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The Periodic Table
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Heavy Element Science Questions

Where does the Periodic Table End?

How does electronic structure change because of relativistic effects?

When does it no longer make sense to talk of electronic shell structure?
(One scenario –

The electrons form a Fermi gas;
no discernable valence properties;
the end of Chemistry)

What combinations of protons and neutrons form a nucleus?

How do we describe the forces between nucleons?

What shapes (high order?), topologies (bubbles?), structures (isomerism?)
can the nucleus display?

How does a nucleus decay and what are the timescales?
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Structure of Deformed Trans-fermium Nuclei
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Shapes and Shells

• Single-particle levels → shell structure
• Next major spherical gaps
• Deformed gaps 

• Deformation and collectivity
• K-isomerism

• Rotational structures
• Low-lying vibrations

• Pairing properties
• Multi-quasiparticle states
• Rotation, α-decay, fission
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R. R. Chasman et al., 
Rev. Mod. Phys. 49 833 (1977)
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Spectroscopy Experiments 

Experiments at Argonne National Lab
• AGFA : gas-filled separator for recoils
• Gammasphere around target
(prompt gamma-ray spectroscopy)
• X-Array at the focal plane
(delayed spectroscopy of decays)

Si detectors

PPACUnreacted 
beam

Target

X-Array 
clovers

AGFA and Gammasphere

SLCJ, 14-15 January, 2019
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Isomer Spectroscopy

1) Recoil implanted in pixel of DSSD
2) Burst of conversion electrons in same pixel from isomer decay
3) Gamma-rays in coincidence with electron burst
4) Recoil decays in same pixel by alpha/fission

Key idea was to tag on isomer by searching for burst of conversion
electrons and using a single pixel as a calorimeter.

G.D. Jones (Liverpool), NIM A 488 471 (2002).

160X160, 64mmX64mm
DSSD

X-Array, 5 clovers 
in box geometry

High-granularity Fast Implantation-Decay Station

Digital DAQ

SLCJ, 14-15 January, 2019
20

Si tunnel 
8 SSSD’s

implant

CE

sf

CE1 CE2

254Rf

Stolen shamelessly from
Darek Seweryniak
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The Case of 251Md

251Md decays

C. Morse et al., submitted to PRCIsomer also identified in T. Goigoux et al., EPJ A 57 321 (2021)  
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The Case of 251Md 4

Ex ⇡ 1174 keV
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FIG. 4. The decay scenario constructed for the isomer in
251Md based on the �-ray transitions observed in the present
work. The dashed arrows with energies in parentheses in-
dicate transitions inferred to be present but which are not
or only tentatively observed. The 61-keV energy for the
9
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� ! 7
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transition is taken from ↵ spectroscopy [18]. All

I⇡ assignments are tentative.
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where mp is the proton mass. The value of gk can be cal-
culated using the asymptotic Nilsson quantum numbers
according to the expression [21]

Kgk =
X

(⇤g` + ⌃gs), (6)

where ⇤ and ⌃ are the projections of the nucleon orbital
angular momentum and spin, respectively. For protons,
g` = 1 and gfrees = 5.59, with the latter value reduced by
a factor of 0.6 as is typical [6, 16].

A. The ⇡ 7
2 [514] band

Several of the � rays visible in Fig. 3 have transition
energies very similar to those assigned to the ⇡ 7

2 [514]

TABLE I. A summary of the �-ray energies, intensities, and
spin-parities of initial and final states based on the present
work. The column labeled ↵ provides the internal conversion
coe�cients [19] used to calculate the total (� + ✏) intensity.
Note that in the case of the �I = 1 transitions with no parity
change, we have assumed pure M1 multipolarity.
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ground-state band in Ref. [10]. Three of these transi-
tions were also observed in Ref. [11], at 216, 265, and
290 keV, and on this evidence it was tentatively sug-
gested that the isomer feeds the ground-state band. We
also observe a transition at 240 keV, although it is only
partly resolved from another transition at 243 keV. We
assign these transitions to the ⇡ 7

2 [514] band.

We place the prominent 469- and 318-keV � rays de-
populating the isomeric state and feeding the 21
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FIG. 1. (color online) (a) The particle-identification plot
used to identify fusion-evaporation residues arriving at the
focal-plane of AGFA. The vertical axis is the time of flight
between the PGAC and the DSSD, while the horizontal axis
shows the implantation energy in MeV. (b) The spectrum for
the first generation of decays following a recoil implantation
in a given pixel of the DSSD. The decay time is shown on
the vertical axis, while the decay energy (in MeV) is shown
on the horizontal axis. Features corresponding to ↵ decay of
the ground state of 251Md and conversion electrons emitted
in the decay of a known isomeric state are labeled.

at a pressure of ⇡ 0.5 Torr in order to collapse the
reaction-residue distribution to an average charge state.
The helium was removed from the beam line upstream
of the target via a di↵erential-pumping setup. The mag-
net settings were selected to focus 251Md residues onto
the AGFA focal plane, while unreacted beam and other
reaction products were directed into a beam dump ap-
proximately 1 m away.

The focal plane detectors of AGFA were used to
identify 251Md implantation and decay events. Fusion-
evaporation residues were implanted into a 300-µm thick
silicon double-sided strip detector (DSSD), with an ac-
tive area of 64 ⇥ 64 mm. The DSSD was electrically
segmented into 160 strips on the front and 160 orthogo-
nal strips on the back, creating 25,600 pixels. Valid im-
plantation and decay events required that both a front
and a back strip registered a signal within a certain time
interval. Adjacent strips which registered events su�-
ciently close in time were identified as charge-sharing,
and recovered by assigning the sum of their energies to
the strip which detected the higher energy. A Parallel-
Grid Avalanche Counter (PGAC) was placed 20 cm up-
stream of the DSSD. For events in which signals were
registered in both the PGAC and the DSSD, implanta-
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FIG. 2. (color online) (a) The energy distribution of low-
energy events detected in the DSSD immediately following a
recoil implantation, signifying the decay of a high-K isomer.
(b) The same as (a) but for particles emitted in the decay of
the ground state. (c) The time distribution of isomeric decays
immediately following an implantation event. The half-life is
extracted from a least-squares fit to the distribution, indicated
by the red solid line. (d) The same as (c) but for the ground
state. See text for details.

tion events were identified based on the energy deposited
in the DSSD and the time di↵erence between the DSSD
and the PGAC. This is shown in Fig. 1(a). An estimated
52,000 recoils were identified in this manner.

Once an implantation event was identified in a pixel of
the DSSD, potential decay events occurring in the same
pixel were correlated with that implant until another one
was detected. Only events for which there was no sig-
nal in the PGAC and the energy deposited in the DSSD
was less than 10 MeV were considered as possible de-
cays. Figure 1(b) plots the time di↵erence between the
implantation event and the first decay event against the
decay energy measured in the DSSD. The broad, hori-
zontal distribution of events centered between 102-103 s
on the vertical axis is due to random correlations after
an implantation event. Superimposed on this background
are decay events with an energy of about 7.55 MeV which
correspond to the known ↵-decay energy of the ground
state of 251Md [7]. There is also a collection of events
below 1 MeV which is a well-known signal of conversion
electrons emitted following the decay of a high-K isomer.

The distributions of the energies for the isomer and
↵ decay modes are shown in Fig. 2(a) and (b), respec-
tively. The decay times for the isomer decay mode are
restricted to less than 10 seconds in this plot. About
3600 events were identified as isomer decays, while ap-
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Excited states populated by isomer decay of 251Md have been studied via delayed �-ray spec-
troscopy. An isomer at Ex ⇡ 1174 keV is observed to decay into two rotational bands, one of which
we identify as the Nilsson ⇡ 7

2 [514] ground-state band and another which we propose is based on the
⇡ 9

2 [624] configuration. From the observed decay pattern, we suggest that the isomer spin-parity is
23
2

+
, with the three-quasiparticle configuration ⇡ 7

2 [514]⌦
�
⌫ 7

2 [624]⌦ ⌫ 9
2 [734]

 
K⇡=8�

. We compare

our results to theoretical predictions of the single- and multi-quasiparticle structure of 251Md.

I. INTRODUCTION

Superheavy elements (Z � 104) owe their existence
to quantum shell e↵ects which stabilize them against fis-
sion [1]. Experimental studies of their structure are chal-
lenging, and only recently has direct information begun
to emerge [2]. Meanwhile, the comparative ease of pro-
ducing the transfermium nuclei o↵ers an alternative ap-
proach. These nuclei are well-deformed (�2 ⇡ 0.28 [3–5])
owing to the existence of deformed gaps in the single-
particle spectrum near Z = 100 and N = 152. Be-
cause of this deformation, the proton orbitals near the
Fermi surface in this region are expected to originate from
the spherical subshells which define the shell gaps near
Z = 114 [6]. In this sense, the transfermium nuclei act as
a testing ground for theoretical models used to describe
the superheavy region. Deformed odd-mass nuclei are of
particular interest since they can provide direct insight
into the single-particle structure.
In the present article, we report new results concern-

ing the excited states of the odd-Z nucleus 251
101Md. Pre-

vious ↵-decay studies suggested that the ground state
has the Nilsson configuration ⇡ 7

2 [514], with an excited
single-particle state based on the ⇡ 1

2 [521] configuration
located at about 55 keV [7, 8]. A subsequent in-beam
�-ray study identified a rotational band consistent with
one signature of this ⇡ 1

2 [521] configuration [9]. Very re-
cently, the rotational band built on the ⇡ 7

2 [514] configura-
tion was identified through �-ray and conversion-electron
spectroscopy [10]. An isomer was also identified and in-
terpreted as a high-K three-quasiparticle state, but it

⇤ Deceased

could not be placed precisely in the level scheme [11]. We
present new data on the �-ray transitions following decay
of this isomer. We observe population of the rotational
band built on the ⇡ 7

2 [514] ground-state configuration, as
well as transitions belonging to a new rotational band
which we suggest is built on the ⇡ 9

2 [624] configuration.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Argonne Tan-
dem Linear Accelerator System (ATLAS) at Argonne Na-

tional Laboratory. A beam of 48Ca11
+

was accelerated
to 216 MeV by ATLAS and delivered to the experimen-
tal area with an average beam current of about 210 enA.
The beam was incident on a set of targets which were
mounted on a wheel rotating at 800 rpm. The targets
were composed of ⇡ 0.45 mg/cm2 205Tl, coated with a
thin carbon layer (⇡ 10 µg/cm2) each side. The beam
energy at the center of the target was calculated [12] to be
approximately 214 MeV, which corresponds to the maxi-
mum cross section measured for the 205Tl(48Ca,2n)251Md
reaction [9]. The beam was swept across the width of the
target segments with a frequency of a few hertz in order
to expose the entire area of the targets to the beam. In
addition, an electrostatic deflector was synchronized with
the rotation of the target such that the beam was directed
away from the spokes of the wheel.
The 251Md fusion-evaporation residues recoiling out of

the target were separated from the unreacted beam by
the Argonne Gas-Filled Analyzer (AGFA). AGFA con-
sists of a vertically-focusing quadrupole magnet followed
by a horizontally bending/focusing multi-function dipole
magnet located 40 cm downstream from the target wheel.
Helium gas was continuously flowed through the system
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R. R. Chasman et al., Rev. Mod. Phys. 49 833 (1977)
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FIG. 9. A comparison between the experimental quasipar-
ticle energies deduced in the present work (leftmost column)
with various theoretical calculations (all other columns) up to
about 1.2 MeV in excitation energy, with references given be-
neath. Single-quasiparticle states are indicated by solid lines,
while dashed lines represent three-quasiparticle states. In the
rightmost column, states with primarily phonon character are
shown by dotted lines. See text for details.

the 9
2

+
and 23

2

+
states suggests that the calculated spec-

trum is slightly compressed, but still within 200 keV of
the experimental results. On the basis of the excitation
energy, both the predicted 7

2

+
and 9

2

+
states are rea-

sonable candidates for the head of the rotational band
we observe. Importantly, the calculation predicts that
the 23

2

+
level is the lowest-lying multi-quasiparticle state

and thus isomeric, in agreement with the experimental
results. The configuration of this state in the calcula-
tion is ⇡ 7

2 [514] ⌦ {⌫ 7
2 [624] ⌦ ⌫ 9

2 [734]}K⇡=8� . This is in
accord with the data for 250Fm, in which a K⇡ = 8�

isomer at Ex = 1199 keV was assigned the same two-
quasineutron configuration [29]. The three-quasiparticle
isomer in 251Md can then be understood as an excitation
of the 250Fm core, with the unpaired proton remaining a
spectator in the ⇡ 7

2 [514] orbital.

In addition to our calculations, three other
macroscopic-microscopic calculations are shown in
the center columns of Fig. 9. A common feature
of these calculations is an incorrect ordering of the
quasiparticle levels. References [30, 31], both based on

the Woods-Saxon potential, predict the 1
2

�
state as

the ground state, with the 7
2

�
state several hundred

keV above. Reference [32], which uses the two-center
shell-model approach [33] to parametrize the nuclear

shape, correctly places the 7
2

�
state as the ground

state, but inverts the 9
2

+
and 1

2

�
states compared to

our experimental findings. These di↵erences highlight
the di�culty of simultaneously reproducing all of the
observed properties of nuclei in this region.
Two self-consistent mean-field calculations using di↵er-

ent e↵ective interactions of the single-quasiparticle states
in 251Md have also been performed. One is based on the
SLy4 interaction [34] and is shown in Fig. 9, while the
other uses the SLy5s1 [10] interaction but does not ex-
plicitly provide the quasiparticle energies. Both of these
studies invert the ordering of the 1

2

�
and 7

2

�
states rel-

ative to experiment. They also place the 9
2

+
state at

about 1.5 MeV, much higher than our present experi-
mental findings.
The possibility has been raised that there is signifi-

cant octupole collectivity in 251Md [10]. This point is
addressed by a calculation made using the quasiparticle-
phonon model [35], which takes into account these col-
lective degrees of freedom. The resulting spectrum for
251Md, shown in the rightmost column of Fig. 9, places
levels which are predominantly single-quasiparticle in na-
ture below 400 keV. In striking contrast, levels which
are predominantly quasiparticle+phonon all lie above
1 MeV, with a large gap in the spectrum between these
groups. This would seem to argue against the proposi-
tion that there are low-lying octupole-vibrational states
in 251Md.

V. SUMMARY

In conclusion, we have reported on a measurement of
the �-ray spectrum following decay of the known isomer
in 251Md. Based on the �-ray singles spectrum, and with
support from the limited �-� coincidence data, we ob-
serve population of both the known ⇡ 7

2 [514] rotational
band and a new band which we propose to be built on the
⇡ 9

2 [624] configuration. The present data indicate that the

isomer spin-parity is likely 23
2

+
, with the configuration

⇡ 7
2 [514]⌦

�
⌫ 7
2 [624]⌦ ⌫ 9

2 [734]
 
K⇡=8�

. We have also per-
formed a new microscopic-macroscopic calculation which
reproduces the observed single- and multi-quasiparticle
levels in this nucleus.
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Figure 3
Measured cross sections for cold and hot fusion reactions. The total evaporation residue (EVR) cross section
is the maximum value of the sum of neutron evaporation channels measured as a function of the beam energy.

2.2. The Cold Fusion Approach
The use of cold fusion to synthesize SHN was first considered at FLNR (18). In 1973, the detection
methods were significantly improved, so the reaction 40Ar + 208Pb → 248Fm∗ (Z = 100) yielded
several hundreds to thousands of atoms in a single day (18, 19). The most significant result of
this study was the relatively high probability of fusion of such massive nuclei. The largest cross
sections were for the evaporation of two to three neutrons, providing convincing evidence that
the use of doubly magic lead nuclei as target material could give rise to cold CN.

The cold fusion approach was successfully employed at GSI to discover the new elements 107–
112. Exploiting cold fusion required not only a wide range of projectiles from UNILAC but also
the development of a recoil separation technique, sensitive detector systems, fast electronic devices,
and sophisticated analysis programs. SHIP (the Separator for Heavy Ion Reaction Products) was
constructed at GSI for this purpose (20, 21). The rapidly decreasing cross section for the production
of new, higher-Z elements in cold fusion (Figure 3) demanded the continuous development of
ion sources to deliver higher currents. Also, cold fusion reactions between stable 208Pb and 209Bi
and stable beams of 54Cr and 70Zn gave rise to EVRs that are shifted 10–15 mass units from the
β-stability line to considerably decrease their half-lives.

2.3. The Hot Fusion Approach
Between element 102 and element 113, the cold fusion cross section decreases by a factor of
approximately 108 (Figure 3). To reduce the contribution of factors that hinder fusion at higher
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Theory Reproducing Experiment

292 V.I. Zagrebaev, W. Greiner / Nuclear Physics A 944 (2015) 257–307

Table 2
Fission barriers (macroscopical part and shell correction) and neutron separation energies (MeV) of CN produced in the 
48Ca fusion reactions with 232Th, 238U, 244Pu, 248Cm and 249Cf targets [72]. The last column shows the excitations of 
CN at the Bass barrier incident energies.

CN BLD Sh. Corr. Bfis E
sep
n E∗ (Bass)

280110 0.21 4.76 5.0 7.0 32
286112 0.10 6.64 6.7 7.1 33
285113 0.02 7.04 7.2 7.1 30
292114 0.04 8.89 8.9 7.0 34
296116 0.01 8.58 8.6 6.7 32
297118 0.00 8.27 8.3 6.2 28

Fig. 26. Predicted and measured excitation functions for the production of SH elements 112–118 in 48Ca induced fusion 
reactions with actinide targets. Most of experiments was performed in Dubna (see review paper [80]) and later at GSI 
and Berkeley.

references can be found in the review paper [80]. Later part of these data were confirmed in ex-
periments performed at GSI [81] and in Berkley, where a new isotope of element 114 was also 
discovered [82] in 5n evaporation channel of the 48Ca + 242Pu fusion reaction (see Fig. 26).

5.5. Mass symmetric fusion reactions

The use of the accelerated neutron-rich fission fragments is one of the widely discussed spec-
ulative methods for the production of SH elements in the region of the “island of stability”. For 
example, in the 132Sn + 176Yb fusion reaction we may synthesize 308120, which (after a few 
neutron evaporations) may reach the center of the “island of stability” in the subsequent α-decay 
chain. Several projects in the world are now realizing to get the beams of neutron rich fission 
fragments. The question is how intensive should be such beams to produce SH nuclei. Evidently 
an answer depends on the values of the corresponding cross sections. Unfortunately, there are 
almost no experimental data on fusion reactions for mass-symmetric combinations of heavy col-
liding nuclei.

V.I. Zagrabaev and W. Greiner,  Nucl. Phys. A 944 257 (2015).

σSHN=σcap×PCN×Psur

Some theories have been able to reproduce experimental cross-sections near “the
bump” of SHE production. What will they say about the next elements?
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Testing the models for 50Ti-induced reactionsSYNTHESIS OF SUPERHEAVY NUCLEI: A SEARCH FOR . . . PHYSICAL REVIEW C 78, 034610 (2008)

FIG. 11. Excitation functions of 50Ti induced synthesis of ele-
ments 116 (a), 117 (b), 119 (c), and 120 (d). The arrows indicate
the positions of the corresponding Bass barriers and the Coulomb
barriers of side-by-side oriented nuclei.

Several projects in the world are realized now to obtain
the beams of neutron-rich fission fragments. The question
is how intensive should such beams be to produce SH
nuclei. Evidently the answer depends on the values of the
corresponding cross sections. Unfortunately, there are almost
no experimental data on fusion reactions in mass-symmetric
nuclear combinations.

Experimental data on the symmetric fusion reactions
100Mo + 100Mo, 100Mo + 110Pa, and 110Pa + 110Pa [21] show

FIG. 12. Adiabatic potential energy of the 272108 nuclear system
at zero mass asymmetry (136Xe + 136Xe configuration in asymptotic
region) in the elongation-deformation space. The curves with arrows
show the fission and fusion paths. The circles show positions of CN,
saddle point, and contact configuration of two spherical Xe nuclei.

that the fusion probability sharply decreases with increasing
mass and charge of colliding nuclei. However, the last studied
reaction of such a kind, 110Pa + 110Pa, is still far from a
combination leading to a SH compound nucleus. This means
that further experimental study of such reactions is quite
urgent.

The choice of the colliding nuclei is also important. In
this connection, the 136Xe + 136Xe fusion reaction looks very
promising for experimental study [22], because the formed
CN, 272Hs, should undergo just to symmetric fission. It means
that two colliding 136Xe nuclei are very close to the nascent
fission fragments of 272Hs in the region of the saddle point,
and their fusion should really reflect a fusion process of two
fission fragments.

Calculated within the two-center shell model, the adiabatic
potential energy surface of the nuclear system consisting of
108 protons and 164 neutrons is shown in Fig. 12 as a function
of elongation (distance between the centers) and deformation
of the fragments at zero mass asymmetry, which corresponds
to two Xe nuclei in the entrance and exit channel. The energy
scale is chosen in such a way that zero energy corresponds
to two 136Xe nuclei in their ground states at infinite distance.
The contact configuration of two spherical Xe nuclei is located
very close (in energy and in configuration space) to the saddle
point of CN (note that it is located behind the Coulomb barrier,
though there is no pronounced potential pocket). This fusion
reaction is extremely cold, the excitation energy of the CN at
the Bass barrier beam energy is only 5 MeV. One may expect
that after contact these nuclei may overcome the inner barrier
due to fluctuations of collective degrees of freedom and thus
reach the saddle configuration. After that they fuse (form CN)
with 50% probability.

034610-7

• Testing the calculations with a measurement of 50Ti+244Pu, which makes the known 
isotopes of 290,291Lv. 

• We could then try to make E120 with the 50Ti+249Cf reaction?!

Yu.Ts. Oganessian, V.K. Utyonkov / Nuclear Physics A 944 (2015) 62–98 71

Fig. 3. Summary decay properties of the isotopes of even-Z elements synthesized in the reactions of 48Ca with 238U, 
242,244Pu, 245,248Cm, and 249Cf target nuclei. The average energies of α particles and half-lives are given for α emitters 
(open squares). The energies of rare α lines are given by smaller font. The energy uncertainties given in parenthesis 
correspond to the data with the best energy resolution. For spontaneously fissioning nuclei marked by grey squares the 
half-lives are listed.

detectors in the focal plane, each having 16 strips with position sensitivity and six similar side 
detectors without position sensitivity. The focal-plane detector of BGS consists of 48 Si strips 
(three 6 × 6 cm2 cards, sixteen strips each), which are surrounded by eight side detectors. The 
focal-plane detector of TASCA was composed of an implantation detector (two 72 × 48-mm2

double-sided silicon strip detectors with a 1-mm pitch from both sides) and an upstream detector 
(eight 72 × 48-mm2 single-sided silicon strip detectors with eight 6-mm pitch). In recent exper-
iments at TASCA and BGS, composite germanium detectors were placed closely behind each of 
the focal-plane and side detectors.

3. Results

3.1. Even-Z nuclei

3.1.1. Element 114 flerovium
According to the macroscopic–microscopic models, the proton magic number for SHNs is 

predicted to be 114. Thus, isotopes of this element with the largest possible number of neu-
trons should have higher fission barriers in comparison with their lighter and heavier neighbors. 
Barriers govern the survival probability of excited nuclei and resulting cross sections of their 
production. For these reasons, the investigation of SHNs was started at DGFRS with the 244Pu +
48Ca reaction. The experiments were performed in collaboration with LLNL (Livermore, USA).

The first superheavy nucleus 289Fl was discovered in 1999 [48]. Two identical decay chains 
were observed; each consisted of two consecutive α decays terminated by SF of the third nucleus 
(see Fig. 3 and Table 1). In this experiment, carried out at the lowest projectile energy, the parent 
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SuperHeavy RECoil (SHREC) Detector
Source Characterization of a Detector for Heavy and Superheavy Nuclei

P. Golubeva,⇤, R. Orfordb, F.H. Garciab,1, D. Rudolpha,b, L.G. Sarmientoa, R.M. Clarkb, J.M. Gatesb, J.A. Goodingb,c,
M. Grebob,c, Y. Hrabara, T.D. Kramaszb, M. McCarthyb,d, M.A. Mohameda, J.L. Poreb, D.M. Coxa

aDepartment of Physics, Lund University, SE-22100 Lund, Sweden
bNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States
cDepartment of Nuclear Engineering, University of California, Berkeley, CA 94720, United States
dChemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States

Abstract

A new focal plane detector system for the Berkeley Gas-filled Separator (BGS) was designed, constructed, and tested
o✏ine with various ↵-decay and conversion-electron sources. The SuperHeavy RECoils (SHREC) detector comprises
sets of double-sided silicon strip detectors arranged in in open-faced cuboid geometry. Alongside the detector upgrade
a new digital data acquisition electronics have been commissioned o✏ine. This setup aims to observe separated recoil-
ing heavy and superheavy nuclei as well as their correlated radioactive decay paths with improved energy resolution
and overall sensitivity.

Keywords: double-sided silicon strip detectors, superheavy nuclei, charged-particle decay, radioactive sources

1. Introduction

The discovery of superheavy elements and subse-
quent experiments to elucidate their atomic and nuclear
structure require high-intensity heavy-ion beams, ac-
tinide material and permission to handle it, e↵ective and
clean selection of the reaction products of interest, as
well as their e�cient detection, typically by means of
measuring their nuclear decay with high spectroscopic
quality within sub-second time intervals. For contempo-
rary e↵orts in all these subjects, we refer to correspond-
ing articles in Refs. [1–3].

A new detection device for SuperHeavy RECoils
(SHREC) is presented. It is positioned in the focal
plane of the Berkeley Gas-filled Separator (BGS) [4, 5].
Section 2 summarizes the design and construction of
SHREC and describes its detector as well as signal-
processing and read-out components. For the accurate
interpretation of nuclear decay spectroscopic results, it
is crucial to know the dead-layer thicknesses across the
silicon detectors. [6–8]. The corresponding procedure
and findings are detailed in Sec. 3. Following the place-
ment of SHREC into the upgraded detector chamber in

⇤Corresponding author.
E-mail address: Pavel.Golubev@fysik.lu.se

1Current a�liation: Department of Chemistry, The University of
British Columbia, 2036 Main Mall, Vancouver, British Columbia,
V6T 1Z1, Canada

the focal plane of the BGS, the detector response to var-
ious types of radioactive sources as well as a variation
of BGS settings and electronics parameters is evaluated
in Sec. 4. The paper concludes with a brief summary.

2. Design, Construction, and Implementation

For typical nuclear fusion-evaporation reactions to
produce heavy (A ⇡ 250) and superheavy (A & 280)
atomic nuclei, the recoiling ions of interest have kinetic
energies of some 20-40 MeV once they reach the fo-
cal plane of the respective electromagnetic separator de-
vice. The recoils are commonly implanted in silicon de-
tectors, within which they come to rest at some 5 µm
depth. Both their arrival and their subsequent radioac-
tive decays – as long as charged particles are involved
– are registered in these silicon detectors. Position and
time correlations between implantation and subsequent
decay events allow then to identify the recoils based on
the characteristics of their decay paths. Provided com-
prehensive data of high spectroscopic quality, nuclear
structure properties can be derived and studied (see,
e.g.,[9–13] and references therein).

The focal-plane image of the BGS has an oval shape
sized about 160 mm in horizontal (x) and 50 mm in
vertical (y) direction. This calls for either three (4”-
technology) or two (5 or 6”-technology) silicon wafers
next to each other. The former solution was picked for

Preprint submitted to Nuclear Instruments and Methods in Physics Research A August 9, 2024

• 6 cm x 18 cm implantation detector 
surrounded by upstream tunnel and 
downstream veto detector.

• Commissioned using reactions:
208Pb(48Ca,2n)254No 
244Pu(48Ca,3-4n)289-288Fl
209Bi(50Ti,xn)259-xDb

Submitted to NIMA
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chains originating from 291Lv is included in Supplemental
Material [70]. During the present campaigns, no decay
chains were observed that fit the known decay properties of
291Lv and its daughters.
Data from published decay chains of 290Lv are summa-

rized in Fig. 2(a), Fig. 3, and Ref. [70]. Potential decay
chains originating from 290Lv were identified using corre-
lations that required observing the implantation of an
EVR [10 < EðMeVÞ < 30] followed by the decay of at
least one full-energy α [either 290Lv or 286Fl, [9.75 <
EðMeVÞ < 11.25] ] followed by a spontaneous fission (SF)
event (E > 120 MeV). All three events must occur within
the same ðx; yÞ pixel of the implantation detector, and the
SF must be within one second of the EVR. The efficiency
for detecting a decay chain originating from 290Lv
under these conditions is ≈95% based on Monte Carlo
simulations of decay chains with branching ratios
shown in Fig. 2(a). The number of expected decay
chains arising from correlations of random background
events was calculated for each pixel individually, based on
the rate of EVR-, α-, and SF-like events in that pixel, then
summed across the entire detector. The median rate of
EVR-, α-, and SF-like events was 1.2 × 10−4, 1.4 × 10−5,
5.1 × 10−8 Hz=pixel, respectively. The probability for
random background events to form a chain that would
be detected using these search conditions is 1.7 × 10−6.
Two decay chains were observed that met the criteria

above. They are shown in Figs. 2(b) and 2(c), including
baseline-corrected waveforms of all constituent events. The
first decay chain consisted of a 21.9-MeV EVR-like event
followed 5.66ms later by a 0.60(1)-MeVescapelike event in
the same pixel. An α-like event was observed 20.6 ms after
the escape. The detected energy was E ¼ 10.24ð2Þ MeV,
which includes the α-particle energy and the energy from the
recoiling daughter nucleus. Following procedures outlined
in Ref. [72], the α-particle energy was calculated to be
Eα ¼ 10.16ð2Þ MeV. The α energy and lifetime are con-
sistent with the known decay properties of 286Fl and were
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FIG. 2. (a) Reference α-decay chain of 290Lv [70]. Lifetimes, α-particle energies, and branching ratios are based on published data of
decay events associated with 290Lv, 286Fl, and 282Cn [14,63–69,71]. The number of events previously observed for each isotope is
signified by #N above each isotope. (b) Waveforms of preamplifier pulses of the decay chain #1 assigned to 290Lv. Numbers in the panels
are calibrated detected energies in MeV. Correlation times are given between recoil implantation (orange), α decays (yellow), and fission
(green). The decay chain was observed in pixel (160,36). (c) Same as (b) but for decay chain #2 assigned to 290Lv. The decay chain was
observed in pixel (94,24). The waveforms in lighter colors in the two rightmost graphs were registered in the neighboring pixel (93,24).

(a) (b)

(c)

(e) (f)

(d)

FIG. 3. Compilation of information on the decays of 290Lv,
286Fl, and 282Cn [14,63–69,71]. Panels (a) and (c) provide
experimental decay-energy spectra from events associated with
the decay steps 290Lv → 286Fl and 286Fl → 282Cn, respectively. For
a single entry, a Gaussian with integral one and a width compliant
with its measured uncertainty was added into the spectra. The
numbers in the top left of these panels are the α-decay energies, in
MeV, extracted from the histogram mean in the intervals
[10.0,11.7] and [9.9,10.5] MeV, respectively. The right column
[(b),(d),(f)] shows the correlation times of the decays along the
decay chain starting with 290Lv. Experimental data points are
comprised in the histograms (black lines). The shaded areas
(blue) provide correlation-time distributions expected for the
corresponding half-life, T1=2 in ms, which are given in the top left
corner of each panel. For all panels, the number after the hashtag
# indicates the number of available data points. Entries marked in
dark red correspond to the events associated with the observation
of 290Lv in this work. The 9.6-MeV peak marked with an * in
(c) was explained in detail in [14]. Panel (e) shows the revised
aggregated information of the 290Lv decay chain including the
events from this work (cf. Fig. 2) [70].

PHYSICAL REVIEW LETTERS 133, 172502 (2024)
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Two events during 22 days of beam on target!

assigned accordingly. Based on its observed lifetime and
position in the decay chain, the 0.60(1)-MeV escapelike
event was assigned to an α decay of 290Lv where the α
particle escaped out of the front of the implantation detector
and did not impact one of the upstream detectors. Thus, only
a fraction of its decay energy was recorded [see, e.g., the
spectra in Fig. 2(a) in Supplemental Material of Ref. [72] ].
The rate of escapelike events [0.2 < EðMeVÞ < 6.0] was
7.8 × 10−3 Hz per pixel. The probability for observing a
random escapelike event in the 26 ms between the EVR and
the first observed full-energy α decay in the chain is
2.0 × 10−4. The observed decay assigned to 286Fl was
followed just 2.00 ms later by an ≈230-MeV SF-like event.
The approximate energy of the SF-like event was deter-
mined by constructing an unsaturated waveform from the
unsaturated portions of the recorded waveform using
benchmarked pole-zero corrections [59] and then extracting
the pulse height using a trapezoidal energy filter. The
lifetimes, decay modes, and decay energies of the events
above are fully consistent with a decay chain consisting
of a 290Lv EVR implanting into SHREC, followed by the
290Lv α escaping the front of SHREC, a full-energy α decay
of 286Fl, and terminating with the SF of 282Cn [cf. Figs. 2(a)
and 3].
The second decay chain [Fig. 2(c)] consisted of a

20.2-MeV EVR followed 17.3 ms later by a recoil-
corrected Eα ¼ 10.81ð3Þ-MeV full-energy α. A second
full-energy α with Eα ¼ 10.12ð4Þ MeV was detected
297 ms later. The decay chain was terminated by an
≈230-MeV SF-like event 1.75 ms after the second α
particle. Based on the energies, lifetimes, and decay modes,
this series of events was assigned to a decay chain
consisting of an implanted 290Lv EVR followed by α
decays of 290Lv and 286Fl, and terminating with SF of
282Cn. The probability of observing two chains composed
of random background events based on the rates discussed
above was 1.4 × 10−12.
The cross section for two events derived from the

observed number of Rutherford-scattered particles is
σprod ¼ 0.44ðþ0.58

−0.28Þ pb at the 68% confidence level
[73,74]. The error represents statistical (counting) errors
only. There is also systematic error on the cross
section, discussed in detail in [75], which results in an
additional 12% systematic uncertainty in the measured
cross sections. In cases where the reaction is run in the
BGS for the first time and the Bρ through the BGS is
unknown, there is an additional uncertainty in detection
efficiency.
The two-event cross section reported in this work is

higher than theoretical predictions of Refs. [23,30,36], and
all three references can be excluded at the 68% confidence
level at the experimental excitation energy of 41(2) MeV.
The cross section is consistent with the theoretical pre-
diction from Ref. [50]. The observation of the two events at

an excitation energy of 41(2) MeV is also consistent with
the proposed optimal excitation energies in Refs. [30,36],
although lower than that from [23].
The 4n reaction between 48Ca and 244Pu has been

investigated previously and has been observed to have a
cross section between σprod ¼ 5.3ðþ3.6

−2.1Þ pb [65,72] and
σprod ¼ 9.8ðþ3.9

−3.1Þ pb [76]. These values are ≈10–20 times
larger than the cross section reported in this work between
50Ti and 244Pu with the same exit channel. This indicates
that the cross section for the production of element 120
with 50Ti beams could be ≈25–50 fb based on the known
249Cfð48Ca; 3nÞ cross section of σprod ¼ 0.5ðþ1.6

−0.3Þ pb [64],
demonstrating that a substantial, but seemingly manage-
able, reduction in production cross sections has to be
expected in the push toward discovering higher-Z elements
with beams beyond 48Ca.
In summary, at the LBNL 88-Inch Cyclotron facility, a

244Pu target was irradiated with a high-intensity beam of
50Ti. Two decay chains were observed and assigned
to the decay of 290Lv with a production cross section of
σprod ¼ 0.44ðþ0.58

−0.28Þ pb at a center-of-target excitation
energy of 41(2) MeV. This is the first reported production
of a SHE near the predicted island of stability with a beam
other than 48Ca. While the cross section observed here does
reflect the expected decrease in SHE production when
moving to heavier beams, the success of this measurement
validates that discoveries of new SHE are indeed within
experimental reach.
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What does this mean for E120?

w Comparison with 48Ca-induced reactions on 
244Pu and 249Cf suggests a ÷10 reduction in σprod

w σprod≈ 40 fb

w One event every ≈200 days of beam-on-target

J.M. Gates et al., PRL 133 172502 (2024).



20 20UNIVERSITY OF 
CALIFORNIA 

Office of
Science Nuclear Science

~Status for New Element Experiments

Other Experiments Testing Cross Sections

Dubna Russia 54Cr + 238U         292Lv* Events seen

Dubna Russia 50Ti + 242Pu        292Lv* Events seen

Ongoing/Planned Experiments for New Element Discovery

RIKEN Japan 51V + 248Cm       299119* Nothing seen
σ ≤ few fb

IMP China 54Cr + 243Am      297119* Nothing seen
>150 days

Dubna Russia 54Cr + 248Cm 302120* Yet to start 

Berkeley USA 50Ti + 249Cf         299120* Yet to start

GSI Germany ? ?

Ganil France ? ?
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Isomer decay spectroscopy of 251Md
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Excited states populated by isomer decay of 251Md have been studied via delayed �-ray spec-
troscopy. An isomer at Ex ⇡ 1174 keV is observed to decay into two rotational bands, one of which
we identify as the Nilsson ⇡ 7

2 [514] ground-state band and another which we propose is based on the
⇡ 9

2 [624] configuration. From the observed decay pattern, we suggest that the isomer spin-parity is
23
2

+
, with the three-quasiparticle configuration ⇡ 7

2 [514]⌦
�
⌫ 7

2 [624]⌦ ⌫ 9
2 [734]

 
K⇡=8�

. We compare

our results to theoretical predictions of the single- and multi-quasiparticle structure of 251Md.

I. INTRODUCTION

Superheavy elements (Z � 104) owe their existence
to quantum shell e↵ects which stabilize them against fis-
sion [1]. Experimental studies of their structure are chal-
lenging, and only recently has direct information begun
to emerge [2]. Meanwhile, the comparative ease of pro-
ducing the transfermium nuclei o↵ers an alternative ap-
proach. These nuclei are well-deformed (�2 ⇡ 0.28 [3–5])
owing to the existence of deformed gaps in the single-
particle spectrum near Z = 100 and N = 152. Be-
cause of this deformation, the proton orbitals near the
Fermi surface in this region are expected to originate from
the spherical subshells which define the shell gaps near
Z = 114 [6]. In this sense, the transfermium nuclei act as
a testing ground for theoretical models used to describe
the superheavy region. Deformed odd-mass nuclei are of
particular interest since they can provide direct insight
into the single-particle structure.

In the present article, we report new results concern-
ing the excited states of the odd-Z nucleus 251

101Md. Pre-
vious ↵-decay studies suggested that the ground state
has the Nilsson configuration ⇡ 7

2 [514], with an excited
single-particle state based on the ⇡ 1

2 [521] configuration
located at about 55 keV [7, 8]. A subsequent in-beam
�-ray study identified a rotational band consistent with
one signature of this ⇡ 1

2 [521] configuration [9]. Very re-
cently, the rotational band built on the ⇡ 7

2 [514] configura-
tion was identified through �-ray and conversion-electron
spectroscopy [10]. An isomer was also identified and in-
terpreted as a high-K three-quasiparticle state, but it

⇤ Deceased

could not be placed precisely in the level scheme [11]. We
present new data on the �-ray transitions following decay
of this isomer. We observe population of the rotational
band built on the ⇡ 7

2 [514] ground-state configuration, as
well as transitions belonging to a new rotational band
which we suggest is built on the ⇡ 9

2 [624] configuration.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Argonne Tan-
dem Linear Accelerator System (ATLAS) at Argonne Na-

tional Laboratory. A beam of 48Ca11
+

was accelerated
to 216 MeV by ATLAS and delivered to the experimen-
tal area with an average beam current of about 210 enA.
The beam was incident on a set of targets which were
mounted on a wheel rotating at 800 rpm. The targets
were composed of ⇡ 0.45 mg/cm2 205Tl, coated with a
thin carbon layer (⇡ 10 µg/cm2) each side. The beam
energy at the center of the target was calculated [12] to be
approximately 214 MeV, which corresponds to the maxi-
mum cross section measured for the 205Tl(48Ca,2n)251Md
reaction [9]. The beam was swept across the width of the
target segments with a frequency of a few hertz in order
to expose the entire area of the targets to the beam. In
addition, an electrostatic deflector was synchronized with
the rotation of the target such that the beam was directed
away from the spokes of the wheel.
The 251Md fusion-evaporation residues recoiling out of

the target were separated from the unreacted beam by
the Argonne Gas-Filled Analyzer (AGFA). AGFA con-
sists of a vertically-focusing quadrupole magnet followed
by a horizontally bending/focusing multi-function dipole
magnet located 40 cm downstream from the target wheel.
Helium gas was continuously flowed through the system
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The 244Puð50Ti; xnÞ294−xLv reaction was investigated at Lawrence Berkeley National Laboratory’s 88-
Inch Cyclotron. The experiment was aimed at the production of a superheavy element with Z ≥ 114 by
irradiating an actinide target with a beam heavier than 48Ca. Produced Lv ions were separated from the
unwanted beam and nuclear reaction products using the Berkeley Gas-filled Separator and implanted into a
newly commissioned focal-plane detector system. Two decay chains were observed and assigned to the
decay of 290Lv. The production cross section was measured to be σprod ¼ 0.44ðþ0.58

−0.28 Þ pb at a center-of-
target center-of-mass energy of 220(3) MeV. This represents the first published measurement of the
production of a superheavy element near the “island of stability,” with a beam of 50Ti and is an essential
precursor in the pursuit of searching for new elements beyond Z ¼ 118.

DOI: 10.1103/PhysRevLett.133.172502

The production of superheavy elements (SHE), and the
investigation of their properties, stands as an important
frontier in modern nuclear physics [1]. The existence of
SHE was first theorized in the 1950s as the result of
stabilization of very heavy (A ≈ 300), neutron-rich
(N ≈ 184) nuclei due to the presence of closed nuclear
shells [2–5]. Today, the concept of an “island of stability”
remains an intriguing topic [6], with its exact position and
extent on the Segré chart continuing to be a subject of active

pursuit both in theoretical and experimental nuclear
physics [7–14].
Over the decades, SHE from Z ¼ 104–118 were dis-

covered using different types of nuclear reactions: first by
impinging light ions on actinide targets in so-called “hot-
fusion” reactions [15], and then by using transition metal
beams (e.g., 50Ti-70Zn) on targets of Pb or Bi, in so-called
“cold-fusion” reactions. The production of SHE from both
of these reaction mechanisms showed similar properties—
quickly decreasing cross sections with increasing Z of the
compound nucleus. The heaviest element produced with
one of these reactions was Nh (Z ¼ 113), using the
209Bið70Zn; nÞ reaction. At a cross section of just σprod ¼
22ðþ20

−13Þ fb [16,17], only three 278Nh nuclei were registered
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