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Motivation: the vicinity of 100Sn

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

* Proton-neutron interaction strength

* Formation of high-spin isomeric states
« Strong resonances in GT transitions
 CVC hypothesis

*  rp-process

Challenges:

S. Frauendorf et al., Prog. Part. Nucl. 78 (2014) 24-90

T. Faestermann et al., Prog. Part. Nucl. 69 (2013) 85-130

M. Bentley, Physics. 4(3) (2022) 995-1011
J. Hardy et al., Phys. Rev. C. 102 (2020) 045501

* Short half-lives

* Low production cross-sections
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FRS lon Catcher at GSI

Fragment separator FRS FRS lon Catcher (FRS-IC)
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FRS lon Catcher at GSI

Fragment separator FRS FRS lon Catcher (FRS-IC)

Primary .
ion beam U= a
< 76 m > «— 4im —»
Cryogenic Stopping Cell (CSC)  Radiofrequency quadrupole (RFQ) beamline
Multiple-Reflection
Secondary e oo S Time-of-Flight
ion beam [ = —Tu|m I == Mass-Spectrometer
after FRS & |] |] Il (MR-TOF-MS)
\ T
RF Carpet |\ - :
ajo
Performance characteristics
LACCI
« Broad-band mass measurements _AlE
« m/Am up to 1,000,000 0 _ofo
« Mass accuracy: down to a few 108 BEEE '
« Accessible half-lives: down to a few ms F:EE
« Cross sections: down to a few nb —
(CSC areal density up to 9 mg/cm?) TFS reflector TOF analyzer
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FRS lon Catcher at GSI

b Cryogenic stopping eell ===~ Multiple-reflection
B i sy g ol = RFQ DEAMINe- = {jma_of-flight
.., e wg% . '

I Mass spectrometer

-

J. Zhao et al., NIM B 547 (2024) 165175 Purushothaman et al., IIMS 421 (2017) 245

J. Yu et al., NIM A 1064 (2024) 169371 W. R. PlaR et al., Phys. Scr. T166 (2015) 014069

T. Dickel et al., NIM B 541 (2023) 275278 M.P. Reiter et al., NIM B 376 (2016) 240

C. Hornung et al., NIM B 541 (2023) 257259 W.R. Plal} et al., Int. J. Mass Spectrometry 394 (2013)
[. Miskun et al., IIMS 459 (2021) 116450 M. Ranjan et al., EPL 96 (2011) 52001

W.R. PlaR et al, Hyperfine Inter. 241 (2020) 1 S. Purushothaman et al., EPL 104 (2013) 42001

F. Greiner et al., NIM B 463 (2020) 324 M. Ranjan et al., NIM A 770 (2015) 87

E. Haettner et al., NIM A 880 (2018) 138 W.R. Plal3 et al., NIM B 266 (2008)
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FRS lon Catcher at GS| and S474 experiment

Efficient data taking (3 isotones)

300-1000 MeV/u

124Xe
Primary beam

790 MeV/u

Challenge: small production cross-sections (few nbarn)

Fragment separator FRS

~ MeV/u eV keV
. |

FRS lon Catcher

Variable
degrader

CSsC RFQ beamllne MR-TOF-MS

Slits PID detectors

g i

252 228

Cf & Th sources -

4 \|

/ i

] !%==;= —

/ Si detector

TOF analyzer

Fragment )RF carpet
beam = 7 7 - /din’ dln
Production 300 Mev/u Unwanted  Monoenergetic ’:ﬁ ?\
target fragments degrader | ]
8045 mg/cny; W
} __ Mass range selector sl TFS
Good stopping efficiency for the 10l gl reflector
&Y TOF detector
e 76 m >l < 4m >
Thicker target A few events are enough for
accurate mass determination.
W.R. PlaB et al., NIM B 317 (2013) 457 A. Mollaebrahimi et al., PLB 839 (2023) 137833
W.R. Plal et al., Int. J. Mass Spectrom. 394 (2013) 134
T. Dickel et al., NIM A 777 (2015) 172
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Thicker production target

» Thicker targets (up to 16 g/cm?)
— secondary (multi-step) reactions start to contribute

High energy beams

Only one-step reactions
Smaller mass fragment

/o

Nntermediate fragment(s)

98=Cd
With multi-step reactions

Be

4+—>
~few cm

Super-FRS EC

FAIR

FRS

2.0E-08 u rr;easured at F4 | % | | T
] simulation, without SR ]
1.8E-08 ] simulation, with SR }
o 1.6E-08 4 .
T ]
‘-31.4E-08-_ 98 .
< 1.2E-08 ' ]
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Target thickness [g/cm?]

E. Haettner, R. Prajapat, T. Dickel, H. Geissel, C. Hornung, W.R. Plal3, J. Zhao
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Thicker production target

FAIR

Super-FRS EC

FRS

Thicker targets (up to 16 g/cm?)
— secondary (multi-step) reactions start to contribute

A A
; (124Xe) = ; (98Cd) - minimize location straggling to avoid decreasing the stopping efficiency

20E-08{ = measuredatF4 | ][ R
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E. Haettner, R. Prajapat, T. Dickel, H. Geissel, C. Hornung, W.R. Plal3, J. Zhao
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Efficient data taking (3 isotones)

Monoenergetic ion optics + tune beam energy with synchrotron

3 isotones have the same

3 isotones can be measured

stopping range in CSC

N=50 isotones

Range scan - FRS center: *Cd (monoenergetic settings2/3)

—_
T

Normalized counts
o
@

Stopping efficiency: Nuclides
(34.5+-8.7) % + %Pd

b Ag
96Pd Gauss-fit:

Mean = (682.0 +- 0.9) mg/cm"2
FWHM = (22.6 +- 2.0) mg/cm*"2 ’.‘ s

0.0

Super-FRS EC ERS

640 650 660 670 680 690 700 710
FRS Degrader4/5 thickness (mg/cmz)

47 isotones

simultaneously in one settings

Mass spectrum — FRS center: %Pd

Contents removed

N=

Proton-separation energies
FAIR can be directly deduced
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Riddle #1: ,unexpected"” isotopes

Monoenergetic ion optics + tune beam energy with synchrotron

3 isotones have the same

3 isotones can be measured

stopping range in CSC

N=50 isotones

Range scan - FRS center: *Cd (monoenergetic settings2/3)

—_
T

Normalized counts
o
@

Stopping efficiency: Nuclides
(34.5+-8.7) % + %Pd

b Ag
96Pd Gauss-fit:

Mean = (682.0 +- 0.9) mg/cm"2
FWHM = (22.6 +- 2.0) mg/cm*"2 ’.‘ s

0.0

Super-FRS EC ERS

FRS Degrader4/5 thickness (mg/cmz)

| | | | | | |
640 650 660 670 680 690 700 710 @'@
LN = J

,Jnexpected”® isotopes
FAIR were observed.

47 isotones

simultaneously in one settings

Mass spectrum — FRS center: %Pd

Contents removed

N=
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Riddle #1: ,unexpected"” isotopes

3 isotones have the same

3 isotones can be measured

QMonoenergetic lon optics + tune beam energy with synchrotron

stopping range in CSC

N=50 isotones

Range scan - FRS center: %cd (monoenergetic settings2/3)

1.5

-
o
|
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Mass spectrum — FRS center: %Pd

Contents removed
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Riddle #1: ,unexpected"” isotopes - explanation

SCl41 SCl42
LISE++ Si lati _II N 10 NS ISCI43I 1 I
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Riddle #1: ,unexpected"” isotopes - explanation
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Riddle #1: ,unexpected"” isotopes - explanation
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Measured masses in the vicinity of 100Sn

« Direct mass measurements of 24 ground states and 2 isomers
« First direct mass measurements of 9%8Cd and %Pd

A. Mollaebrahimi et al.,

Phys. Lett. B 839 (2023) 137833

5_5

Counts / (149.2 uu/e)

FWHM = 216 keV FAIR —
wcqg [ €vents crs | Super-FRS EC
~18 nbarn
I - 01Sn 1028n 103Sn 104Sn 1058n
078264 07.9266 978272 97.0%76

Contents removed
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//
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Riddle #2: Controversy around the mass of 199Sn

« The “190Sn mass riddle”: measured mass of 1%°In [M. Mougeot et al.]
. —
+ two different Qgc ValueS——— p os, et al., Phys. Rev. Lett. 122 (2019) 222502 | I IR

T~ | Super-FRS EC
C.B. Hinke, et al., Nature 486 (2012) 341 RS P
2000 7—v— M. Mougeot ("°In) + C.B. Hinke (1%°Sn) 124 N=50 7
=" 1900 4—=— M. Mougeot ("In) + D.Lubos ('%Sn) T 100 I ¢
I 1—*— M. Mougeot w 104 [~ LsSM (observed transitions) Sn £
= 18004 , Tris work S - - - LSSM (total within Q) 1l @
2 1700 ]+ AME2020 13 # l S 7
, 17001 = %eg e
T 1600 /1 . 6 el @ -
G 15004 ' e 9%pg . T £
oy 4 (@] 4 4 .= ]'_--— — l - 7
O 1400 98Cd & “Ru -7 —1& %y o
5 1300 \ £ 27 gl e (this work) .
LiF] J e —F_ / E-
g 1200 - N s £ e 9 ' ' ' '
= 1100 ) \\;,‘ T @ 12+ iy
= ] L o 5 N =52
D 1000 ~ \i/ O 3 10 _ i
& 1 = ——LSSM {observ_ed_ transitions)
= 900 !ﬁ é ad [~ LSSM (total within Qg.) i
Y 800 ; ; . . . : : £ 1025
43 a4 45 46 7 47 48 49 50 51 g 6 - 00 e -
. . 47 9 L ,I |
[C.B. Hinke et al.] was favored in , Pd o —
comparison to ab-initio calculation -
done in [M. Mougeot et al.] ’ 4',, © 5 @ =
M. Mougeot, et al., Nat. Phys. 17 (2021) 1099 The evolution of B(GT) for N=50 and
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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“History” of 94Ag (21%) isomer

The high-spin isomer has been observed to decay via:

* B—decay C. Plettner et al., Nucl. Phys. A 733, 20 (2004)

« [B-delayed proton emission 1. Mukhaet al., Phys. Rev. C 70, 044311 (2004)
direct 1p-deca
« direct 2p-deca

I. Mukha et al., PRL 95 (2005) 022501
I. Mukha et al., Nature 439 (2006) 298

Intense scientific discussions

* O. L. Pechenaya et al., Phys.
Rev. C 76, 011304 (2007)

A. Kankainen et al., PRL 101 (2008) 142503 + K. Kaneko et al., Phys. Rev. C
6960(400) or 8360(370) (21*) 77, 064304 (2008)
1 2 * D. G. Jenkins et al., Phys.
(134 1900(100) Rev. C 80, 054303 (2009)
(119 + J. Cerny et al., Phys. Rev.
oy - Lett. 103, 152502 (2009)
9+
Eg% 5780(30) 1548.6(14)
e \ A ///{
92Rh + p + p A -w
Based on 3730(160) P Ok
extrapolation IGISOL, Jyvaskyla — dedicated hot-cavity
catcher to measure Ag isotopes

M. Reponen et al., Rev. Sci. Instrum. 86, 123501 (2015)

V. Virtainen (next talk)
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Riddle #3: the 1p/2p-decay of 9*Ag (21%) isomer

Measurement yields
a mismatch between
ME of 21+, when Contents removed
obtaining it from
1p/2p-decay
branches.

The theoretical

Interpretation of our
results is ongoing, [J. Dudek, I. Dedes, F. Nowacki, A. Blazhev, D. Dao, X. Mougeot, J. Aysto]

G. Kripké-Koncz et al., in preparation

FAIR
FRS Super-FRS EC
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Summary and Outlook

Measurements below 100Sn — S474:

Coping with very small production cross-
sections

« Thicker targets

« Efficient data taking (3 isotones)
Explanation for “unexpected” isotopes
Implications for the “1°0Sn mass riddle”

Implications for the exotic decay modes of
the 94Ag (21*) isomer = V. Virtainen (next talk)

Outlook:

The usage of thick targets will be further
exploited at FAIR with high energy beams.
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Concept: Cryogenic Stopping Cell (CSC)

RF repelling

DC Gradient along the cell > <force

Il N I N N S S B B .
N N N N N

high energy high pressure helium o
beam - ~100mbar —
(~Mev/u) g =

l
D
L1

> >3 >3 >3 >3 ‘)j <

L4 L4 L4 L4 L4 L4
Il Bl N S I S S S S -

IGISOL/Stopping cells:

9|ZZON
0l Od

Low energy
beam (~eV)

Gas
flow

« Fast - access to short-lived exotic nuclides (T, ~ ms)

« Universal - element-independent

« Efficient = highest stopping and extraction efficiency

Cryogenic Operation

M. Wada NIM B 317 (2013) 450

« Clean - ion beams of high cleanliness M. Ranjan et al., Europhys. Lett. 96 (2011) 52001
Purushothaman S. et al., EPL 104 (2013) 42001
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Concept: MR-TOF-MS

Enables high performance

 Fast — access to very short-lived ions (T, ~ ms)
» Sensitive, broadband, non-scanning — efficient, access to rare ions

Isochronous
SEV Mass Spectrum

Injection Analyser-
trap

To achieve high mass resolving power and accuracy:
Multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS)

Mass Spectrum

@ — ~
m/q
H. Wollnik et al., Int. J. Mass Spectrom.

lon Processes 96 (1990) 267

Applications

 Diagnostics measurements: monitor production, separation and low-energy
beam preparation of exotic nuclei W.R. PlaB et al., Int. J. Mass Spectrom. 394 (2013) 134

e Direct mass measurements of exotic nuclei c. scheidenberger et al., Hyperfine Interact. 132 (2001) 531

» High-resolution mass separator W.R. PlaB et al., NIM B 266 (2008) 4560
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Experimental challenges and dealing with them

Experimental Challenges:

 Short half-lives (~ ms)

« Small production cross section
(~ pbarn-pbarn)

 Low-lying isomeric states

The setup of the FRS-IC and

in particular the MR-TOF-MS

enables high performance to
deal with such challenges

* Fast —» access to short-lived

> Short-lived ions measured at the

ions
* Sensitive, hroadband, non-

scanning — efficient, access to
rare ions

» Enables high mass resolving
power and accuracy

—

l Counts/ 22.5 nu

100

-
o

FRS lon Catcher:
e With RIB: 212Rn (23.9 ms),
213Rn (19.5 ms), 22°Ra (17.9 ms)

e Offline: 2°Po (1.8 ms)
A.-K. Rink, PhD thesis, JLU Giel3en (2017)

Resolving power: m/Am = 410,000

133CS
334 keV/c?
<>
1634 keV/c? e
>
133|
133Te .

|
133m| d’

L ,/

\| i
W

132 9075 132.9100

Mass-to-charge ratio (u/e)
S. Ayet et al., PRC 99 (2019) 064313

132.9050
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The FRS lon Catcher at GSI

From UNILAC —

TARGET HALL

(]

PRODUCTION
TARGET

FRS lon
Catcher
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Data analysis procedure

Data-analysis procedure optimized for '
sensitivity and accuracy: 25 counts in total
- Data evaluation developed for low 510
statistics and overlapping peaks @
» dedicated fit function — Hyper-EMG 3, 1349b 1eimsp
S. Purushothaman et al., IIMS, 421, 245 (2017)
e accurate determination of uncertainties
’ 133.9‘12% H— |1£’53.92:l

Mass-to-charge ratio (u/e)

2301 masses of 16 different elements including 6 isomeric states: mass uncertainties down to 6 - 1078 (12 keV)

Ground State | Isomer State
] . Excitation energies
°7 i down to 280 keV

1.0 4

Birge ratio:
0.891

0.5

o i @T—*ﬂ i

-1.0 4

Average relative deviation:

i 108
Measurements with as few as 11 detected ions per n;uclide | (4.5+ 5|‘3) I1O

-2.0 T T T T T T T T T T T T T T T T T T T T T T T T T : T T T T T T I I T 1 I

LGS ae N, €0 K @IN K D ¢ DN e 120N\ <@, 60 42, O O 00 a0 a0 o 00\ Pt (g 0 2 4 6 8
'L\%QWN(LQ’L\NQ h '\rbb‘%\'?« A \5’5«\'1‘@0\‘1?’0\’90 A \\q%\,\qﬂ- A '\"6«\'&6\\“\\6\C"‘90?~%\Q R %bQ‘QD.Q.%%Q'L:\@Q \th\'}‘&?bm&*‘\%b\’b’b@« Counts per 2.5-107

-1.5

Relative Deviation From Literature / 108

Isotopes

S. Ayet et al., PRC 99 (2019) 064313
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