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Abstract. Excitation functions of super-heavy evaporation residues formed in cold-fusion reactions were
analyzed with the aim of getting information on the fission barrier height of these nuclei. The method
uses the location of the maximum of 1n and 2n excitation functions. The results obtained on nuclei from
Z = 104 to 112 are compared to three theoretical predictions.

PACS. 25.70.Jj Fusion and fusion-fission reactions – 24.75.+i General properties of fission

1 Introduction

The fission barrier height is a fundamental characteris-
tics of a super-heavy nucleus, since the existence of a fis-
sion barrier is the condition for the formation of such a
compound nucleus. It has a practical importance for the
possibility to produce evaporation residues (ERs), since
it governs the survival probability of the compound nu-
cleus and therefore the very small cross-sections of ERs
(< 1 pb for elements above 112). It also governs the
spontaneous-fission lifetime of these ERs, with two conse-
quences: i) when this lifetime becomes similar to the ER
time-of-flight from the target to the implantation detec-
tor, the detection efficiency of the ERs is strongly reduced
(eventually to the point of becoming negligible); ii) when
the fission lifetime becomes shorter than the α-decay life-
time, fission occurs preferentially; the present techniques
do not allow to obtain the A and Z values of the two fis-
sion fragments and to reconstruct the fissioning nucleus;
therefore this detection does not provide an identification
as clear as the observation of a chain of α-particles ending
on a known isotope. A good estimate of Bf is mandatory
for predicting the cross-section, lifetime and radioactive
decay of new elements or isotopes. Any experimental in-
formation is of much interest.

The excitation functions of residual nuclei formed at
Dubna in hot-fusion reactions were used in cases where the
compound-nucleus cross-sections had been experimentally
measured [1]. The survival probability was calculated us-
ing usual statistical formulas. By fitting the calculated xn
excitation functions to the experimental ones, lower limits
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of fission barrier heights were obtained for several isotopes
of elements 112, 114 and 116 [2].

In this paper, we are interested in other isotopes,
formed at smaller excitation energies, and the fission bar-
rier heights were extracted using another method.

An attempt is made to extract the fission barrier of
isotopes formed at GSI and RIKEN in cold-fusion reac-
tions with 208Pb or 209Bi target nuclei [3,4]. Figure 1
shows the values predicted by three different macroscopic-
microscopic approaches for compound nuclei with Z = 104
to 114 formed in these reactions and for the 1 neutron and
2 neutrons evaporation residues. The table of Moeller et
al. [5] gives the shell correction to the potential energy at
ground state; the macroscopic barrier (liquid drop) at the
saddle was added by Aritomo [6] and varies from 0.8 MeV
to 0 for the nuclei under consideration (Note: a conve-
nient formula is given by Swiatecki et al. in [7]). Similar
values are given in [8]. Mamdouh et al. [9] used the ex-
tended Thomas-Fermi plus Strutinsky integral method.
In the work of Muntian et al. [10] the macroscopic part
is based on the Yukawa-plus-exponential model and the
Strutinsky correction is based on the Wood-Saxon single-
particle potential. Large differences are observed between
these predictions, especially when approaching Z = 114
which is a possible magic number.

Since the compound nucleus cross-sections are not
known experimentally and theoretical calculations differ
by orders of magnitude, the method used in [2] (fitting
cross-section values) cannot be used here. We rely on the
peak locations of 1n and 2n excitation functions, E∗

max(1n)
and E∗

max(2n). Indeed, the center-of-mass incident energy
necessary to reach the maximum of the 1n excitation func-
tion is given by the sum of the fusion mass balance Q
(difference between the projectile and target masses and
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Fig. 1. Theoretical fission barrier values of nuclei formed in
cold-fusion reactions with 208Pb or 209Bi according to three ta-
bles. Top: Moeller et al. [5] plus liquid-drop contribution at sad-
dle. Center: Mamdouh et al. [9]. Bottom: Muntian et al. [10].
Compound nuclei: downward triangles. Evaporation residues:
1n = upward triangles; 2n = diamonds. The lines connecting
1n values are just to guide the eye.

the compound nucleus mass), the neutron separation en-
ergy of the neutron emitted by this compound nucleus
and the fission barrier of the residual nucleus plus about
1 MeV [11]. Conversely, the experimental determination
of the peak location makes it possible to obtain the fission
barrier height, provided the compound nucleus mass and
its first neutron separation energy are known. An elegant
expression for the energy of the 1n excitation function
was given by Swiatecki who uses the mass of the fission
saddle-point of the residual nucleus plus the mass of a
neutron minus the masses of target and projectile plus
about 0.5 MeV [7]. The experimental excitation functions
are those of Z = 104 to 112 nuclei formed in fusion be-

tween 208Pb or 209Bi and projectiles ranging from 50Ti
to 70Zn. These compound nuclei have two common fea-
tures: i) all of them have an even neutron number; ii) the
incident energy which corresponds to E∗

max(1n) is much
smaller than the Bass barrier VB (Coulomb barrier) at
Z = 104 and moves up to VB at Z ∼ 110; the incident
energy for E∗

max(2n) is slightly smaller or close to VB for
Z = 104–107 (and was not measured for Z ≥ 108).

2 Simulated excitation functions

Experimental 1n excitation functions were simulated in
three steps as illustrated in fig. 2.

In the first step, only the competition between fis-
sion and neutron evaporation is considered: it is described
with usual Γn/(Γ f + Γn) statistical formulas. It depends
on the neutron separation energy and fission barrier of
the compound nucleus and the 1n evaporation residues,
Sn(CN) and Bf(CN), Sn(CN−1n) and Bf(CN−1n). The
level density parameters an and af do not play any role
on E∗

max(1n) values. Monte Carlo calculations were per-
formed with a large number of events at each excitation
energy E∗, in 0.1 MeV bins. The Maxwellian kinetic-
energy distribution of evaporated neutrons was taken into
account. The left panel exhibits the excitation function
of this survival probability. Its maximum is located in
the 0.1 MeV bin just above Sn(CN) + [the smallest one
of Bf(CN−1n) and Sn(CN−1n)], i.e. when second-chance
fission or second neutron evaporation becomes energeti-
cally possible. Earlier, it was assumed that the average
kinetic energy of the first neutron should be added (about
1 MeV [11]), but the present Monte Carlo calculation in-
validates this assumption. This shape and location would
be the shape and location of the 1n excitation function if
the fusion cross-section excitation function would be flat.

Second step: each point of this survival probability
must be multiplied by the corresponding fusion cross-
section. We are not interested here in the absolute value of
the fusion cross-section, but only on its variation with en-
ergy. Since this range of energy is well below the Bass
barrier, the fusion cross-section decreases exponentially
with decreasing energy. More than two orders of magni-
tude were measured for an energy difference of 5 MeV
on the system 48Ca + 208Pb [12]. Theoretical calculations
give similar behaviours [13,14]. The resulting excitation
function is shown in the center panel. The effect of inter-
est here is a displacement of E∗

max(1n) to a higher value,
DE1: 0.8 MeV in this example.

Third step: in order to compare this shape and
E∗

max(1n) to experimental data, the energy resolution of
these data has to be taken into account. The projec-
tile energy decreases through the target thickness. The
corresponding excitation energy variation is 2.5 MeV to
3.5 MeV [3,4]. In the shown example, 3 MeV was used
and the simulated points are plotted at mid-target energy
as for experimental data. They exhibit a Gaussian shape
(fig. 2 right), like the data.

The FWHM of these distributions decreases from
3.2 MeV (left) to 2.8 MeV (center) and increases at right
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Fig. 2. Simulated 1n excitation functions. Horizontal scale: excitation energy (MeV) in 0.1 MeV bins. Vertical scale: cross-
section in arbitrary units, linear scale. Left: survival probability Γn/(Γ f + Γn). Center: survival probability multiplied by the
slope of the complete fusion excitation function. Right: same distribution simulating experimental conditions: data taken at
1.5 MeV intervals with a target thickness covering 3 MeV; the thin line is a Gaussian fit.

Table 1. Difference (Experimental mass − Calculated mass)
averaged on A, for Z from 102 to 108, and averaged on A and
Z (last column) in 7 mass tables. The full list of DM(A,Z)
with the 13 isotopes may be obtained from the author.

Z = 102 103 104 106 108 Aver.

Isotopes 6 2 2 2 1
Mye94 [15] −0.35 −0.50 −0.45 −0.55 −0.67 −0.45

Moe95 [5] 0.37 0.15 0.60 0.70 0.88 0.46

Abo95 [16] −1.42 −1.21 −1.78 −1.18 −0.90 −1.36

Kou00 [17] −1.11 −1.21 −1.32 −1.54 −1.60 −1.26

Lir01 [18] 0.15 0.20 0.14 0.07 0.17 0.15

Gor01 [19] −0.68 −0.66 −1.09 −0.95 0.21 −0.71

Mun02 [20] 0.08 0.18 0.01 0.08 −0.08 0.07

as expected: 4.5 MeV. This value is close to FWHM values
observed with the same target thickness [3].

3 Mass tables

Experiments determine 1n and 2n excitation functions in
the center-of-mass system. The reaction Q value is sub-
tracted to obtain E∗. It depends on the projectile and
target masses, which are known, and on the compound
nucleus mass, found in mass tables. Mass tables predic-
tions differ by up to a few MeV. E∗

max(1n) and Bf(CN−1n)
values would differ by this same amount. A comparison of
the mass tables to known mass values made it possible
to reduce this uncertainty. For the 13 masses experimen-
tally known for Z ≥ 102, the differences between measured
and calculated values, DM(A,Z), were listed. They were
found to be systematically either negative [15–17,19], or
positive [5,18,20].

Moreover, in each table DM(A,Z) do not exhibit a
significant variation as a function of A. Therefore table 1
shows the average difference as a function of Z, 〈DM(Z)〉,
for the mass tables listed in chronological order. Two ta-
bles exhibit a very small difference: [18,20]. The reason is
that these tables give mass values for nuclei with Z ≥ 82
and the parameters in the formulas were fitted on data
for these very heavy nuclei only. Therefore the 13 isotopes
with Z ≥ 102 have a much heavier weight in the fitting

0.3

0.5

0.3

0.9

1.1

2.

2.

1.7

1.5

2.5

1 2 3 4 5 6 7 8 9
Bf (MeV)

1 2 3 4 5 6 7 8 9CN
258Rf 154
259Db 154
262Sg 156
263Bh 156
266Hs 158
267Mt 158
272110 162
273111 162
278112 166
279113 166
284114 170

Max-Min

tables

Fig. 3. Fission barrier values obtained for 1n (lines) and 2n
(diamonds) evaporation residues from the compound nuclei
listed at left. Diamonds and thin lines: from GSI data [3];
thick lines: from RIKEN data [4]. Dotted lines at Z = 104–106
show lower limits for the 1n ER (see text). Dashed lines for
Z = 110 and 112 indicate very low statistics. Vertical mark:
Sn(CN−1n); vertical+horizontal mark: Sn(CN−2n). “Max-
Min tables”: maximum difference due to different adjusted
mass tables.

process than in mass tables using data from the whole
mass range. However, the small differences observed from
Z = 102 to 108 do not necessarily mean that the extrapo-
lation to heavier Z’s is closer to reality, so all mass tables
were equally considered. As seen in table 1, in all cases no
significant variation versus Z is observed. Therefore the
average value, 〈DM(A,Z)〉, in the last column, was used.
It varies from −1.36 to +0.46 MeV. Adjusted masses for
super-heavy nuclei in each table were then obtained by
adding 〈DM(A,Z)〉 of this table. These adjusted masses
are much closer to each other. The uncertainties on E∗

and Bf values due to the remaining differences are listed
in fig. 3.

4 Extraction of fission barrier heights

For each reaction, the 1n excitation function was sim-
ulated as described above. Sn(CN), Sn(CN−1n) and
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Sn(CN−2n) were taken as the average values of the dif-
ferent mass tables and are shown in fig. 3. In the third
step, the excitation energies and energy widths of each
simulated point were the same as in the actual data.
Bf(CN−1n) was fitted to get agreement between simu-
lated and measured E∗

max(1n) values.
Figure 3 exhibits the results obtained by this method.

The width of each symbol represents the estimated uncer-
tainty due to experimental data.

When Sn(CN−1n) is close to Bf(CN−1n), it is diffi-
cult to know which one is responsible for the location of
E∗

max(1n). For Z = 104–106, values obtained from the 1n
analysis (dotted line triangles in fig. 3) are indeed very
close to Sn(CN−1n) values (∼ 6.3 MeV for these odd-N
nuclei) and it cannot be determined whether the max-
imum of 1n corresponds to Bf(CN−1n) or Sn(CN−1n).
Then the same method was applied to 2n excitation func-
tions. They offer two advantages: i) since the incident en-
ergy which corresponds to E∗

max(2n) is close to VB, the
peak shift due to the slope of the fusion cross-section,
DE2, is small; ii) since these residues are even-N nuclei,
Sn(CN−2n) is ≥ 8 MeV and Bf(CN−2n) can be mea-
sured up to this value. Bf(CN−2n) values are found to be
∼ 6.4 MeV for Z = 104–106 (diamonds in fig. 3).

For Z ≥ 108, Bf values are obtained for 1n residues
and are smaller than 6 MeV, which is consistent with the
vanishing of 2n cross-sections relative to 1n. (This is also
due to a much smaller reduction of the 1n cross-section
than at smaller Z’s, because the incident energy for 1n
becomes close to, or larger than, VB.)

For Z = 110 and 111, different E∗
max(1n) values were

obtained at GSI and RIKEN [3,4]. The beam energies
have to be exactly known. For Z = 112, the two dashed
line triangles are indicative only since they come from 1
event only at each of two incident energies [3].

Remark: in fission barrier tables [5,9,10], fig. 1 shows
that the differences between neighboring isotopes are
smaller than the experimental uncertainties in fig. 3. The
present data are then unable to check odd-even N effects
on Bf.

5 Conclusion

These fission barrier values are not accurate. Neverthe-
less, they may be compared to fission barrier theoretical
predictions [5,9,10]. This comparison is made in fig. 4.
Mamdouh et al. [9] give values which are systematically
smaller than the data, by 2 to 3 MeV. Moeller shell cor-
rection at ground state [5] plus liquid-drop correction at
saddle [6] predicts a rather constant value, 5–6 MeV, for
the nuclei studied here; it slightly underestimates the data
for Z = 104 and 105 and is in agreement, within experi-
mental uncertainties, for Z ≥ 108. An overall rough agree-
ment is observed with Muntian et al. table [10]. It has to
be confirmed by more accurate data on Z = 110–112. Re-
mark: its predicted values for the compound nucleus and
the 1n evaporation residue 283114 formed in cold fusion
of the system 76Ge + 208Pb are smaller than 4 MeV; this
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Fig. 4. Fission barrier values obtained for 1n (lines) and 2n
(diamonds) evaporation residues listed at left and compared
to 3 theoretical fission barrier tables. Diamonds and thin lines:
from GSI data [3]; thick lines: from RIKEN data [4]. Solid small
symbols: theoretical values. Top: Moeller et al. [5]. Middle:
Mamdouh et al. [9]. Bottom: Muntian et al. [10].

would decrease very much the survival probability and the
1n cross-section.

Another comparison can be made with the Bf lower
limits of heavier elements and isotopes mentioned at the
beginning of this paper [2]. For 283–286112, 288–292114 and
292–296116 isotopes, they are 5.5, 6.7 and 6.4 MeV, re-
spectively. These lower limits are larger than the val-
ues predicted by Muntian et al.: 3.5–4.1, 4.5–5.8 and
5.4–6.5 MeV, respectively. They are smaller than (and
therefore do not contradict) the values predicted by
Moeller et al.: 6.2–6.6, 8.1–8.9 and 8.3–9 MeV, respec-
tively, and by Mamdouh et al.: 7.1–6.5, 6.1–7.3 and
6.5–7.6 MeV, respectively.
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With these two sets of inaccurate data, the predic-
tions which have the best overall agreement are those
from Moeller et al. However, more data, and more accu-
rate ones, on fission barrier heights of super-heavy nuclei
have to be obtained in order to be able to reach a firm
conclusion.
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