei was carried out
using a *°Ne beam supplied from the AVF cyclotron at Research Center
for Nuclear Physics (RCNP), Osaka University, Japan. The targets were
prepared by electrodeposition with a standard solution of "'Tm on an
Al foil of 2.7 mg/cm? in thickness. This foil was also served as a

"“Tm content was 4.5-5.1 mg/cm? in the targets.

catcher foil. The

In order to cover a wide energy range in a single irradiation, the
energy degradation technique was used. In the present experiment, two
stacks with four targets each were prepared and each stack was
irradiated at a different energy below 155 MeV. Typical beam intensity
of **Ne was 1 particle-uA. A Faraday cup was used to measure the
integrated beam current. The radioactivities produced in each target
were assayed by y-ray spectrometry using a high resolution HPGe
detector.

In order to determine the production cross section of these residues,
the residues were identified with the energies of characteristic
y-radiations and half-lives given in Table 1, along with the data taken
from [6, 7]. The observed nuclides are either produced as beta-decay
products of xn evaporation channel residues or directly in charged

particle evaporation channels. The uncertainties of the cross sections

include that from target atom number and that from the counting



statistics. Otherwise, the uncertainty of the beam dose is estimated to

be around 5%.

Results and discussion

The evaporation residues detected in the ' Tm+°’Ne system were
185gpy 183 =185 I8 56 and '"'Re. Most of the residues are
supposed to be produced in the (*°Ne, xn) reactions and some of them
are decay products of the precursors. Figs. 1 and 2 shows the excitation

" Tm+2'Ne compared with the

functions for fusion reaction of
theoretical calculations using the HIVAP code [8]. The HIVAP code is
used for a theoretical calculation taking into consideration the degree
of deformation of the nuclei and often used for estimation of production
for superheavy nuclei. In Fig. 1, excitation functions are shown for
each mass number of the products to assure the identification from
y-ray peaks. Dominant production energies of the nuclides are
reproduced by the calculation, although absolute values of some cross
sections are shifted from the calculation values. The cross sections are
summed up to construct the total fusion excitation function in the
"*Tm+2°Ne system in Fig. 2. For the cross sections for two lowest
energies, their upper limits are estimated from the upper cross sections
of unobserved nuclides, and their lower limits are from those of
observed nuclides. The calculation overestimates the experimental
cross section in the higher energy region at E., > 95 MeV. On the other

hand, sub-barrier data is closer to the calculation taking into account

the deformation of ' Tm and 2°Ne. However, as the attenuation of the



beam energy through the targets at the lowest energy is so large, it is
difficult to assert the influence of deformation of the nucleus on fusion
reaction from the data.

In Fig. 3, the experimental excitation functions for the fusion
reactions ' Tm+?°Ne, ' Tm+'°0 [4] and '’ Ho+?°Ne [5] along with
the calculated values for these systems are shown. In order to compare
the systems among different entrance channels, we let the difference
between the center-of-mass energy (E.m) and the Coulomb barrier (B.)
[9] (Ecm —B.), be the horizontal axis in the figure. For both systems of
"°Tm+?"Ne and '°>Ho+°°Ne, the threshold energies for fusion were
found to be close to each other. The result is consistent with the HIVAP
calculations. On the other hand, comparing the systems '°Tm+'°0 and
"9Tm+2°Ne, the latter, with the more deformed projectile of *°Ne
already fuses at lower incident energy. Further, comparing the systems
"9 Tm+'°0 and '®>Ho+?°Ne, the latter system, where both partners are
more deformed, starts to fuse at lower incident energy, even though the
same compound nucleus is formed. As for the influence of the
deformation of nuclei on the fusion cross sections near the Coulomb
barrier, a similar observation was reported by D.J. Hinde et al. [10] for

the 2**U+'°0 system.

Conclusions
In this work, in order to investigate the effect of the degree of

nuclear deformation on the fusion reaction, we have studied the fusion

169

reaction Tm+2°Ne, and compared this system to '* Tm+'°0 [4] and
p y



"*Ho+2°Ne [5] in the energy region near the Coulomb barrier. The
comparison of each experimental system yields that the results are
consisted with the idea that the degree of deformation influences the

rising edge of the excitation functions near the Coulomb barrier.
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Table 1

system with their spectroscopic properties and production channels. [6]

List of identified evaporation residues in the '®°Tm+?°Ne

Residue Ti/2 E, (keV) 1, (%) Main Other
channels channels
183e pt 1.2 h 135.3 80 4n+p* p3n
197.4 74
229.6 100
P83y 14.4 h 254.3 13 4n+2B° p3n+p”
AN 0% 3.0 h 264.0 67.5 5n+2p° on
390.4 25.7 p4n+p”
13y 55 m 282.4 70 6n+2p " a2n
pSn+p "
183mog 9.9 h 1102.0 50 6n+3p" a2n+p’
1108.0 23 p5n+2B°
183205 13.0 h 114.4 20.8 6n+3p" a2n+p’
381.7 77.0 p5n+2p°
8205 22.1h 180.2 36.8 Tn+3p " a3n+p’
p6n+2p"
8leog 1.8 h 238.8 45.8 8n+3p" adn+p’
827.0 20.8 p7n+2B°
8IRe 20 h 360.7 12.0 8n+4p" adn+2p”
365.5 56.4 p7n+3p”°
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Figure 1 Excitation functions for each exit channel.

Solid curves are calculated with HIVAP taking into account the
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deformation o Tm. Down arrows represent the upper limits of the

Cross sections.
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Figure 2 Excitation functions for the fusion reaction of ' Tm+?"Ne

and calculated values with the code HIVAP. Solid and dashed curves

represent the HIVAP calculations with (condition 1) and without

(condition 2) taking into account the deformation o

£ '°Tm. Two marks

at the lowest energy represent the range with the upper and lower

limits.
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Figure 3 Excitation functions of '® Tm+?°Ne (#, closed rhombuses),

9 Tm+'°0 (m, closed squares) [4] and

" "Ho+?°Ne (A, closed

triangles) [5] compared to theoretical values for the same systems.



