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Fig. 1. Predicted islands of stability. The color depth indicates the lifetime and the
boxes indicate known nuclei.[1]

Fig. 2. Typical yields of super heavy nuclei at RIKEN GARIS[2]
A Elem. T1/2 σ(b) Yield(/s) Yield(/day)
252-254 No 2.3s,1.6m,51s 2.00E-06 6.24E+00 5.39E+05
255-257 Rf 1.7s,6.4ms,4.7s 1.20E-08 3.74E-02 3.23E+03
261 Sg 0.23s 3.00E-09 9.36E-03 8.09E+02
261 Bh 12ms 8.00E-10 2.50E-03 2.16E+02
264-265 Hs 7.8ms,2ms 6.00E-11 1.87E-04 1.62E+01
266 Mt 6ms 9.00E-12 2.81E-05 2.43E+00
270-271 Ds 6ms,69ms 1.50E-11 4.68E-05 4.04E+00
272 Rg 3.8ms 3.00E-12 9.36E-06 8.09E-01
277 Cn 0.7ms 4.00E-13 1.25E-06 1.08E-01

stability may decay by spontaneous fission, β-decay, or by very long life-time
α-decay.

A combination of the RILAC and a gas filled recoil separator GARIS is the
most powerful super heavy element synthesizer in the world. We propose to
setup a multi-reflection time-of-flight mass spectrograph for direct mass mea-
surements of super heavy nuclei at GARIS facility. The proposed mass spec-
trograph will be used for mass measurements of many super heavy nuclei –
including relatively short-lived ones – as well as for precision spectroscopy of
such rare isotopes.

The proposed setup will have an overall efficiency of more than 20% and the
achievable mass accuracy should be sufficient to distinguish heavy nuclei from
any possible chemical compounds.

The super heavy element laboratory lead by Morita has measured the yields
of many super heavy nuclei. Some typical yields are listed in Fig. 2. The
candidate nuclei for direct mass measurements would be: 252,254No, 255−257Rf,
261Sg, 261Bh, 264Hs.
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Island of Stability of Superheavy Nuclei

Courtesy of H. Koura

■ Questions
□ really exist?
□ where and how stable?
□ how to synthesize?
□ how to identify?

■ To answer
□ understand nuclear structure (shell effect) of SHE
□ inspect and establish reliable mass models
□ new identification technique

via high-precision mass spectroscopy with an MRTOF

238U

254Es

: known nuclei
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Shell Effect in Superheavy Region

Direct Mapping of Nuclear Shell
Effects in the Heaviest Elements
E. Minaya Ramirez,1,2 D. Ackermann,2 K. Blaum,3,4 M. Block,2* C. Droese,5 Ch. E. Düllmann,6,2,1

M. Dworschak,2 M. Eibach,4,6 S. Eliseev,3 E. Haettner,2,7 F. Herfurth,2 F. P. Heßberger,2,1

S. Hofmann,2 J. Ketelaer,3 G. Marx,5 M. Mazzocco,8 D. Nesterenko,9 Yu. N. Novikov,9 W. R. Plaß,2,7

D. Rodríguez,10 C. Scheidenberger,2,7 L. Schweikhard,5 P. G. Thirolf,11 C. Weber11

Quantum-mechanical shell effects are expected to strongly enhance nuclear binding on an “island
of stability” of superheavy elements. The predicted center at proton number Z = 114, 120, or 126
and neutron number N = 184 has been substantiated by the recent synthesis of new elements up
to Z = 118. However, the location of the center and the extension of the island of stability remain
vague. High-precision mass spectrometry allows the direct measurement of nuclear binding energies
and thus the determination of the strength of shell effects. Here, we present such measurements for
nobelium and lawrencium isotopes, which also pin down the deformed shell gap at N = 152.

Quantum-mechanical shell effects play a
crucial role in determining the structure
and the properties of matter. The elec-

tronic shell structure defines the architecture of
the periodic table. An analogous effect leads to
the so-called magic nuclei—closed nucleon shells
that result in an enhanced binding of the atomic
nucleus—that opposes Coulomb repulsion of pro-
tons and governs the landscape of the nuclear
chart. The heaviest stable doubly magic nucleus
is 208Pb with proton number Z = 82 and neutron
number N = 126. The quest for the end of the
periodic table and the northeast limit of the nu-
clear chart (Fig. 1) drives the search for even
heavier magic nuclei.

In these superheavy elements (SHEs), nuclear
shell effects are decisive for their mere existence.
Without them, their nuclei would instantaneous-
ly disintegrate by spontaneous fission through
Coulomb repulsion. A manifestation of these nu-
clear shell effects is an increase of the half-life by
15 orders of magnitude compared to liquid-drop-
model predictions for nuclei around N = 152 (1).
Thus, SHEs are a prime testing ground for the
understanding of shell effects and the character
of the nuclear force.

Already in the late 1960s, about two decades
after the introduction of the nuclear shell model
(2, 3), an “island of stability” of SHEs far from
the known nuclei was predicted. Recent experi-
mental evidence for the existence of isotopes of
elements up to Z = 118 (4) has confirmed this
concept, but the exact location and extension of
this island are still unknown (5–7). The presently

known or claimed nuclides in the northeast end
of the nuclear chart are shown in Fig. 1. The blue
shaded background indicates the gain in binding
energy from shell effects. Regions of enhanced
binding are predicted for the deformed magic nu-
clei at N = 152 and 162 around fermium (Z = 100)
(1) and hassium (Z = 108) (8, 9) and for spherical
nuclei at Z = 114, N = 184.

Direct measurement of the strength of shell
effects for SHE nuclei has been beyond exper-
imental capabilities until now. It could only be
derived either indirectly from a comparison of,
e.g., experimental cross sections and half lives
with predicted values, or from measured Qa val-
ues, i.e., energy differences, in alpha decays. Here,
we report the direct measurement of the neutron
shell gap by precision mass measurements on
nobelium (Z = 102) and lawrencium (Z = 103)
isotopes around N = 152. The results supply
valuable information on the nuclear structure of

SHEs, which is highly relevant for an improved
prediction of the island of stability.

Mass spectrometry is a direct probe of nuclear
stability, as the mass includes the total binding
energy. Until recently, masses in the region of
the heaviest elements could only be inferred via
a-decay energies. For nuclides with even num-
bers of protons and neutrons, where the decay
connects ground states, this approach is straight-
forward as the mass of the mother/daughter nu-
cleus can be derived from the measured decay
energy E = Dmc2 and the mass of the daughter/
mother nucleus, respectively. Although the un-
certainties add up along decay chains, the masses
of several nuclides between uranium (Z = 92)
and copernicium (Z = 112) have been deduced
in this way (10).

However, in general, the situation is more
complex as a decays preferably connect levels
with identical configurations, whereas the ground-
state configurations of mother and daughter nu-
clei usually differ for odd-Z and/or odd-N nuclides.
These nuclei decay to excited states that in turn
generally de-excite to the ground state by emis-
sion of photons or conversion electrons. Thus,
the total decay energy is shared among the a
particle, g rays, and/or conversion electrons, i.e.,
the mere knowledge of the a-particle energy is
insufficient. Unfortunately, for such nuclides un-
ambiguous decay schemes, which would provide
the information needed to obtain the true Qa

values, are rarely available. For many nuclides
above fermium (Z = 100), the mass values are
only extrapolated with uncertainties of several
hundred keV (10).

In contrast, direct mass measurements provide
absolute mass values and model-independent bind-
ing energies EB with no need for any ancillary
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Fig. 1. Chart of nuclides above berkelium (Z = 97). The blue background shows the calculated shell-
correction energies (6). The orange-shaded lines indicate known and predicted shell closures. The
squares represent presently known or claimed nuclides. The nobelium and lawrencium isotopes whose
masses are reported here are indicated by red squares. The yellow and green squares represent nuclides
whose masses are determined by use of these new mass values, respectively, as anchor points in com-
bination with experimental a-decay energies. Hatched squares show nuclides with unknown or ambiguous
excited states. For details, see text.
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■ Deformed shell closures
□ @Z ~ 100, N ~ 152
□ @Z ~ 108, N ~ 162

■ Empirical shell-gap energy

S2n(N, Z) = M(N − 2,Z) + 2mn − M(N, Z)

δ2n(N, Z) = S2n(N, Z) − S2n(N + 2,Z)

S2n(N + 2,Z ) = M(N, Z ) + 2mn − M(N + 2,Z )

known-mass nuclei (RIKEN-MRTOF)

K. Rutz et al., PRC 56 (1997) 238
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Precision mass measurements of short-lived, radioactive nuclei have an impact on various branches72

of nuclear physics, such as nuclear structure studies, the study of astrophysical nucleosynthesis, and73

the test of fundamental interactions. The required mass precision for each field[1] is described74

in Table 1.1. Typically, for studies related to nuclear structures such as shell structures,75

deformations and so on, a mass precision on the order of 10�6 �10�8 is required, while for76

studies related to astrophysics such as r-process and rp-process path, a mass precision of77

10�6�10�7 is required. Associated nuclei with such fields are mostly short-lived, relatively78

heavy and low production yields.79

Table 1.1: Required mass precision for each fields

Category �m/m

Chemistry: Identification of molecules 10�5 � 10�6

Nuclear structure: shell, pairing 10�6

Astrophysics : r-process, rp-process 10�6 � 10�7

Nuclear fine structure: deformation, halo 10�7 � 10�8

Nuclear mass model 10�6

Possibly one of the most important recent developments in mass spectrometry of such80

exotic nuclei is a multi-reflection time-of-flight mass spectrograph (MRTOF). For long-81

lived and light nuclei, the MRTOF can provide mass resolving power better than that82

of a storage ring, but worse than the venerable Penning trap. However, for short-lived83

nuclei – typically T1/2 < 100 ms – the MRTOF provides much better mass resolving84

power than even the Penning trap. In this way, the MRTOF represents the future of85

mass spectroscopy in nuclear physics, where next generation facilities will provide ever86

greater access to the short-lived, neutron-rich, and superheavy portions of the nuclear87

chart.88

1.1 Production and separation of radioactive ions89

Mass spectroscopy of importance to nuclear physics, for the most part, involves measurement of90

radioactive nuclei. In recent years, as the properties of near-stable nuclei have been heavily studied,91

interest has naturally shifted towards nuclear species further from stability. The nuclei which can92

be produced, as well as the spectroscopic methods that can be employed, are strongly related to the93

production method. There are several production methods for exotic nuclei; they each possess their94

own specific advantages and complement one another.95

For nuclear physics experiments, production and separation techniques of radioactive ions are es-96

sential. So far, several complementary techniques have been developed, each technique having unique97

sets of drawbacks and advantages. Up to now, more than 3000 nuclides have been produced at the98

various radioactive ion beam facilities worldwide, and studied at energies ranging from a ⇠10 keV up99

to relativistic energies.100

Production techniques are largely defined by the kinetic energy of the resultant nuclei, as well as the101

region of the table of isotopes which can be accessed. Light and medium-mass nuclei can be produced102

by fission induced by photons, neutrons, energetic-protons or heavy-ions and typically provided with103

an energy of a ⇠10 keV. The facilities ISOLDE in Geneva [2] and TRIUMF in Vancouver [3] amoung104

8

Binding energies (B.E.) reflect all forces acting in the atom(nucleus)

M(Z,N) = mpZ + mnN + meZ �B.E.

e.g ., A = 100 � 100 GeV, �m/m � 10�6@�m = 100 keV

Electrons
Protons

Neutrons

e.g. A = 100 ≈ 100 GeV/c2, δm/m ≈ 10-6 @δm = 100 keV/c2

Atomic Mass and Required Precision
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(1) Cool ions in He buffer-gas filled ion trap

(2) Open front end of MRTOF and eject from trap

(3) Close front end

(4) Ions will reflect between isochronous mirrors

(5) Open back end at time-focus lap and detect at MCP

Preparation trap MCP/
MagneTOFDrift tube

Switching mirrors

(1)

(2)

(3)

(4)

(5)
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adjusting the steering optics between the trap and reflection cham-
ber, and thereby infer it to be related to a slight angular misalign-
ment between the trap and reflection chamber. Finally, there is a
pronounced reduction in the average count rate near the time
focus position at 115 laps, which we attribute to detector pileup.

4.3. Position of time focus

The mirror potentials are intended to create a time focus at the
detector after a certain number of reflections. The number of
reflections needed to achieve this time focus was found to depend
sensitively on the initial conditions of the ions – RF phase at ejec-
tion, trap ejection pulse amplitude, acceleration optics voltage, etc.
Since the ion trap RF signal was not included in the optimization
calculation and the voltages were scaled by 2/5, the time focus
was not found to occur after 518 laps, but closer to 900 laps. How-
ever, it was found that the position of the time focus could be
altered by slightly adjusting the potentials in the injection optics.

By adjusting the injection optics, a set of voltages was found
which moved the time focus to !100 laps while preserving the
resolving power. The resolving power as a function of laps for this
configuration is shown in Fig. 11. By reducing the number of reflec-
tions, the effect of higher-order aberrations was reduced and the
peak shape became more Gaussian, as shown in the 40K+ spectrum
in Fig. 12; this is highly beneficial for accurate determinations of
the peak position. Additionally, the measurements could be per-
formed in an exceedingly short time. As a point of comparison,
for a conventional Penning trap to achieve the same resolving pow-
ers as demonstrated in Fig. 12 with the same observation time
would require a magnetic field of 167 T in the case of 40K+ and
271 T in the case of 133Cs+.

4.4. Voltage and thermal dependencies

The various voltages of the MRTOF were scanned to experimen-
tally determine how strongly their variation affected the ToF.
Fig. 13 shows the resolving power as functions of the variation of
bias voltages. Table 4 lists the measured effect a relative change
in each voltage has on the relative ToF.

As previously mentioned, while the inherent resolving power is
robust against small deviations from the optimum, the ToF can be
strongly affected by small changes in the biases. In other words,
the voltages need not be applied with extreme accuracy to achieve

a high resolving power, but must be precisely maintained to pre-
vent peak broadening. In order to achieve Rm = 4 " 105 requires,
according to Table 4, that all the biases are stable to
DV
V 6 0:5 ppmrms for during the accumulation of the spectrum. To
accomplish this, as has previously been discussed, a temperature
regulated PID controller is used. The controller provides voltage
stability of DV

V K 5 ppmrms [54].

Fig. 11. Scan over lap number to determine number of laps at which the ions
achieve a time focus. Number of laps are indicated at the top, while time-of-flight is
indicated along the bottom.

Fig. 12. Measured ToF spectra for (top) 40K+ at 115 laps and (bottom) 133Cs+ at 125
laps in !2 keV operation. The spectrum for 40K+ was fitted with a Gaussian function
while that of 133Cs+ was fitted with an exponential–Gaussian hybrid function. The
shape is considerably more Gaussian than the calculated peak shape in both cases.
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Online Results with MRTOF@RIKEN

169Tm + 40Ar

P. Schury et al., PRC 95 (2017) 011305

RAPID COMMUNICATIONS

P. SCHURY et al. PHYSICAL REVIEW C 95, 011305(R) (2017)

(a)

(b)

Ar @ 5.16 MeV/u40

(c)

Ar @ 5.16 MeV/u40

FIG. 2. Time-of-flight spectra observed using 169Tm(40Ar, X)
reaction at (a) 4.825 MeV/nucleon and (b, c) 5.16 MeV/nucleon.
Ions made (a) n = 148 laps, (b) n = 223 laps, and (c) n = 224
laps in the MRTOF-MS. The (a) A/q = 205 and A/q = 206 and
the (b, c) A/q = 204 and A/q = 205 spectral peaks were observed
simultaneously in single spectra. See text for details.

ratio should scale as Ym/Yg ∼ (2Jm + 1)/(2Jg + 1), where
Jm and Jg are the spin of the isomeric and ground state,
respectively [29], in all cases other than 206Fr+, based on the

FIG. 3. Deviation of each isotope’s measured mass from literature
values. Error bars for this work have been scaled by the Birge ratio,
when available, and include 75 keV/c2 systematic uncertainty.

fitting quality, it is reasonable to conclude that only one highly
dominant state is observed for each isotope.

The results of our measurements are shown in Table I. The
weighted average results for each isotope are given in Table II
and the deviations from literature values are shown in Fig. 3.
The weighted average data are generally in agreement with
Atomic Mass Evaluation 2012 (AME2012) values and more
recent Penning trap data for 204–206Rn [30]. In 7 of the 11 data
the deviation from previous literature is less than 1 − σ .

It is worthwhile to remark on the four cases where the Birge
ratio–adjusted deviation from established literature values
exceeded 1 − σ . The first two cases, 204,206Fr, are each in
better agreement with their first long-lived isomeric states,
at 51(4) and 190(40) keV [28], respectively, than with their
ground states. Based on the aforementioned isomeric ratio
expectations, this is not unreasonable.

The third case is 205Po, which was identified with 31
detected ions across four measurements. The weighted average
deviates from the AME2012 value by 718(258) keV. This
may be a statistical anomaly, as the data are sparse, but the
Birge ratio of 0.8 indicates the scattering of the data is within
statistical expectations. Alternatively, there is known to be a
J π = 19/2+ isomeric state at 1.46 MeV with T1/2 = 57.4 ms
[31]. While the TOF difference between the ground state
and isomer in this case is 1 FWHM, making it technically
resolvable, the low statistics make separately fitting the ground
state and isomeric state infeasible. The measured mass being
approximately halfway between the ground state and this
isomer could indicate a 1:1 mixture.

The fourth case is 204Rn, which is observed to be 84(31)
keV below the AME2012 values as well as previous Penning
trap values. This is not likely to be a mere statistical anomaly,
as the five measurements are in good agreement with each
other. Nor is it likely to be evidence of isomerism, as this is
an even-even nucleus. Because the historical rate of known
Penning trap measurement errors is exceedingly low, we are
led to believe that in this measurement the experimental
spectral peak shape was not perfectly reproduced by our
exponential-Gaussian hybrid function, leading to a systematic
uncertainty of 75 keV/c2 (δm/m ≈ 4 × 10−7) in this work.

011305-4

While ions from the gas cell were being analyzed with the
MRTOF MS, reference ions stored in the second trap
system’s aft linear Paul trap were transferred to the flat ion
trap and cooled, while pulses of ions sent from the first trap
system continue to accumulate in the lower trap system’s
fore linear Paul trap. In this way, measurements of analyte
ions from the gas cell were interleaved with measurements
of reference ions within a 30 ms cycle (15 ms for each). In
addition to providing a nearly 100% duty cycle, the times of
flight (TOF) of the reference ions provide precise correc-
tions of TOF drifts for both reference ions and analyte ions.
The TOF drift correction was performed in a manner we

refer to as the “slice-by-event” method [see Fig. 3(b)].
Because analyte detection events were sparse, it was not
necessary to consider all reference events. Rather, the
reference ions detected 50 cycles (1.5 s) before and after
each analyte detection event were combined to produce a
reference spectrum. The centroid of reference events in
each slice was used to determine the reference TOF tri for
each analyte TOF txi. Drift-corrected spectra can then be
produced for the reference and analyte by multiplying the
TOF of each detected ion in subset i by tr0=tri. A detailed
review of this analytical method will be provided in a future
publication. Spectra were fitted with an unbinned maxi-
mum-likelihood estimator using an asymmetric combined
Gaussian-Lorentzian function [25].
Because of the multireflection nature of the MRTOFMS,

there is not a one-to-one correspondence between the TOF
and A=q; unambiguous identification cannot be made from
a single spectrum. This is a consequence of the possibility
that two ion species differing in the mass-to-charge ratio
by ΔA=q will also differ in the number of laps made in the
MRTOF MS by Δn laps such that they have essentially the
same TOF. To avoid misidentifications, therefore, we
employed confirmation measurements of each analyte
ion at different numbers of laps (generally, !1 laps) and
additionally for low count-rate measurements of 249;250Md
further confirmations with a dummy target of lower Z,
which is unable to produce the desired ER but that can be
presumed to provide otherwise similar conditions. Figure 4
demonstrates this process in the case of 250Md. After
6000 s, within !50 ns of the expected TOF of 250Md2þ

seven and five counts, respectively, were observed
at n ¼ 144 and n ¼ 145 laps while using natTl (Z ¼ 81)
targets; no counts were observed when using 197Au
(Z ¼ 79) targets in 4000 s for both. This provides strong
evidence that the observed spectral peak truly belongs to
250Md2þ with the probability of no detected events being
only 0.03%. The raw and binned spectrum observed for
250Md at n ¼ 145 laps, along with the resultant fitting curve
by an unbinned maximum-likelihood routine [26], is shown
in Fig. 5. This process was employed for each isotope
measured.
Experimental conditions, reactions, and primary beam

energies for each measured isotope are included in Table I.
246Es, 251Fm, and 252Md were produced with hot-fusion

reactions using 18O and 19F primary beams with intensities
of ∼3 pμA on 232Th and natU targets. A 48Ca primary beam
of ∼3 pμA intensity was used to produce 249;250;251Md and
254No via cold-fusion reactions with natTl and 208Pb targets.
All targets had a thickness of ∼500 μg=cm2 with
1.4-mg=cm2 Ti backings for actinide targets and
60-μg=cm2 C backing for other targets and were mounted
on a 300-mm wheel [27] which rotated at 2000 rpm during
irradiation.
Results for all isotopes measured are listed in Table I; the

mass values are compared with AME16 [33] values in
Fig. 6. The masses were derived using the single-reference
analysis method described in Ref. [16]. The listed system-
atic uncertainties derive from ambiguity in the origin of the
time of flight. As expected from the short measurement
cycle, TOF spectra for 254No included a ∼30% admixture
[34] of the 1.295(2) MeV isomer. While the isomer and
ground state could be only partially resolved, the mass of
254gNo is consistent with prior direct measurements at
the Penning trap mass spectrometer SHIPTRAP [14].
Furthermore, the masses of 251Fm and 251Md are in good
agreement with those determined by Qα [28] using
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MRTOF@JAEA-ISOL/Tandem Accelerator
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MRTOF Setup

30 keV ion beam 
from ISOL

Gas-cell cooler-buncher 
(GCCB): He ~1 mbar

Diff. pumping 1

Diff. pumping 2

Ion traps

MRTOF

Y.I. et al., JPS Conf. Proc. 6 (2015) 030112

Ion detector

(Reference ions)

MRTOF

Paul traps Flat trap

■ Mass resolving power: >200,000
■ System efficiency: ~30% (estimate)
■ Measurement time: <10 ms
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Experimental Plans with Light Primary Beam@ISOL

0 300100 200
Mass uncertainty (keV)

(checkered: experimentally unknown)

244Pu

248Cm

254Es N = 162

N = 152

Bk
Cf
Es
Fm
Md

No
Lr

Rf
Db

Sg
Bh

Cm
Am
Pu

Cross section >10 nb

Target thickness 1 mg/cm2 for 244Pu&248Cm
10 μg/cm2 for 254Es

Primary beam intensity 0.5 pμA for 18O&22Ne
Overall efficiency 1%

Half-life >1 s
Count rate@MRTOF >1 count per day

Experimental condition

: Target nuclei
: New mass
: New mass&isotope

■ 14 new masses with 9 new isotopes
■ Mass precision: <100 keV with 1-2 weeks BT
■ No (Z = 102) and Lr (Z = 103) approach  N ~ 162
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FIG. 10. Production cross sections of final products in the 238U + 254Es reaction at Ec.m.
= 900 MeV. Contour lines are drawn

over an order of magnitude of the cross section down to 1 pb.

of this sub-shell on the formation of the primary prod-
ucts (compare primary and final fragments for Rf and Db
isotopes in panel (b) of Fig. 9). Impact of the N = 162
sub-shell is also present in Db and Sg distributions ob-
tained in the 238U + 248Cm reaction.

As can be seen from Fig. 9, the yields of primary frag-
ments are rather large. For example, excited Z = 114
nuclei can be produced with the cross sections of about
1 µb (not shown in Fig. 9). Nevertheless, high excita-
tion energies and angular momenta lead to rather low
probabilities of their survival.

The production cross sections for the 238U + 254Es
reaction products with Z > 91 are shown in Fig. 10.
In this reaction unknown neutron-enriched isotopes of
elements from U to Md can be produced with the cross
sections exceeding 1 µb. The above-discussed decrease of
the isotopic distributions with increasing atomic number
imposes certain restrictions on the formation of above-
target nuclei. In particular, the possibility of synthesis of
unknown superheavy nuclides in DI collisions of actinides
is rather limited.

The initial orientation of statically deformed nuclei
also affects the production yields of heavy above-target
nuclei. Lower excitation energies of primary fragments
formed in a more compact side-to-side collisions will in-
crease their survival probability. On the other hand, the
cross sections for primary products for the side-to-side
collisions are smaller than for other orientations. The
final yield is a product of the survival probability and
primary cross section. Determination of an optimal col-
lision energy is of great importance for planning experi-
ments on production of heavy nuclei and will be a topic
of future studies.

IV. CONCLUSIONS AND OUTLOOK

In this paper, the multinucleon transfer processes in
low-energy collisions are analyzed for both spherical and
statically deformed nuclei. The model provided a rea-
sonable agreement between the calculated and the mea-
sured energy, angular, charge, and isotopic distributions
of reaction products for a number of MNT reactions with
medium-mass and heavy nuclei.
The mutual orientation of colliding statically deformed

nuclei in the entrance channel strongly affects the reac-
tion dynamics at near-barrier energies. This applies to
the absolute values and widths of the energy, angular,
mass, and charge distributions of reaction products ob-
tained for different mutual orientations of projectile and
target nuclei. These orientational effects gradually dis-
appear with increasing collision energy to the values well
above the Coulomb barrier for all orientations.
The developed approach allows us to calculate yields

of the above-target nuclei produced in collisions of heavy
actinides at near-barrier collision energies. The calcula-
tion results show a strong exponential drop of the pro-
duction cross sections with increasing atomic number due
to high excitation energies and angular momenta of pri-
mary products. This drop was earlier observed experi-
mentally for the 238U + 238U/248Cm reactions [17, 18].
This fact makes the region of new superheavy nuclides to
be hardly reachable in MNT reactions. However, there
is a real chance to produce a number of neutron-enriched
isotopes of heavy actinides with the cross sections ex-
ceeding 1 µb in the MNT reaction with the 254Es target.
Both theoretical and experimental studies of the en-

ergy dependence of the production yields of heavy
neutron-enriched nuclei in MNT reactions with heavy
ions is of special interest for determining conditions for

238U

254Es

254Es/248Cm Target

SiN windows

He gas catcher RF carpet 1

RF carpet 2

238U beam
Reaction 
products E→

Donut-shaped 
direct gas catcher

MRTOFIon traps

■ Overall efficiency: >10%
■ Acceptable Half-life: >10 ms
■ Acceptable cross section: >1 nb
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Application for Fission Study
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milliseconds. The observed 2.1-s half-life, then, is evidence
for stabilization due to the Z5108 and N5162 deformed
shells, just as the longer half-lives in the region around
Z5100 and N5152 ~250Cf, 252Fm, and 254No! show the
stabilizing effect of the N5152 subshell.
The mass-yield distribution for 104262Rf is shown in Fig. 7

together with those known for other transberkelium isotopes.
It shows a symmetric mass distribution which could not be
fit with a single Gaussian, but is well represented by a
Lorentzian. Up until 1971, only asymmetric mass division
had been observed for spontaneous fission, resulting in a
‘‘double-humped’’ distribution. Then it was discovered @24#
that 257Fm had an enhanced yield of symmetric division.
Since then, the isotopes 258Fm @28#, 259Fm @9,29#, and
260Md @28#, among others, have been shown to have very
symmetric distributions. The explanation for this is that these
nuclei are approaching a mass ~264Fm! that can fission into
two shell-stabilized doubly magic 132Sn fragments, resulting
in a greatly enhanced symmetric yield. The mass-yield dis-
tribution of 104256Rf is somewhat asymmetric. The mass-yield
distributions of 104

258Rf and 104
260Rf are broadly symmetric,

which was attributed to the return of ‘‘liquid-drop’’-type fis-
sion and the disappearance of the second barrier in the fission
process @30#. However, if this were the case, the distribution
of 104262Rf should not be nearly as narrow as the mass distribu-
tion we have observed which seems to indicate the influence
of shell effects.
The TKE distribution for 104262Rf is shown in Fig. 8 together

with those known for other transeinsteinium isotopes. It ap-
pears that 104262Rf has only a single component for its distribu-
tion, unlike those for 258Fm, 259,260Md, and 258,262No, which
have been decomposed into two Gaussian distributions
@28,31#, one centered around 200 MeV and the other cen-
tered around 235 MeV. This so-called ‘‘bimodal’’ fission

FIG. 6. Logarithms of partial SF half-lives of even-even nuclei
plotted vs neutron number. Arrows are used to indicate lower limits.
~From Ref. @25#.!

FIG. 7. Schematic representation of all known mass-yield dis-
tributions ~normalized to 200% fission fragment yield! for SF of
trans-Bk isotopes. ~From Ref. @25# and this work.!

FIG. 8. TKE distributions for SF of some trans-Es isotopes.
~From Ref. @25# and this work.!
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mounted in a vacuum chamber between two 450-mm
surface-barrier detectors located in the center of a
neutron-detection tank, and fission counted for 98 d. To
avoid contaminating the detectors with Cf, the energy
response of these detectors was calibrated with fission
fragments from our Cf course after we finished the
Md counting. We calculated fragment energies by the

same procedure described earlier, and combined these
events with the previous ones.
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258'~
A. Mass and energy distributions

We present in Figs. 5 and 6 the mass and TKE distri-
butions obtained for the five nuclides after subtracting
background distributions contributed by small and
known amounts of Fm. This correction was made by
scaling downward the distributions we obtained from
250000 events collected from a mass-separated sample of
Fm to equal the total number of Fm events we found

in our sources. The Md distributions were also adjust-
ed for the 11 events coming from a Fm impurity. As
noted in the previous section, no background corrections
were necessary for Md. Unlike most previous studies
where Fm was a major fission component, we found
that subtracting the contribution from Fm had only a
slight impact on any distribution.
For the reason that we recalculated our fragment ener-

gies from the more recent calibration parameters for
Cf (Ref. 30), the histogram distributions shown in Figs.

5 and 6 do not quite correspond to those given in Ref. 1.
Another di8'erence is that we have nearly tripled the
number of observed fission events from Md since the
publication of Ref. 1.
The most significant and unique feature of the TKE

distributions is their pronounced deviation from a single
Gaussian shape. In four of the five nuclides, decided
asymmetry is imparted by conspicuous tailing in either
energy direction from the central peak. This is the first
observation of this phenomenon, the TKE distributions
from other actinides being uniformly Gaussian with only
minor divergences. Detection of this feature was made
possible by reducing the interference from the SF of
Fm and improving the fragment-energy resolution over

that of our earlier work. Closer inspection of these TKE
distributions reveals that the peak of each distribution is
not randomly located along the energy axis, but is posi-
tioned near either 200 or 233 MeV. The asymmetric tails
of the TKE curves result in distributing an appreciable
portion of the events into one or the other of these two
main energy regions.
Based on these observations, we considered that the

TKE curves for at least four of the nuclides were a com-
posite of two separate energy distributions, with each
most likely being Gaussian. The fifth, [104], may well
have a residue of the high-TKE component, but we can-
not be sure because of the statistically few events in the
high-energy region. By taking the FWHM from the
TKE distribution for [104] as a fixed parameter and
model for the lower-energy Gaussian, we resolved each of
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Table  2
Results of analysis of the spectra with n40 ∈ {78–80, 153–155}. Masses are listed in
atomic mass units. Weighted average uncertainties have been scaled by Birge ratio.
NaNH3

+ is the reference species.

n40 m1 m2 m3 m4

78 38.96350(8) 40.9614(1) 40.99984(9) 59.0040(2)
79  38.96326(4) 40.9611(1) 40.99940(5) 59.0043(1)
80  38.96339(3) 40.96113(4) 40.99964(3) 59.00446(5)
153  38.96336(5) 40.96141(6) 40.99992(5) –
154  38.96307(2) 40.96117(3) 40.99969(2) –
155  38.96328(2) 40.9611(1) 40.99966(2) –
<m> 38.96327(1) 40.96121(2) 40.99967(1) 59.00434(5)
ID 39K+ 41K+ NaH2O+ CFN2

+

mID 38.963157 40.961277 40.999785 59.004002
<!m/m>  3(1) ppm −2(1) ppm −3(1) ppm 6(2) ppm

From the masses in Table 2 we were able to identify the ions
39,41K+ and NaH2O+, which were previously identified with high-
precision measurements. Additionally, we could identify CFN2

+

which had not been previously identified. As Teflon tape is used
in the ions source mounting, it is not unreasonable to find CFN2

+

coming from the ion source. From (!m)ij we can see that it makes
!n = −14 laps compared to the NaNH3

+ reference, and is likely
responsible for some of the “noise” peaks in Figs. 2 and 4.

In principle, high-precision measurements could be performed
on such wide-band spectra once the value of !n  has been deter-
mined for each peak of interest. Depending on the set of ions
identified, the high-precision measurements could be performed
utilizing either one or two spectra. In cases such as the isobaric
singlets m/q = {39, 59}  in this set, where only a single ion species
exists within the mass bandwidth, two spectra would be required –
one where the reference makes n laps and one where the unknown
makes n laps. For cases, such as the isobaric multiplet of m/q = 41 in
this set, where multiple ion species exist within the mass band-
width, one member of the set can be used as the reference to
determine the masses of the rest of the set with high-precision.

Principally, following identification of the molecular ions by
means of Eq. (8), one ought to make interleaved measure-
ments of each ion species and the reference to implement the
two-spectra single-reference analysis for precise identification.
However, experiment scheduling precluded such for this data set,
requiring us to make use of the data of Fig. 2 for the entire analysis.

In the data set we have been using for demonstration, two-
spectra single-reference mass measurements can be made for
39,41K+ and NaH2O+ using the previously analyzed set of spectra,
as they have !n  = { ±1, ± 2}. The results of such an analysis are
shown in Table 3. As can be clearly seen by comparison with
Table 2, the accuracy is much improved, owing to the elimination
of deleterious effects caused by the slightly non-constant nature
of b with respect to n.

In the case of CFN2
+, it has !n  = −14. As each spectra in the

data set required 10 min  of data accumulation, the n40 reference

Table 3
Evaluation of the data in Table 2 using the two-spectra single-reference method. We
limit the analysis to the use of spectra previously analyzed in Table 2. This analysis
could not be performed without the peak identification and !n  determination of
the previous analysis. NaNH3

+ is the reference species.

n40 m (39K+) m (41K+) m (NaH2O+)

78 38.96321(3) – –
79  38.96315(3) 40.96139(13) 40.99971(8)
80  – 40.96124(4) 40.99976(2)
153 38.96319(2) – –
154 – – –
155 – 40.96132(13) 40.99984(2)
<m>  38.96319(1) 40.96128(3) 40.99979(1)
<!m/m>  0.77(31) ppm 0.13(83) ppm 0.09(35) ppm

Table 4
Evaluation of the m/q = 41 isobar set in Table 2 using the single-spectra single-
reference method. We limit the analysis to the use of spectra previously analyzed.
41K+ is the reference species.

n40 m (NaH2O+) !m/m [ppm]

78 40.99972(11) −1.7(2.7)
79  40.99959(11) −4.6(2.6)
80  40.99979(3) 0.12(75)
153  40.99979(2) 0.08(41)
154  40.99980(2) 0.34(39)
155  40.99980(13) 0.4(3.2)

40.999779(11) −0.15(26)

Fig. 7. Calculated distribution of peaks from nuclei produced by in-flight fission
of  Uranium, thermalized in a gas cell and analyzed by the MRTOF-MS. Ions in the
hashed area cannot be analyzed because they will be deleteriously affected by
switching electrodes.

spectra were made more than 2 h prior to each n59 spectra con-
taining CFN2

+. No reference measurements were made to allow
an accounting of drifts caused by voltage instabilities and thermal
expansion, either, precluding making any analysis of CFN2

+ by the
two-spectra single-reference method.

Finally, for the case of non-singular isobaric sets, each spectra
can be analyzed using a single-spectra single-reference method.
In our example data, the only such case is m/q = 41 with 41K+ and
NaH2O+. By choosing 41K+ as the reference, we  can then precisely
determine the mass of the member of the molecular isobar set.
The results of such an analysis are shown in Table 4. Since in such
an analysis all ion species involved in the analysis experienced the
same environment, the scattering of the results is reduced. Because
every spectra could contribute to the analysis, the weighted uncer-
tainty is also reduced.

5. Conclusion and outlook

We  have presented a derivation of the mass bandwidth of the
MRTOF-MS as a function of number of laps. The actual mass band-
width is reduced to 60% of the calculated value due to ions near the
ejection mirror being affected by the changing electric field dur-
ing ejection from the MRTOF-MS. However, one intriguing feature
of the MRTOF-MS is that species outside the mass bandwidth are
not lost (although they may  be adversely affected by the switch-
ing of the injection and ejection mirrors) but rather make different
numbers of laps than the central reference species.

It is possible to take advantage of this feature to identify species
outside the mass bandwidth. By using two spectra with different
values of nm for the reference ion, it was possible to identify the
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■ Independent fission yield map: how strong shell effect of 132Sn in fission process?
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Summary
■ Systematic mass information around deformed shell closures N = 152 and 162 is 
indispensable for exploring “Island of Stability”
■ MRTOF offers fast, efficient, and wide-band high-precision mass spectroscopy
■ At JAEA-ISOL, new MRTOF will be functional in FY2020, planning mass measurements and 
new isotope searches for neutron-rich actinides along N ~ 162
■ MNT reaction with heavy nuclei such as 238U + 254Es/248Cm will open a new frontier toward 
"Island of Stability"
■ Application for fission study coupled with MRTOF will reveal a detail fission mechanism for 
unique symmetric fission

Y. Oganessian
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