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Abstract. The shell structure and fission-barrier heights of nuclei involved in the compound-
nucleus (CN) de-excitation chains leading to observable evaporation residues (ER) determine
essentially fusion-evaporation cross sections for heavy fissile nuclei produced in the vicinity of
the N=126 neutron shell in heavy ion (HI) reactions. The entrance-channel effect of quasi-
fission (QF) lowering the fusion cross section in reactions with massive nuclei and the effect
of the collective enhancement in the nuclear level density (CENLD), corresponding to the exit
channel, should strongly reduce production cross sections for ER and increase the observed
fission cross section in the vicinity of N=126. These effects were not evidently manifested in
the analysis of cross sections obtained in different CN reactions leading to Po isotopes produced
in a wide region of N. This analysis has been performed in the framework of standard statistical
model (SSM) approximations. As a whole, production cross sections for neutron deficient Po
nuclei produced in HI reactions can be reproduced in the framework of SSM with the reduced
liquid-drop fission barriers [1]. We present a similar analysis of ER and fission cross section
data obtained in the reactions induced by **He on Pb and Bi targets, which lead to Po and At
compound nuclei [2], which proved to be a good test of the preceding results [1]. Such reactions
are characterized by much lower angular momenta transferred to a CN that allows to suggest
more pronounced manifestation of CENLD effects in the CN decay. These reactions also do not
reveal any indications of QF. This simplifies the data analysis and makes it more unambiguous.
The results of the analysis of the 3>*He reactions performed in the present work demonstrate
the same changes in the fission barrier heights for Po and At nuclei as obtained earlier with HI
reactions data [1].

1. Introduction

A comparison of fission barrier heights calculated in a region between two neutron shell numbers
(126 < N < 184) reveals a large spread in their predictions for exotic neutron-rich nuclei [3].
At the same time, reasonable description of the fission barrier heights close to the stability line
(where the model parameters were tuned to the experimental data) is accomplished [4]. Large
deviations between predictions of different models and the fission barrier heights derived from
nuclear reaction data were pointed out earlier for neutron-deficient nuclei [5]. The difference
between calculations for extremely neutron-rich (hypothetical) nuclei reaches more than 30 MeV.
Such uncertainty results in completely different scenarios as far as the r-process termination by
fission is considered [6]. In macroscopic calculations of fission barriers, the height of the barrier
is proportional to the nuclear surface energy which, in turn, depends on the charge asymmetry
parameter I = (N — Z)/A. Therefore, the study of the isotopic dependence of fission-barrier
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heights for nuclei far from the stability line is one of the most important tasks in modern
fission studies. Unfortunately, these studies for neutron-rich nuclei are very difficult due to
their very low production rates as it follows, e. g., from the results obtained in relativistic HI
collisions [7] and as one may expect from calculations exploring nuclear transfer reactions at
Coulomb energies [8]. At the same time, the isotopic dependence of fission barrier heights can
be presently studied in the more readily accessible region of neutron-deficient nuclei produced
in HI fusion-evaporation reactions.

2. Statistical model considerations of ER production in HI fusion reactions
Production cross sections for the neutron-deficient Po to Th nuclei, obtained in very asymmetric
projectile-target fusion-evaporation reactions are mainly determined by level density parameters
and the fission-barrier heights for nuclei involved in the CN de-excitation chains. Analysis of the
measured ER cross sections is usually performed in the framework of the SSM approximations,
e.g., with HIVAP [9] using the liquid-drop (LD) fission barrier heights with scaling of the form:
Bi(L) = keBFP(L) — AWy (kg is a scaling factor at the rotating LD barriers BFP(L) [10]
and AW, is the ground state shell correction). The macroscopic components of the barriers
B = k‘foLD derived from such analysis of the measured cross sections for Fr and Ra nuclei
production [11]-[14] are compared to various predictions in Fig. 1. The derived values are lower
than any calculations [15] (with the exception of [16]) and are a relatively smooth function of N,
e.g., for Fr nuclei, k¢ is gradually reduced from 0.85 to 0.8, in going from N=131 to 117. Prior
analysis of ER and fission cross sections for Po nuclei in a wide region of 105< N <126 [1] shows
a sizable decrease in Bf* as compared to any predictions (see Fig. 1). This analysis includes
ER cross section data obtained in nearly symmetric and asymmetric reactions leading to the
most neutron-deficient Po nuclei. The possibility of QF effects leading to the fusion probability
Pris < 1 cannot be ruled out in these reactions bearing in mind, e.g., the comparison of the
ER production cross sections obtained in the 8O+18W and 4¥Ca+4-'*Sm reactions leading to
the 292Pb* CN [18]. Such comparison indicates the Pgs < 1 values [19], which are noticeably
differed from similar values obtained with measured fission cross section and in calculations.

Note that the macro-microscopic models [3, 15] imply a smooth behavior of Bf* observed
for Fr and Ra (Fig. 1). It has to be also mentioned that any manifestations of the CENLD
effects do not imply the data derived in Fig. 1. In particular, these effects are expected to be
strongly pronounced in the vicinity of the N=126 spherical shell as the drop of ER production
cross sections as it follows, e.g., from the model presented in [7]. Such effect is not observed in
the cross section data of fusion experiments and, respectively, it is not revealed with the SSM
analysis as an expected relative reduction in the Bf" values (HIVAP does not take into account
the CENLD effects).

Among other peculiarities in the ER production cross sections, the effect of the energy losses
of a massive HI inside the target of finite thickness deserves attention. The effect leads to
visible broadening of excitation functions along with lowering of their maxima. It has to be
taken into account when the calculated excitation functions are adjusted to the measured one
using variations in the macroscopic fission barrier heights [20]. Lastly, the reliability of the ER
production cross sections measured in very asymmetric combinations implying a negligible fusion
suppression may be of great importance for the derived Bf" values. For example, available ER
cross section data obtained in the 197 Au('2C,zn)%09~% At reactions (see Refs in the most recent
works [21]) demonstrate a difference in the values corresponding to a factor of 5-6 that leads to
the difference in the “adjusted” k¢ values in the range between 0.5 and 1.0 as it follows from the
analysis with HIVAP.
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3. Analysis of cross section data obtained in **He-+Pb,Bi reactions

The He induced reactions on Pb and Bi targets, which lead to Po and At compound nuclei,
can be particularly suited for this study considering the above mentioned difficulties inherent
in the analysis of HI reaction cross sections. These reactions have at least two advantages over
HI ones: a) much lower angular momenta are transferred to compound nuclei formed in the
reactions ensuring, along with relatively high excitation energies, more favorable conditions for
the manifestation of the CENLD effects as compared to the HI ones [1] associated with very
high rotation energies and b) these reactions reveal no indications of QF due to the ultimate
difference in the masses of projectiles and targets.
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Figure 1. Bottom panels: the macroscopic fission barriers Bf"* for Po [1], Fr and Ra nuclei
derived with the SSM [9] analysis of ER and fission excitation functions obtained in HI fusion
reactions (symbols) in comparison to the different model predictions [5, 15, 16] (lines). Upper
panels: the ground-state shell corrections AWy with the indicated regions of nearly spherical
nuclei around N=126, corresponding to |32| < 0.15 [17].

Earlier, the fission barrier heights of Po and At nuclei (along with other parameters which
determined the CN statistical decay) were derived using the only fission reactions induced by
light charged particles (including He) on corresponding target nuclei [22]-[25]. At present,
available experimental data on the production cross sections of Po and At ER produced in
(>4He, zn) reactions [2] allow simultaneous analysis of the evaporation and fission cross section
data as was done earlier [1] for some HI data. The main difference of the present approach from
the previous fission data analysis [22]-[25] is the derivation of the nuclear potential parameters
which are sensitive to the ER cross section data at barrier and sub-barrier energies, whereas
fission data are more sensitive to the CN statistical decay parameters. Earlier, the fission data
analysis [23]-[25] was performed using fusion cross sections calculated with the optical model.

The most representative experimental data were obtained in the *He+2%8Pb reaction as shown
in Fig. 2 for the 1n to 4n evaporation channels. The 1n and 2n evaporations allow choosing
definitely the main parameter values of the nuclear exponential potential (Vy, ro and o(rg)/ro)



IOP Publishing

Ischial4
doi:10.1088/1742-6596/580/1/012039

Journal of Physics: Conference Series 580 (2015) 012039

which is used in the previous analysis of the HI Po data [1]. The evaporation data indicate
importance of y-emission at the CN de-excitation. Fission data (Fig. 3) are more sensitive
to the level-density and fission barrier scaling parameters (a,, af/a, and k) of SSM. At high
energies the critical angular momentum for fusion L., becomes a crucial value determining cross
sections calculated for fission and for the 6n to 10n evaporations.
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Figure 2. The 2117208Pg isotopes production Figure 3. Fission cross sections measured
cross sections measured in the 2Pb(*He, 1In— in the *He+28Pb reaction [24] (triangles)
4n) reactions by different groups are shown by are shown together with the fission excitation
symbols (see Refs. in [2]). The corresponding functions calculated in the same as in Fig. 2
excitation functions obtained with the SSM and with use of Le, = 25 (lines). Fusion cross
calculations using the best choice of the nuclear sections tabulated in [26] as well as calculated
potential parameters and different sets of the with the nuclear exponential potential are also
CN-decay parameters are shown by lines. shown for the reference.

In Table 1, the main parameters of the nuclear exponential potential and of the statistical
decay of Po and At compound nuclei (see more details in [1]) are shown. Their values were
varied within the SSM [9] data analysis and that corresponded to the best fit of calculations to
the data [2] are indicated in Table 1. In the SSM description of the CN decay the preference was
given to the values of the level density parameters calculated according to [9] and designated as
ag/a,(WR). The same approach was used earlier [1], although excitation functions calculated
with a, = 8.5/A and ag¢/a, = 1.05 are very close to those corresponding to ag¢/a, (WR).

In Table 2, as examples, the values of maxima and their positions for the xn-evaporation
cross sections obtained in the most representative *He+Pb,Bi data [2] and in the corresponding
SSM calculations with the parameter values listed in Table 1 are compared. Note that these
calculations show a good fit to the measured fission cross sections (see Fig. 3).

In Fig. 4 the Po and At macroscopic fission barriers derived with the present analysis of
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Table 1. The nuclear exponential potential and CN decay main parameters which were varied
within the present SSM [9] data analysis. The values correspond to the best fit to the data [2].

Vo 0 o(ro)/ro  Ler ag/ay,[9] ke Lep [26]
Projectile Target (MeV/fm) (fm) (%) (h) (h)
4He 208-206,204pt, 80 1.12 2.5 25  1.068-1.066 0.85 28
209B; 3.5 26 1.0621
3He 208,207p1, 60 1.25 8.5 16  1.068, 1.066 18
209B; 1.0615

Table 2. The values of maxima and their positions corresponding to the CN excitation energy
for the (*He,zn)-excitation functions obtained in experiments [2] (two upper lines) and in the
present calculations using [9] with parameter values listed in Table 1 (next two bottom lines).

Cross section maximum (mb) / Position of maximum (MeV)

Target 1n 2n 3n an 5n 6n ™m 8n 9n  10n
208phL  Expt 135 1010 ~1100  >1250 830 930 ~400 242 142
126 205 ~30 >37 60.7 754 ~87 1024 111.7
Calc 130 1040 1460 1610 1290 1020 730 550 377 256
13 21 30 40 52 63 75 86 100 113

206phL  Expt 1050 >1380  >1270 1020 521 340 320 305

25 >30 >41 58.4  76.0 80.9 93.7 112.8
Calc 205 1020 1440 1560 1270 935 710 490
15 22 32 42 53 65 77 89
209Bi  Expt 144 954 1300 1090 736 603
123 21.2 27.7 40.5 55.0 634
Calc 202 1100 1400 1530 1280 980 640
13 22 31 42 53 65 76

ER and fission excitation functions obtained in the >*He fusion reactions are shown. As in
the similar case of the HI reaction data analysis [1], the heights of the barrier in the region of
114< N <128 are lower than any calculations [15] (with the exception of calculations in the
framework of the LSD-model [16]).

4. Summary

ER and fission cross sections measured for 3*He reactions leading to the Po and At compound
nuclei are analyzed in the framework of the Standard Statistical Model. This latter allows to
reproduce reasonable well the cross sections in both channels. The macroscopic fission barriers
derived for these nuclei are found lower than the calculated ones with different models, with the
exception of those predicted by the LSD model [16] which underestimates the data. The same
behavior has been observed earlier with HI- reaction data. Furthermore, the fission barriers for
Po nuclei are in satisfactory agreement with those extracted from other authors with a similar
SSM data analysis of very asymmetric HI-fusion reactions. These findings indicate that 3*He
reactions can be used to verify the results of the HI data analysis using a similar approach, and
that the derived macroscopic fission barriers (along with other SSM parameters) can provide an
estimate of the fusion probability in more symmetric reactions
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Figure 4. The same as in Fig 1 but for the Po and At macroscopic barriers derived with the
analysis of ER and fission excitation functions obtained in **He fusion reactions (black symbols).
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