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First Online Mass Measurements of Isobar Chains Via MRTOF-MS
: Toward Direct Identification of SHE
Yuta Ito (RIKEN Nishina Center/SLOWRI Team)
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Motivation

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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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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•Theoretical prediction •Experimental status

Really exist??
Where and How stabilized??
How to synthesize??
How to identify (T1/2 > 100 yr)??

Binding energy
Nuclear structure
Reaction energy

Confirmation

Atomic mass

• Direct masses: only a few nuclei in trans-Uranium 
region (6: SHIPTRAP, 4: TRIGA-TRAP)

• Indirect masses: Qα from α-decay
• possibility of large deviation due to decay through 

unknown excited level
• not determined for non-alpha decay species
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Experimental Setup
Cryogenic gas cell + MRTOFGARIS-II

Cryogenic Gas Cell
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Experimental setup�
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Experimental conditions 

Reaction
 : 208Pb( 40Ar,xn) 245Fm 

Beam 
 : 197 MeV 40Ar 11+ 

Intensity  : 0.1 puA 

Dose
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Bρ
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Concomitant Operation
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EC=100%

52.5 ky  0ä
M ã25940 (4)
EC=100%

3.54 h 9ã
Eex 2169.85 (0.08)

IT=90.5 (5)%
åä=9.5 (5)%

110 ns 16ä#
Eex 4140 (50)
IT=100%

1.72 h  5(ä#)
M ã20741 (15)

åä=100%
í<1eã5%

Bi202  
  83   119 

3.04 us 10ã#
Eex 625 (12)
IT=100%

1.72 h  5(ä#)
M ã20741 (15)
åä=100%
í<1eã5%

1.72 h  5(ä#)
M ã20741 (15)
åä=100%
í<1eã5%

3.04 us 10ã#
Eex 625 (12)
IT=100%

310 ns (17ä)
Eex 2617 (12)
IT=100%

44.6 m  0ä
M ã17924 (15)

åä=?
í=1.92 (7)%

Po202  
  84   118 

110 ns 8ä
Eex 1712 (12)
IT=100%

44.6 m  0ä
M ã17924 (15)
åä=?

í=1.92 (7)%

184 s  (2ä,3ä)
M ã10591 (28)

åä=?
í=37 (7)%

At202  
  85   117 

182 s (7ä)
Eex 190 (40)
IT?

åä?...

184 s  (2ä,3ä)
M ã10591 (28)
åä=?

í=37 (7)%

184 s  (2ä,3ä)
M ã10591 (28)
åä=?

í=37 (7)%

182 s (7ä)
Eex 190 (40)
IT?
åä?...

460 ms (10ã)
Eex 580 (40)
ITë100

í=0.096 (11)%...

9.7 s  0ä
M ã6274 (18)

í=78 (8)%
åä?

Rn202  
  86   116 

2.22 us 11ã#
Eex 2310# (50#)
IT=100%

9.7 s  0ä
M ã6274 (18)
í=78 (8)%
åä?

300 ms  (3ä)
M 3090# (50#)

í=?
åä=14#%

Fr202  
  87   115 

290 ms (10ã)
Eex 290# (50#)
í=?

åä=14#%

300 ms  (3ä)
M 3090# (50#)
í=?

åä=14#%

31 ms  0ä
M 9091 (24)

í=100%

Ra  88   114 

51.92 h  5/2ã
M ã24786 (7)

EC=100%

Pb203  
  82   121 

6.21 s 13/2ä
Eex 825.2 (0.3)
IT=100%

51.92 h  5/2ã
M ã24786 (7)
EC=100%

51.92 h  5/2ã
M ã24786 (7)
EC=100%

6.21 s 13/2ä
Eex 825.2 (0.3)
IT=100%

480 ms 29/2ã
Eex 2949.2 (0.4)
IT=100%

11.76 h  9/2ã
M ã21524 (13)

åä=100%

Bi203  
  83   120 

305 ms 1/2ä
Eex 1098.12 (0.12)
IT=100%

11.76 h  9/2ã
M ã21524 (13)
åä=100%

11.76 h  9/2ã
M ã21524 (13)
åä=100%

305 ms 1/2ä
Eex 1098.12 (0.12)
IT=100%

194 ns 25/2ä
Eex 2041.5 (0.6)
IT=100%

36.7 m  5/2ã
M ã17311 (9)

åäë100%
í=0.11 (2)%

Po203  
  84   119 

45 s 13/2ä
Eex 641.68 (0.17)
ITë100%
í=0.04#%

36.7 m  5/2ã
M ã17311 (9)
åäë100%
í=0.11 (2)%

36.7 m  5/2ã
M ã17311 (9)
åäë100%
í=0.11 (2)%

45 s 13/2ä
Eex 641.68 (0.17)
ITë100%
í=0.04#%

>200 ns 
Eex 2158.5 (0.6)
IT=100%

7.4 m  9/2ã
M ã12163 (11)

åä=69 (3)%
í=31 (3)%

At203  
  85   118 

44 s  3/2ã#
M ã6159 (24)

í=66 (9)%
åä?

Rn203  
  86   117 

26.9 s 13/2(ä)
Eex 360 (4)
í=75 (10)%
åä?

44 s  3/2ã#
M ã6159 (24)
í=66 (9)%
åä?

550 ms  9/2ã#
M 876 (6)
íë100%
åä=5#%

Fr203  
  87   116 

36 ms  (3/2ã)
M 8670 (80)

íë100%
åä?

Ra  88   115 

25 ms (13/2ä)
Eex 190 (90)
íë100%
åä?

36 ms  (3/2ã)
M 8670 (80)
íë100%
åä?

stable   0ä
M ã25109.4 (1.2)

Abundance=1.4 (1)%
í?

Pb204  
  82   122 

265 ns 4ä
Eex 1274.13 (0.05)
IT=100%

stable   0ä
M ã25109.4 (1.2)
Abundance=1.4 (1)%

í?

stable   0ä
M ã25109.4 (1.2)
Abundance=1.4 (1)%
í?

265 ns 4ä
Eex 1274.13 (0.05)
IT=100%

66.93 m 9ã
Eex 2185.88 (0.08)
IT=100%

11.22 h  6ä
M ã20646 (9)

åä=100%

Bi204  
  83   121 

13.0 ms 10ã
Eex 805.5 (0.3)
IT=100%

11.22 h  6ä
M ã20646 (9)
åä=100%

11.22 h  6ä
M ã20646 (9)
åä=100%

13.0 ms 10ã
Eex 805.5 (0.3)
IT=100%

1.07 ms 17ä
Eex 2833.4 (1.1)
IT=100%

3.519 h  0ä
M ã18341 (11)
åä=99.33 (3)%

í=0.67 (3)%

Po204  
  84   120 

158.6 ns 8ä
Eex 1639.03 (0.06)
IT=100%

3.519 h  0ä
M ã18341 (11)
åä=99.33 (3)%
í=0.67 (3)%

9.12 m  7ä
M ã11875 (22)
åä=96.2 (2)%

í=3.8 (2)%

At204  
  85   119 

108 ms 10ã
Eex 587.30 (0.20)
IT=100%

9.12 m  7ä
M ã11875 (22)
åä=96.2 (2)%
í=3.8 (2)%

1.242 m  0ä
M ã7983 (15)
í=72.4 (9)%

åä?

Rn204  
  86   118 

1.75 s  (3ä)
M 607 (25)
í=96 (2)%

åä?

Fr204  
  87   117 

2.30 s (7ä)
Eex 51 (4)
í=90 (2)%
åä?

1.75 s  (3ä)
M 607 (25)
í=96 (2)%
åä?

1.75 s  (3ä)
M 607 (25)
í=96 (2)%
åä?

2.30 s (7ä)
Eex 51 (4)
í=90 (2)%
åä?

0.8 s (10ã)
Eex 327 (4)
í=74 (8)%
IT=26 (8)

60 ms  0ä
M 6047 (14)

íë100%
åä=0.3#%

Ra  88   116 

17.3 My  5/2ã
M ã23769.7 (1.2)

EC=100%

Pb205  
  82   123 

24.2 us 1/2ã
Eex 2.329 (0.007)
IT=100%

17.3 My  5/2ã
M ã23769.7 (1.2)
EC=100%

17.3 My  5/2ã
M ã23769.7 (1.2)
EC=100%

24.2 us 1/2ã
Eex 2.329 (0.007)
IT=100%

5.55 ms 13/2ä
Eex 1013.85 (0.03)
IT=100%

15.31 d  9/2ã
M ã21064 (5)

åä=100%

Bi205  
  83   122 

7.9 us 1/2ä
Eex 1497.17 (0.09)
IT=100%

15.31 d  9/2ã
M ã21064 (5)
åä=100%

15.31 d  9/2ã
M ã21064 (5)
åä=100%

7.9 us 1/2ä
Eex 1497.17 (0.09)
IT=100%

220 ns 25/2ä
Eex 2139.0 (0.7)
IT=100%

1.74 h  5/2ã
M ã17509 (20)

åäë100%
í=0.04 (1)%

Po205  
  84   121 

310 ns 1/2ã
Eex 143.166 (0.017)
IT=100%

1.74 h  5/2ã
M ã17509 (20)
åäë100%
í=0.04 (1)%

1.74 h  5/2ã
M ã17509 (20)

åäë100%
í=0.04 (1)%

310 ns 1/2ã
Eex 143.166 (0.017)
IT=100%

645 us 13/2ä
Eex 880.31 (0.07)
IT=100%

33.8 m  9/2ã
M ã12970 (15)

åä?
í=10 (2)%

At205  
  85   120 

7.76 us 29/2ä
Eex 2339.65 (0.23)
IT=100%

33.8 m  9/2ã
M ã12970 (15)
åä?

í=10 (2)%

2.83 m  5/2ã
M ã7710 (50)

åä?
í=24.6 (9)%

Rn205  
  86   119 

>10 s 13/2ä#
Eex 657.1 (0.5)
ITë100%
í?...

2.83 m  5/2ã
M ã7710 (50)
åä?

í=24.6 (9)%

3.82 s  (9/2ã)
M ã1310 (8)

íë100%
åä<1%

Fr205  
  87   118 

80 ns (13/2ä)
Eex 544.0 (1.0)
IT=100%

3.82 s  (9/2ã)
M ã1310 (8)
íë100%
åä<1%

3.82 s  (9/2ã)
M ã1310 (8)
íë100%
åä<1%

80 ns (13/2ä)
Eex 544.0 (1.0)
IT=100%

1.15 ms (1/2ä)
Eex 609 (5)
IT=100%

220 ms  (3/2ã)
M 5840 (70)

í=?
åä?

Ra  88   117 

180 ms (13/2ä)
Eex 300# (100#)
í=?
IT?...

220 ms  (3/2ã)
M 5840 (70)
í=?
åä?

stable   0ä
M ã23785.1 (1.2)

Abundance=24.1 (1)%

Pb206  
  82   124

125 us 7ã
Eex 2200.16 (0.04)
IT=100%

stable   0ä
M ã23785.1 (1.2

Abundance=24.1 (1)

stable   0ä
M ã23785.1 (1.
Abundance=24.1 (1

125 us 7ã
Eex 2200.16 (0.04)
IT=100%

202 ns 12ä
Eex 4027.3 (0.7)
IT=100%

6.243 d  6(ä)
M ã20028 (8)

åä=100%

Bi206  
  83   123 

7.7 us (4ä)
Eex 59.897 (0.017)
IT=100%

6.243 d  6(ä)
M ã20028 (8)
åä=100%

6.243 d  6(ä)
M ã20028 (8)
åä=100%

7.7 us (4ä)
Eex 59.897 (0.017)
IT=100%

890 us (10ã)
Eex 1044.8 (0.7)
IT=100%

8.8 d  0ä
M ã18188 (4)

åä=94.55 (5)%
í=5.45 (5)%

Po206  
  84   122 

232 ns 8ä#
Eex 1585.90 (0.11)
IT=100%

8.8 d  0ä
M ã18188 (4)

åä=94.55 (5)%
í=5.45 (5)%

8.8 d  0ä
M ã18188 (4)

åä=94.55 (5)%
í=5.45 (5)%

232 ns 8ä#
Eex 1585.90 (0.11)
IT=100%

1.05 us 9ã#
Eex 2262.09 (0.12)
IT=100%

30.6 m  (5)ä
M ã12429 (15)
åä=99.10 (8)%

í=0.90 (8)%

At206  
  85   121 

813 ns (10)ã
Eex 810 (3)
IT=100%

30.6 m  (5)ä
M ã12429 (15)
åä=99.10 (8)%
í=0.90 (8)%

5.67 m  0ä
M ã9115 (15)

í=62 (3)%
åä=38 (3)%

Rn206  
  86   120 

~16 s  (2ä,3ä)
M ã1242 (28)

åä=?
í=42 (24)%

Fr206  
  87   119 

~16 s (7ä)
Eex 190 (40)
í=42 (24)%
åä?...

~16 s  (2ä,3ä)
M ã1242 (28)
åä=?

í=42 (24)%

~16 s  (2ä,3ä)
M ã1242 (28)
åä=?

í=42 (24)%

~16 s (7ä)
Eex 190 (40)
í=42 (24)%
åä?...

700 ms (10ã)
Eex 730 (40)
IT=?%
íë5#%

240 ms  0ä
M 3566 (18)

í=?
åä=2.5#%

Ra  88   118 

31.55 y  9/2ã
M ã20054.1 (2.4)

åä=100%

Bi207  
  83   124

182 us 21/2ä
Eex 2101.61 (0.16)
IT=100%

31.55 y  9/2ã
M ã20054.1 (2.4
åä=100%

5.80 h  5/2ã
M ã17145 (7)

åäë100%
í=0.021 (2)%

Po207  
  84   123 

205 ns 1/2ã
Eex 68.557 (0.014)
IT=100%

5.80 h  5/2ã
M ã17145 (7)
åäë100%
í=0.021 (2)%

5.80 h  5/2ã
M ã17145 (7)
åäë100%
í=0.021 (2)%

205 ns 1/2ã
Eex 68.557 (0.014)
IT=100%

49 us 13/2ä
Eex 1115.076 (0.017)
IT=100%

1.81 h  9/2ã
M ã13227 (12)

åä?
íë10%

At207  
  85   122 

108 ns 25/2ä
Eex 2117.3 (0.6)
IT=100%

1.81 h  9/2ã
M ã13227 (12)
åä?

íë10%

9.25 m  5/2ã
M ã8635 (8)
åä=79 (3)%
í=21 (3)%

Rn207  
  86   121 

184.5 us 13/2ä
Eex 899.1 (1.0)
IT=100%

9.25 m  5/2ã
M ã8635 (8)
åä=79 (3)%
í=21 (3)%

14.8 s  9/2ã
M ã2844 (18)

í=95 (2)%
åä?

Fr207  
  87   120 

1.38 s  5/2ã#
M 3540 (60)

íë86%
åä?

Ra  88   119 

57 ms 13/2ä#
Eex 560 (50)
IT=85#%
í=?...

1.38 s  5/2ã#
M 3540 (60)
íë86%
åä?

2.898 y  0ä
M ã17469.2 (1.8)

íë100%
åä=0.0040 (4)%

Po208  
  84   124

350 ns 8ä
Eex 1528.22 (0.04)
IT=100%

2.898 y  0ä
M ã17469.2 (1.8
íë100%

åä=0.0040 (4)%

1.63 h  6ä
M ã12470 (9)

åä=99.45 (6)%
í=0.55 (6)%

At208  
  85   123 

1.5 us 16ã
Eex 2276.4 (1.8)
IT=100%

1.63 h  6ä
M ã12470 (9)

åä=99.45 (6)%
í=0.55 (6)%

24.35 m  0ä
M ã9655 (11)

í=62 (7)%
åä=38 (7)%

Rn208  
  86   122 

487 ns 8ä
Eex 1828.3 (0.4)
IT=100%

24.35 m  0ä
M ã9655 (11)
í=62 (7)%
åä=38 (7)%

59.1 s  7ä
M ã2666 (11)

í=89 (3)%
åä=11 (3)%

Fr208  
  87   121 

432 ns (10ã)
Eex 827 (18)
IT=100%

59.1 s  7ä
M ã2666 (11)
í=89 (3)%
åä=11 (3)%

1.110 s  0ä
M 1715 (15)
í=87 (3)%

åä?

Ra  88   120 

263 ns (8ä)
Eex 2147.4 (0.4)
IT=100%

1.110 s  0ä
M 1715 (15)
í=87 (3)%
åä?

5.41 h  9/2ã
M ã12882 (5)
åä=95.9 (5)%

í=4.1 (5)%

At209  
  85   124

890 ns (29/2)ä
Eex 2429.25 (0.23)
IT=100%

5.41 h  9/2ã
M ã12882 (5)
åä=95.9 (5)%
í=4.1 (5)%

28.5 m  5/2ã
M ã8929 (20)
åä=83 (2)%
í=17 (2)%

Rn209  
  86   123 

13.4 us 13/2ä
Eex 1173.98 (0.13)
IT=100%

28.5 m  5/2ã
M ã8929 (20)
åä=83 (2)%
í=17 (2)%

28.5 m  5/2ã
M ã8929 (20)
åä=83 (2)%
í=17 (2)%

13.4 us 13/2ä
Eex 1173.98 (0.13)
IT=100%

3.0 us (35/2ä)
Eex 3636.78 (0.23)
IT=100%

50.0 s  9/2ã
M ã3768 (15)

í=89 (3)%
åä=11 (3)%

Fr209  
  87   122 

420 ns 45/2ã
Eex 4659.8 (0.7)
IT=100%

50.0 s  9/2ã
M ã3768 (15)
í=89 (3)%
åä=11 (3)%

4.71 s  5/2ã
M 1850 (50)

íë90%
åäë10%

Ra  88   121 

117 us 13/2ä
Eex 882.8 (0.7)
íë90%
åäë10%

4.71 s  5/2ã
M 1850 (50)
íë90%
åäë10%

2.4 h  0ä
M ã9605 (5)
í=96 (1)%

åä?

Rn210  
  86   124

644 ns 8ä#
Eex 1710 (30)
IT?

2.4 h  0ä
M ã9605 (5)
í=96 (1)%
åä?

2.4 h  0ä
M ã9605 (5
í=96 (1)%
åä?

644 ns 8ä#
Eex 1710 (30)
IT?

1.06 us (17)ã
Eex 3857 (30)
IT=100

3.18 m  6ä
M ã3333 (15)

í=71 (4)%
åä?

Fr210  
  87   123 

4.0 s  0ä
M 460 (15)

í=?
åä=4#%

Ra  88   122 

2.32 us 8ä
Eex 2050.0 (1.1)
IT=100%

4.0 s  0ä
M 460 (15)
í=?

åä=4#%

3.10 m  9/2ã
M ã4140 (12)

í=87 (3)%
åä?

Fr211  
  87   124

146 ns (29/2ä)
Eex 2423.2 (0.2)
IT=100%

3.10 m  9/2ã
M ã4140 (12)
í=87 (3)%
åä?

3.10 m  9/2
M ã4140 (12
í=87 (3)%
åä?

146 ns (29/2ä)
Eex 2423.2 (0.2)
IT=100%

123 ns (45/2ã)
Eex 4657.3 (0.4)
IT=100%

13.2 s  5/2(ã)
M 832 (8)

í>93%
åä<7%

Ra  88   123 

9.7 us 13/2ä
Eex 1198.1 (0.5)
IT=100%

13.2 s  5/2(ã)
M 832 (8)
í>93%
åä<7%

13.0 s  0ä
M ã199 (11)

í=?
åä=15#%

Ra  88   124

10.5 us (8)ä
Eex 1958.4 (0.5)
IT=100%

13.0 s  0ä
M ã199 (11)
í=?

åä=15#%

13.0 s  0
M ã199 (11
í=?

åä=15#%

10.5 us (8)ä
Eex 1958.4 (0.5)
IT=100%

850 ns (11)ã
Eex 2613.4 (0.5)
IT=100%

HALF LIFE T½
       T < 0.1s

0.1s î T < 3  s

3  s î T < 2  m

2  m î T < 1  h

1  h î T < 1  d

1  d î T < 1  y

1  y î T < 1 Gy

1 Gy î T

Unknown half-life

Parity (Z,N) : all

Base : NUBASE

204 Astatine
Z : 85   N : 119

6

Fr and At Mass Measurements

A = 201

A = 205

A = 206

169Tm(40Ar, xn)209-xFr, 165Ho(40Ar, xn)205-xAt
Elab(40Ar) = 173 MeV @tgt center, Erecoil ~ 35 MeV

3

Fig. 1, due to thermal expansion of the reflection chamber
and high-voltage power supply instabilities on the level
of parts per million. Under such conditions, the concomi-
tant referencing method allowed the reference and mea-
surement to drift together. To correct for such drifting,
the data were divided, based on cycle number, into i sub-
sets such that in each subset the reference spectral peak
could be fit with a relative precision of δt/t <2×10−7.
The time-of-flight for each ion was then adjusted accord-
ing to Eq. 1.

The masses were determined using Eq. 2:

m = ρ · mref =
(

t − t0
tref − t0

)2

· mref (2)

where t0 is the delay between the TDC start signal
(which also triggers ejection from the MRTOF-MS prepa-
ration trap) and the actual ejection from the MRTOF-
MS preparation trap. Using an oscilloscope, the delay
between the trap ejection trigger and the the actual trap
ejection was measured to be ≈40 ns with a rise time of
≈10 ns, leading us to adopt t0=45(5) ns in our analysis.

Using the 169Tm69 target, we simultaneously observed
the 3n and 4n evaporation channel products 205,206Fr+,
as well as the p2n and p3n evaporation channel prod-
ucts 205,206Rn+ as shown in Fig. 2. In the spectrum
at n=148 laps, ions were also detected which were con-
sistent with the β-decay daughter and granddaughter of
205Rn, 205At+ and 205Po+ along with the β-decay daugh-
ter of 206Rn, 206At+. It cannot be excluded, as well, that
the 205At+ was produced by direct α-decay of the com-
pound nucleus of 209Fr. The isotopes 206Rn, 206At, 205At,
and 205Po were not observed in the n=147 laps spectrum
and it thereby cannot be excluded that the peaks may
have been from molecular contaminants of greatly differ-
ing mass-to-charge ratio that made a different number of
laps and were coincidentally observed at these times-of-
flight, as described in [17]

Using the 165Ho67 target, it was possible to simultane-
ously observe the 4n evaporation channel product 201At+
and its β-decay daughter and granddaughter, 201Po+ and
201Bi+, as shown in Fig. 3. The spectral peaks observed
at n=148 laps which was consistent with 201Bi+ could
not be observed at n=147 laps, due to an intense non-
isobaric contaminant, making n ̸=147 laps, and therefore
it cannot be excluded that it may represent a non-isobaric
contaminant.

The atomic mass of 205Fr has been previously mea-
sured by Penning trap mass spectroscopy [18] to a higher
precision than our measurement. We begin, therefore,
by verifying that our result for the atomic mass of 205Fr
agrees with the literature value, as shown in Table I. Be-
cause our reference, 133Cs+, is a highly distant reference
it is foreseeable that a mass-dependent deviation may
be introduced into the evaluation of the atomic mass of
205Fr as the 133Cs will experience slightly different radio-
frequency fields during its transit from the ion trap.
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FIG. 2: Time-of-flight spectra observed using 169Tm69 target.
Ions made n=148 laps in the MRTOF-MS. The spectral peaks
labeled 205Po+, 205At+, 206At+, and 206Rn+ were consistent
with their respectively labeled ions, however they were not
observed at n=147 laps and it cannot be excluded that they
may represent non-isobaric contaminants. The dashed curve
indicates the expected position of the EEx=730 keV isomer
in 206Fr

TABLE I: Mass determination of 205Fr to validate the mea-
surement method. The term ρ2, defined in Eq. 2, is based on
133Cs+ as a reference.

Laps ρ Mass Excess [keV] Detected Ions
148 1.54243949(37) -1565(47)(60) 254
147 1.54244253(43) -1188(54)(60) 210

Average 1.54244079(28) -1403(35)(60)

Taking the weighted average of the two measurements,
we find a mass excess of -1403(35)(60) keV for 205Fr, a de-
viation of ∆m=-93(36)(60) keV from the values adopted
in the most recent atomic mass evaluation (AME2012)
[19]; the second uncertainty of 60 keV is a systematic
uncertainty from the t0 term in Eq. 2. While this result
is consistent with literature data, we must acknowledge
that it cannot be excluded that it may represent a mass-
dependent error of ≈ 6 × 10−9/u. To be as conservative
as possible, we therefore use 205Fr+ as the reference in
determining atomic masses of the other RI. In the case

205Rn+

205At+205Po+

205Fr+(ref.)N = 148 laps
TGC = 299 K

A = 205 isobar chain

*single line: measured with e-cooling SMS@ESR
**double line: measured with PTMS@SHIPTRAP

Species # of ions ME (keV) Δm (keV) δm/m
201Bi 6 -21450(385)(3) -35(385)(3) 2.1 x 10-6

201gPo 96 -16642(75)(3) -111(75)(3) 4.0 x 10-7

201At 531 -11174(44)(3) -385(45)(3) 2.4 x 10-7

205Po 2 -18567(2050) -1059(2050) 1.1 x 10-5

205At 11 -12898(420) 73(420) 2.3 x 10-6

205Rn 40 -7502(320) 212(320) 1.8 x 10-6

206At 3 -12497(2150)(1) -69(2150)(1) 1.1 x 10-5

206Rn 3 -8565(600)(1) 551(600)(1) 3.1 x 10-6

206gFr 133 -1043(120)(1) 138(111)(1) 5.7 x 10-7

P. Schury, M. Wada, Y. Ito et al., arXiv:1512.00141v1 (2015)  
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Fig. 29: Values of the shape parameter b3 corresponding to calculated ground-state shapes, obtained by using the
relation in Eq. (38).

minimum. For lighter nuclides most differences occur in the regions of shape coexistence and axial asymmetry. In
the transition regions between deformed and spherical nuclei the calculated potential-energy surfaces are very flat and
small effects can change the locations of the very shallow minima on such surfaces, therefore we also have differences
in those regions. Also in the more detailed scale in Fig. 21 we see little difference between the two calculations in the
traditional deformed rare-earth and actinide regions.

Fig. 30: Values of the shape parameter b4 corresponding to calculated ground-state shapes, obtained by using the
relation in Eq. (38).
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Fig. 29: Values of the shape parameter b3 corresponding to calculated ground-state shapes, obtained by using the
relation in Eq. (38).

minimum. For lighter nuclides most differences occur in the regions of shape coexistence and axial asymmetry. In
the transition regions between deformed and spherical nuclei the calculated potential-energy surfaces are very flat and
small effects can change the locations of the very shallow minima on such surfaces, therefore we also have differences
in those regions. Also in the more detailed scale in Fig. 21 we see little difference between the two calculations in the
traditional deformed rare-earth and actinide regions.

Fig. 30: Values of the shape parameter b4 corresponding to calculated ground-state shapes, obtained by using the
relation in Eq. (38).
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momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Figure 4 | Graphical representation of the shapes of 220Rn and 224Ra.
a, 220Rn; b, 224Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in

the intrinsic frame. Theoretical values of b4 are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.
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Mini-MRTOF

Degrader

GARIS room floor
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TW-mode
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SPIG

Pre-cooler trap
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PDT
BN gate
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To MRTOF
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Reference IS

RRC
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RFQ
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Accel. tanks will be replaced

GARIS-II GARIS-I
• GARIS-II: occupied for new element search after SC-

Linac construction
• GARIS-I: no connection to the MRTOF exp. room 

downstairs

• Overall system efficiency: ~20% is expected
• More contaminants? due to less selectivity of BN-gate 
• GARIS-I transmission: similar efficiency for symmetric 

reaction products, but less for asymmetric ones
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Summary
• Direct mass measurements of SHN: not only for nuclear structure studies but also direct identification of SHE
• GARIS + MRTOF configuration: high-efficiency measurement and short measurement time
• GC efficiency: ~30% for Fr and No @room temp., and ~25% for Th @90 K
• Concomitant operation: more accurate and precision measurement of MRTOF
• Mass measurements of A = 201, 205 and 206 isobar chains: masses of 201gPo, 201At and 206gFr are significantly 

deviated from SMS@ESR values
• Mass measurements of 223,224Th and 224Pa: indicate onset of octupole deformation in this region
• Mini-MRTOF: higher efficiency and possibility coupled with GARIS-I instead of GARIS-II
• Proton-rich middle mass region w/ GARIS-II: 64Ni, 65Cu, 64-67Zn, 64-67Ga, 65-67Ge 67As, 79Br, 79-80Kr, 79-80Rb, 79-80Sr 

(S. Kimura from KEK)


