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Outline

TRIUMF: an ISOL facility in Vancouver, Canada

Multiple-Reflection Time-of-Flight mass spectrometry (MR-TOF-MS)

Study the 15t and 2"9 r-process peaks

High-precision mass measurements of Ga and Zn nuclei

Toward the most neutron-rich Sn isotopes
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TRIUMF facility (Vancouver, Canada)
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TITAN at ISAC/TRIUMF

ISAC-I and ISAC-II Facility —
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for Atomic and
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TITAN ion traps
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TITAN ion traps

MR-TOF-MS:
Mass measurements
Beam diagnostic & yields
RIB beam purification

JUSTUS-LIEBIG-
UNIVERSITAT
GIESSEN
MR-TOF-MS was developed,

built and continuously improved
by the JLU Giessen
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Multiple Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS)

TOF analyzer
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] Detector » Measurement of mass-to-
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JUSTUS-LIEBIG- TITAN RFQ

Multiple Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS)

TOF analyzer
MagneTOF MagneTOF
_ Detector » Measurement of mass-to-
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Multiple Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS)

Counts per bin
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Multiple Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS)
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Production/identification of exotic nuclei

> At the limit of facilities or beyond (in-flight and ISOL productions)
> Low production cross sections, short half-lives and background contamination

» Needs for fast and efficient experimental methods

Il Stable nuclei
1] Experimentally identified nuclei
[_] Bound nuclei (Not in reach yet)

Protons

Neutrons
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Production/identification of exotic nuclei

> At the limit of facilities or beyond (in-flight and ISOL productions)

> Low production cross sections, short half-lives and background contamination

» Needs for fast and efficient experimental methods

Hl stabl lei
o MR'TOF-MS i ] Ef(?:)er?rr:zrftzlllyidentified nuclei

[_] Bound nuclei (Not in reach yet)

* Non-scanning and Broadband (RIB beam profile) /

» Fast cycles (10s ms)

Protons

* 600k mass resolution within 15ms (#IT=1000)

« High mass accuracy 10/

« Background handling 1: 108

» High sensitivity 2-3 counts/h

Neutrons
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Production/identification of exotic nuclei

> At the limit of facilities or beyond (in-flight and ISOL productions)

> Low production cross sections, short half-lives and background contamination

» Needs for fast and efficient experimental methods

Z. Hockenbery et al., Physical Review C 111 (2025)
E.M. Lykiardopoulou et al., Physical Review Letters 134 (2025) iy
C. Chambers et al., Physical Review C 112 (2025)

B. Kootte et al., Physical Review C 112 (2025)

A. Czihaly et al., Atoms 13 (2025)

A. Jacobs et al., Physical Review Letters 134 (2025)

A. Mollaebrahimi et al., Physical Review Letters 134 (2025)

* MR-TOF-MS **

* Non-scanning and Broadband (RIB beam profile)
» Fast cycles (10s ms)

* 600k mass resolution within 15ms (#IT=1000)

« High mass accuracy 10/

« Background handling 1: 108

» High sensitivity 2-3 counts/h
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Experiments made possible thanks to the new target developments

o Conventional Target P-to-n Target
« Commissioning of the new p-to-n target T e
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Neutron-rich Zn and Ga nuclei

103 83(33+ 166Yb2+
v First mass measurement of 83Zn and 86Ga EL / 1660 2+
v Improved precision (x3) for 8Ga ~ 1 83Zn =
The isomer at 7°*™Zn with Exc.=941 keV: 2 100 \
In agreement with [L. Nies et al., Phys. Rev. Lett. 131 (2023)] E
10° | b
|

i i - | | !
82.945 82.950 82.955 82.960 82.965
Mass-to-Charge (u/q)

Atomic Mass Excess (ME) of 79-83Zn and 8586Ga FIG. 1. The spectrum and fit (red) for A/q = 83 at 900 turns
after 2.5 h accumulation. 3*Ga' has been used as the calibration
Species Calibrant Mass ratio MEqman (keV/c?) ME smia00 (keV/c?) Difference (keV/c?) species.
7n Ga 1.000 136 781 (51) —-53430.0(79) —53432.3(22) 2.3 (8.4)
omzn "Ga 1.000 136 78 (16) —52491(14) -52330(150)" 161 (151)
80Zn 80Rb 1.000275 561 (48) -51661(10) -51648.6(26) —12(11)
8l7n 8lGy 1.000 15146 (11) —46209(12) —46200(5) -9 (13) Bl Stable nuclei
8271 82Ga 1.000 139 116 O1) —42312(10) —42314(3) 2(10) [ Experimentally identified nuclei
SEZH 33Ga 1.000 167 56 (22) —-36311 (18) e I:| Bound nuclei (Not in reach yet)
85Ga 85Rb 1.000 536 66 (15) —39720(14) —39 740 (40) 20 42)
$Ga 86Rb 1.000 612 03 (23) —33768(20)

Protons

Neutrons
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Neutron-rich Zn and Ga nuclei

Elemental abundances for Solar and other stars

Different astrophysical conditions [ Ye], expected range for a binary

neutron star (BNS) mergers

High sensitivity on the Ye of BNS merger near 18t r-process peak

By varying the Ye, we can reproduce the abundance of several metal-
poor (old) stars - question the need for i-process
By varying the Ye, we reproduce the correlations between key

elemental ratios

electron fraction [Y, =N,/(N, + N,)]
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Mass measurements of the neutron-rich Sn isotopes

Impact on the 2nd
r-process peak

Il Stable nuclei
1] Experimentally identified nuclei
[ Bound nuclei (Not in reach yet)

Protons

GSI

¢ o 5 ¢ BN ; 3 - Press
_ Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701 Release
. NASA, ESA, CSA, SScI, Danny Milisavljevic (urue Uiversity), lise e Looze (UGhent), Tea Temim | 8 F - 28

(Princeton University). Al tools were used to generate the image.
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Neutron-rich Sn isotopes

- First time mass measurements of 136-138Sn isotopes Identification by mass and Lasers
- . . 10* J|Lasers running| (a)
A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701 E 128 = 20
] g.m ‘g_
131xe 132xe 133Xe 134Xe 135Xe 136xe 137Xe 138Xe 139Xe 140Xe 141Xe 142Xe 143xe 144Xe 145Xe 146Xe : 13888 CS ‘0_3 15
stable | | Stable stanio)} [ | [ | I I I R | (R ) U e 103 i g
130| 131| 132| 133| 134| 135| 136' 137| 138| 139| 140| 141| 142| E :g: ’
- Limits of £ 3 °
129 130 13 132 133 134 135 136 137 138 139 140 : = 10 - 0= TRy
Te Te ®Te Te Te Te Te Te Te Te B :r_e_ i _T?_E Kn own 8 137,950 137.951 137.952
1288b 1298b 1308b 131Sb 1328b 1338b 1348b 1358b 1368b 137Sbi masses
127Q 1289 1299 1sosnl131sn 13290113380 349N 1assni1aosn 137gy, 1383 Z=50

260 127In '2In '2°In ¥In | ¥In 132|n:

Lasers blocked|

1250d 126Cd 127Cd 12BCd 129Cd 1SOCd 131Cd 1SZCd: _.@
R : S 102
| 0
124 125 1 - -
2t N=82 Atomic Mass Excess (ME) Values © 10
123pdi Isotope Calibrant MEriran MEanmE20 Difference 10° i ey ol o
! (keV) (keV) (keV) 137.90 137.92 137.94 137.96
3Ign BIog —7T268 £22 —77265+4  —3+23 )
132g), 18206 765304+ 11 —T76547+2  T+11 Mass-to-charge ratio (u/e)
1336y 133 0s —70870 4+ 24 —T70874+2 4424
134Gy 34Ba —66445+26 —66434+3 —11+27
135 135m - . . - 1= . . .
Begi i BC; :gggjﬁ;; —60632+£3  —15=15 » Three-step resonant laser ionization scheme:
BIgn W0y 50110+ 10 N N 301.001 nm, 811.62 nm and 823.67 nm
PUSn TPBa 45442421 » Cs/Ba as mass calibrants (surface ionization)
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Nuclear structure beyond N=82

> Extend the S,, beyond N=82 neutron shell

> Lower S, slope compared to heavier elements [shell gap A,,]
> In agreement with the new sets of ab-initio calculations

> Possible shell closure at N=90 (seen in ab-initio)

A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701
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Nuclear structure beyond N=82

> Extend the S,, beyond N=82 neutron shell

> Lower S, slope compared to heavier elements [shell gap A,,]
> In agreement with the new sets of ab-initio calculations

> Possible shell closure at N=90 (seen in ab-initio)

A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701
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—— AME2020 separation energy

* TITAN

Son = [M(Z,A—2)— M(Z,A) + 2M,] x c?
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Nuclear structure beyond N=82

> Extend the S,, beyond N=82 neutron shell

> Lower S, slope compared to heavier elements [shell gap A,,]
> In agreement with the new sets of ab-initio calculations

> Possible shell closure at N=90 (seen in ab-initio)
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Nuclear structure beyond N=82

> Extend the S,, beyond N=82 neutron shell

> Lower S, slope compared to heavier elements [shell gap A,,]
> In agreement with the new sets of ab-initio calculations

> Possible shell closure at N=90 (seen in ab-initio)

A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701

————— FRDM12

—— FRDM95

— HFB-BSKG2 | Two _neUtron
—— AME2020 separation energy

Son = [M(Z,A—2)— M(Z,A) + 2M,] x c?

Two neutron shell gap

82 84 86 88 90 92 94 96 98 Ayp= Syn(Z,N) — S, (Z,N + 2)
10001 —¢"sn(z=50) —e— Te(z=52) - Xe(Z=54) -F— TITAN
#— Sb (Z=51) —&— [ (Z=53) Cs (Z=55)
800 1
g 600 1
g 400+ '/J
X_——X
200+ -%- VS-IMSRG(64 < N = 90)

VS-IMSRG(82 =N < 126)

0 : . ; . : .
78 80 82 8 86 88 90 92 94
Neutron number
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Nuclear structure beyond N=82

» Extend the S,, beyond N=82 neutron shell

> Lower S,, slope compared to heavier elements [shell gap A;,] r-process

> In agreement with the new sets of ab-initio calculations

> Possible shell closure at N=90 (seen in ab-initio) % Flat trend of S, after the shell closure N=82

—> significant shift in the neutron drip line
-> Affecting the r-process path and overall

A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701
abundances

————— FRDM12
—— FRDM95 TW N ron
—— HFB-BSkG2 O . eUt 0
—e— AME2020 separation energy B Stable nuctei
] Experimentally identified nuclei
Son =[M(Z,A—2) —M(Z,A) + 2M,] X c? [ Bound nuclei (Not in reach yet)
_ Two neutron shellgap | 2 Zain
82 84 86 88 .90 92 94 96 98 Ayp=Syn(Z,N) — Sy, (Z,N + 2) i |
10001 —¢"sn(z=50) —e— Te(z=52) - Xe(Z=54) -F— TITAN AT
o~ Sb(Z=51) —e— I(Z=53) Cs (Z=55)
800
= !
% GOOQ EE 28
<‘15 400 ? . % Neutrons >
X—"" 2 8
200+ -%- VS-IMSRG(64 = N = 90)

VS-IMSRG(82 =N < 126)
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78 80 82 8 86 88 90 92 94
Neutron number
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Impact on the 2"9 r-process peak

A. Mollaebrahimi et al., Physical Review Letters 134 (2025), 232701

[ — AME
| — TITAN
—— HFB-BSkG2

> Local effects near the 29 peak: 10 o
— (a) beta decays dominate over neutron capture reactions (13 = 7,,) glo{;
- AME20 uncertainty for A=138 spans over more than 1 order of mag. §

10_55’

(@) Ts=Tny

- (b) Final abundances 10761
- p delayed neutron emissions at A=738 and A=136 (when decaying :
toward stability)

- Uncertainty translates into A=7137 and A=135 10 4\'\%\ |

- (c) Relative difference respect to AME20 20
- Large AMEZ20 variation (+60%) gray band g ‘
- Remove uncertainty by the new experimental mass values ) 1050
) final
1076;-
00120 140 ie0 180 200
Mass number
50F
Neutron capture rates: TALYS code S R —
Entropy s = 20 k;,/baryon y 0 —_—
Electron fractionY, = 0.2 © 5ol
(Add 15% of material with Y, = 0.15 and ©
s = 25 k,/baryon to enhance 3 peak) 132 133 134 135 136 137 138 139 140

Mass number
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Summary

MR-TOF-MS setup at TRIUMF with a great capabilities

for mass measurements of exotic nuclei

Production of neutron-rich nuclei to study the 1st and

2nd r.process peaks

Mass measurements of 79-83Zn, 7*mZn and 85-86Ga

Il Stable nuclei
1] Experimentally identified nuclei
[ Bound nuclei (Not in reach yet)

« Mass measurements of neutron-rich 131-138§n isotopes

Protons

Neutrons
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