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Spectroscopy of exotic nuclei at ATLAS
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ATLAS experimental Area IV
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Gammasphere and Argonne Gas-Filled Analyzer
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GRETINA and Fragment Mass Analyzer

/)

Custom FMA entrance quadrupole doublet fits inside the GRETINA frame
resulting in ~6 times larger solid angle compared to experiments with Gammasphere

21 GRETINA-FMA experiments so far
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RECOIL-DECAY TAGGING
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In-beam y-rays in Implant-decay conversion electrons
coincidence with -« spatial and time =P and gamma rays
implants correlations deexciting isomers

in the DSSD followed by o decay
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Proton drip line




Spontaneous proton emission
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v' Analogous to o decay
v" No pre-formation factor
v’ Decay rates sensitive to E, and /,

v Unique laboratory to study
tunneling through a 3D barrier

v Source of information on nuclear
structure and masses far from
stability

v I', important for (p,y) cross
sections in light p-rich nuclei in the
path of the rp-process
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Proton emitter landscape
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2 65 Program with FMA initiated by

C.N. Davids in mid 1990s
in collaboration with

P.J. Woods from
University of Edinburgh

Recently with FMA:
16La (T=0 np pairing)
125Pm (“missing” proton emitter)
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First deformed proton emitter 131Eu
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First deformed proton emitters First fine structure
Anomalous decay rates explained
by introducing deformation
C.N. Davids, P.J. Woods, A.A. Sonzogni, C.N. Davids,
D. Seweryniak, A.A. Sonzogni et al., P.J. Woods, D. Seweryniak et al.,
PRL C55, 2255 (1997) PRL 83, 1116(1999)
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Spherical

Axially deformed
Odd-odd axially deformed
Coupling to vibrations

Non-axial deformation
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Rotational bands in deformed proton emitter 41Ho
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FRIB Decay Station initiator (FDSi)

Total absorption

VANDLE2 -

CLARION - DEGAI Discrete Spectroscopy  High-Granularity Implantation-Decay Si DSSD

Detection of fragments, B, protons and o
. 8 ) with very good energy resolution
new isotopes
new proton emitters h26Pmf127
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100Sn physics
Z

super allowed

p decay ?

Doubly-magic

Self-conjugate

GT pB-decay
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Single-neutron states in 191Sn

k endi
PRL 99, 022504 (2007) PHYSICAL REVIEW LETTERS 13 JULY 2007

Single-Neutron States in 1°'Sn

D. Seweryniak,' M.P. ‘Cau.'plenter,I S. Gros,! A. A. Hecht,” N, Hlt:-teling,2 R.V.F. Janssens,' T.L. Khoo.' T. Lauritsen.'
C.J. Lister,! G. Lotay,” D. Peterson,' A.P. Robinson,! W.B. Walters,” X. Wang.,* P.J. Woods,” and S. Zhu'

'A reonne National Laboratory, Argonne, Hlinois, 60439, USA
*University of Maryland, College Park, Maryland, 20742, USA
*University of Edinburgh, Edinburgh, EH9 3JZ United Kingdom

4Univers£ty of Notre Dame, Notre Dame, Indiana 46556, USA
(Received 15 April 2007; published 12 July 2007)
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Gamma-ray transition(s) in 1°Sn
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1 out of ~108 y rays emitted!
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101Sn single-neutron level ordering

N=51 ISOTONES
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LIGHT Sn ISOTOPES
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Reversed order was
proposed based

on 1%Te a decay to 191Sn.
Additional experimental
evidence needed.

Core excited states could
be observed with GRETA
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Coupled-cluster calculations
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PHYSICAL REVIEW LETTERS 120, 152503 (2018)

Editors' Suggestion

Structure of the Lightest Tin Isotopes

T.D. Morris,"” I. Simonis,** S. R. S[robc:rg,s‘5 C. Stumpt’,3 G. Hagc:n,l‘l J.D. Holt,” G. R. Jansen,™”
T. Pap(:nbroc:k,l‘1 R. Roth,3 and A. Schwenk®*®
]Depanmem of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
2Jf’h_v.&u'c:s Division, QOak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
SInstitut fiir Kernphysik, TU Darmstadt, Schlossgartenstrafie 2, 64289 Darmstadt, Germany
*ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
STRIUMF 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
SPhysics Department, Reed College, Portland, Oregon 97202, USA
"National Center Jor Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
*Max-Planck-Institui Jiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

“Clearly, theory is not sufficiently
precise to make a definite

prediction for the ground-state
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Super-allowed o decay to doubly magic 19°Sn

PHYSICAL REVIEW LETTERS 121, 182501 (2018)

Superallowed a Decay to Doubly Magic '"Sn

K. Auranen,'" D. Seweryniak,! M. Albers,' A. D. Ayangeakaa,"" S. Bottoni,"* M. P. Carpenter,' C. J. Chiara,'** P. Copp,'?
H. M. David,"! D.T. Doheny,‘“ J. Harker,'"” C.R. Hoffman.] R.V.F. Jansscns.s’(’ T.L. Khoo,'S. A. Kuvin.]’? T. Lauritsen,"

G. Lo[ay, A.M. Rogers,""" J. Sethi,'* C. Scholey,” R. Talwar," W, B. Walters,” P. J. Woods,* and S. Zhu'
Pk)sus Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, Illinois 60439, USA
*Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742, USA
3Deparmwm of Physics and Applied Physics, University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA
*University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
SDepartment (Jf Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, USA
Tnmgle Universities Nuclear Laboratory, Duke University, Durham, North Carolina 27708, USA
Depannwm of Physics, University of Connecticut, Storrs, Connecticut 06269, USA
Umverstt) of Surrey, Guildford GU2 7XH, United Kingdom
®Department of Physics, University of Jyvaskyla, P.O. Box 35, FI-40014 University of Jyvaskyla, Finland
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Super-allowed o decay 1%8Xe-104Te-100§n

4X7 Si SSD
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Implant-decay spatial and time correlations in DSSD
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Recoil-decay correlations
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TWO fast high energy decay events
Expected 0.09 random events
BOTH events where in coincidence with the Si box (1 out of 400)
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DSSD-Si box coincidences
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« The same total energy for both events - £E_=9.3(1) MeV
« Compared to a emitters different energy split

E_(1%Te)=4.9(2) MeV, E _(1°8Xe)=4.4(2) MeV
T,2('%Te)<18 ns, T,,,('°8Xe)=60(-20,+100) ps
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Reduced a-decay widths near 199Sn

104Te
10 -1.0 ' T ' | ' | v | | L
m Z=82
9 t - ® N<126
[T T e - - A N=126
8 -15F e Y v N>126 M
I E
6 @ \‘\\\ o
> - 3
= ° } ®Te w®
4 s o
108X ® Xe o
3 o A€ z 3
. o \\
2 ¢ )
1 i ®
0
0 1 2 3 4 1 1
N-Z p, = A,mZa,Zd(Az + Az)

If W, (Te)/W, (Xe)~2 as for 196Te/110Xe pair: W (1%4Te)>6, W (198Xe)>3
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Recent calculations for 194Te/108Xe

Density-dependent cluster model plus two-potential approach
Dong Bai and Zhongzhou Ren, Eur. Phys. J. A 54, 220 (2018)

T1/2(108X6)=4-213 MS, T1/2(104Te)=7'166 IlS

The super-fluid tunneling model

R.M. Clark et al., Phys. Rev. C 101, 034313 (2020)

Relativistic Density Functional DD-PCl+separable pairing of finite range

Dynamical least-action paths from equilibrium deformation to scission
FE Mercier et al., Phys. Rev. C 102, 011301(R) (2020)

T,,(1%Xe)=50 ps, T,,,('"*Te)=197 ns

Quartetting wave function approach ‘

Shuo Yang et al., Phys. Rev. C 101, 024316 (2020)
T,,(1*Te)=18 ns

Cluster-Formation Model+DDCM

Niu Wan and Jingya Fan, Phys. Rev. C 104, 064320 (2021)
T,,(1%Xe)=43 s, T,,('**Te)=54 ns

Double-folding potentials from chiral effective theory
Dong Bai and Zhongzhou Ren, Phys. Rev. C 103, 044316 (2021)
T,,(1**Te)>30ns

Improved density-dependent cluster model

Zhen Wang, Dong Bai and Zhongzhou Ren, Phys. Rev. C 105, 024327 (2022)
T,,(1%Xe)=62 us, T,,('**Te)=92 ns

20

(APIN) ASaauny

108X e reproduced well, 1%4Te lifetimes longer (enhanced preformation, higher Qo)
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Spectroscopy of Super-Heavy Nuclei
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Deformation landscape near Z=100, N=152
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Microscopic-Macroscopic calculations (0] T I R

in particular, Bg opens

A. Sobiczewski and K. Pomorski, Prog. in Part. and Nucl. Phys. 58 (2007) 292-349
s y (2007) the N=152 gap
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> inertia in 252No explained by

EMeV] |
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F.F. Xu et al., Phys. Rev. Lett. 133, 022501 (2024) functional theory on a 3D lattice
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Pioneering experiments with Gammasphere and FMA

VOLUME 82, NUMBER. 3 PHYSICAL REVIEW LETTERS 18 January 1099

Ground-State Band and Deformation of the Z = 102 Isotope 2*No

P Reiter,! T L Khoo! C.I Lister,' D. Seweryniak,' I Ahmad.' M. Alcorta! M.P. Carpenter.!
I.A. Cizewski,'? C.N. Davids.! G. Gervais,! J.P. Greene.! W.F. Henni.ug,‘ R.V.F. Janssens.!
T. Lauritsen.' S. Siem.'® A A Sonzogni.' D. Sullivan.' J. Unsitalo,' I. Wiedenhdver,! N. Amzal,?
P.A Butler” A J. Chewter.” K. Y. Ding,’ N. Fotiades.’ J.D. Fox." P. T. Greenlees.” R -D. Herzberg.”
G.D. Jones? W. Korten® M. Leino.® and K. Vetter’

! Argonne National Laboratory, Argenne, Illinois 60439
2 University of Liverpool, Liverpool L69 7ZE, England
3 Rutgers University, New Brunswick, New Jersey 08903
*Florida State University, Tallahassee, Florida 32306
SDAPNIL4/SPhN, CEA Saclay, F-9118] Gif-sur-Yvette Cedex, France
O University of Jyviskyld, Jwvéskyld, Finland

"Lawrence Berkeley National Labaratory, B:;.rke:lqv: California 94720
SUniversity of Oslo, Oslo, Norway
(Received 21 October 1998)

VOLUME 84, NUMBER 16 PHYSICAL REVIEW LETTERS 17 Arrm 2000

Entry Distribution, Fission Barrier, and Formation Mechanism of %g‘-_an

P. Reiter.? T.L. Khoo.' T. Lauritsen.! C.J. Lister.! D. Seweryniak.' AA Sunzugni,‘ I. Ahmad,! N. Amzal?
P Bhattacharyya,' P. A Butler’ M.P. Carpenter,' A J. Chewter? J A Cizewski,'* C.N. Davids.! K. Y. Ding*
N. Fotiades.® J P Greene! P T Greenlees® A Heinz.! W F. Henning! R -D. Herzberg® R V. F Janssens '
G.D. Jones.’ H. Kankaanpai.” F G. Kondev.! W. Korten® M. Leino.” S. Siem."* J. Uusitalo.'

K. Vetter” and I. Wiedenhgver!

! Argonne National Laboratory, Argonne, Illinois 60439
? Ludy ig-Maximili Linin itat, Am Coulombwall I, D-85748 Garching, Germany
3 University gf Liverpool, Liverpool L69 7ZE, England
*Purdue University, West Lafayette, Indiana 47097
S Rutgers University, New Brunswick, New Jersey 08903
4DAPNIA/SPhN, CEA Saclay, F-9119] Gif-sur-Fvette Cedex, France
TUniversity of Jyviskyla, Jvaskyld, Finland
SUntversity of Oslo, Osls, Nerway
?Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 3 January 2000)

PHYSICAL REVIEW LETTERS week ending

PRL 97, 082502 (2006) 25 AUGUST 2006

K Isomers in 2 No: Probing Single-Particle Energies and Pairing Strengths in the Heaviest Nuclei

5. K. Tandel,' T.L. Khoo.? D. Seweryniak.” G. Mukherjee,'** 1. Ahmad,” B. Back.” R. Blinstrup,® M. P. Carpenter.”
] 0.’_‘hapman.2 P Chowdhury_] C.N. Davids.” A. A. Hecht.>" A. Hcin.r._.ﬁ P lkm,'a R.V.F. Janssens.” F. G. Kondev.”
T. Lavritsen.” C.J. Lister,” E. F. Moore.” D. Peterson.” P. Reiter.® U. 8. Tandel.' X. Wang.” and §. Zhu®
' Department of Physics, University of Massachusetts Lowell, Lowell, Massachusetts 01354, USA
2Argonne National Laboratory, Argonne, Hlinois 60439, USA
*Oliver Lodge Laboratory, University of Liverpaol, Liverpool L69 7ZE, United Kingdom
University of Maryland, College Park, Maryland 20742, USA
*Wright Nuelear Structure Laboratory, Yale University, New Haven, Connecticut 06511, USA
SUniversitdt zu Kiln, Ziilpicherstrasse 77, D-50937 Kiln, Germany
"Department of Phy: University of Notre Dame, Notre Dame, Indiana 46556, USA
(Received 13 April 2006; published 22 August 2006)
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Most fissile nucleus known 2°No

40Ca+204ph, ~20-25 pnA, 9 days y
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D. Peterson et al. Phys. Rev. C 74, 014316 (2006) — ATLAS, FMA, total of 158 SF events, 2 SF lifetimes

J. Kallunkathariyil et al., Phys. Rev. C 101, 011301(R) (2020)
J. Khuyagbaatar et al., Phys. Rev. C 106, 024309 (2022)
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250No ground-state rotational band

T. Huang, D. Seweryniak et al., in preparation
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FMA 2001 and AGFA 2024 comparison

250N0
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Moments of inertia in transfermium nuclei

Increasing pairing
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Opportunities with GRETA at ATLAS

= 100Sn region (GRETA/FMA)
— 101Sn core excited states
— Excited states in 190Sn

* Transfermium nuclei (GRETA/AGFA)
— Super-heavy nuclei 2°°Sg

= Hyperdeformation (GRETA stand-alone or with FMA)
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In-beam and decay spectroscopy of exotic nuclei at ATLAS

= Spontaneous proton emission
— Decay studies
— In-beam studies

= Nuclei near 190Sn
— Single-neutron states in 191Sn
— Super-allowed alpha decay

* Trans-fermium nuclei
— pioneering experiments with Gammasphere/FMA
— experimental program with AGFA

= Qutlook
— GRETA
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Argonne Fragment Mass Analyzer
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Argonne Gas-Filled Analyzer (AGFA)

D. Potterveld, ANL

Use Combined Function bending magnet
— Overlapping bending, focusing fields
— Fewer magnets, ultra-compact design

Q,D,, design

2.5 Tm max Bp
38° bend

22.5 msr @ 80 cm
(44 msr @ 40 cm)

4.2 total length @ 80 cm
(3.9m @ 40 cm)

Optlmlzed for spectroscopy, commissioned in late 2018
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SHN deformation landscape
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The fissile 254Rf nucleus

FMA, BGS
vionoE 4qp Hsp>25
oot iIMp-el-sf 2% 247(73) ps
. 10000C mostly IT
g- 6000; H >2
3 20% 29p o 4.7(1.1) us 1000X faster
o3 mostly IT  compared to
a0 el-el N=150 isotones
o gs 23.2(1.1) us
* s mostly SF
O e step [10 ns) Fission hindrance in isomeric states.
Traces from the FMA digital DAQ This can be a mechan!sm to extend
the number of accessible super-heavy
elements

H.M. David, J. Chen, D. Seweryniak, F.G. Kondev et al., Phys. Rev. Lett. 115, 132502 (2015)
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254Rf ground-state rotational band
Gammasphere+AGFA
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D. Seweryniak, T. Huang et al., Phys. Rev. C 107, L061302 (2023)
Argonne &

ENERGY :::i
manages



SHN outlook

» Scheduled experiments
— 233No HK distributions
— N>152 nucleus %°®No (with radioactive 2'9Pb targets)
— Detailed decay spectroscopy of 251Md
— Decay of 24%Fm

» Developments
— AGFA implantation-decay station
— ECR source upgrade

= Future
— GRETA
— New ECR source
— Search for new elements
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Selected AGFA highlights
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Moment of inertia calculations for No isotopes

NLI - green
CRHB+LN NL3* - red circles - experiment
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Particle-Number-Conserving Cranking Shell Model

Cranked Relativistic Hartree Bogoliubov theory _ B _ :
Xiao-Tao He, Nanjing University

A.V. Afanasjev, Mississippi University

= |28 250\ Mgﬂ ] CRHB and PNC CSM can explain data
A _ g | without octupole deformation
v ) oooly o | CDFT predicts octupole deformation
" e TR already in the ground state in 2°°No
3 120t '
N§~ §0.04- D_u_c;_,;)_-|:)===t'l%j .
g % | y We will propose an experiment to extend the

oo ] ] (T, ground state rotational band in 2°°No

o MeV] C eMev] to higher frequencies

Cranking Covariant Density Functional Theory
in 3D lattice space with a shell-model-like
approach (SLAP)

P.W. Zhao, Peking University
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Recent Gammasphere/AGFA campaigns
Fall 2022 — Spring 2024

~20 experiments in total
_ &
(=)
\ Db 255
Rf | 252
_ N/
\

~

N
(2
Md | 249

R

Searches for new isotopes, searches for new K-isomers, in-beam spectroscopy.
We are pushing towards fission limit, heavier elements and N>152.
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Rotating stopper at AGFA focal plane
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Search for triple a chains:
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Argonne Gas-Filled Analyzer (AGFA)
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Gamow alpha-decay model

G. Gamow, Z. Phys. 51, 204 (1928)
Probabilistic interpretation of quantum mechanics

A=vP

['=hA = AvP

Coulomb/centrifugal barrier

)\ - decay constant
I' — decay width
v - assault frequency

P — penetration probabilit
Nuclear P P y

potential

ENERGY

A= 2Roexp l—Z[ —|Qa—V(r)|dr

Can be readily calculated
Very steep function of Q-value

= 6%P
52 _ l-‘exp
Pcalc

&2 - reduced a decay width,
often normalized to 212Po

(~o preformation factor)

Argonne &



R-matrix expression of the a-decay width

Decay width:
L(R) =2y (R)PL(R) P.(R) - penetrability

R — channel radius (outside of the nucleus)

Reduced width amplitude:

2R\ "*
VL(R)Z(_) FL(R)
214 = e
Formation amplitude:

Fi(R)

_ f dE,dEpd Rl o (E)VpED) VLR, |, Vp(Enkp: R)

Overlap between parent nucleus and daughter nucleus + alpha
at a distance R outside of nuclear interactions
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Experiments in the 1°°Sn region_______ )
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Single-neutron states in 191Sn

k endi
PRL 99, 022504 (2007) PHYSICAL REVIEW LETTERS 13 JULY 2007

Single-Neutron States in 1°'Sn

D. Seweryniak,' M.P. ‘Cau.'plenter,I S. Gros,! A. A. Hecht,” N, Hlt:-teling,2 R.V.F. Janssens,' T.L. Khoo.' T. Lauritsen.'
C.J. Lister,! G. Lotay,” D. Peterson,' A.P. Robinson,! W.B. Walters,” X. Wang.,* P.J. Woods,” and S. Zhu'

'A reonne National Laboratory, Argonne, Hlinois, 60439, USA
*University of Maryland, College Park, Maryland, 20742, USA
*University of Edinburgh, Edinburgh, EH9 3JZ United Kingdom

4Univers£ty of Notre Dame, Notre Dame, Indiana 46556, USA
(Received 15 April 2007; published 12 July 2007)
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Doubly-magic nuclei far from stability
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The rapid proton capture process

-heavy nuclei
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Gamma-Ray Energy Tracking In-beam Nuclear Array
GRETINA

12 quad modules

Each crystal divided into 36 segments

Position resolution FWHM~5 mm

Tl

Efficiency comparable to Gammasphere GRETA dedication — April 23, 2025

High-rate capability
Transition into GRETA (30 modules, full 47) starting this year
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Gammasphere
471t array of Compton suppressed y-ray detectors

Up to 110 HPGe detectors in BGO shields
v-ray detection efficiency at 1.3MeV ~10%

Can be moved between FMA and AGFA

rrrrrrrrrrrrrrrr
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Argonne Gas-Filled Analyzer (AGFA)

D. Potterveld, ANL

Use Combined Function bending magnet
— Overlapping bending, focusing fields
— Fewer magnets, ultra-compact design

Q,D,, design

2.5 Tm max Bp
38° bend

22.5 msr @ 80 cm
(44 msr @ 40 cm)

4.2 total length @ 80 cm
(3.9m @ 40 cm)

Optlmlzed for spectroscopy, commissioned in late 2018
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Argonne Fragment Mass Analyzer

Mass resolution: SM/M~1/350
Angular acceptance: AQ=8 msr(2 msr)
Energy acceptance: Aq/&=+/-20%
M/Q acceptance: A(M/Q)/(M/Q)=10%
Flight path 8.2m
Max(Bp)=1.1Tm
Max(Ep)=20MV

Can be rotated off O degrees
Can be moved along the axis
Different focusing modes

T T T — T T T

"B +9Mo 357 MeV .

24x10 [ Q=32 Q=31 -
- 167

Separates reaction
products from beam and
disperses them according
to M/Q

167

i 164
168 | 165
alA=166 1

T T T T T T T T
180 220 260 300 340
FOCAL PLANE X - POSITION {channels)
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