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The analysis of fission events following the implantation of evaporation residues produced in the fusion 
reaction of 50Ti and 209Bi at different bombarding energies has revealed 5 millisecond decays, which 
are attributed to the spontaneous fission of proton-evaporation channels. The average cross sections for 
proton evaporation are found to be ∼100 and 10 times smaller than the largest neutron-evaporation 
channel cross section at the same excitation energy. These results suggest that the proton evaporation 
channel, albeit weak, may represent a realistic alternative to synthesize new, more neutron rich super 
heavy nuclei.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The synthesis of new heavy isotopes addresses fundamental 
questions in nuclear physics, astrophysics and atomic physics: 
what is the extent of the nuclear chart and what are the prop-
erties of nuclei in extreme conditions of charge and mass ? 
Can superheavy nuclei be produced in the nucleosynthesis pro-
cesses by which the heaviest stable or very long-lived elements 
on earth have been produced ? What is the atomic organisation 
of these very heavy nuclei ? In recent years, a very successful 
way of producing heavier and heavier nuclei has been the use 
of fusion-evaporation reactions using 48Ca projectiles and actinide 
targets [1]. This research program has led to the discovery of 
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the heaviest element with Z = 118 protons, oganesson. To go fur-
ther in proton number, one can accelerate beams heavier than Ca 
and hopefully synthesise elements beyond oganesson. To go to-
wards more neutron-rich nuclei, closer to the predicted “Island 
of Stability” [2], target materials such as 251Cf and 254Es can be 
envisaged, though the procurement of such enriched targets in 
sufficient quantities is not an easy task. Another route would be 
to produce new more neutron-rich isotopes via 1-proton and x 
neutron-evaporation reactions (pxn), for which transmission effi-
ciencies into recoil separators are more or less the same as for the 
neutron-evaporation (xn) channels (in contrast to the αxn channel 
which suffers from a large reduction in transmission). As an ex-
ample, one could imagine synthesizing moscovium (Mc, Z = 115) 
nuclei with the standard 48Ca beam and a 248Cm target instead 
of 243Am. This would yield Mc isotopes at least 4 neutrons richer 
than what has been achieved up to now. The investigation of p-
evaporation channels is therefore an important direction to pursue 
in terms of the continued effort to map the uncharted areas of the 
Segré chart but also in terms of understanding the reaction mech-
anisms that lead to the formation of the heaviest nuclei. Further-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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more, quantifying the relative cross section for charged-particle 
emission with respect to neutron evaporation from such heavily-
charged systems is necessary in view of the fact that all Z and A 
assignments of the heaviest known nuclei have been made assum-
ing that the super heavy compound-nucleus formation is followed 
exclusively by neutron emission.

There are reports of very early investigations on pxn reactions 
leading to 256Md using light ions [3], and on pxn and αxn evapo-
ration channels in 208Pb+ 48−50Ti reactions [4], in which the upper 
limits of the (Ti, pxn) or (Ti, αxn) reaction cross sections were de-
termined to be at a level of about one hundredth of the (Ti,xn) 
reaction cross section. In experiments with SHIP at GSI where the 
evaporation residues from reactions of 50Ti on 209Bi were inves-
tigated for the first time, the cross section for the p evaporation 
channel was deduced to be of the order of 0.1 nb [5] based on 
the observation of 1 fission event. In the present work, the same 
compound nucleus 259Db∗ was chosen as the xn evaporation chan-
nels have lifetimes of the order of a second or more while the 
p and p2n evaporation channels lead to the unambiguous “fast” 
fission signal of 256,258Rf with lifetimes under 20 ms. This letter 
shows that the cross-section measured at SHIP was overestimated 
and gives the first experimental measurement for pxn reaction 
cross sections leading to Rf nuclei at different bombarding ener-
gies. These results are compared to theoretical calculations and 
possible new avenues for synthesizing new heavy isotopes at the 
very top of the nuclear chart are also discussed.

2. Experimental details

The isotopes 256,257,258Db were produced in
50Ti(209Bi, xn)259−xDb reactions. The intense 50Ti beam was pro-
vided by the U400 Cyclotron at the Flerov Laboratory of Nuclear 
Reactions in Dubna using the Metal Ions from Volatile Compounds 
(MIVOC) method [6]. The separator SHELS [7] was used to se-
lect the evaporation residues of interest and the newly upgraded 
GABRIELA detector array [8] was used to detect the residues and 
their subsequent α decay or fission as well as γ rays, X rays 
and conversion electrons. After selection in SHELS, the evaporation 
residues of interest pass through a Time of Flight (ToF) detector 
composed of 2 emissive foils and 4 large-size (70 × 90 mm2) mi-
cro channel plate detectors. The residues are then implanted into 
a 10 × 10 cm2 300 μm thick Double-sided Silicon Strip Detector 
(DSSD). With 128 strips on both sides, this DSSD provides 16384 
individual pixels for position and time correlation of the implanted 
ion with subsequent decays. Particles escaping from the DSSD are 
detected in eight 6 × 5 cm2 DSSDs with 16 strips on each side po-
sitioned upstream from the implantation detector and forming a 
tunnel. The Ge array consists of a large clover detector installed 
just behind the DSSD and 4 coaxial detectors forming a cross 
around the DSSD. All Ge detectors are equipped with BGO shields. 
Targets wheels accommodating 6 metallic Bi targets on a 3 μm Al 
backing were used. The average thickness of the Bi target segments 
on a given wheel varied from 0.38 to 0.51 mg/cm2 ±0.02 mg/cm2. 
Calibrations of the DSSD were performed by implanting 209,210Ra 
and 216,217Th isotopes produced with 164Dy and 170Er targets 
respectively and observing their characteristic α decay. The cali-
bration of the Ge detectors was performed using standard sources 
such as 152Eu and 133Ba, while the tunnel detectors were cali-
brated using the conversion electrons emitted in the decay of the 
117 μs isomer in 209Ra [9].

The data were taken in two experiments. The first experiment 
was performed in two campaigns. During the first campaign, cy-
clotron beam energies of 255 and 265 MeV were used, while in 
the second the primary beam energies were 255 and 275 MeV. An-
other difference between the two campaigns was the instrumenta-
tion of the DSSD. In the first instance, the amplification range on 
the DSSD allowed for the detection of internal conversion electrons 
and α particles, while in the second campaign, the amplification 
was changed to be able to measure α particles and fission up to 
∼150 MeV. A fission event therefore leads to an overflow in the 
DSSD electronics channels during the first campaign and a high-
energy signal above ∼40 MeV in the low-resolution amplification 
range of the DSSD during the second campaign. For the second ex-
periment, primary beam energies of 255, 265 and 275 MeV were 
used and the amplification range of the DSSD electronics was also 
set to detect α particles and fission events.

The background conditions at the focal plane of SHELS, which 
depend mainly on the beam properties at the target position, are 
reflected in the ToF-detector counting rate. Data occurring at times 
where large background rates are recorded were discarded in the 
analysis.

An efficient true-fission tag is the coincident detection of at 
least one of the numerous photons emitted by the excited fission 
fragments. In the first experiment however, Compton-suppressed 
events were not recorded to disc while in the second experiment 
they were. This leads to very different efficiencies to detect the 
γ -ray flash accompanying a fission event: ∼25% in the first case 
and ∼90% in the others. Another way to distinguish fission events 
from background due to scattered beam is to require a coinci-
dent signal in the tunnel detectors as one of the fission fragments 
may escape the DSSD and be detected in one of the tunnel DSSDs 
and both fission fragments emit atomic electrons, which can also 
leave a signal in one of the tunnel detectors. Due to differences in 
electronics thresholds and the number of working channels in the 
tunnel detector, the efficiency for this tag is estimated to be ∼38% 
during the first experiment and ∼49% during the second experi-
ment.

In the first experiment, the targets were covered with a 
30 μg/cm2 C coating on both sides to maximise heat evacua-
tion by radiation and were rotated allowing currents of up to 
300-350 pnA to be used. To quantify the possible contamination 
from 50Ti-induced reactions on Pb impurities of the target, the ex-
periment was repeated using Bi targets with a Pb impurity content 
of 0.1 10−5%. These were not covered by a C coating.

3. Results

The neutron-evaporation residues of 259Db were identified on 
the basis of known energies and lifetimes and mother-daughter 
correlation properties [11–13]. Fig. 1 shows the residue-α-α cor-
relation plots obtained at 255 MeV and 265 MeV primary beam 
energies. Fission events were also observed and the distribution 
of fission times recorded at 255 MeV, 265 and 275 MeV primary 
beam energies are shown in Fig. 2. Fission events with a half-life 
of the order of a few seconds as well as fission events occurring 
less than 65 ms after the detection of an evaporation residue were 
observed, some of which were detected in coincidence with pho-
tons and/or conversion electrons and escape fission events in the 
tunnel detector. The “slow” fission events correspond to the fission 
of 258Rf delayed by the unobserved electron capture (EC) of 258Db 
and there may be a contribution from a spontaneous fission branch 
of 257Db. Table 1 resumes the statistics collected regarding mother-
daughter α-α correlations and Table 2 shows the information for 
“fast” fission events. The probability that the observed “fast” fission 
events stem from the tail of the longer-lived fission or background 
events has been estimated according to the prescription of refer-
ence [10]. The fact that 8 of the 22 observed fission events are 
found to be in coincidence with tunnel detectors, in drastically re-
duced background conditions, is further evidence that the events 
arise from the decay of short-lived states. Following the method 
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Fig. 1. a) Residue-mother-daughter correlations obtained for all the data taken at 255 MeV beam energy and b) for the data taken at 265 MeV. The energy limits used 
to extract the number of mother-daughter correlations of Table 1 are [8800-9200 keV] for 256−258Db mother decay energies and [8350-8600 keV], [8600-8850 keV] and 
[8850-9200 keV] for 254Lr, 253Lr and 252Lr daughter decay energies respectively.

Fig. 2. Distribution of the time difference (in binary logarithm of the time difference �t in μs) between recoil and fission events detected at the same position in the DSSD 
observed at a) 255 and b) 265 MeV in the 1st campaign of the 1st experiment, at c) 255 MeV and d) 275 MeV in the 2nd campaign of the first experiment and e-f) in 2 runs 
at 265 MeV during the 2nd experiment. In panel c) a 3-component fit to the time distribution of fission events is represented, where random events, “slow” and “fast” fission 
events clearly appear. The position �tmax of each maxima gives the lifetime of the corresponding event: τ (μs) = 2�tmax [17]. In panels a, b, d-f), the 1- or 2-component 
fits to the fission time distribution are also shown. The filled (red) histograms represent the fission events for which a coincidence with the backward tunnel detectors was 
recorded (see text for details). The “fast” fission events of interest are marked with an asterisk.
described in reference [10], the average half-lives of the “fast” fis-
sion events could be extracted and are also reported in Table 2. 
These values are consistent with the published spontaneous fis-
sion half-lives of 256Rf (6.9(2) ms [14]) at the lowest and highest 
beam energies and with the literature values for the half-life of 
258Rf (10.0 ms [13,15] and 14.7 ms [16]) at the intermediate beam 
energy.
The nominal transmission and detection of SHELS for evapo-
ration residues produced in fusion reactions with a 50Ti beam is 
calculated to be 40% for xn and pxn channels. From the spatial 
distributions of the xn evaporation residues on the focal plane 
DSSD, the effective transmission and detection efficiency of evap-
oration residues was estimated to be 6.5(2.0)% and 28(5)% for the 
2 campaigns in the first experiment and 23(5)% during the runs 
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Table 1
Number of residue-α-α correlations for the 1-, 2- and 3-neutron-evaporation chan-
nels obtained for every target wheel irradiated during the course of the 2 experi-
ments. The average target-segment thickness on every target wheel, the mid-target 
beam energy and effective beam dose (i.e. in nominal background conditions) are 
also given.

Eb Bi target thickness Emid Effective dose 1n 2n 3n
(MeV) (mg/cm2) (MeV) (particles)

1st exp. C-coated
255 0.450 237.8 4.9 1017 1 20 0
255 0.425 237.9 5.1 1017 7 47 0
255 0.482 237.7 6.3 1017 3 53 1
265 0.482 247.9 4.7 1017 0 8 5

255 0.482 237.7 8.99 1017 38 117 0
255 0.510 237.6 1.08 1018 50 240 3
275 0.470 258.2 9.6 1017 0 1 2

2nd exp. not C-coated
255 0.380 238.8 6.8 1017 5 131 0
265 0.380 249.0 1.2 1018 2 6 16
265 0.480 248.6 9.0 1017 1 13 11
275 0.510 258.7 4.9 1017 0 1 1

Table 2
Number of residue-fission correlations (with �t(residue-fission)<65 ms) obtained 
for the different runs of the first and second experiments. The number of fission 
events recorded in coincidence with at least a Ge detector and a tunnel detector is 
indicated in parenthesis. The error probabilities that the events arise from the tail 
of the longer-lived fission events [10] are also reported together with the measured 
“fast” fission half-life t1/2 and the resulting “fast” fission cross-sections σ f f .

Emid

(MeV)
Fast fission events 
with (γ /tunnel)

Error 
Probability

t1/2

(ms)
σ f f

(pb)

1st exp.
237.8 3(0/1) 1.7 10−8 5.9 +8.1

−2.2 83 +82
−39

237.9 0 - - < 28 +66
−26

237.7 4(3/1) 7.9 10−16 2.1 +2.1
−0.7 80 +68

−38
247.9 1(0/0) 5.6 10−2 28 +135

−13 27+63
−24

237.7 3(0/0) 4.4 10−4 2.7 +3.6
−0.9 9 +8

−3
237.6 7(2/3) 3.9 10−9 7.6 +4.6

−2.0 17 +9
−5

258.2 2(2/2) 10−3 5.0 +12.1
−2.1 6+8

−4

2nd exp.
238.8 0 - - < 6.6 +15.4

−5.8
249.0 1(1/1) 5.3 10−4 1.1 +5.3

−0.5 3.8 +8.7
−3.3

248.6 1(1/0) 5.1 10−2 21.5 +103
−9.8 4.0 +9.3

−3.5
258.7 0 - - < 6.8 +15.9

−6.0

of the second experiment. The lower than expected transmissions 
are mainly due to the non optimal beam conditions on entering 
the separator. This in turn leads to different background conditions 
in the different runs. The recoil tagging efficiency was measured 
for each run by comparing the number of residue-α-α and α-α
correlations and ranges from 87 to 93%. Using these efficiencies 
and assuming negligible EC and fission branches for 252,253Lr and 
257Db isotopes and taking an EC branching ratio of 30% for the 
even Db isotopes and 254Lr [18–21], the number of α-α correla-
tions and fission events in Table 1 and Table 2 can be transformed 
into xn-evaporation and tentative pxn-evaporation cross sections. 
These are shown in Figs. 3 and 4 together with theoretical calcula-
tions.

The cross section for the synthesis of a superheavy nucleus in a 
heavy-ion fusion reaction with the subsequent emission of x neu-
trons and y protons can be calculated as

σ
xn,yp
E v R (E) = π h̄2

2μE

∞∑

l=0

(2l + 1) Pcont (E, l) × (1)

× P C N (E, l) · P xn,yp (E, l) , (2)
Fig. 3. Experimental cross sections for xn evaporation averaged over the first and 
second experiments as a function of mid-target beam energies. The mid-target 
beam energies have been obtained by correcting the cyclotron beam energies for 
energy losses in the C-coating (when present), the Al backing and half the target 
thicknesses. The errors account for a 1% uncertainty on the measurement of the 
beam energy as well as on the thickness of the Al backing. The dashed lines rep-
resent the measured cross sections at GSI [11] and the solid lines represent the 
theoretical 1, 2 and 3n neutron evaporation cross sections (see text for details).

Fig. 4. Experimental and theoretical cross sections for pxn evaporation as a function 
of mid-target beam energies and target Bi enrichment. The solid lines are the result 
of theoretical calculations for the p and p2n evaporation channels and the dashed 
line is the scaled cross section for the 50Ti(208Pb, 2n) reaction (see text for details).

where μ is the reduced mass of the system, Pcont is the par-
tial contact probability calculated within the channel coupling ap-
proach [22–25], P C N is the probability of formation of a compound 
nucleus from the configuration of two touching nuclei [26] ad-
ditionally adjusted to reproduce the data on the xn evaporation 
channels, and P xn,yp is the survival probability. We used the NRV 
statistical code of decay of excited nuclei [23–25] to obtain P xn,yp . 
Within this model, the fission barriers are calculated as the dif-
ference between the liquid-drop barriers [27] and the shell cor-
rections to the ground-state masses. The masses necessary for cal-
culating the excitation energy of the compound nucleus, particle 
binding energies as well as the corresponding shell corrections are 
taken from Refs. [28,29].

The xn evaporation data presented in Fig. 3 are consistent 
with measurements performed at the velocity filter SHIP [11]. In 
Fig. 4, the excitation function for the production of 256Rf via the 
50Ti(208Pb, 2n) reaction [30] is also shown. It has been scaled ac-
cording to the 208Pb concentration measured in the Bi target used 
in the first experiment. X-ray fluorescence measurements on 3 
samples of the targets give an estimate of 0.76(5)% for the Pb con-
centration. This in turn leads to a scaling factor of 0.36% when 
the natural abundance of 208Pb is taken into account. It is directly 
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apparent from the comparison of the scaled 2n-evaporation cross 
section and the measured fission cross sections, that the ms fission 
events observed at the lowest beam energy during the first exper-
iment can be attributed to the 208Pb content of the target. This is 
not the case for the events observed at the other beam energies, 
which are reproduced with the pure Bi targets and must therefore 
arise from p evaporation of the 259Db compound nucleus.

Based on the average lifetimes measured for the fission events 
at the intermediate and highest beam energies (16.9+23.1

−6.2 ms and 
5.0+12.1

−2.1 ms respectively), we assign the fission events observed at 
the intermediate energy to the p evaporation channel (258Rf) and 
those observed at the highest beam energy to the p2n reaction 
channel (256Rf). Nevertheless, a contribution from the p reaction 
cannot be excluded at the highest beam energy, given the present 
statistics and the fact that the lifetimes of 256Rf and 258Rf differ 
only by a factor of ∼2. On the basis of these assignments, the data 
suggests that the order of magnitude for the ratio between theo-
retical xn and p and p2n reaction cross sections is correct. The p1n 
evaporation channel cannot be investigated as it relies on deter-
mining correctly the number of 257Rf-253No correlations stemming 
from 257Rf produced directly in the fusion-evaporation reaction. 
These rare correlations however, cannot be unambiguously distin-
guished from those following the EC of 257Db or from 258Rf-254No 
correlations following the EC of 258Db.

4. Conclusion and outlook

The present measurement gives the first experimental values 
for the cross section of fusion and pxn evaporation leading to a su-
per heavy nucleus. Due to the limited statistics and number of data 
points, the exact shapes and positions of the p and p2n excita-
tion functions could, however, not be determined. This would have 
given insight into the magnitude of the Coulomb barrier for proton 
emission, which is sensitive to the shape of the emitting nuclear 
system. More data on the competition between neutron and pro-
ton evaporation is needed to constrain and improve the theoretical 
reaction models, which suffer from many uncertainties and have 
therefore a limited accuracy [31]. This can be done via decay spec-
troscopy when the decay properties of the pxn residue are clearly 
different to the ones of any xn residue and especially if one can 
distinguish direct production of the nucleus of interest with re-
spect to indirect production via EC of an xn channel. Another alter-
native is to perform decay spectroscopy of mass-identified residues 
using a recoil separator with sufficient mass resolution, such as is 
expected at S3 in GANIL/SPIRAL2 [32] for example, or for long-
enough lifetimes, at the focal plane of mass-sensitive devices such 
as MASHA in Dubna [33] or FIONA in Berkeley [34]. Such studies 
should greatly benefit from the availability of more intense beams 
at accelerator facilities around the world, such as the future Super 
Heavy Element Factory in Dubna [35].

The results presented in this paper are encouraging for future 
production of new, more neutron rich superheavy isotopes. Indeed, 
recent calculations of proton-emission channels leading to isotopes 
of Z = 111-117 give cross sections of p-emission channels that are 
30-100 times smaller than the n-evaporation channels [36]. The 
use of high beam intensities, combined with efficient experimental 
setups should therefore allow to access and study nuclei closer to 
the centre of the Island of Stability. At lower mass, the synthesis 
and spectroscopy of new more neutron rich isotopes, which cannot 
be reached by neutron-evaporation channels using available targets 
and projectiles, may become possible.
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