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From a macroscopic viewpoint (as developed
initially by Bohr and Wheeler) of the nucleus
as a liquid drop, the stability of nuclei is
governed by interplay of Coulomb repulsion
and surface tension. Nuclei with Z>100 should
immediately fall apart since there is no
“barrier” to their decay (the red line).

There is also a microscopic contribution to the
stability arising from the quantum structure.
Regions of very low level density, quantum
shell gaps, enhance the stability and heavy
nuclei can develop a large “barrier” to decay
(the red line).

Why Do Heavy Nuclei Exist?

Physics World, July 2004
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Different Theories, Different Shell Gaps

Recent surprise: Dubna (Russia) 
claim observation of new 
elements up to Z=118 (Z=114 
confirmed at LBNL recently
PRL 103 (2009) 132502). Created 
with much greater ease than 
expected. Direct information on 
quantum shell structure.

Another approach is to test
models by examining details
of properties and behavior
of nuclei with Z>100
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 cold fusion (1n) w/ 208Pb & 209Bi tgt.s
 shell stabilized hot fusion (3n)
 hot fusion (3n-5n) w/ actinide targets
 hot fusion (3n-4n) w/ 48Ca beams

22Ne+243Am
22Ne+248Cm

22Ne+249Bk

26Mg+248Cm
34S+238U

48Ca+244Pu
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48Ca+173Yb (4n)
48Ca+172Yb (4n)

Cold fusion w/ 
Pb & Bi targets

Difficult to Make Direct Measurements
The California Plot . . .

Hot fusion w/ 
actinide targets
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Sigurd Hofmann, Physics 3 (2010) 31



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

• Deformation and collectivity
• Meta-stable states
• Rotation and vibration
• Pairing (superfluidity)

Single Particle Structure and Collectivity in Z>100 Nuclei





K-Isomers in Z 100 Nuclei

Nature 422 896 (2006)

FMA at ANL

RITU at JYFL

The claims of new elements and the possibility of performing detailed measurements
on nuclei with Z>100 have resulted in a wave of renewed interest in super-heavy nuclei.



The Resurgence of Heavy Element Research
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Br i = p/qi Br = p/qave

Vacuum Gas

Principle Behind a Gas-Filled Separator

In a gas-filled separator there is no mass resolution
but you get very high efficiency
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þ Large acceptance: 45 msr (± 9° vertical, ±4.5° horizontal)
ð Highest transmission       (Ni+Pb: 70% Ca+Pb: 60% Mg+U: 18%)

þ Large bend angle: 70°
ð Lowest background rates (40Hz/pmA 20Hz/pmA 100Hz/pmA )

Berkeley Gas-filled Separator



Calculated BGS Efficiencies

BGS+GRETINA is powerful combination for broad range of decay
tagging experiments using intense stable beams.

BOHR VELOCITY=2.19×106 m/s





Focal Plane Detectors

16×16 strip DSSD
1mm thick, 5cm by 5cm

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

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

G.D. Jones (Liverpool), NIM A 488 471 (2002).
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102

No
152

48Ca+208Pb 254No+2n
2 b (or, about 1 recoil into our detector per second)

Nobelium



S.K.Tandel et al., PRL 97 082502 (2006)
R.D.Herzberg et al., Nature 442 896 (2006)

Prior Knowledge of 254No Level Structure

Ground band known 
to I=24

�

from prompt 
spectroscopy.
P.Reiter et al., 
PRL 82 509 (1999)
M.Leino et al., 
EPJ A6 63 (1999)
S.Eeckhaudt et al., 
EPJ A26 227 (2005)

[F.P.Hessberger et al. EPJ A 43 55 (2010)]



New Results on 254No

RMC et al., PLB in press



New Results on 254No

254No [ ] Krot EIIE ++
Á

= )1(
2

2�
Rotational sequences:

Involves a proton in the f5/2
orbit (remember the pink one 
from above the Z=114 gap!)

�

K=8 E1
Transition

RMC et al., PLB in press
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Comparison With Theory

Various calculations based on macroscopic-microscopic approaches.
Seem to do a reasonable job describing experimental multi-qp states.



Pairing and Rotational Moments of Inertia
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EK+1-EK= 2(K+1)
JK

Ground-State Band
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JK/JGS
254No 174Hf 176Hf
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=3+ 1.27 1.33 1.20
K

�

=8- 1.19 1.19 1.17
K

�

=10+ 1.22 - -
K

�

=16+ - 1.95 1.83

Increase of moment of inertia, JK, implies K 0.8× GSB (taking
Migdal and assuming all other things, like deformation, are equal).
( K

�

=10+ state is likely a two-quasiparticle state).

} 2qp

4qp

G.Dracoulis, F.G.Kondev, P.M.Walker, PLB 419 (1998) 7



DK=8, E1 
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K=8 E1 Reduced Hindrances for A~180 and A~250

• J(2)/J(1) reflects Coriolis mixing high-K components in g.s. band
• Lower J(2)/J(1) implies less Coriolis mixing higher hindrances

Based on idea by P.M.Walker et al., Phys. Rev. C 49 (1994) 1718

A~250



K-forbidden Transitions and the NpNn Scheme

DK=6, M1
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• Larger NpNn reflects stiffer axial deformation lower K-mixing

Based on idea by P.M.Walker, J. Phys. G 16 (1990) L233
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50Ti+208Pb 256Rf+2n
20 nb (or, about 1 recoil into our detector per minute)

Rutherfordium
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Conversion Electron Spectra

r-e-e-f

r-e-e-f

Events statistics:
985 r-e-f events
147 r-e-e-f events

7 r-e-e-e-f events

Three different sum-electron
energy distributions (with very
similar half-lives).

Three different isomers

H.B. Jeppesen et al., PRC 79 (2009) 031303
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Gamma-Ray Spectra
Photopeak efficiency 

17% at 122 keV
3.5% at 1 MeV

227 total coincident ’s 
35 in peak at 900 keV

Spectrum consistent with
single 900 keV transition and
its Compton scatters.

Expected X-ray yields:
~17 K X-rays if M1
~4 K X-rays if E2
~1 K X-ray if E1
Probable E1 character

A single 900 keV E1 transition associated with lowest isomer
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Macroscopic-microscopic
WS calculations with

“universal parameters”
F.R.Xu et al., PRL 92 252501 (2004)

Two-QuasiparticleConfigurations

K

�

=10+ state is also seen in 254No



Results Confirmed in Recent Experiment

J.S.Berryman et al., submitted PRC



261

106

Sg
155

54Cr+208Pb 261Sg+1n
2 nb (or, a few recoils into our detector per hour)

Seaborgium



Conversion Electrons Observed in 261Sg (Z=106)

Events statistics:
393 r- (- )
39 r-e- (- ) 

(Deadtime of DAQ
is ~15 s – we are 
losing events)

Evidence for a ~10s isomer with a total decay energy
of about 200keV likely a low-lying one-quasineutron state.

J.S.Berryman et al., submitted PRC
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What Could It Be?

• Ground-state of 261Sg
assigned [622]3/2+ from
-decay studies.

• Likely +ve pairty states
will all decay quickly to
the ground state

• [725]11/2- is the most
likely assignment for
isomer.

Almost nothing known experimentally for excited states in N=155 nuclei

S.Cwiok, S.Hofmann, W.Nazarewicz, NPA611 (1996) 211

Highest Z for which electromagnetic decay of an excited state has
been observed (alpha decay of excited isomers observed in Ds)!



Results on Nobelium (Z=102)
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J.S.Berryman et al., to be published RMC et al., PLB in press
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Results on Lawrencium (Z=103)

H.B.Jeppesen et al., PRC 80 (2009) 034324
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Results on Rutherfordium (Z=104)

H.B. Jeppesen et al., PRC 79 (2009) 031303 J.S.Berryman et al., submitted PRC



New Results on Seaborgium (Z=106)

Seaborgium is at the current limit for spectroscopy measurements

J.S. Berryman et al., submitted PRC



Clover Corner Cube (C3) Detector Upgrade
• The BGS has been used to study 
nuclear structure of 261Sg, 255Lr, 
256,257Rf, 253-255No by K-isomer decay.

• Presently, BGS @ the 88-Inch 
Cyclotron, single DSSD+single Ge
clover detector configuration

• An off-the-shelf detector/electronics 
upgrade can increase our efficiency 
further by a factor of 6.

• Nuclear structure measurements can 
be made up to Z=108.

• The same detector will be used for 
superheavy element experiments and 
with the gas catcher/mass analyzer.
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Ready for action Fall 2010!



GRETINA/GRETA
(Gamma-Ray Energy Tracking Array)

GRETINA is ¼ of full
4 � array, GRETA, and
is built from highly
segmented Ge modules,
resulting in a very high
efficiency, high resolution,
gamma-ray array.
Conceived and led by
LBNL.

2007, NSAC Long Range Plan



BGS+GRETINA

GRETINA+BGS

GS+FMA
(State of art)

• New generation of prompt transfermium
gamma-ray spectroscopy.
• Detailed g-gspectroscopy on even-even
Z>100 nuclei possible.
• g-spectroscopy on odd-A nuclei
• g-spectroscopy of Rf (Z=104) possible
(50Ti+208Pb �256Rf+2n with �~20 nb).

48Ca+208Pb 254No+2n

30

2000

Gamma-ray spectroscopy of 
Rutherfordium in the centenary 
of the Rutherford model (1911).



BGS+GRETINA

Community has endorsed the science case. April, 2009 workshop
started planning of collaboration and scientific campaign (Fall 2011).



Summary

• A new generation of experiments is underway addressing the
fundamental issue of the maximum limit of nuclear mass and charge.
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Known excited isomeric states in elements with Z>100
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Collaborators




