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% Motivation for mass measurements of neutron-deficient nuclei

e 4 St e

Nuclear structure

Nuclear astrophysics

tin (Z = 50) one neutron seperation energy E |
Xample:

> | | rp process
O 20 R e oo 1
z R F?airing AME_2020
- - energy |~ FRDM_2012 ||
©“ | | Shell X-ray burst
10_ ............... " 19 .......................... ....... J. Grindlay et al., Astrophys. J. 205 (1976) L127.
. Shell
[ closure .+, Giant halo? time—scale xe(@T) | A(Q)
S VPR isotope productionocA(Q)-e(@kT)
Sni=0 TeeH ) .
. | | . Neutron drip-line | energy production < A(Q) - Q - e(@4T)

40 60 80 100 120 Common parameter: Q (mass difference)

Neutron number
Nuclear mass < nuclear binding energy:
M(N,Z)=Z-m,+ N -m, — B(N,Z)/c?
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8 Status of mass measureements of neutron-deficient nuclei along N~Z line
|

Nuclear mass < nuclear binding energy:
M(N,Z)=Z-m, + N -m, — B(N,Z)/c?

3a -> CNO -> a p-process =>rp-process !V =Z
N=50 54 %% n]%
. TITAN-MR-TOF rp—process 5.3." 107 | 108 | 109 | 110 [
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¢ Mass Measurement Techniques of Exotic N~Z Nuclei

Storage Rings

Isochronous MS
& Y treas ~ 100 pis
& N m/Am = 2.10°
o RareRIRing &m/m ~ 10
c’\{ /;/ broadband
S ) é ~10-200 keV
T U@t @C 1. RIKEN/Rare RI Ring
Penning Trap MS (TOF-ICR and PI-ICR-MS)
TOF-ICR MS PI-ICR MS
tmeas ~ 100-1000 ms *r* i 1 s ~ 100-1000 ms
m/Am = 10°6-10’ " m/Am ~ 107
dm/m < 107 dm/m < 10°8 0B e = 1D L
scanning broadband 2. IGISOL/JYFLTRAP
Multiple-Reflection Time-of-Flight MS (MR-TOF-MS)
tmeas ~ 10 s e 1
m/Am >10° |
dm/m < 10 L |
Broadband 10 keV — 100 keV
roadban 3. MR-TOF/IGISOL, GSI
Magnetic-rigidity Time-of-Flight MS
trmeas < lus
m/Am ~ 10*
5m/m > 10° 100 keV — 1000 keV
Broadband 1. RIKEN/BigRIPS-OEDO-SHARAQ
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¢ Mass Measurement Techniques of Exotic N~Z Nuclei

Mass spectrometry time Precision m/Am Precision Device example
IMS (Storage Ring) ~100s ps 10-6-10-7 ~3x105 10-200 keV IMP/RIKEN
Penning Trap (TOF-ICR) >50 ms <107 ~10¢ 10s eV-few keV IGISOL/JYFLTRAP
Penning Trap (PI-ICR) >50 ms <108 ~106-107 10s eV-few keV IGISOL/JYFLTRAP
MR-TOF-MS ~10 ms <10-¢ >10° 10-100 keV IGISOL, GSI
Bp-TOF-MS <1pus >10-6 ~104 100-1000 keV RIKEN/BigRIPS-OEDO-SHARAQ
All techniques  storage Ring& Bp-TOF-MS @ In-flight facilities
HERTE URET Production Transport (1us) Measurements Detection
advantages , (100s us) P
> background free and single ion sensitivity (event by even PID) of highly charged ions
Measurement | MRTOF/Penning-trap @ In-flight/ISOL- facilities ISOL (chemical sensitivity)
Schemes Production Gas cell cooling Measurements Detection

Target release
(200ms or more)

» Cooled and bunched ion beam with backgrounds of molecules and adduct ions
> Laser ionisation & other techniques for coupling to identify and separate 10]
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L) The Ton Guide Isotope Separator On-Line facility (IGISOL)

Offline Dipole magnet RFQ Cooler- (Collinear s
ion BunChel‘ / laser © ivireooL
source

spectroscopy
\\V

Atom Trap _-ycy |

®Goal: Producing coherent gamma
radiation via isomeric decay of 13°™Cs
in a Bose-Einstein condensate.

®200K-300K MRP so far

(Matter's Origin from the
RadioActivity of trapped
and oriented ions)

Spectroscopy
|beamline

FURIOS

4 " . Looking for CP violation in
IGISOL (The FaSt Unlversal : :[N)Iaglnosgcs nucleargbeta_decay viaD (R 9 o t.
z ResonantIOn Source) uclear decay spectroscopy : esonance ionization

Fast ar\d chemically non- 0 10 ki, DR ® |nstrument development correlation measurement. spectroscopy And Purification JYFLTRAP
selective way to produce Rz ) y
Eidioachte: | |state Titanium:sapphire laser {f » FERE. " il PR = AN Sl Traps for S~ROSCODV) e (Penning trap mass

T system ! | spectrometer)

Eie \_\;: oo ‘“"""'w. Provides high-power laser Proprsion top | Prsition rap | Postomenste

ool Y T v beams for very sensitive ‘.nb),.,.. Lab | e
””””” o H V4 ‘—‘ resonance ionization fon 1

o o spectroscopy (RIS). s /) : — T

ssasduclides 2* II‘TQ{\I l’7h lnnn f“n\ LD 1\T‘Df‘ 0): ﬁ (‘a n ranna
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M Penning trap and MR-TOF mass spectrometer at IGISOL

T. Eronen et al., EPJA 48 (2012) 46
A. Kankainen et al., Hyperfine Interactions (2020) 241:43 B Al e el

Offline Preparation Trap Precision Trap Position-sensitive
10n source
“» Production of N=Z nuclei
=\ and the vicinity:
.“F““—“*' r \ » Heavy ion induced

fusion-evaporation
> MNT

+» Extraction technique:
Homogeneous magnetic field 7 T MCP detector > HIGISOL gas cell
> MNT gas cell
» Hot cavity

Head &

Extractor

Primary
Beam

Laser access

Electrostatic
bender

Target chamber
housing the HCLIS

\

+»» Production of reference
nucleus:

Transfer SPIG » Co-produced in
1’_ tube p _ - Target chamber
ﬁ%} & » Sparking ion source
Hot cavity ' > Surface ion source
catcher » Laser ablation ion
source
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Angle difference between cyclotron and
magnetron motion phases:

Hot cavity& in source Laser ionization o, = o+ o,

Identification/measurement with PI-ICR cyclotron frequency:
o, + 2mn
Traps @ Lasers Ve = VitV = —5

Position-sensitive Image of the ions’

Ion Production Preparation Trap Measurement Trap MCP detector radial motions

Hot cavity

> Imagin

Homogeneous magnetic field 7 T
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RFQ

accumulation
cooling
bunching

T. Eronen et al., EPJA 48 (2012) 46
Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)
Z. Ge, M. Reponen, T. Eronen et al., Phys. Rev. LETTERS 133, 132503 (2024)

PURIFICATION PRECISION Buffer gas cleaning with purifiction trap
TRAP TRAP T
— 136CS
, , isomeric 601 — 136mCg
| 1sobaric : — 136y
1 cleaning cleaning 130k
¢ [if needed] " b2
. £40{ —
re-cooling | > — 136Te '
re-centerin S |
£ TOF-ICR | ° '
201 I
measurement
PI-ICR 0
measurement -60 —40 20 0 20 40 60
Frequency - 790665.0 (Hz)
Conatminant-free ion sample preparation (especially isomers) ;
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T. Eronen et al., EPJA 48 (2012) 46
Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)

Z. Ge, M. Reponen, T. Eronen et al., Phys. Rev. LETTERS 133, 132503 (2024)

RFQ PURIFICATION PRECISION
TRAP TRAP
accumulation obaric isomeric
cooling 1 cleanin > cleaning
bunching g [if needed]
re-cooling
re-centering

R TOF-ICR

measurement
PI-ICR

measurement

Counts

Ramsey clean

Ramsey cleaning with precision trap

ng frequency scan

1
1 + 136CS
: + 136Xe

—4— 135Csm

0

1 2 3
Frequency -789030.95 (Hz)

Conatminant-free ion sample preparation (especially isomers):

Coupling of Ramsey cleaning & PI-ICR method for unambiguous cleaning
(to reach 1077 precision for exotic cases)

contaminants of 90 keV (A =136) away from ion of interest easy to clean, more than 10¢resolving power to clean 2 or more
closely lying contaminants

PI-ICR identification

15
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T. Eronen et al., EPJA 48 (2012) 46
Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)
Z. Ge, M. Reponen, T. Eronen et al., Phys. Rev. LETTERS 133, 132503 (2024)

RFQ PURIFICATION PRECISION Buffer gas cleaning coupled with PI-IR method
3 TRAP i TRAP 40 1 1 L 1 1 1
accumulation ; ; 1someric 1 i
) 1sobaric i 1
cooling 1 cleanin > cleaning : 3
bunching | g [if needed] 30
re-cooling £ i
re-centering 5201 !
R TOF-ICR 0
Productive with technique advainces: measurement 1 0 3
1. Z. Ge, T. Eronen et al. Phys. R:ev. Lett. 133, 132503 (2024). -
2. 2.Ge, T.E t al. Phys. Rev. Lett. 127, 272301 (2021). . :
3. 7 Ge,T. Eronen et al. Phys, Lott, B 859, 139094 (2024} i, PI-ICR i
4. Z. Ge, T. Eronen et al. Phys. Lett. B 832, 137226 (2022). : |
5.T. Eronen, Z. Ge, et al. Phys. Lett. B 830, 137135 (2022). | measurement 0- - - .
6. Z.Ge, T. E l. Phys. Rev. C 108, 045502 (2023).
e S e o 833560 833580 833600 833620 833640 X/mm

8. Z. Ge, T. Eronen et al. Phys. Rev. C 103, 065502 (2021).

9. Z. Ge, T. Eronen et al. Eur. Phys. J. A 60, 104 (2024).

10. Z. Ge, T. Eronen et al. Eur. Phys. J. A 60, 147 (2024).

11. M. Ramalho, Z. Ge, T. Eronen et al. Phys. Rev. C 106, 015501 (2022).

Conatminant-free ion sample preparation (especially isomers):

Coupling of Buffer gas cleaning & PI-ICR method for unambiguous cleaning
(to reach 109 precision for exotic cases)
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T. Eronen et al., EPJA 48 (2012) 46
Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)

Z. Ge, M. Reponen, T. Eronen et al., Phys. Rev. LETTERS 133, 132503 (2024)

RFQ PURIFICATION PRECISION
TRAP TRAP
accumulation ; ; isomeric
. | isobaric ‘ .
cooling 1 cleanin > cleaning
bunching £ [if needed]
re-cooling
| re-centering
Productive with technique advances:i R TOF'ICR
1. Z.Ge, T. Eronen et al. Phys. Rev. Lett. 133, 132503 (2024) i
2. Z.Ge, T. Eronen et al. Phys. Rev. Lett. 127, 272301 (2021) measurement
3. Z. Ge, T. Eronen et al. Phys. Lett. q859, 139094 (2024).
4. Z.Ge, T. Eronen et al. Phys. Lett. B 832, 137226 (2022).
5.T.Eronen, Z. Ge, et al. Phys. Lett. B 830, 137135 (2022). PI-ICR
6. Z. Ge, T. Eronen et al. Phys. Rev. €108, 045502 (2023).
Z. Ge, T. Eronen et al. Phys. Rev. C;106, 015502 (2022). measurement

7.
8.
9.
1

2. Ge, T. Eronen et al. Phys. Rev. €103, 065502 (2021).
Z. Ge, T. Eronen et al. Eur. Phys. J. A 60, 104 (2024).
0. Z. Ge, T. Eronen et al. Eur. Phys. J. A 60, 147 (2024).

11. M. Ramalho, Z. Ge, T. Eronen et al. Phys. Rev. C 106, 015501 (2022).

Laser frequency scan

E
251 4 %%Ag
E 96m Ag
201 .
B
n ~5-9 eV ization potential
"E 1 5 T ° # Rydberg states
> or 107 em? 2nd excited
8 state
10- 1
1st excited state
5 i og~ 102 cm? I
OeV Ground state
0- L
-0.01 0.00 0.01 0.02

Wavelength - 984.49(nm)

Conatminant-free ion sample preparation (especially isomers):

Coupling of laser frequency scan & PI-ICR method for unambiguous cleaning

And extremely high sensitivity: 1 counts/ 10 min for 95Ag

PI-ICR identification

20
10
E
£ 0
>
_10_
-20
~20
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Mean TOF (us)
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24-97 Ag mass measurements at IGISOL

Z. Ge, M. Reponen, et al., Phys. Rev. Lett. 133, 132503 (2024), T. Eronen et al., EPJA 48 (2012) 46

ot ms 160

97 Ag+

I

-6

-3 0

3

6

Vee - 1108716.162 (Hz)

13sie) AT,
AT i -6%66 )
SRR e=100%
IR ISITC) B*p=023 (5)%

Uncertainty of around 1 keV with Penning Trap

Time-of-Flight lon-Cyclotron-Resonance (TOF-ICR)

SS ACCURACY (keV)

u< 1

15 < 2

2= u< 4

B 4<u<12

O 12< u < 60

O e0< u <200

[ 200< u

[l Extrapolated Mass
D Unknown Mass

Uncertainty of 10s keV with MR-TOF

V. Virtanen, M. Reponen, et al. in preparation

10*

103

102

10t

10°

Preliminary!
104
lasers on lasers off
10°
94Ag 7+ 102 94Ag 7+

A TOF (arbitrary units)

v

=5} 95Mo* “Center”

7 95Ag+ “CyC”

v

F9SMo* “Center”

SR N©

-10-5 0 5 10-10-5 0 5 10

X (mm)

X (mm)

22
20
18
16
14
12
10
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A TOF (arbitrary units)

Phase-imaging lon-Cyclotron-Resonance (PI-ICR)

20;

o S J6mA gt

-20 =10 O

10
X (mm)

S = N W B~ AN

20
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W
(93]

(O8]
(e}

Flux (10 %erg cm 257 1)

Timescale, isotope&energy production:

Impacts on the X-ray burst

Exponential dependence on masses!

[\
(V)]

Calculation: Y. Lam

32

281

GS 1826—24 ¢, —5.14+0.07 n(Jun 1998)
— baseline
Present? [Pd(p,y) + *5Cd(p,7)]

— Present! [*'Pd(p,y) + *°Cd(p,) + **Mg(a.p)]

0 25

175

10°

| — AME2020 (5,=2949+573 keV) i
— = AME2020 rev. .
—~ 10721 —ths8(5,=3293 keV) f
— — = ths8 rev.
[ A 1 —Presezet(S‘):3116i410 keV)
O 10 % —— Presentrev.
g ]
T 10¢]7°Ag measured
o 96
g 0] ~Cd needed
8/ 1717
A 1a-10
A 10 I,/I/I
b I,IIII
V 10712 ,'j'l,'l
< 111
Z 10~ 14 IIIIII,II
L (0 Agp,y)PCd
10-16 ' ' ' 100 '
0.3 04 05 06 1.0 2.0
Temperature, 7' (GK)
100 77
| ——AME2020 (S,=1097-400 keV) 4
== AME2020 rev. %
— 1072 { —ths8 (S,=1039 keV) /f;/"
— — = ths8 rev.
I, 1 2 resent (5,=930£4 keV) ,/;/"
@) 10 —4 | = =Present rev. //l;;
H ¥
| -6 ”
mw 10 //,;/
a -8 //él
\C:)/ 10 Il//,/
N 10710 //I
2 o
o} (7
Vo100 i ?>Ag measured
< 4
< 10714 /l/'ll I
/1 94 95
/ (@)"'Pd(p,))""Ag
10716 e T T
0.3 04 05 06 1.0 2.0
Temperature, 7' (GK)
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4 rp-process network calculations

| 1.00 .
A Mass fraction Flow
102 075 EEET |
< - 0.50 :{- 108 106 10¢ 1072 10° 108% 10°® 104 1072 10°
X 1075 - i
\‘\ - 0.25
10-8 4 . : 0.00
0 20 40 60 80 100 120
Mass number A
10.0 - 1.0
i) — 1010 4§ e &
S 754¢ E 8
] g & 5 o S— TQ Vo - 0.8 %
5 S 105 &= yeeselal
2 - Y.
© 5.0 B < L 0.6 § Eﬂgﬂ i
qé_ 2.5 g 100 = g 184
@ o J’k L 0.4 3 ..
004 1075 ; : : ; i preliminary
104 1072 10° 102 10* aoH .
Time [S] unnun ué w — AHe
50 - = E:H‘HEH”“ 5 = Y,
126 g s
E — 20Ne
g —TY
e 82 10-14 T T T > Esj
1074 102 10° 102 10 s
Time [s] — 36pr
dOca
t = ms — )
S 105 —— X-ray Light Curve —_— T
p =111x10° gem®| 2 — g
To=2.01x10"! GK = 10%1 e
Ye = 0.830 ’é 101 —_— S
E 10-1 - — 84Mo
> 90
Impact study from mass : 3 03— o , 2
. . . 100 10! 10?2
Calculations using WinNet & TALYS Reichert et al. The Astrophysical Journal Supplement Series, 268:66 (2023) Time [s]
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M Benchmark theoretical models and isomer as “astromer”

I Theory: ab initio, Z. Ge, M Reponen, T. Eronen et al., PRL 133, 132503 (2024)
Configuration -interaction shell-model (CISM) G.W. Misch et al., Eur. Phys. J. Spec. Top. 233, 1075 (2024).
3 density functlonal theory (DF T) y
" 1.8/2.0(EM) —— ~ | " 1.8/2.0(EM) —— . 1.8/2.0(EM) ——
25 | NSLO+3N, 1 %2y N3LO+3N,, g N°LO+3N),,
' ANNLOGgo a0 | ANNLOGgo, ) 9} ANNLOGo ]
ol DFT —— | DFT —— sl CISM -
_ ‘ CISM g | CISM 1l 7t AME2020 —e—
® 15l AME2020 —— | > AME2020 —— | 3 this work —as—
= 7 this work —=— | < o6 | this work —=— | = 6} ]
@,C 1} 4 \c% Uc)% 5
(é]) wn 24| 14 4t
0.5 2o | 3
2 L
0r |
20 1 P - I
0.5 SUDSEUSDTIET I NS 18 SRR 0 e
46 47 48 49 50 51 52 53 54 46 47 48 49 50 51 52 53 54 46 47 48 49 50 51 52 53 54
Neutron number N Neutron number N Neutron number N
Possible, astrophysical nuclear isomer, “astromer”
> lIdentification of nuclear isomer of ™Ag, “astromer” £0.35 0.304 2*
) .
» understanding of the nuclear structure at N=50 shell =) 0.3
. 20.255-0.223 2* 0.223 2*
» Benchmark nuclear models and shell model calculations 5 02
g 0.
> Solve the 94Ag(21+*) 2p/p decay puzzle----in process (Ville, Mikael et al.) %’ 0.15 0.038 2* 0.1152*
2 0.1 :
» Wigner energy, np-pairing--- other N=Z masses S 005
5 ) 0 0.000 8* 0.000 8* 0.000 8* 0.000 8* 0.000 8*

I820(EM) NLO+3N,,  ANNLOg, CISM EXP

energy level of ®Ag isomeric state
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neutron-deficient nuclei mass measurements outlook
|

“* Mass measurements with hot cavity + MR-TOF/Penning trap (published)
v' Mass measurements of ground states and isomers of other N~Z nuclei: 95-97Ag, 9¢mAg v Published
“* Mass measurements with hot cavity + MR-TOF/Penning trap

v' Mass measurements of ground states and isomers of other N=Z nuclei by fusion evaporation

reactions at IGISOL with MR-TOF:
v Recent

?4Ag 21*and 7* isomeric states, 92-93Pd campaigns
% Mass measurements with HIGISOL gas cell + MR-TOF: A=80-84 Area (measured by RIKEN)
v N~Z A=80-84 Area (try again with Penning Trap later)
% Mass measurements with HIGISOL/MNT gas cell + Penning Trap, approved proposals
“ Mass measurements with Rare RI Ring and BigRISP-OEDO-SHARAQ (Bp-TOF-MS) @ RIKEN
(8 years pending, 2 times approved 9 days of beam time, wish for next 10 years” plan) Plans
% Other collaboration efforts: FRS ion catcher @ GSI

¢ Further combine the measurements to study the Influence of masses on rp-process and vp-process
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