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Experimental cross section study of **Ca + '°Lu: Searching for new neutron-deficient Pa isotopes
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The fusion-evaporation reaction **Ca + '"Lu aimed at synthesizing new neutron-deficient protactinium iso-
topes has been studied at the gas-filled recoil separators SHANS and SHANS2. The cross sections for the xn
and pxn evaporation channels were measured. The calculation by the statistical model HIVAP was performed
to reproduce the experimental data. The quasifission process in the “*Ca 4 !> Lu reaction was also studied with
time-dependent Hartree-Fock theory and the improved quantum molecular dynamics model. It is shown that the

influence of quasifission in the analysis of evaporation residue cross sections of this reaction can be neglected.
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I. INTRODUCTION

Synthesizing new nuclides far from the line of 8 stability
and studying their decay properties are interesting subjects
in present-day nuclear physics. For the production of nuclei
above the Z = 82 shell and near the N = 126 shell, heavy-ion
induced fusion-evaporation reaction is used as an effective
method [1-3]. However, since the fission barriers are low and
the compound nuclei are typically produced with excitation
energies of several tens of MeV, the cross sections for the
production of evaporation residues in these reactions would
reach down to nanobarn levels or even less [4—6]. Fortunately,
with the advent of high-intensity heavy-ion accelerators to-
gether with the development of recoil separators, several new
neutron-deficient nuclei in this region have been successfully
synthesized in recent years [6—10].

In this work, the fusion-evaporation reaction *°Ca + '°Lu
for the synthesis of new neutron-deficient protactinium iso-
topes was studied. The cross sections of xn and pxn
evaporation channels were measured and compared with
HIVAP calculations. The quasifission process of **Ca + '">Lu
was also studied with time-dependent Hartree-Fock (TDHF)
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theory and the improved quantum molecular dynamics
(ImQMD) model.

II. EXPERIMENTAL DETAILS

The “°Ca+ '"Lu reaction was studied in two separate
experiments. In the first experiment, the “°Ca beam was de-
livered by a linear accelerator, namely the China Accelerator
Facility for Superheavy Elements (CAFE2) [11,12]. The in-
cident beam energies were 212 MeV and 228 MeV and the
beam intensities were up to a maximum of 2.5 puA. 20
arc-shaped 'Lu targets with a thickness of 0.45mg/cm?
were mounted on a rotating wheel of 50-cm diameter and
the wheel was rotated at 2000 rpm during the irradiation. The
beam intensity and target thickness were monitored by a plas-
tic scintillator with Si-PM (silicon photomultiplier) mounted
45 degrees with respect to the incident beam axis, which
counted elastically scattered projectiles. Recoiled evaporation
residues (ERs) were separated from the primary beam and
other unwanted reaction products by a new gas-filled recoil
separator SHANS?2 (spectrometer for heavy atoms and nuclear
structure-2) [12]. The separator was filled with helium gas at
a pressure of 100 Pa and the magnets were set to guide the
ERs to the center of the focal plane. ERs surviving during the
flight were implanted into a 300-um-thick double-sided sili-
con strip detector (DSSD) with 128 vertical and 48 horizontal
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1-mm-wide strips. To detect the « particles escaped from the
DSSD, six single-sided strip detectors (SSDs) with sensitive
areas of 120 x 63 mm? were mounted perpendicular to the
surface of the DSSD. Each SSD has a thickness of 500 um
and is divided into eight 15 x 63 mm? side strips. The total
detection efficiency of the detector array was measured to be
86(8)%. Two multiwire proportional counters were installed
in front of the DSSD allowing us to distinguish the «-decay
events from the implantation ones. Behind the DSSD, three
punch-through silicon detectors were mounted for the rejec-
tion of signals produced by energetic light particles. All the
silicon detectors were cooled down to —30°C to gain a better
energy resolution using an alcohol cooling system.

In the second experiment, the “°Ca beam with a beam
energy of 202 MeV and an intensity of 0.5 puA was supplied
by the Sector Focusing Cyclotron of the Heavy Ion Research
Facility in Lanzhou (HIRFL), China. A fixed '"Lu target
with a thickness of 0.5mg/cm? was used. The ERs were
separated from the beam ions by the gas-filled recoil separator
SHANS (spectrometer for heavy atoms and nuclear structure)
and implanted into three 300-um-thick position-sensitive strip
detectors (PSSDs) installed side by side at the focal plane of
the separator. More details of SHANS and the detector system
can be found in Refs [13-15].

30 and 16 waveform digitizers V1724 with 100 MHz
sampling from CAEN S.p.A. [16] were used for the data
acquisition at SHANS?2 and SHANS, respectively. The energy
calibrations of silicon detectors were performed using a three-
peak (244Cm, 241 Am, and 239Pu) « source as well as the known
peaks from the nuclei produced in the “°Ca + '>Lu reaction.
The typical energy resolution was about 40 keV [full width at
half-maximum (FWHM)] for 6-8 MeV « particles detected
by the DSSD or PSSDs. The total energy of an escaped o
particle was reconstructed by adding the deposited energies in
the DSSD and SSDs (or PSSDs 4 SSDs), and had an energy
resolution of 80 keV (or 240 keV for PSSDs + SSDs).

III. RESULTS AND DISCUSSION

Identification of most of the nuclei produced in the
40Ca 4 1Lu reaction could be performed using their unique
a-decay energy and half-life. As an example, Fig. 1 shows
the energy spectrum of the « decays following the implanted
residues within 2 s measured in the DSSD at a beam energy of
228 MeV. The complexity of this « spectrum is due to several
different evaporation channels with their subsequent «-decay
cascades. Nevertheless, the Fr, Ra, and Ac isotopes produced
in charged- particle evaporation channels are identified based
on their tabulated «-decay properties [17]. For the nuclei
produced with relatively low statistics, the method of geneti-
cally correlated events was used. In Fig. 2, a two-dimensional
scatter plot showing the correlation between the parent and
daughter a-particle energies is presented. The searching time
windows were 50 ms for the ER-«a1 pair and 2 s for o1-ac2
pair. The a-decay correlations originated from 2*Th, 2!°Th,
206.206m A ¢ and 297 Ac isotopes are clearly identified based on
their known decay properties [18-20].

The statistics of specific nuclei determined from above-
mentioned spectra, together with the information of the target
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FIG. 1. Energy spectrum for « particles following the implanted
residues within a time window of 2 s measured in the *°Ca + "*Lu
reaction at a beam energy of 228 MeV.

thickness, beam dose, detection efficiency, and transmission
efficiencies of SHANS and SHANS?2 were used to deduce
the evaporation residue cross sections. The «-decay branching
ratio of each nuclei of interest was adopted from Ref. [17].
The transmission efficiencies of SHANS and SHANS2 were
measured to be 14% and 47%, respectively, by using the
“0Ar+4 1 Lu reaction [12,13]. The same transmission effi-
ciency was assumed for the xn and pxn evaporation channels
of *Ca + "Lu. However, for the axn channel the uncertainty
of transmission efficiency is larger due to a broader ER angu-
lar distribution after the «-particle emission. The resulting xn
and pxn cross sections for the *°Ca + "*Lu reaction are given
in Table I. The effective beam energies at the center of target
were calculated using the program SRIM [21]. The error bars of
the cross sections only represent statistical errors determined
by the method described in Ref. [22]. In some cases, only
upper limits for the cross sections are given.

The measured cross sections for the *’Ca 4 !> Lu reaction
can be discussed with regard to the fusion process and to
the de-excitation of the compound nucleus. The evaporation
residue cross section ogg is commonly modeled as the product
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FIG. 2. Two-dimensional scatter plot of parent and daughter o-
particle energies for correlated ER-o1-a2 events measured in the
“0Ca + ">Lu reaction at a beam energy of 228 MeV. The searching
time windows were 50 ms for the ER-«1 pair and 2 s for the o1-a2
pair.
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TABLE I. Measured xn and pxn cross sections for the “0Ca + "PLu reaction in the present work. Ej,, ot 1S beam energy at the center of the
target. E¢y is the excitation energy of the compound nuclei. The indicated errors represent only statistical uncertainties. In some cases, only

upper limits for the cross sections are given.

Elab.c()t EéN O4n (ZI ! Pa) Osp (2 : OPa) O6n (209 Pa) Op3n (2] ! Th) O pan (21 OTh) Opsn (ZOQTh)

(MeV) (MeV) (pb) (pb) (pb) (pb) (pb) (pb)

200 55 <76 - - 669+228 <76 -

209 62 213 7+3 - 126+17 152417 <038

225 75 - 273 <1 <1 1675 2310

of three factors, this model, the fusion mechanism is assumed to occur when
the projectile-target system overcomes the interaction barrier,

OER = UcapPCNWsur~ () prol 8" Sy

where oc,p is the capture cross section for the transition of
the colliding nuclei over the Coulomb barrier, Pcy is the
probability that the system then evolves into an equilibrated
compound nucleus, and Wy, is the survival probability of the
excited nucleus. The compound nucleus formation probability
Pen is hindered by the quasifission of the hot rotating din-
uclear system into two fission-like fragments. In this work,
the probability of quasifission of the concerned *’Ca + '">Lu
reaction is very small and thus ogr 2 0capWey. To clarify
this, we have studied the *“°Ca 4+ '"Lu reaction with TDHF
theory [23] and ImQMD model [24]. It is usually thought
that in quasifission, the composite system breaks apart before
reaching compact equilibrium shapes, often occurring in less
than 10 zs [25]. In both TDHF and ImQMD calculations, the
reaction systems are self-consistently evolved to ¢t = 20 zs.
In Fig. 3, we show the time evolution of the density distribu-
tion from the TDHF calculations at side and tip orientations
for head-on collisions at an incident energy of E.., =
164.8 MeV. The quasifission is not observed even at t =
20 zs. At the same time, we perform 10° simulations for
#0Ca 4 1Lu reaction by using the InQMD model and find
the probabilities of quasifission are smaller than 1% at E. ,, =
162.7 MeV and 167.5 MeV. Therefore, in the analysis of evap-
oration residue cross sections of *°Ca + °Lu, the influence of
quasifission can be neglected.

A standard evaporation calculation was performed for the
#0Ca 4 1"Lu reaction by using the code HIVAP [27,28]. In
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FIG. 3. Time evolution of the mass density in the tip and side
orientations for head-on collisions of **Ca+ Lu at an incident
energy of E., = 164.8 MeV.

which is calculated using the Bass global nucleus-nucleus
potential [26]. The effect of deformation which may be impor-
tant near the barrier and at sub-barrier energies was included.
Moreover, fluctuations of the fusion barrier with a Gaussian
distribution were also taken into account. For the de-excitation
stage, the HIVAP code makes use of standard evaporation
theory by considering the competition between various decay
channels, such as neutron, proton, a-particle evaporation, y-
ray emission, and fission. The nuclear level density parameters
and fission barriers are the two most sensitive parameters in-
volved in the calculation. For the former, we used the Reisdorf
parametrization from Ref. [28]. The fission barriers B, were
calculated with the formula: By = Cy x Bf® 4 AW,,, where

Cy is a free scaling factor, B7” is the liquid drop fission barrier
[29], and AW, is the ground-state shell correction [30]. The
fission barrier scaling factor Cy was the only adjustable in our
calculation. In order to check the consistency of the calcula-
tion, we performed HIVAP calculations for the *°Ar-induced
fusion reactions with isotopes of Lu, Hf, and Ta, in which the
evaporation residues produced are adjacent to those of the in-
vestigated reaction [4]. We note that good agreement between
calculation and experiment results was obtained when the
scaling parameter Cy = 0.70 was used. Thus, it is reasonable
to perform the HIVAP calculation for the *’Ca 4 '>Lu reac-
tion with the same Cy value. Figure 4 shows the calculation
results of HIVAP together with measured data for the xn and
pxn channels of the °Ca + ">Lu reaction. The uncertainties
of measured cross sections are not shown in the figure for
clarity. A satisfactory agreement can be found between the
calculated and measured data, both in terms of the absolute
values and energy dependence of the cross sections. The cross
sections for the pxn channel were dozens of times higher than
those of the xn channel. This could be due to the low proton
binding energy of the neutron-deficient compound nucleus,
which makes the proton emission preferential. For the isotope
211pa. the production cross section of 2 pb was measured
at Efy = 62 MeV while only an upper limit of 76 pb was
obtained at Efy = 55 MeV. We note that this new isotope was
recently synthesized in the '8! Ta(*®Ar, 6n)2!'Pa reaction by
employing the gas-filled recoil separator RITU [6]. The mea-
sured cross section of 20 pb is comparable to the maximum
value predicted by HIVAP calculation for the *’Ca+ "Lu
reaction. A dozen a-decay events of a new isotope >!°Pa was
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FIG. 4. Cross sections for the fusion-evaporation reaction
40Ca + "Lu: (a) xn channels, (b) pxn channels. Experimental data
measured in the present work are shown by the symbols. The values
calculated using HIVAP (C; = 0.70) are shown by dashed lines.

Bass barrier EY, is calculated according to Ref. [26].

observed using beam energies of 212 MeV (Efy = 62 MeV)
and 228 MeV (Efy =75 MeV) at SHANS2. The detailed
a-decay properties of this isotope will be given elsewhere
[31]. The beam time is about 76 and 65 h, respectively. The
production cross section of this new isotope is reached down
to a few picobarns, which demonstrate the high sensitivity of
SHANS?2 for the production of neutron-deficient heavy and
superheavy nuclei. For **Pa, only an upper limit of cross
section of 1 pb was achieved and a maximum of about 0.05
pb was predicted by the HIVAP calculation. Higher beam

intensity and more beam time are needed to produce this very
neutron-deficient nucleus in a future experiment.

IV. SUMMARY

In conclusion, the fusion-evaporation reaction
#0Ca 4 '"Lu aimed at synthesizing new neutron-deficient Pa
isotopes was studied at the gas-filled recoil separators SHANS
and SHANS?2. The xn and pxn cross sections were measured
at three beam energies. The quasifission process in the
40Ca 4 "Lu reaction was studied with TDHF and ImQMD
models and the results show that the influence of quasifission
in the analysis of evaporation residue cross sections can
be neglected. The measured data are compared with the
calculation results performed by the standard evaporation
code HIVAP. Good agreement between calculated and
measured data was obtained when the fission barrier scaling
parameter Cy = 0.70 was used. The evaporation residue cross
sections of *°Ca + 1> Lu were measured to be as low as a few
picobarns, which demonstrate that SHANS?2 is an excellent
apparatus for the synthesis of heavy and superheavy nuclei
using fusion-evaporation reactions.
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