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Introduction

SHE Workshop UWS Paisley

What is the structure of the superheavy elements?
How can the study of transfermium nuclei inform the structure of the superheavy elements?

What is predictive power of theory for the transfemium nuclei and the superheavies? Are
extrapolations reliable?

What are experimental uncertainties? What data can be safely used by theorists to benchmark
modern density functionals?

What new experimental data are needed? Is there any guidance from theory in that respect?

What are the crucial questions regarding the structure of the transfermium nuclei?

http://nuclear].paisley.ac.uk/SHEworkshop/

Ultimate goal of the work addressed here: To confront theoretical predictions of the structure
of heavy nuclei with spectroscopic experimental data of the highest quality
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Introduction

What is a Superheavy Element?

Reminder - Nuclear Binding Energy:
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Introduction

What is a Superheavy Element?

Liquid Drop Model and Fission Barrier:

2
E(d) = Ec(d) + Es(d) = ac/% Eco(d)
Ec

0 0
@ E(,Ejy - spherical shape

Calculate for a sequence of nuclear shapes
@ e.g. Expansion of nuclear radius in spherical harmonics

Amax

@ R(6,0) =c(Br)Ro [1+ > Ba¥xo (6, 0)
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Introduction

What is a Superheavy Element?

Competition of Coulomb repulsion and surface tension

0
@ Fissility Parameter, x = E—g
2Egs
: ; 98 (1-0)° 0
@ Barrier Height, Eprrier = 73 WES
@ Superheavy Element - Epgprier = 0, x > 1
@ Fuzzy definition - depends on parameterisation
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Table 4.1. Height of fission barriers and P, (az) deformations at the top |
the barrier calculated in the liquid-drop model using a third-order expansic
for different values of the fissility parameter x.

Z}/A X Epur MeV) o™ ph

MBi 3296 0.700 179 088 140

Th 3491 0753 97 069 109
U 3556 0769 78 064 101
Pu 3651 0787 60 058 092
MFm 3937 0841 24 041 065
BX 4L16 0912 04 022 035
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Introduction

What is a Superheavy Element?

Enhanced Stability - Shell Effects
@ Noucleus not simply a liquid drop
@ Evidence e.g. from masses
@ Enhanced stability at 2,8,20,28,50,82,(126)
o
o

Confining potential - gaps in energy level spectrum
Reproduction of Magic Numbers - 2 and L.s terms

(MeV)

80 100 120 140 160

Experimental shell effect, (Mexp=Miquid drop)
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Introduction

What is a Superheavy Element?

@ Majority of nuclei not spherical

@ Effect of deformation?

@ Deformed shell gaps

@ Enhanced stability e.g. at N=142,152
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Introduction

What is a Superheavy Element?

@ Strutinsky Method
@ E =Epm + EsuerL

A
@ EsupLL = E €i(9) — EshELL
i=1
N #2U,, TOTAL ENERGY; Contour line separation: 1.0 MeV
@ Calculate Potential Energy Surface 0.6 7 - ~i -
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FIG. 8. Schematic diagram of Strutinsky shell-correction
method illustrating the difference between bunched energy lev-
els and a smooth level ordering. In practical calculations
actual energy levels are used.
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Introduction

What is a Superheavy Element?

Back to the Fission Barrier J
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Introduction

The Island of Stability

NEUTRON NUMBER (N)

2823038 50 82 136 152 167 1835

SAmrr-v.n i
/ldqa '

N AAA Sea Level = 1 second
= overall half-life

An allegorical represamiation of the stablity of nuzlei showing a pannsuls of known
stabie or nearly sSlabio nucke and & ridge of relalively stable ruciel around Z = 108
and N = 162 and & predicted Magic Superheavy Island around Z = 114 and N » 184

The Seaborg Archive, LBL
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Introduction

Next Spherical Shell Gap?
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Introduction

Next Closed Shells? Where is the Island?
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Introduction

Next Closed Shells? Where is the Island?
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Fig. 37. The Gogny neutron and proton single-particle levels for Z = 114 as functions of the neutron number N

Extrapolation with Mass

@ Proton shell gaps change with N

@ Z=114,120 only for neutron-deficient
isotopes?

@ Evolution of shell structure

@ c.f. light neutron-rich nuclei




Introduction

Sensitivity to Deformation
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FIG. 6. Actinide neutron single-particle lovels as & function of

Viivy=0.24

R.R. Chasman et al., Rev. Mod. Phys. 49, 833 (1977) )
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Introduction

Next Closed Shells? Where is the Island?
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@ Calculations based on realistic effective
nucleon-nucleon interaction

e.g. Skyrme
Allows results to be traced back to interaction

Need experimental data to determine correct ordering

(]
("]
@ Difficult in Macroscopic-Microscopic calculations
("]
]

Will provide better predictions of properties of SHE c
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Introduction

How big is the Island?
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M. Bender, W. Nazarewicz, P.-G. Reinhard, PLB 515, 42 (2001)
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Introduction

superheavy
elements

Facilities

~

proton number Z

neutron number N

Paul Greenlees (JYFL, Finland)
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Introduction

Knowledge of the Region

Mass
e | Niee (RO R o = == =
T B e
=0 <5 <10 N Bands Db
JT T | e [ | B | B | @ | o | w0 [ [ | %6 | 27 | 2%
Rf [ il K 3 [
(7/2 0 9/2)] o el o 0 0
AR = = =
N Level L r 3 3 5 1 3 1 3 1
= <2 <50 (/)
o 250 251 252 254 255 256 257 258 250 260 262
Q0 N 14 44 2 1
o L
E 0 (7/2) 0t J12)] o 3/2 ) 0 0
= 7% | 206 | 207 [ 28 |28 | 20 | 1 | e | s | e [ | 26 | =7 [ @ [ | @
2 E A E
a2) w2) @2)) (o) [@/2)
c 242 | 243 | 244 | 245 | 246 | 247 | 248 | 249 235: 251 | 252 | 253 | 254 | 255 2536 257 | 258 | 259
TR IEEEHE
2 Fm : ? B 5
s} o || o o ooz o) o | | o |aer B e | o
[ T o BT BT B T R R e B e e e el A
& N EEHEEEE Al EHEE 7B
s z an
52 @) 2 e |2 | JEBI 6 o2 | ooy |
PR TR T TR | R R T B [ [
cf A BB TF AR HE
8 5 . : | :
o o foeo] o Jazg] o e o laey] o o it o |29 o Joen] o
= = | o] s (o] o | o O
Bk s 7% e
? ; : C
(7/2%) (7/2) (3/2°)) (4) | 3/2 2 (3/2° 2 J(32)
P N e N e B e e e | R
C HAHEEEEEE T
m 4 1 4 9
0 0 (7/2)] o 1/2° o 5/2+ 0" 0 )+ 0 (1/24)

136 138 140 142 144 146 148 150 152 154 156 158 160 162 164
Neutron Number

R.-D.Herzberg and P.T.Greenlees, Prog. Part. Nuc. Phys. 61, 674 (2008)

AWELY




Introduction

What is the structure of SHE?

SINOLE=PARTICLE ENERGY (MeV)

SINGLE - PARTICLE ENERGY (MeV)

02 03 0.4 0.
QUADRUPOLE  DEFORMATION () OUADRUPOLE DEFORMATION (r,)
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Experiments

Outline

9 Experimental Approaches
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Experimental Approaches

e Gamma Detectors

19 stop Detector
TOF System

Magnetical
Dipole5

’ Magnetical
, Quadrupoles 4 - 6
~ Electrical
5 Deflector 2
" Beam Stop
< Magnetical
Rotating Dipolest - 4
Target & Electrical

Deflector 1
Magnetical
Quadrupoles 1- 3

Beam

Paul Greenlees (JYFL, Finland)

Resonance lonization Spectroscopy
at Trans-Fermium Elements

@

Experiments
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Experiments

Recoil Separators - Velocity Filters

Fp = qvB, Fo = gE 3)
Fior = (FB —Fy) = q(vB — E) — Fior =0 for v= —E/B 4)

S H I P - 10 Gamma Detectors

157 Stop Detector

TOF System
Magnetical
Dipole 5
G
A0 g Magnetical

Quadrupoles 4 - 6
Electrical

- i Deflector 2
) 1 Beam Stop
" Magnetical
Rotating Dipoles1 - 4
Target , Electrical
Beam ~ Deflector 1
Magnetical

Quadrupoles 1- 3
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Experiments

Recoil Separators - Velocity Filters

FLNR - JINR, Dubna

Vassilissa : g

Puo o
e B
o

- .y
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Experiments

Recoil Separators - Mass Spectrometers

Argonne National Laboratory
Argonne Tandem Linear Accelerator System (ATLAS)

Mass Separator (A/Q)

Q1 Q2 ED1 ED2 s o

—[Tae}

aueld [eo04

Fragment Mass Analyzer

Different
energies

Ty e
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Experiments

Recoil Separators - Gas-Filled Separators

my my 0.0227A

Bp= v - m DR 5
e e R @

RIKEN GARIS(Gas-filled Recoil Ion Separator)

o 1 2(m)

Mylar window(1 um)

o W
Segra SN
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Experiments

Decay Spectroscopy

"
S H I P o Gamma Detectors

g‘: Stop Detector
TOF System

Magnetical
Dipole5

’ Magnetical
Quadrupoles 4 - 6

3 Electrical
2 Deflector 2
S ) Beam Stop
o Magnetical
Rotating Dipoles1 - 4
Target & Electrical

B Deflector 1
eam Magnetical

Quadrupoles 1- 3

@ Alpha-Gamma/Electron Coincidences
@ Excitation energies, spins, parities
@ High beam intensities (puA)

@ Clean environment




Experiments

Genetic Correlations

Evaporation 7
Residue WA

‘/u +Ba, s ta, + Xg

2 @ Search for pairs of events at same X,y position
T4
N 2A'4 @ Search time At
» @ Based on assumption that paired events follow
;/” * Ba, e Lo, 0 Xg each other in time

7.4 @ Py =Trirpr3 Aty 2 Aty 3

N-4 A-8
S.Antalic, Thesis 2005 J
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Experiments

The GREAT Spectrometer

UK Universities + Daresbury

2 x 60 mm x 40 mm DSSSD

28 x 28 mm X 28 mm PIN Diodes
24 x 12 Segmented Planar Ge

Compton-Suppressed 16-fold
Segmented Clover Ge

Position Sensitive MWPC

Total Data Readout (TDR)
Acquisition System

R.D.Page et al., NIM B204, 634 (2003)
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Experiments

In-beam Spectroscopy

Observables

@ Excitation energies, spins,
parities

@ Moments of Inertia,
Alignments

Tagging Techniques

Recoil, Recoil-Decay, Isomer

T

Prompt

ps——1
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Experiments

Cross Sections

Z FrAc Ra
At ,, Rn
Po
Bi
m .. FPb 82
Hg
B <100 nb
100 nb — 1 ub
lub-10ub
10 ub - 100 ub
126 B >100ub

Paul Greenlees (JYFL, Finland)
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Experiments

Principles of Recoil-Decay Tagging

Tagging Techniques

Recoil, Recoil-Decay, Isomer

1 Delayed
Y’s
Prf{)rrslpl 1 $
BN \
g.sT T a

4 \
. . R(x,yt) oUX,y,tHA )
Time Line:
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Experiments

Recoil-Decay Tagging

© Speinger Ve

Evidence for Nuclear Shape Coexistence in '*°Hg
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Experiments

The JUROGAM Germanium Array

43 Phase I and GASP-type Ge detectors -
EUROBALL and U.K.-France loan pool

Total Photopeak Efficiency 4.2% @ 1.3 MeV
Much improved (x10) - efficiency

Software Compton suppression

Autofill system built by University of York,
part of GREAT

Target chamber built by IReS Strasbourg,
allows use of rotating target wheel

@ Modified EUROGAM support structure

Paul Greenlees (JYFL, Finland) Spectros [ EJC2012 36/49



Experiments

Anatomy of Total Data Readout (TDR)

ADCx32
ADCx32

Paul Greenlees (JYFL, Finland)

Event
Builder

Online
Analysis

EJC2012
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Experiments

In-beam Spectroscopy: Recoil-Decay Tagging

, y-singles
6x10

4x107

Counts

2x107

ax10°F Recoil-y

176
ex10°F Ptgsb

4x10

Counts

2x10°f

] '76Hg a-Recoil-y
o

©
©
R

0 100 200 300 400 500 600 700 800 900 1000
Energy (keV)

Paul Greenle L, Finland)

@ Typical beam intensity: 6.25x 100 pps
@ Total Gamma Ray Counting Rate: >1 MHz
@ 10 nb - 3 reactions/hour

@ 1 in 10° selectivity




Experiments

Experimental Data

Is the data reliable?

Do we get the full picture?

Favoured (a, ) decays connect states of similar structure
Coincidence techniques give multipolarities (spin/parity changes)
Very few reliable measurements of ground-state spins/parities
Did we really see the ground state?

Transfer reactions powerful tool - limited number of cases
Complemented by in-beam studies (Mol, B(M1)/B(E2), gk, etc)

K-isomers also give valuable information on location of s.p. states

Paul Greenlees (JYFL, Finland) Spec [ EJC2012 39/49
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@ Existing Facilities
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Facilities

Centres for study of SHE

___DUBNA

JARA/
~  RIKEN\
9
LANZHOU
“ ~N\ X

\ f
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I I P gl
S I 0 Gamma Detectors
5

Magnetical

’ ‘Magnetical
Quadrupoles 4 - 6

- Electrical
5 Deflector 2
TASI
pec

Rotating Dipoles1 - 4

Target & Electrical
Deflector 1

Beam

Magnetical
Quadrupoles 1-3

@ Renowned centre of SHE research
@ New elements 107-112 (Bh-Cn)
@ SHIP/TASCA

@ Synthesis/Structure/Chemistry
()

()

Intensities putA range

Radioactive Targets




Facilities

HOT SCREEN
K Ne@ky

INTERMEDIATE
ORTS

TARGEY

- _— ~~
e
DS ormt
10N SOURCE TRANSPORT LINK - \

T-2300K

TTIC MASS
NALIDR

FOCAL FANK

POSITION SENSITIVE
DETECTOR ARRAY

@ Renowned centre of SHE research
Rolitmg entrance
WRW 0 g ting @ Large number of new elements (recently

e 114-118)
FLNR - JINR, Dubna
GFRS/Vassilissa/MASHA

Vassilissa

Synthesis/Structure/Chemistry
R

Radioactive Targets

(]
(]
@ Intensities pyA range
o
o

New dedicated facility under construction

Paul Greenle L, Finland) S [ 43749



SHE study in RIBF (After 2011)

RILAC
for SHE study

RILAC-II
for RI beam study
14-October-2009 A WIS 27
TASCA'09 -1

RIKEN GARIS(Gas-filled Recoil Ion Separator)

0 1 2(m)
——

Primary
beam Mylar window(1 um)

>
2 Beam
stopper  He gas inlet

N, B
Diffe tial
FHOGHEA N

Beam
monitor

D2
Q1 Q2

© He gas (0.1~1 torr)

Evaporatién
residue

GARIS/GARIS2
Synthesis/Structure/Chemistry

Recently been studying 113
Intensities puA range
Radioactive Targets

New dedicated facility for SHE

EJC2012



Facilities

Lawrence Berkeley Laboratory

Historical centre of SHE research
88 inch cyclotron/BGS
Synthesis/Structure/Chemistry
Intensities 0.4puA range
Radioactive Targets

Recently hosted GRETINA

EJC2012 451749



Facilities

JGII/RITU/GREAT/SAGE
Structure

Specialist in in-beam work

o

o

(]

@ Intensities 0.1puA range

@ Electron spectroscopy unique
(]

New Mass Spectrometer MARA

Paul Greenlees (JYFL, Finland) Spec! EJC2012 46749
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= (a)
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3 . 4
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Yrast Line
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1(h)

GS/FMA
Structure
In-beam and decay spectroscopy
Intensities 0.4puA range

Entry distribution measurements unique
Intensity Upgrade
Digitised GS
Plans for new GFS

Paul Greenlees (JYFI:. Finlan Spec 471749



JAEA Tokai

2000, S
5 ';; ZSOCm Y
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<1000} B
Ge £
2 ©
15 AE-E o &
248, ON l
150 (T//z
_— 0, 1 1 !
0 100 200 300 400
/ AE-E Y-ray Energy (keV)
Ge Fig. 2. y-ray spectrum of >’Cm, obtained by setting the gate on ¢
indicated by the enclosed area in Fig. 1.
Target chamber | lm,m‘ Rotating wheel a-y detection system |

G target Rotatng wnaos
S Y
C beam (71 MeV) Gasjet ransport Vocusm

(88T | Lf* “"'”“‘ Tandem/Booster
o i i Catcher foils
syl Suprs ot Structure/Chemistry

Posnied

In-beam and decay spectroscopy

Intensities 0.4puA range

Detection effciency | S1PIN photodiodes
Si (a): 87% 18!
N | Get): 30%

Radioactive Targets

Transfer Reactions
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Facilities

M. Amthor (GANIL)

B

Image 1
Highly selective
beam rejection

Ome, . Image 2
e anl P My, a Extended drift to
) f Mf rom, place detector arrays
v e R »
y '),k
.y' :::x: Image 3 Image 4
n / 2 9 M/Q resolving
L] 1 o = /ra power > 300

LISE/VAMOS/EXOGAM
Structure

In-beam and decay spectroscopy
Intensities 0.4ppA range
VAMOS tested in GF mode
S3/LINAG under development

Paul Greenlees (JYFL, Finland) Spec! [ 2012 49749



