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Shell Effect and Island of Stability in SHE

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.

www.sciencemag.org SCIENCE VOL 337 7 SEPTEMBER 2012 1207

REPORTS

 o
n 

Ju
ly

 2
9,

 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

●
●●
●

●

known-mass nuclei (PT-MS)
known nuclei

this work (MRTOF)
indirectly determined by Qα

●●
M. Block et al., Nature 463, 785 (2010) 
E.M. Ramirez et al., Science 337, 1207 (2012) 
Y.I. et al., PRL 120, 152501 (2018)

G.T. Seaborg, 
Annu. Rev. Nucl. Sci. 18 (1968) 53

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

?
? ?

T1/2 > 100 yrs?
inaccessible so far

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

via high-precision mass spectroscopy with an MRTOF

Md    101
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Nuclei Measured/Identified with MRTOF @RIKEN
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87Fr

88Ra
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91Pa

92U
93Np

94Pu
95Am

96Cm
97Bk

98Cf
99Es

100Fm
101Md

102No
103Lr

238U235U

:  Nuclei measured/identified with MRTOF 254No
249-252Md

250,251Fm
246,248,249Es

208Pb

Md region: Y.I. et al., PRL 120, 152501 (2018) 
Fr region: P. Schury et al., PRC 95, 011305 (2017) 
Ac region: M. Rosenbusch et al., PRC 97, 064306 (2018)

■ fusion-evaporation and in-gas-cell decay products (48Ca + 208Pb/natTl/169Tm/165Ho, 18O/19F + 232Th/natU): 
55 nuclides
■ multi-nucleon transfer products and target recoils (18O/19F + 208Pb/232Th/natU/): 16 nuclides
■ masses of >30 nuclides were directly measured for the first time
■ all nuclei observed were mostly q = 2+ at cryogenic condition: cleanness in GC and IP2(X) < IP1(He)

P. Schury et al., NIMB 407, 160 (2017)
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Degrader

GARIS room floor

Gas cell

RF carpet

SPIG
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SSD
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Multipole lens
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Experimental setup�

25th-FEB-2013 2 

40Ar beam 

Beam envelope of ERs 

Differential 
pumping 

208Pb target 

Beam dump (Ta) 
with water cooling 

Gas inlet Focal plane detector 
0 1 [m] 

D2 

D1 

Q2 

Q3 

Q1 Experimental conditions 
Reaction  : 208Pb(40Ar,xn)245Fm 
Beam  : 197 MeV 40Ar11+ 

Intensity  : 0.1 puA 
Dose  : 2.4x1014 

Target  : C/208Pb = 60/300 ug/cm2 

Bρ ": 1.92 T�m �

Daiya Kaji, RIKEN SHE Gr.�

Primary beam

Target

Cryogenic He gas cell + MRTOFGARIS-II (by GARIS team)

Pre-cooler
trap

Overall system efficiency ~ 2%
(MRTOF detection rate / Gas-cell incoming rate)

SHE-Mass Setup @GARIS-II

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

169Tm + 40Ar



Mar 27, ASRC-WS 2019: Yuta Ito       / 13�5

SHE-Mass Setup @GARIS-II

m/q
(m/q)1 > m/q

(m/q)2 < m/q

From
GARIS-II

SSD array

Degraders
Differential pumping

Cryogenic gas catcher

First ion traps

Second ion traps

Cs+ and Ba+ for tuning

Cs+ for reference

MRTOF-MS

BN gate

Acc-PDT

Dec-PDT

TW-mode RF carpet

Ion detector

SPIG

-V

0

-V

0

Y.I. et al., PRL 120 (2018) 152501 
P. Schury et al., NIMB 335, 39 (2014) 
Y.I. et al., NIMB 317 (2013) 544

Mylar + Honeycomb

transmission: 0.88


Mylar thickness: 0.5 μm

Cryogenic He gas catcher

pressure: <250 mbar


temperature: ~80 K (in 
operation)

D: 140 mm

W: 250 mm

Sextupole ion guide

Mo rods: 126 mm, Φ1 mm

inter-rod radius: 1.1 mm

Traveling-wave RF carpet

Kapton PCB: t40 μm


width: 80 μm, pitch: 160 
μm, exit: I.D. = 320 μm

D: 80 mm

RFQ pre-cooler trap

resistive-divided PCB 

strips

W: 5 mm

G: ~8 mm

Flat trap

pulse width: ~ns


multi-injection, orthogonal 
ejection

W: 45 mmG: 4 mm

MRTOF

mass resolving power: >150,000 (<10 ms)


mass precision/accuracy: <10-7/≪10-7


system efficiency: 80%
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Concomitant Referencing Method

…

…RI

Reference

1 2 3 i-2 i-1 i

tr1 tr2 tr3 tr(i-2)tr(i-1) tri

Drift compensation: ticor = (tr1/tri) x ti    (i > 1)
↓

Sum up all events used for compensation
↓

Obtain corrected ToFs for mass 
determination

tx1 tx2 tx3 tx(i-2)tx(i-1) txi
next RI: accumulating in pre-cooler

reference: cooling in flat trap
(alkali ions, Cs+, Rb+, ..., from thermal IS 
or isobaric molecules from ESI IS)

RI: MRTOF measurement

(Nr ~ 200 ions/slice)

slice: +/-100 cycle

RI accumulation

Ref. accumulation

RI Ref.

Cooling: 3 ms

Cycle: 30 ms

Top pre-cooler: 

Flat trap: 

MRTOF: 

Bottom pre-cooler: 

More accurate & precise
Easy drift compensation

(almost) No duty loss
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Multi-Steps Confirmation for Rare Events
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 iby 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

0
1
2
3

-1000 -500 0 500 1000C
ou

nt
s 

/ 1
0 

ns

ToF Difference from Expected ToF(250Md2+) (ns)

0
1
2
3

ou
nt

s 
/ 1

0 
n

0
1
2
3

ou
nt

s 
/ 1

0 
ns

0
1
2
3

-1000 -500 0 500 1000C
ou

nt
s 

/ 1
0 

ns

±50 ns

0 counts/4000 s

205Tl + 48Ca
n = 144 laps

7 counts/6000 s

197Au + 48Ca

0 counts/4000 s

205Tl + 48Ca
n = 145 laps

5 counts/6000 s

197Au + 48Ca

TOF Difference from Expected TOF(250Md2+) (ns)

C
ou

nt
s 

/ 1
0 

ns
C

ou
nt

s 
/ 1

0 
ns

FIG. 4. TOF spectra in the anticipated vicinity of 250Md2þ at
n ¼ 144 and 145 laps for natTl and 197Au targets.
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FIG. 5. Fitted TOF spectrum of 250Md2þ at n ¼ 145 laps. The
shape parameters of the fitting function were predetermined with
a high statistics reference (133Csþ) peak in the same measurement,
at the same number of laps.

PHYSICAL REVIEW LETTERS 120, 152501 (2018)

152501-3

■ nature of MRTOF
□ only TOF for identification (no decay info.)
□ “spectrograph-like” nature, conversely, all 
ions are recorded in a spectrum

■ possible contaminations
□ isobaric ions: same number of laps
□ non-isobaric ions (target recoils, other 
reaction channels, molecular ions, ...)
: different number of laps
□ detector background: random

■ 3-steps confirmation/identification
1. TOF expected @N  laps
2. TOF expected @N’  laps (typ. N±1) with 
similar rate
3. dummy (lighter) target run
: Au (Z = 79) target instead of Tl (Z = 81) 
target → no chance to produce ion of 
interest, while other conditions should be 
similar

250Md2+

250Md2+

Dummy

Dummy

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 iby 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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SHIPTRAP values for the masses of 255Lr and 255No; this
work provides the first direct mass measurements of 251Fm
and 251Md. In the cases of 246Es and 249;250;252Md, no
previous experimental mass data exist; however, our values
are consistent with extrapolated mass values in AME16
with similar or higher mass precisions.
One important test applied to theoretical models is their

ability to reproduce the shell gap parameter δ2n [35]. The
shell gap parameter δ2n is calculated as

δ2nðN; ZÞ ¼ S2nðN; ZÞ − S2nðN þ 2; ZÞ
¼ 2BðN; ZÞ − BðN − 2; ZÞ − BðN þ 2; ZÞ; ð1Þ

where S2nðN; ZÞ and BðN; ZÞ are the two-neutron separa-
tion energy and the total binding energy of nuclide NþZZ.
Newly determined δ2nðN; ZÞ values around N ¼ 152
for mendelevium and lawrencium are compared with
the theoretical values in Fig. 7. As described in Eq. (1),

three isotopic masses—MðN; ZÞ, MðN − 2; ZÞ, and
MðN þ 2; ZÞ—are necessary to derive δ2n. Using the
new mass data in this work, we can make such a
comparison between the experimental and theoretical
values for Md and Lr in the vicinity of the N ¼ 152
subshell closure. For a comparison to the theory, we have
selected global mass models representative of various
common theoretical techniques: a shell model (DZ10
[36]), macroscopic-microscopic model (FRDM12 [37]
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FIG. 6. Deviations between mass values determined in this
work and AME16 [33] values. Error bars indicate 1σ standard
uncertainty of our data, while solid lines indicate the uncertainty
of AME16. Isotopes designated with a superscript # have
extrapolated mass values in AME16.

TABLE I. Measured isotopes, reactions, reaction energies at the target center in the laboratory frame (Elab), recoil energies (Erecoil),
cross sections (σER), squares of the analyte-reference TOF ratio (ρ2), mass excesses from this work (MEMRTOF) and from the atomic
mass evaluation 2016 (AME16) (MEAME16) [28], mass deviations (Δm ¼ MEMRTOF −MEAME16), and the total number of detected ions
(Nion) in this work. Parenthetical values of σER denote estimated values from a Monte Carlo code [29]. Extrapolated values of MEAME16
are denoted by #. Experimental statistical and systematic uncertainties are described in the first and second parentheses in MEMRTOF and
Δm, respectively.

Isotope Reaction
Elab

(MeV)
Erecoil
(MeV) σER (nb) ρ2

MEMRTOF
(keV=c2)

MEAME16
(keV=c2)

Δm
(keV=c2)

Nion
(counts)

246Es 232Thð19F; 5nÞ 99.6, 103 7.5, 7.8 (800) [29] 0.925 743 51(44) 67 812(109)(32) 67 900#ð224#Þ −88ð109Þð32Þ 33
251Fm 238Uð18O; 5nÞ 93.9 6.9 4000 [30] 0.944 587 00(14) 75 996(34)(25) 75 954(15) 42(34)(25) 397
249Md 203Tlð48Ca; 2nÞ 215 41.1 (40) [29] 0.937 067 92(89) 77 259(221)(26) 77 232#ð205#Þ 27(221)(26) 14
250Md 205Tlð48Ca; 3nÞ 223 42.3 (200) [29] 0.940 834 91(56) 78 472(138)(25) 78 630#ð298#Þ −158ð138Þð25Þ 29
251Md 205Tlð48Ca; 2nÞ 215 40.8 760 [31] 0.944 599 23(24) 79 025(60)(23) 78 967(19) 58(60)(23) 173
252Md 238Uð19F; 5nÞ 98.6 7.3 (500) [29] 0.948 367 15(36) 80 467(89)(22) 80 511#ð130#Þ −44ð89Þð22Þ 63
254gNo 208Pbð48Ca; 2nÞ 219 41.1 2000 [32] 0.955 908 32(17) 84 675(42)(19) 84 723.4(9.3) −48ð42Þð19Þ 398
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FIG. 7. Plots of empirical shell gap δ2n for Md and Lr isotopes.
Data points are divided into three sections to indicate the
contributions of the three mass values used in each. White
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the experimental value from AME16, and black indicates the
experimental values from this work. Lines indicate results of
theoretical models.
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Mass Determinations

New masses <100 nb 14 counts in 6 hrs, δm/m ~ 10-6

SHIPTRAP values for the masses of 255Lr and 255No; this
work provides the first direct mass measurements of 251Fm
and 251Md. In the cases of 246Es and 249;250;252Md, no
previous experimental mass data exist; however, our values
are consistent with extrapolated mass values in AME16
with similar or higher mass precisions.
One important test applied to theoretical models is their

ability to reproduce the shell gap parameter δ2n [35]. The
shell gap parameter δ2n is calculated as

δ2nðN; ZÞ ¼ S2nðN; ZÞ − S2nðN þ 2; ZÞ
¼ 2BðN; ZÞ − BðN − 2; ZÞ − BðN þ 2; ZÞ; ð1Þ

where S2nðN; ZÞ and BðN; ZÞ are the two-neutron separa-
tion energy and the total binding energy of nuclide NþZZ.
Newly determined δ2nðN; ZÞ values around N ¼ 152
for mendelevium and lawrencium are compared with
the theoretical values in Fig. 7. As described in Eq. (1),

three isotopic masses—MðN; ZÞ, MðN − 2; ZÞ, and
MðN þ 2; ZÞ—are necessary to derive δ2n. Using the
new mass data in this work, we can make such a
comparison between the experimental and theoretical
values for Md and Lr in the vicinity of the N ¼ 152
subshell closure. For a comparison to the theory, we have
selected global mass models representative of various
common theoretical techniques: a shell model (DZ10
[36]), macroscopic-microscopic model (FRDM12 [37]
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FIG. 6. Deviations between mass values determined in this
work and AME16 [33] values. Error bars indicate 1σ standard
uncertainty of our data, while solid lines indicate the uncertainty
of AME16. Isotopes designated with a superscript # have
extrapolated mass values in AME16.

TABLE I. Measured isotopes, reactions, reaction energies at the target center in the laboratory frame (Elab), recoil energies (Erecoil),
cross sections (σER), squares of the analyte-reference TOF ratio (ρ2), mass excesses from this work (MEMRTOF) and from the atomic
mass evaluation 2016 (AME16) (MEAME16) [28], mass deviations (Δm ¼ MEMRTOF −MEAME16), and the total number of detected ions
(Nion) in this work. Parenthetical values of σER denote estimated values from a Monte Carlo code [29]. Extrapolated values of MEAME16
are denoted by #. Experimental statistical and systematic uncertainties are described in the first and second parentheses in MEMRTOF and
Δm, respectively.

Isotope Reaction
Elab

(MeV)
Erecoil
(MeV) σER (nb) ρ2

MEMRTOF
(keV=c2)

MEAME16
(keV=c2)

Δm
(keV=c2)

Nion
(counts)

246Es 232Thð19F; 5nÞ 99.6, 103 7.5, 7.8 (800) [29] 0.925 743 51(44) 67 812(109)(32) 67 900#ð224#Þ −88ð109Þð32Þ 33
251Fm 238Uð18O; 5nÞ 93.9 6.9 4000 [30] 0.944 587 00(14) 75 996(34)(25) 75 954(15) 42(34)(25) 397
249Md 203Tlð48Ca; 2nÞ 215 41.1 (40) [29] 0.937 067 92(89) 77 259(221)(26) 77 232#ð205#Þ 27(221)(26) 14
250Md 205Tlð48Ca; 3nÞ 223 42.3 (200) [29] 0.940 834 91(56) 78 472(138)(25) 78 630#ð298#Þ −158ð138Þð25Þ 29
251Md 205Tlð48Ca; 2nÞ 215 40.8 760 [31] 0.944 599 23(24) 79 025(60)(23) 78 967(19) 58(60)(23) 173
252Md 238Uð19F; 5nÞ 98.6 7.3 (500) [29] 0.948 367 15(36) 80 467(89)(22) 80 511#ð130#Þ −44ð89Þð22Þ 63
254gNo 208Pbð48Ca; 2nÞ 219 41.1 2000 [32] 0.955 908 32(17) 84 675(42)(19) 84 723.4(9.3) −48ð42Þð19Þ 398
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FIG. 7. Plots of empirical shell gap δ2n for Md and Lr isotopes.
Data points are divided into three sections to indicate the
contributions of the three mass values used in each. White
indicates the extrapolated value from AME16, gray indicates
the experimental value from AME16, and black indicates the
experimental values from this work. Lines indicate results of
theoretical models.
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SHIPTRAP values for the masses of 255Lr and 255No; this
work provides the first direct mass measurements of 251Fm
and 251Md. In the cases of 246Es and 249;250;252Md, no
previous experimental mass data exist; however, our values
are consistent with extrapolated mass values in AME16
with similar or higher mass precisions.
One important test applied to theoretical models is their

ability to reproduce the shell gap parameter δ2n [35]. The
shell gap parameter δ2n is calculated as

δ2nðN; ZÞ ¼ S2nðN; ZÞ − S2nðN þ 2; ZÞ
¼ 2BðN; ZÞ − BðN − 2; ZÞ − BðN þ 2; ZÞ; ð1Þ

where S2nðN; ZÞ and BðN; ZÞ are the two-neutron separa-
tion energy and the total binding energy of nuclide NþZZ.
Newly determined δ2nðN; ZÞ values around N ¼ 152
for mendelevium and lawrencium are compared with
the theoretical values in Fig. 7. As described in Eq. (1),

three isotopic masses—MðN; ZÞ, MðN − 2; ZÞ, and
MðN þ 2; ZÞ—are necessary to derive δ2n. Using the
new mass data in this work, we can make such a
comparison between the experimental and theoretical
values for Md and Lr in the vicinity of the N ¼ 152
subshell closure. For a comparison to the theory, we have
selected global mass models representative of various
common theoretical techniques: a shell model (DZ10
[36]), macroscopic-microscopic model (FRDM12 [37]

-400

-300

-200

-100

0

100

200

300

400

1 2 3 4 5 6 7

M
M

R
T

O
F
 

 M
A

M
E

16
 (

ke
V

)

AME16

MRTOF

1 2 3 4 5 6 7246 Es# 249 Md# 250Md# 251Md 252Md# 254No251Fm

M
M

R
TO

F
 -

 M
A

M
E

16
 (

ke
V

)

FIG. 6. Deviations between mass values determined in this
work and AME16 [33] values. Error bars indicate 1σ standard
uncertainty of our data, while solid lines indicate the uncertainty
of AME16. Isotopes designated with a superscript # have
extrapolated mass values in AME16.

TABLE I. Measured isotopes, reactions, reaction energies at the target center in the laboratory frame (Elab), recoil energies (Erecoil),
cross sections (σER), squares of the analyte-reference TOF ratio (ρ2), mass excesses from this work (MEMRTOF) and from the atomic
mass evaluation 2016 (AME16) (MEAME16) [28], mass deviations (Δm ¼ MEMRTOF −MEAME16), and the total number of detected ions
(Nion) in this work. Parenthetical values of σER denote estimated values from a Monte Carlo code [29]. Extrapolated values of MEAME16
are denoted by #. Experimental statistical and systematic uncertainties are described in the first and second parentheses in MEMRTOF and
Δm, respectively.

Isotope Reaction
Elab

(MeV)
Erecoil
(MeV) σER (nb) ρ2

MEMRTOF
(keV=c2)

MEAME16
(keV=c2)

Δm
(keV=c2)

Nion
(counts)

246Es 232Thð19F; 5nÞ 99.6, 103 7.5, 7.8 (800) [29] 0.925 743 51(44) 67 812(109)(32) 67 900#ð224#Þ −88ð109Þð32Þ 33
251Fm 238Uð18O; 5nÞ 93.9 6.9 4000 [30] 0.944 587 00(14) 75 996(34)(25) 75 954(15) 42(34)(25) 397
249Md 203Tlð48Ca; 2nÞ 215 41.1 (40) [29] 0.937 067 92(89) 77 259(221)(26) 77 232#ð205#Þ 27(221)(26) 14
250Md 205Tlð48Ca; 3nÞ 223 42.3 (200) [29] 0.940 834 91(56) 78 472(138)(25) 78 630#ð298#Þ −158ð138Þð25Þ 29
251Md 205Tlð48Ca; 2nÞ 215 40.8 760 [31] 0.944 599 23(24) 79 025(60)(23) 78 967(19) 58(60)(23) 173
252Md 238Uð19F; 5nÞ 98.6 7.3 (500) [29] 0.948 367 15(36) 80 467(89)(22) 80 511#ð130#Þ −44ð89Þð22Þ 63
254gNo 208Pbð48Ca; 2nÞ 219 41.1 2000 [32] 0.955 908 32(17) 84 675(42)(19) 84 723.4(9.3) −48ð42Þð19Þ 398
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FIG. 7. Plots of empirical shell gap δ2n for Md and Lr isotopes.
Data points are divided into three sections to indicate the
contributions of the three mass values used in each. White
indicates the extrapolated value from AME16, gray indicates
the experimental value from AME16, and black indicates the
experimental values from this work. Lines indicate results of
theoretical models.
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SHIPTRAP values for the masses of 255Lr and 255No; this
work provides the first direct mass measurements of 251Fm
and 251Md. In the cases of 246Es and 249;250;252Md, no
previous experimental mass data exist; however, our values
are consistent with extrapolated mass values in AME16
with similar or higher mass precisions.
One important test applied to theoretical models is their

ability to reproduce the shell gap parameter δ2n [35]. The
shell gap parameter δ2n is calculated as

δ2nðN; ZÞ ¼ S2nðN; ZÞ − S2nðN þ 2; ZÞ
¼ 2BðN; ZÞ − BðN − 2; ZÞ − BðN þ 2; ZÞ; ð1Þ

where S2nðN; ZÞ and BðN; ZÞ are the two-neutron separa-
tion energy and the total binding energy of nuclide NþZZ.
Newly determined δ2nðN; ZÞ values around N ¼ 152
for mendelevium and lawrencium are compared with
the theoretical values in Fig. 7. As described in Eq. (1),

three isotopic masses—MðN; ZÞ, MðN − 2; ZÞ, and
MðN þ 2; ZÞ—are necessary to derive δ2n. Using the
new mass data in this work, we can make such a
comparison between the experimental and theoretical
values for Md and Lr in the vicinity of the N ¼ 152
subshell closure. For a comparison to the theory, we have
selected global mass models representative of various
common theoretical techniques: a shell model (DZ10
[36]), macroscopic-microscopic model (FRDM12 [37]
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FIG. 6. Deviations between mass values determined in this
work and AME16 [33] values. Error bars indicate 1σ standard
uncertainty of our data, while solid lines indicate the uncertainty
of AME16. Isotopes designated with a superscript # have
extrapolated mass values in AME16.

TABLE I. Measured isotopes, reactions, reaction energies at the target center in the laboratory frame (Elab), recoil energies (Erecoil),
cross sections (σER), squares of the analyte-reference TOF ratio (ρ2), mass excesses from this work (MEMRTOF) and from the atomic
mass evaluation 2016 (AME16) (MEAME16) [28], mass deviations (Δm ¼ MEMRTOF −MEAME16), and the total number of detected ions
(Nion) in this work. Parenthetical values of σER denote estimated values from a Monte Carlo code [29]. Extrapolated values of MEAME16
are denoted by #. Experimental statistical and systematic uncertainties are described in the first and second parentheses in MEMRTOF and
Δm, respectively.

Isotope Reaction
Elab

(MeV)
Erecoil
(MeV) σER (nb) ρ2

MEMRTOF
(keV=c2)

MEAME16
(keV=c2)

Δm
(keV=c2)

Nion
(counts)

246Es 232Thð19F; 5nÞ 99.6, 103 7.5, 7.8 (800) [29] 0.925 743 51(44) 67 812(109)(32) 67 900#ð224#Þ −88ð109Þð32Þ 33
251Fm 238Uð18O; 5nÞ 93.9 6.9 4000 [30] 0.944 587 00(14) 75 996(34)(25) 75 954(15) 42(34)(25) 397
249Md 203Tlð48Ca; 2nÞ 215 41.1 (40) [29] 0.937 067 92(89) 77 259(221)(26) 77 232#ð205#Þ 27(221)(26) 14
250Md 205Tlð48Ca; 3nÞ 223 42.3 (200) [29] 0.940 834 91(56) 78 472(138)(25) 78 630#ð298#Þ −158ð138Þð25Þ 29
251Md 205Tlð48Ca; 2nÞ 215 40.8 760 [31] 0.944 599 23(24) 79 025(60)(23) 78 967(19) 58(60)(23) 173
252Md 238Uð19F; 5nÞ 98.6 7.3 (500) [29] 0.948 367 15(36) 80 467(89)(22) 80 511#ð130#Þ −44ð89Þð22Þ 63
254gNo 208Pbð48Ca; 2nÞ 219 41.1 2000 [32] 0.955 908 32(17) 84 675(42)(19) 84 723.4(9.3) −48ð42Þð19Þ 398
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Nuclear Structure at N = 152 and Mass Predictions
■ Shell gap parameter δ2n

: this work : experimental in AME16
: extrapolated in AME16

and WS4RBF [38]), a self-consistent mean-field model
(HFB32 [39]), and a phenomenological mass model
(KTUY05 [40]). Both macroscopic-microscopic mass
models (FRDM12 and WS4RBF) reasonably predict the
experimentally determined δ2n trends, although the peaking
at N ¼ 152 is best reproduced by the FRDM12 model.
HFB32 and KTUY05 peak beyond N ¼ 152, while DZ10
shows a flat trend with no peak. For lawrencium, WS4RBF

agrees well with both the general trend and the peak
at N ¼ 152.
The location of the island of stability remains ambigu-

ous. While experimental mass measurements of nuclei
located within the hot-fusion superheavy island including
the next deformed shell closure predicted at N ¼ 162
would be particularly valuable for this, in general, more
experimentally determined masses in the transuranium
region will allow for the improved extrapolation of mass
values into the presumed region of the island of stability.
By supplementing our precision, direct mass measurements
with α-decay Q values, we can provide mass values for
nuclei up to 266Mt, as listed in Table II. For future efforts to
approach the island of stability, reliable theoretical pre-
dictions are crucial. Figure 8 shows the deviations between
the various theoretical models and our experimental values.
The best average agreement, with a mean deviation below

500 keV=c2, is obtained from the WS4RBF mass model,
which is based on the WS4 mass model [41] using a radial
basis function approach for prediction. Except for the case
of the KTUY05 model, a general agreement within about
1 MeV=c2 is observed, although the deviations tend to
increase with the mass.
In this study, we have directly measured the masses of

246Es, 251Fm, 249−252Md, and 254g;m1No. In the cases of
254gNo, 251Fm, and 251Md, the AME16 mass values were
derived from Penning trap data; the excellent agreement of
our measurement with these Penning-trap-derived data
provides a high degree of confidence in our experimental
technique. Combining these results with α-decay Q values,
the masses of 253;254Lr, 257;258Db, 261;262Bh, and 266Mt could
be indirectly determined. Particularly robust agreement is
seen with the WS4RBF mass model.
This work demonstrates the ability to perform direct

mass measurements of both cold- and hot-fusion products,
even with low recoil energy products (Erecoil ≈ 7 MeV), by
coupling a gas cell with GARIS-II. This technique could be
applied to most nuclei produced with fusion-evaporation
reactions in the SHN region. The overall system efficiency
behind GARIS-II, excluding GARIS-II efficiency, from
stopping in the gas cell to detection, was ∼2% limited by
the double trap system. In the near future, modification to a
single trap setup at a new experimental location should
provide an improved system efficiency of more than 10%
and a shorter measurement time. This will allow us to
measure the masses of hot-fusion SHN having cross
sections on the order of 10 pb.
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TABLE II. Indirect determination of the mass excess (ME)
using α-decayQ values (Qα) taken from AME16 [28], along with
the AME16 mass excesses (MEAME16) and our deviation (Δm)
from them.

Isotope
Qα

(keV=c2)
MEIndirect

MRTOF
(keV=c2)

MEAME16
(keV=c2) Δm (keV)

253Lr 8918(20) 88 602(222) 88 575#ð202#Þ 27(222)
254Lr 8816(12) 89 713(141) 89 871#ð301#Þ −158ð141Þ
257Db 9207(20) 100 234(224) 100 206#ð203#Þ 28(224)
258Db 9500(50) 101 638(149) 101 797#ð306#Þ −159ð149Þ
261Bh 10 500(50) 113 158(229) 113 134#ð209#Þ 25(229)
262Bh 10 319(15) 114 382(150) 114 541#ð306#Þ −159ð150Þ
266Mt 10 996(25) 127 803(152) 127 962#ð306#Þ −159ð152Þ

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0
DZ10 FRDM12 HFB32 KTUY05 WS4RBF

24
9 Md

25
0 Md

25
2 Md

25
3 Lr

25
4 Lr

25
8 Db

25
7 Db

26
1 Bh

26
6 Mt

26
2 Bh

M
ex

p 
- 

M
th

eo
 (

M
eV

)
FIG. 8. Comparison of experimental masses with mass models.
Each bar in a model corresponds to an isotope whose mass was
determined for the first time in this work: 249;250;252Md, 253;254Lr,
257;258Db, 261;262Bh, and 266Mt. Meshed bars indicate experimen-
tally determined mass uncertainties.
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Through combining the masses of the dominantly
β-decaying nuclei 249–250Md with previously known Qα
values, the masses of nuclei up to 261Bh and 266Mt could be
experimentally determined for the first time. These results
support the existence of theN ¼ 152 shell gap inMd and Lr
while also providing the first experimental data at the shell
gap for Db isotopes.
As shown in Fig. 2, the MRTOF MS [16,17] was

installed behind a cryogenic helium gas cell and ion trap
system coupled with the gas-filled recoil ion separator
GARIS-II [18]. Primary beams provided by the RIKEN
heavy-ion linear accelerator RILAC impinged upon a
rotating target to produce fusion-evaporation residues
(ER). The stopping of high-energy ER in the gas cell
was optimized by adjusting the thickness of a Mylar
degrader while the gas cell was filled with 150 mbar
helium at a temperature of 150 K. The ions were trans-
ported to a radio frequency carpet (RFC) [19], located on
the exit wall, by a static electric field and then extracted by
means of a traveling-wave (TW) mode RFC technique
[20–22]. The extracted ions were transported through a
differential pumping section by a sextupole ion guide
(SPIG) and then accumulated in the first ion trap system.
After accumulating and cooling in the flat trap, ion bunches
were orthogonally ejected, accelerated to a kinetic energy
of ≈1.7 keV by a pulsed drift tube (Acc-PDT), transported
through an electrostatic multiple lens and a Bradbury-
Nielsen gate (BN gate) [23], and decelerated to tens of
electron volts by a second pulsed drift tube (Dec-PDT)
before being retrapped in the second ion trap system,
located in the experimental room underneath GARIS-II.
The first and second ion trap systems, each consisting of

a pair of linear Paul traps on either side of a “flat” ion trap
[24], have the same geometry and were filled with helium
buffer gas at ∼10−2 mbar. In the first trap system, the fore
and aft linear Paul traps accumulated the continuous ion
beams from the gas cell and from a thermal ion source,

respectively, in order to precool and prebunch the ion beam
prior to transfer to the flat trap. The thermal ion source in
the first trap system provided both Csþ and Baþ ions for
beam-line tuning. In the second trap system, the fore and aft
linear Paul traps accumulated and precooled the pulsed
beam delivered from the first trap and the continuous beam
from a thermal reference ion source, respectively. The
second trap system’s thermal ion source provided reference
Csþ ions for the mass measurements.
The novel flat trap geometry allowed the implementation

of a concomitant measurement scheme, shown in Fig. 3(a).
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anchor nuclei for α decays

and WS4RBF [38]), a self-consistent mean-field model
(HFB32 [39]), and a phenomenological mass model
(KTUY05 [40]). Both macroscopic-microscopic mass
models (FRDM12 and WS4RBF) reasonably predict the
experimentally determined δ2n trends, although the peaking
at N ¼ 152 is best reproduced by the FRDM12 model.
HFB32 and KTUY05 peak beyond N ¼ 152, while DZ10
shows a flat trend with no peak. For lawrencium, WS4RBF

agrees well with both the general trend and the peak
at N ¼ 152.
The location of the island of stability remains ambigu-

ous. While experimental mass measurements of nuclei
located within the hot-fusion superheavy island including
the next deformed shell closure predicted at N ¼ 162
would be particularly valuable for this, in general, more
experimentally determined masses in the transuranium
region will allow for the improved extrapolation of mass
values into the presumed region of the island of stability.
By supplementing our precision, direct mass measurements
with α-decay Q values, we can provide mass values for
nuclei up to 266Mt, as listed in Table II. For future efforts to
approach the island of stability, reliable theoretical pre-
dictions are crucial. Figure 8 shows the deviations between
the various theoretical models and our experimental values.
The best average agreement, with a mean deviation below

500 keV=c2, is obtained from the WS4RBF mass model,
which is based on the WS4 mass model [41] using a radial
basis function approach for prediction. Except for the case
of the KTUY05 model, a general agreement within about
1 MeV=c2 is observed, although the deviations tend to
increase with the mass.
In this study, we have directly measured the masses of

246Es, 251Fm, 249−252Md, and 254g;m1No. In the cases of
254gNo, 251Fm, and 251Md, the AME16 mass values were
derived from Penning trap data; the excellent agreement of
our measurement with these Penning-trap-derived data
provides a high degree of confidence in our experimental
technique. Combining these results with α-decay Q values,
the masses of 253;254Lr, 257;258Db, 261;262Bh, and 266Mt could
be indirectly determined. Particularly robust agreement is
seen with the WS4RBF mass model.
This work demonstrates the ability to perform direct

mass measurements of both cold- and hot-fusion products,
even with low recoil energy products (Erecoil ≈ 7 MeV), by
coupling a gas cell with GARIS-II. This technique could be
applied to most nuclei produced with fusion-evaporation
reactions in the SHN region. The overall system efficiency
behind GARIS-II, excluding GARIS-II efficiency, from
stopping in the gas cell to detection, was ∼2% limited by
the double trap system. In the near future, modification to a
single trap setup at a new experimental location should
provide an improved system efficiency of more than 10%
and a shorter measurement time. This will allow us to
measure the masses of hot-fusion SHN having cross
sections on the order of 10 pb.
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TABLE II. Indirect determination of the mass excess (ME)
using α-decayQ values (Qα) taken from AME16 [28], along with
the AME16 mass excesses (MEAME16) and our deviation (Δm)
from them.

Isotope
Qα

(keV=c2)
MEIndirect

MRTOF
(keV=c2)

MEAME16
(keV=c2) Δm (keV)

253Lr 8918(20) 88 602(222) 88 575#ð202#Þ 27(222)
254Lr 8816(12) 89 713(141) 89 871#ð301#Þ −158ð141Þ
257Db 9207(20) 100 234(224) 100 206#ð203#Þ 28(224)
258Db 9500(50) 101 638(149) 101 797#ð306#Þ −159ð149Þ
261Bh 10 500(50) 113 158(229) 113 134#ð209#Þ 25(229)
262Bh 10 319(15) 114 382(150) 114 541#ð306#Þ −159ð150Þ
266Mt 10 996(25) 127 803(152) 127 962#ð306#Þ −159ð152Þ
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Each bar in a model corresponds to an isotope whose mass was
determined for the first time in this work: 249;250;252Md, 253;254Lr,
257;258Db, 261;262Bh, and 266Mt. Meshed bars indicate experimen-
tally determined mass uncertainties.
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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
Ecm = 900 MeV
(Final products)

N = 152 N = 162
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研究計画・方法（つづき） 
 
装置開発の概要 

 
 

図 2. 低速超重原子ビーム取り出し装置の概念図 
 
低速超重原子（ローレンシウム）ビーム取り出し技術の開発の概要を図 1に示す。249Cf標的と

11Bビームによる核反応で合成された 256Lr（半減期 27秒）はガスジェット気流で数秒の内に表面
電離イオン源に搬送され、そこでイオン化される。その後 256Lrイオンを 30 kVで引き出し、質量
分離して 256Lrのイオン数を放射線検出器で測定する。ここまでは、先行の Lrの第一イオン化エ
ネルギー測定実験で開発済みである。 
本申請では、30 kV（加速エネルギー 30 keV）で引き出された１価のイオンビーム（256Lr+）を
数 10-100 eVまで減速し、その後中性の原子ビームとして取り出し、磁場フィルターなどに導いて
超重原子のスピン構造を決定する。また、表面電離イオン源の高度化を図り、高いイオン化エネ
ルギーが予測される、超重元素 Noならびに Rfの第一イオン化エネルギーの決定を行う。 

 
研究目的で述べたように、Lrの基底状態の電子構造は、Luの電子配置[Xe]4f146s25dから

[Rn]5f147s26dと推測されるが、相対論効果により [Rn]5f147s27p1/2と予測されている。6d軌道を有
する場合は、原子としては 2D3/2状態となり、全角運動量 J = 3/2となる。一方 7p軌道を占有する
場合は、2P1/2状態なので、J = 1/2となる。図 1のシュテルン・ゲルラッハ (Stern-Gerlach)タイプの
磁場を通すことで、2D3/2 (J = 3/2)では、2J + 1 = 4となり、原子ビームは 4本に分裂する。一方 2P1/2 
(J = 1/2)では、2J + 1 = 2となり、原子ビームは 2本に分裂する。これにより、相対論効果の影響を
受けた Lrの基底状態が、どの価電子状態にあるかを明確に実験的に示すことができる。シュテル
ン・ゲルラッハタイプの磁場を用いた実験では、計数の統計に不利な側面もあるため、六極磁場
（磁場フィルター）を用いた実験も並行して進める。この場合、明確なビームの分裂を観測する
ことはできないが、磁場の調整によりスピン構造をより高い統計精度で調べることができる。 
本申請で得られる価電子構造の考察、第一イオン化エネルギー値、金属表面への吸着エンタル
ピー値、分子形成などは、理論研究者と常に連絡を取りながら進める。 
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Summary
■ Systematic mass information is indispensable to understand nuclear structure and to 
inspect nuclear mass models for exploring “Island of Stability”
■ SHE-mass setup offers fast, efficient, and wide-band high-precision mass measurements
■ Concomitant referencing enables drift correction and low count rate measurement
■ Masses of 249,250,252Md and 246Es were newly measured in this work and extended mass 
determination up to 266Mt
■ WS4RBF has relatively good prediction power even for heavier nuclei
■ Macro-micro models, FRDM12 and WS4RBF, reproduce the trend of δ2n @N = 152 well

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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