........

o JUSTUS-LIEBIG- .
Il. Phy&kahsches UNIVERSITAT L v THE UNIVERSITY
nstiut 1) GIESSEN @) of EDINBURGH

Addressing open riddles in heavy N=Z nuclei with the FRS

lon Catcher and plans for the first experiments at the
Super-FRS lon Catcher at FAIR

FAIR

Super-FRSEC | ...

Gabriella Kripko-Koncz GHR] STH‘

for the Super-FRS Experiment Collaboration

They do 1t

ll. Physikalisches Institut, JLU Giel3en, Germany : ;
with mirrors

School of Physics and Astronomy, University of Edinburgh, United Kingdom

EMIS2025 — Whistler, Canada — 22.10.2025



Motivation: the vicinity of 1°0Sn

Study of heavy N=Z nuclei, e.g.:

Proton-neutron interaction strength

» The concept of isobaric analog states — probing isospin symmetry e
« Formation of high-spin isomeric states _ nm 1
« Strong resonances in GT transitions 5
 CVC hypothesis
. _ S. Frauendorf et al., Prog. Part. Nucl. 78 (2014) 24-90
rp-process T. Faestermann et al., Prog. Part. Nucl. 69 (2013) 85-130 g A
M. Bentley, Physics. 4(3) (2022) 995-1011 =
ChallengeS' J. Hardy et al., Phys. Rev. C. 102 (2020) 045501 . e
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The FRS lon Catcher at GSI

“ FRS: In-flight isotope production and separation
s High-resolution mass spectrometer/separator for the projectile fragmentation/fission products
* FRS lon Catcher: High-precision studies on thermalized ions

Fragment separator FRS FRS lon Catcher (FRS-IC)

Primary
beam

\

g HHHWHHHHHHHHHH% SH=—""

Thick CSC Stopping of
relativistic nuclei

=== 0j0

===—In]n]|

(]

. / = (7] Clean and low production

Gas-filled RF Quadrupole N E sensitive cross section
St(;rg;ﬂznéc;" (RFQ) beamline U |9 East Sht%rt_l'_livef ons

(CSC) - 14 wi R ms
Ultra-pure He up to =g = Broadband &  Efficient way of

200 mbar at 80 K o ol non- collecting data
Mean extraction time 25 ms .y scanning
MR-TOF-MS
Fragment separator FRS: H. Geissel et al., NIM B 70 (1992)

The FRS lon Catcher: W.R. Plal3 et al., NIM B 317 (2013)
Coupling of FRS and FRS IC: 1 1, o) ot al., Atoms (2024), 12, 52
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The FRS lon Catcher at GSI

“ FRS: In-flight isotope production and separation
s High-resolution mass spectrometer/separator for the projectile fragmentation/fission products
* FRS lon Catcher: High-precision studies on thermalized ions

Fragment separator FRS FRS lon Catcher (FRS-IC)

Primary
beam

FRS , g Cryogenic
’ o el stopping

=
o

{ O §
< B
=F

G. Kripk6-Koncz — Addressing open riddles in heavy N=Z nuclei with the FRS lon Catcher — EMIS2025 — Whistler, Canada — 22.10.2025



Efficient measurement scheme and riddle #1

Optimal stopping in an ultra thin stopper

+ optimize beam enerqy

max. stopping efficiency for single isotopes
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Efficient measurement scheme and riddle #1

Optimal stopping in an ultra thin stopper

+ optimize beam enerqy

max. stopping efficiency for single isotopes

1004
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Efficient measurement scheme and riddle #1

Optimal stopping in an ultra thin stopper

max.

47 isotones

N=

+ optimize beam enerqy

stopping efficiency for single isotopes
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Counts / (107.1 pu/e)

Measured masses in the vicinity of 1°°Sn

Direct mass measurements of 24 ground states and 2 isomers
First direct mass measurements of Cd and 23Pd

A. Mollaebrahimi et al., Phys. Lett. B 839 (2023) 137833

a ’ FWHM = 216 keV F-\IR
5 i '
N% (1 scd /7 events FRS Super-FRS EC
o ~18 nbarn
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Riddle #2: Controversy around the mass of 1%0Sn

* The “199Sn mass riddle”: measured mass of %°n [M. Mougeot et al.]
. -
+ two different Qg ValuesS——— p | ypos et al, Phys. Rev. Lett. 122 (2019) 222502 | TR

T~ Super-FRS EC
C.B. Hinke et al., Nature 486 (2012) 341 Frs ) SUPEr
2000 -1 —v— M. Mougeot ("In) + C.B. Hinke ('%°Sn) 219 ny=50 .
<" 1900 4—=— M. Mougeot ("°In) + D.Lubos (1%Sn) T 50 I 2
2 1—e— M. Mougeot » 109 [ LsSM (observed transitions) Sn = ]
= 18007 & This work . 8 o] [~ LSSM (otal within Gec) l 5]
& 1700-—* AME2020 = o8 B [ g
= 1600 - __D . 6 e L g
G 1500 = %pg . . -
c . o 41 - ] _— I 4 A
O 1400 98Cd ool %Ry -7 I %y o
§ 1300 1 \ o 2 . poo it (this work) !ﬁ §
< 1200 N k- & 0 : T T T
o ] X - J = =
3 1100 ~J_ 7 T wizy ]
8 1000: ) \{/ S % s N—_5L§$M (observed transitions) |
% 900 - !ﬁ ; ad [- LSSM (total within Qg.) |
w 1 o 5
800 . : : . . . . £ 1%2gn
] - -
43 a4 45 48 7 47 48 49 50 51 3 8 1004 ) f;i
4 - . -
[C.B. Hinke et al.] was favored in ) SR i
comparison to ab-initio calculation —
done in [M. Mougeot et al.] ’ 4'4 ® 5 @ .
M. Mougeot et al., Nat. Phys. 17 (2021) 1099 The evolution of B(GT) for N=50 and
See also recent LEBIT results: C. Ireland et al., arxiv: 2510.11815v1 N=52 isotones in comparison to LSSM
favors [D. Lubos et al.].
New/improved experiments are needed! A. Mollaebrahimi et al., Phys. Lett. B 839 (2023) 137833
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Riddle #3: %4Ag (21*) isomer

A (21*) isomer in °*Ag has been reported to have unique properties:

* B-decay C. Plettner et al., Nucl. Phys. A 733, 20 (2004)
* [-delayed proton emission 1. Mukhaetal., Phys. Rev. C 70, 044311 (2004)

direct 1p-decay~\. Mukha et al., Phys. Rev. Lett. 95 (2005) 022501
direct 2p-dec |. Mukha et al., Nature 439 (2006) 298
« It has a megasured [3-decay half-life of 400(40) ms.
« It has an exsitation energy of more than 6 MeV.

Intense scientific discussions

* O. L. Pechenaya et al., Phys. Rev. C 76, 011304 (2007)
+ K. Kaneko et al., Phys. Rev. C 77, 064304 (2008)

* D. G. Jenkins et al., Phys. Rev. C 80, 054303 (2009)

* J. Cerny et al.,, Phys. Rev. Lett. 103, 152502 (2009)

* A. Kankainen et al., Phys. Rev. Lett. 101 (2008) 142503

* ... And many more...

Riddle #3
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1p and 2p-decay of 4Ag are unique and puzzling

Riddle #3.3: Strongly deformed?!

K. Kaneko et al., Phys. Rev. C 77, 064304 (2008)

I. Mukha et al., Nature 439 (2006) 298

Sphérical

Deformation parameter, a

Riddle #3.1: 2p emission could not
be confirmed in Berkeley?!
J. Cerny et al., Phys. Reuv. Lett. 103, 152502 (2009)
Riddle #3.2: Why simultaneous 2p .
emission, why not sequential 2p?! 1072
. Mukha et al., Nature 439 (2006) 298
10®
Riddle #3.4: Energy mismatch?! s
6960(400) or 8360(370) (21*) *—E 10
(13+)/ 1900(100) 108
(N P A
(107 i
8& 5780(30) 1548.6(14) 10°
6" v
.92F{h +p+rp > 1 T
3730(160)) Based on
extrapolation
gy A30G00w | | (7
+
0 (O9)  A. Kankainen et al., Phys.

Reuv. Lett. 101 (2008) 142503

)

UNIVERSITY OF JYVASKYLA

Dedicated hot cavity catcher
for measuring %Ag

M. Reponen et al., Rev. Sci.
Instrum. 123501 (2015)
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Riddle #3: the 1p/2p-decay of °*Ag (21*) isomer

(i . [\\two-proton emission?
| 46 @=L/
Measurement yields one-proton emlssmn\_ AT
_ - (33/2%) A=
a ~100 mismatch S (10 g—
between ME Of 21 +, g —48- (29/2+) Eg+§—
when obtaining it =~ (252" (6" ——
from 1p/2p-decay @ . (21721 — 92Rh-l.-2p (Exp.)
branches. g (92— [Thiswork]
o N
0 —50- (17/2
G. Kripko-Koncz et al., L (15/27)
Phys. Rev. Research, in print p— (13/25)——
https://doi.org/10.1103/mhhn-kmgx }
_50_ (9/2%) [This work]
Spd+p (Exp.)
- (0%)
- %k
FAR _FRS -~ sal  %Ag (Calc.&Exp.)
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Estimating the mass of the 2*Ag ground state (0+, T=1)

Measured the Qg value of 94Ag (large uncertainties): J. Parketal., PRC 99 (2019) 034313
Extrapolation based on Coulomb-displacement energy systematics:

| Park2019 | AME2020 _

A. Kankainen et al., PRL 101 (2008) 142503

Qec(*Ag) [keV] 13350 829
ME(%4Ag) [keV] —52750 839

JrfEf‘f“ +5.;I']“+3NS_5C):

13700(400)
—52400(400)

Kankainen2008 | Global Ft calc.

12760(360) 12570(190)
—53340(360 —53530(190)

J. Aystd, X. Mougeot

2GE (1 + AR)

°C  2\Mg %0l “2Sc®Mn  ©2Ga (b)
. 140 26mA| 33mK 46V 5400 74Rb i
26Q; 344 38
3090 Si ~*Ar**Ca “
O
. 3080}
¢
3070} b P
3060 : : : : !
0 10 20 30 40

Z of daughter

(priv. comm.)

Superallowed [-decay half-life
of #4Ag, 0* — 94Pd, 0* has been
measured: 27(2) ms

J. Park et al., PRC 99 (2019) 034313
— The Qgc(**Ag) can be
“reverse-engineered”.

J. C. Hardy and I. S. Towner, PRC 102, 045501 (2020)
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Shell-model calculations

Model space for JUN45: 2ps /5, 1f5/2, 2P1/2, 1992
E,(**Ag) / MeV , Model space for SDGN: 1992, 1972, 351/2, 2d5 /2, 2d37

X
20— @, Predicted small prolate
T LY "N 10, | e - . .
NPT ~46.05(4) [z —=575(2) Mav deformation using DNO-SM
L . . [ .
12;-;..1-_12513 .......... e — (332 >— calculations:
17" —— - 0T} <0.1
17* .
l — (29/2*)—
7 & 2| (25127 Dominating single-particle
|49 ] § 21/2") \— : J sing p+
5 Z| (1929 23= configuration for 217:
47 & Bl (1725— -
! 3| (17— (Tgo~ Vg9~ )21
. W <] (15/2%) 2 2
Y (13/2")—
2 . .
. i (9/27) —-51.838(35) [This work]
(Al [ SPd+p (Exp.)
—-53
0 0 R T
--------- A --mmo(0") = 53.53(19) [global F calc.]--ommmceee
JUN45 SDGN | %pAg (Calc.&Exp.)

D. D. Dao, F. Nowacki, A. Blazhev, M. Gérska (priv. comm.)
G. Kripk6-Koncz et al., Phys. Rev. Research, in print (https://doi.org/10.1103/mhhn-kmgx)
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Mean-field calculations

Proton Levels [MeV]

8

-8k

,4,9/2]9/2 1
,5,11/2]7/2]

,5,11/2]5/27

,4,9/2]7/2 .
,5,11/2]3/2]

,5,11/2]1/2]

,4,9/2]5/2 -

,4,9/2]3/2 -
,4,9/2]1/2 =

0.2 0.0 0.2 04
Deformation awg

0.6 04

Proton-emitting orbital
with T,,> 30 ms

94 A
(21"
9/2 hbar

(33/2%)

SPd+p

10\hbar

(117)
92Rh+2p

|. Dedes, J. Dudek, A. Baran,
J. Yang (priv. comm.)

Mean-field calculations indicate that 1p and 2p decay should occur from two different isomers
G. Kripk6-Koncz et al., Phys. Rev. Research, in print (https://doi.org/10.1103/mhhn-kmgx)
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Mean-field calculations

Proton Levels [MeV]
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Mean-field calculations indicate that 1p and 2p decay should occur from two different isomers
G. Kripk6-Koncz et al., Phys. Rev. Research, in print (https://doi.org/10.1103/mhhn-kmgx)
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One possible scenario, which is “consistent with all”

E,(**Ag) / MeV , Ma

20—
18° r

21"~
19+n

17" ——

217

84

ss excess / MeV

(Berkeley experiment may not

*Ag (Calc.&Exp.)

—~ h b ble t thi
b 45220 ® 06 44 9610y . Sirongly deformed a0 s
E,oy=1.01(3) MV
i (21%) (3302 35/2'.‘):,_;___ Nearly spherical T.,= 400 ms
-46.05(4) E,. =0.79(2) MeV. E;;=1.9(1) MeV
Pl " =~ m
e A= ()R gy
- Qo
(9)— 3 ?
» i (29/2+)— (8+) = 3
& g (25/27) 92(6+) ------- | i '
| 49 3 = | (12— Rh+2p (Exp.)
= 2 (192t —  -48.411(10)
T 8 E17/2+g [This work]
o 0 /A IS wWor
I =8| (17—
W <] (15/2%)
FRS
i Y.-(9/2")——-51.838(35) [This work]
93pd+p (Exp.) Super-FRS EC
—-93 . — G. Kripké-Koncz et al.,
(07) -53.53(19) [global F calc.] Phys. Rev. Research, in print

https://doi.org/10.1103/mhhn-kmgx
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The FRS and Super-FRS lon Catcher at GSI/FAIR

In front of High-Energy Branch:

Early Science / First Science
(from 2028 onwards)

 MNT reactions with secondary
beams

* [B-delayed neutron emission
probabilities and half-lives

» Mass measurements of more
exotic species

* and more...

LaSpeﬁll
Super-FRS EC =

» Mass measurements

* In-cell decays, ...

LaSpesll
Super-FRS EC -

Almost all that is needed for r-process

Low-Energy Branch: First Science++

» Laser spectroscopy experiments

Z MATS
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Expected performance of Super-FRS lon Catcher

Integrated electronics

JUSTUS-LIEBIG-

Internal lon
Sources

RFQ lon

L

UNIVERSITAT o
Injection
Trap
System

5x10 mbar

Time-of-Flight
Analyzer

Mass
Range
Selector

Post-Analyzer
Reflector

D. Amanbayev, et al, EPJ. ST (2025) 234: 861-917

Present CSC| Super-FRS CSC
Areal density (He) 9 mg/cm? 28...40 mg/cm?
Extraction time 25 ms 5...15 ms
Rate capability 104 ions/s >107 ions/s

G. Kripko-Koncz — Addressing open riddles in heavy N=Z nuclei with the FRS lon Catcher — EMIS2025 —
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* Providing pure beams for
MATS/LaSpec experiments

Isobarically or
isomerically
pure beam

MR-TOF-MS for
MATS/LaSPEC

extension will be added

el
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nuclear physics
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* Mass-selected decay

spectroscopy experiments

x 4 higher stopping efficiency
x 2 faster ion extraction
x 103 more intense beams
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Future example #1: Beta-delayed neutron emission

Super-FRS
In-flight isotope
production and separation,
energy bunching,

slowing down

Relativistic
primary
beam target

End of June 2025 test
experiment with 13°Sb

238U (@ production target ~3

Super-FRS transmission ~8

Super-FRS Ion Catcher ~5
Total ~120

Improved S-FRS separation reduces
background by order(s) of magnitude

neutrch

Praton (Z) #

CSC

Mother of interest stopped,
contained and decays

MR-TOF-MS
Mother and daughters
identification and counting

: Daughtdrs

~18 P, in ~1S5 shifts

9EY

I S8Y 99y 100Y 101y 102y 103y

-7.20E+3 -65%9E+3 -2.99E+3 -3.B4E+3 -2.18E+3 -3.58E+3 -942E+2 -1.43E+3

955r 965r 975¢ 98Sr 995r 1005r 1015r 1025r

-7.03E+3 -6.70E+3 -3.51E+3 -4.23E+3 -2.54E+3 -3.67E+3 -B23E+2 -9.BDE+2

94Rb 95Rb

+3 -1.B3E+3 -1.94E+3

93Kr S4Kr

36—
|B.OBE+3 -B.49E+3 -5.40E+3 -5.54E+3

-2.53E+3 -Z.71E+3

8EBr 89Br S0Br 91Br

3.59E+3 -3.70E+3 -451E+2 -T7.14E+2

B75e 885e 895e 505e

34—

3.99E+3 -439E+3 -1.24E+3 -1.22E+3

92As

9.27E+3

32

86Ga

&7Ga

B.24E+3 B.11E+3

f f T T I I T I T I T 1
55 56 57 58 59 60 61 62 63 64 65 66

Meutron (N) #

53 54




Future example #2: Fission isomers

Fission isomers: excited metastable nuclear states decay by spontaneous fission.

Known isomers * @ 242 222 245

Bk Bk Bx "
Predicted isomers il P 260 241 242 243 2484 245 ‘ Decay statlon (AE-E)
cm cm Cm cm Cm Cm *
am || o8 o (IR R § A |2 (AR e 20 | Rs faS \/\/\ L Thick DSSD Thin DSSD Thick DSSD
o sl = e s e e s
= T FF Foil
4 No £ ‘Np ; u/ B
Tl 34 ’36 38 239 z:o z:z Y " . ql
3 o FF
1l 30 21:12 Th Th .
B RFQ beamline 515
erra incognita
- 228 230 Y
Ra Ra -
LS 1Ojo
1% 10 1 @ ¥ 14 8 1 10 151 1 0jO {
S. Leoni et al., Eur. Phys. J. Spec. Top. (2024) 233:1061-1074 S‘E%
Ceererererere———
[ = ]
L =~ = ]
= -

High intensity and purity Super-FRS beam —»!

lon Catcher + DSSSD > T,, >5ms

> high efficiency, low background

» allow full rate from the Super-FRS

> efficient fission isomer searching

> T,,, only limited by the extraction from CSC
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Summary and Outlook

Three riddles studied at FRS lon Catcher: | - ]
. . \‘téém‘i:??:?:’%“)" . Sk
» The riddle of unexpected isotopes solved Super-FRSEC wca l[
* Implications for the “199Sn mass riddle” i 5 ""Lodéj"
 Riddles surrounding the 1p/2p decay in °*Ag: -~ '
If the 2p decay exists, it cannot come from the g | )
same isomer as the 1p decay. . s
Ry
(Super-)FRS lon Catcher: B
. i i E(**Ag) | MeV , Mass excess / MeV
Three approved experiments in 2026/27 & _45a20 =0 anseto)
« 2028 and beyond: Higher intensities and . .8 = - ELPA20) =77 Moy
cleaner conditions at the Super-FRS will %M =T
allow to study the most exotic cases ”(;) ]
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