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Outline

Mass measurement techniques with “stopped” ions
Penning trap mass spectrometry (PTMS)

Multi-reflection time-of-flight mass
spectrometry (MR-TOF-MS)

Some insights to used ion manipulation methods
In-trap decay

Retrapping, stacking

Glimpse to potential new techniques
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Atomic mass spectrometry at low energy facilities

Radioactive beam production at high voltage 5...100 kV platform
This is the transfer potential
and then slowed down with near-same potential to be trapped
Transfer inside with
Low E (1-5 kV)
Pulsed drift tubes

Atomic mass spectrometry with stored ions
Penning traps (100 V)
MR-TOFS (few kV)
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IGISOL facility

Offline source @ 30 kV

Dipole magnet mass separator
M/AM ~ 300

TARGET

RFQ cooler-buncher

- @30kV

MR-TOF-MS

28-30 kV
platform

4 4.4.2025

IGISOL fission ion guide

JYFLTRAP
PTMS
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MR-TOF-MS

5

Separation of mass in time-of-flight Drift tube

Same E};,, for all ions, masses separate in time-of-flight (TOF)
- t=aym/q+b
Mass resolving power R =

Trapping

~ Switch mirrors or in-trap lifting

4.4.2025

M _t (=05..10x 109

_ Pulsed Drift Tube (3)

2At

(c) lon Injection / Ejection

Injection Storage Ejection
fie /\/_\/\, . *  Mirror electrodes
Pulsed Reflectors (1,2,4,5,6)
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Time-focus considerations
RFQ CB push-pull
extraction
ion_s.olurce./_> ‘H \‘._> mirror 1 . minip» lift ]mirror2 ' dete:r
Aim: time focus at detector e Htm':_b N S e
Erom RFQ buncher: push-pull creates too early - C — | —
t|me fOCUS aé i revolutions i,_,z» ..: - }
T = ,
Tune spectrometer to focus 90, il C L e —
lons with higher E have increased t G B —— 1 s
Turn-number dependent L A | |n=,-+j::z f @’
% tunable by changing ions E inside MRTOF R. N. Wolf et al., IJMS 313, 8 (2012)
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Time-focus tuning for certain turn number %
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P

Eyin in MR-TOF
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MR-TOF spectrum %

M t
R=—=—
AM 2At 3:-

Non-scanning

P T3 4
ToF—31.228 x 103 (us)
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Jyvaskyla Buncher + MRTOF %

1 kV trapped

2 kV
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Mass measurement of state of 74 Ag %

Hot-cavity ion source “ISOL with heavy-ion fusion evaporation reaction”

Mikael Reponen et al.
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Inductively Heated Hot Cavity Cather Laser Ion Source £

IGISOL typically: Gas cell. This time no buffer gas in chamber:
reaction products caught in graphite catcher.

61 106.2cm™?

54213.60 cmt 6d 2D, ,
421.214 nm
30 472.71cm- 5p 2P, , ®
328.162nm A - A target ion source system for fusion-evaporation reactions
~ Efficient: ~10 % for Ag, few % for Pd
Ocm1 2
25 %112 - Fast: ~8 ms for Ag, < 1 s for Pd



49 mm _—

Catcher
Transfer tube % -I

OD/ID=4/3 mm

1 Target Wheel
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N=Z nucleus, N=7=47, has 21*, 7* and O* gs
21" state is p- and 2p emitter

21* state decay:
5,780 (30) e
E,,=1,900 (100)
........ S
278 | 'Hg]:%
672 |1,036] ;.
364 (97)
535 (6%)
2,330 (100) 64
2Rh+p+p
®Pd+p
0  YAg (09
-890 (500) |

13 4.4.2025

10'2

10° ¢

108 F

Tipls)

10%

Sphérical

Prolate

100"

0.1 1
Deformation parameter, a
Egiy (MeV)
JIOLCU
6 1 P4 ~1.9 MeV
i)
S 4
o
O
} il
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|. Mukha et al. Nature 439 (2006) 298.

Egi1 + Egip (MeV)
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(Non-existence?) of two-proton radioactivity %
in 94Ag 21+ state |

Counts

14

200 = 6960(400) or 8360(370) (21)
C 197 MeV “°Ca + *8Ni /
180 = " 5 ssag 4 p2n o (13 / 1900(100) [6]
160 - = %Ag+p3n Ag (1) ey
- 1.01 MeV ? 1 R
140 — T
- %Ag (1) 3} 5780(30) [5] 1548.6(14) [23]
120 0.7 MeV 6 e
: - 92 [
100 — 16(T)nb v Rh+p+p
80 3730(160) 4910(360)
60 - [this work] [this work]
40 0/ 1350(400)# [24] (7%
= ¥pd+p 1180(390)f T
2“ E I I 1 I | L1 I | L1 | Ll 1 | L L1 | L1 1 | L1 1 | 1 L1 | L1 | + p 0 [this w{}rk] * {UI)
0 02 04 06 08 1 12 14 16 18 2 %Ag
Proton Energy [MeV]
Subsequent study by Cerny et al. confirmed the 0.79 MeV proton, but
saw no evidence for two-proton decay or the other 1.01 MeV single
proton
J. Cerng PRL 103, 152502 (2009) A. Kankainen et al. PRL 101, 142503 (2008)
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Mass measurement of 21* and 7+ 74Ag states

Laser 1st step used to select the state to be ionized

10'13

10-2 5

10"33

95MO

I 94Mo

94Ag 21+

94 Ag

7+

f k 1|F |g
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1‘ Mhr{
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94Ag 7+

!

j
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|
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;
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\
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I

1 bg
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11

—
—
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1 = -_—
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L Li

ToF, ~ 660 laps in MRTOF
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How about 0* ground state? %

Laser frequency scan

Rates of
R(7+) = 0.55/min
R(21+) = 0.15/min 0.6 -

o.s g

0.4 -

0.3 -

0.2 A

lon rate (min-1)

0.1 A

P -

0.0 -

ToF, ~ 660 laps in MRTOF

984'.42 984'.44 984'.46 984'.48 984'.50 984'.52 984'.54 984'.56
1st step laser fundamental, A(nm)
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?4 Ag measurements conclusion %

Mukha measured: E,, = ~1.9 MeV
Our measurement:
94Ag(21+) to ??Rh ground state Q,,, (94Ag (21 +) —» 92Rh( 6+)) < 1.9 MeV

M. Reponen and V. Virtanen et al.

2p decay not energetically possible (to be published) 2025

(At this moment, MR-TOF assisted laser-spectroscopy measurement running!)
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N=Z hot cavity + MR-TOF measurement outlook

23Pd:
p-decay daughter of 74Ag
Measured also at FRS ion catcher @ GSI

10° - 9?’Nb

104 4
103 4
93pd

102 -

101 4

[ Hﬁnﬂ“ﬂnﬁnﬂﬂhﬁm nﬂnJNAl

ToF, ~600 laps

92Pd (N=Z=46)

100?

10_1?

10_2?

727r

?2Mo

ToF, ~600 laps
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Progress so far... and possible future mass adventures [

Hot-cavity + MRTOF is a powerful combination

FELIX - ®
Special ®

M
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MRTOF in-trap contamination removal

a)
t
voltage, ; < 30 x t,, . "’l"! 150 x t,p - =420 X t),p
on ,: ...................... |_|t,,.,' _____ H ............... |_|.L ................................
S
1/ = : 17 1/
ion  waiting ptlses pulses _ion t
injection time start end ejection
b) A -
T T i miiiiiiiin
AEEE I ] direction | | | | | | |
; R drifttube @—— ||| || |||
I_ i | 1| | i
| | il L. | 0
e ' [I. ;[ I:IZID:EII:Ii:Ii:]_,

: ion of interest: apprmumate
wate position when pulse appears

potential

axial position

RIKEN zero-degree spectrometer
M. Rosenbusch et al. NIMA 1047, 167824 (2023)
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Channeltron
detector

Trap
system

5x10" mbar

Entrance
reflector

Mass range
selector

5x10"° mbar 8

reflector | 8-

TFS o
reflector |

FRS ion catcher MRTOF
S. Ayet et al. PRC 99, 064313 (2019)
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MRTOF is the method of choice for T,,, <50 ms

30! o~ AME2020 + Qgc values |
—— ISOLTRAP + adjustments
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For N=Z nuclei below 190Sn
ISOLTRAP Sn isotopes
Down to 193Sn

Smoothening of the mass surface

Neutron Number N

“4.4.4V40

n

(2) ¥ Sr'°F* 87mg 19F+ 08| 108gn*

Counts per8nsb
[
Qo
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7] 3
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a
P 101.
S 10°
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O
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—2000 —1000 0 1000 2000
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Nies et al PRC 111, 014315 (2025)
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"magnetron phase” 16 L

Switching to PTMS

* PI-ICR technique

22 4.4.2025

"cyCIotroné phase?‘

Number of

detected ‘ons
13

11




Penning trap mass spectrometry at IGISOL %

2 kV

4-pole
bender

S .
"""
S~

4-pole JYFLTRAP
bender Penning trap

PI-ICR
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Penning trap mass spectrometry

« Strong magnetic field B + electrostatic quadrupole potential

* Three in-trap motions:

- Axial (2), frequency v, = %T /:l‘;oz

- Radial (+,-) frequencies v} = % (vc + JvZ — 21/22)

1gq

1
- To measure: free-space cyclotron frequency v, = - We=5-—B

2mm

~ Through side-band coupling frequency

U_ +UL =V,
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Phase detection method with 2D ion detection

¢- — b,

For exact set duration of t,.., let ions

: ' [ n
common v, phase 1. revolve in v, motion (mass dependent)

start g.---"" 2. revolve in v_ motion (mass independent)

Both accumulate phase 2nn + ¢

Detect ¢, and ¢_ , figure out n_ and n,

It is best to set t,.. to be exact multiples ofvi

c

¢_ — ¢, will vanish (or becomes small)

(¢4 — ¢p-) + 2mn,

27t

Ve =

_ M _ v+ 6 7
R —AM—AV+> 10°, beyond 10

25 4.4.2025
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trap center

position-sensitive
detector
(MCP with delay line)

direct projection of
o magnetron motion and trap center

()

15

10F &+

5F 2Ar~2mm
IS
£ oF “
> L]

St r_~12.3mm/
10k

* i step=200ps

15F
20 L 1 1 I 1 L L

-20 -15 -10 -5 0 5 10 15 20

X, mm

number of

detected ions
max

Ground
electrode

Detector



Mass measurements of isomers of n-rich nuclei %

Iy 20t
PI-ICR technique R = — > 107 .
— 15}
Allows separation down to ~10 keV level .
10}
. . 5t 5
Even A n-rich Rh isomers =
Hukkanen et al. PRC 107, 014306 (2023). E 0 4
>
_5 - 3
m.
—10} ,
—15} .
—20f "*RNT tacc=170ms ang't?;;‘m 0
=20 —10 X [r?1m] 10 0 Number of

detected ions

27 4.4.2025 JYU SINCE 1863.



Double-cooling technique

Good to apply when y (mm) | | | |
Lot’s of ions in the trap 2 [— 2 [
High resolution needed
10 — " ._:. 10 —
Ry L
o --“_"r:“_-,;:;-._:' recooling > B
S L
SN A
-0 — -10 —
: PURIFICATION : ECISION
RFQ ; TRAP | TRAP ol ol
[accumulationH isobaric \J{ J
! cleaning | ! | | | |
' L 20 10 0 10 20 10 0 10 20

' | recooling !
recentering |

4{\ ]
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Comparison to TOF-ICR

29

ME - ME(AME20) [keV]

—200¢

4.4.2025

JYFLTRAP TOF-ICR 2007

N

400
300
200+
100

—100¢

' | J ' \' | T 1
" AME20 4 Hageretal. JYELTRAP
_ E _ — 2023
m.
I::II'TL (m} m| 1 T
- m, - m. m.
& < M. m. *
g.s g.s. X 3 m. -
- 1 I & 1 - m.
[] I g.s '] 55 (] I ! }
g.s. g.s. g.s.
g.s.
g.s. - g.s.
g.s.
110Rh 112Rh 114Rh 116Rh 118Rh 1 120Rh_

Also measured at Canadian Penning trap:
https://arxiv.org/abs/2410.00389
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— 3 T T T
o .0 Cyclotron;  Cyclotron
1149Rh states revisited | Vnovon| | o oweton— .
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N SR u 95 gs
u - e : m “
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| | | | 450|m5 114Rh QS* =t®+ This work
= e ° 0 2 ~100 0 100 200 300
Hukkanen 2023 ME-MEgs, tw (keV)
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N-rich Ag isomers

A. Jaries et al. PRC 110, 034326 (2024)
J. Ruotsalainen et al. Arxiv 2408.14181 (2024)

122Ag: NUBASE20, ENSDF: 3 states
JYFLTRAP: only 2 seen, m1 is actually gs!

20

10

_10_

_20_

122Ag+

Cyclotron

200 ms Motion

-20 -10 0 10 20
X (mm)

=

Number of detected ions

Y (mm)

Y (mm)

T T T 8
15+ 124Ag + ~, 188 keV (a) I
’ ——
" s PN
107 N LT A
. N N 7
5l . o
or i
—5} )
—10+ /
—15} Cyclotron|
. - o . . mqtion 1
-15 -10 -5 O 5 10 15
Number of
X (mm) detected ions
130 ms
T T T T T 2
109 keV
15 | 125Ag + o (b)
LI - -
10+ :{_ 'IJ?; r '_\\
- - .\..__.__'.o}\*.:-:/’. -
5 L "
Or -+
—5}
—-10+ ' /
—15} 116 ms Cyclotron|
mqtion

1

—15 -10 -5 0 5 10 15

X (mm)

Number of
detected ions



S, values of n-rich Ag [

141(a) - Ag AME20 —$§- Pd AME20 T I
—® AQJYFLTRAP —&— Pd JYFLTRAP+RIKEN
B AgESR § PdESR
Smooth all the way
S
@)
)
~
Wy
S
()
)
~
'e]
71 73 75 77 79
32 4.4.2025 JYU SINCE 1863.

Neutron number (N)



Combatting contaminants
and gaps in yield

33 4.4.2025
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In-trap pf~ decay assisted PTMS

34

Let singly-charged parent ion to decay in Penning trap

Daughter is 2+ charged, recoil remains trapped

Simply: Capture bunch to gas-filled preparation trap
Wait (ideally) few half-lives

Use sideband buffer gas cooling technique to clean rest away
Do PI-ICR

Also gained x2 precision due to g=2¢!

114Rh case: Learned also that 114Ru beta decay does not feed 114Rh gs

HELPS to fill gaps in primary production (here p+U)

4.4.2025

y (mm)

—20¢t

AE = 22.4(9) keV !

20t

10 f

-10}

Cyclotron|

‘\Motion'
]
\
\
\

'_'l
Number of detected ions

0

x (mm) 550 ms

JYU SINCE 1863.



Combination of different mass filters %

35

Purification Penning trap + PI-ICR

- Buffer gas cooling excitaion frequency scan PI-ICR 1dentification

: - 129Te
: o 129Xe
30 - N 129me | -
] [—*—"Sn f '

: o 129Sb

10 -

833560 833580 833600 833620 833640

Frequency
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Counts

Independent fission yields

Mass spectroscopy means
Penning trap purification trap (scanning)
MR-TOF (non-scanning)

Suhteelliset tuotot

. ¢

®  MR-TOF
®  JYFLTRAP I
GaussFit
—— GaussFit JYFLTRAP

0,5

0

T T T T T T T T T T T T T 1
101102103104 105106 107108109110111112113114

Y S S S S S S SN SN SN NSNS S S NS S S S NS S S S T T T Y T [T T S S TV ST S S SN SN SO S S N Massaluku A
A =104 isobar "“Mo
— 25 MeV proton+232Th m MR-TOFmass spectrum _ A104
] — Sideband cooling spectrum  F 10_;
v04TC r ] O  Gamma
E ®  MR-TOF
A 2 *  JYFLTRAP MO
.] h i 14 GaussFit _____Af =
100 \ ‘g ] ' ¢
3 \ 3 F X
"“Ru 2 b |: N
2 0,1+ /& Y
§ ] ¥ Nb \\\
£ Zr/ \RU
73] | ¥/ ;
0,015 H \
: ¢ \
/ \
4 / \
\
0,001 [ T T T — !
39 40 41 42 43 44 45
Z
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8000

7000

6000
Mass / (Arbitrary units)

5000

Rami Korkiamaki MSc thesis Thorium-232 proton induced fission yield distribution
http://urn.fi/URN:NBN:fi:jyu-202406124567
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MRTOF+JYFLTRAP coupling ///(
-

Demonstrated but not yet efficient I

New developments

Many others..

Stacking trap 2 KV 500V 30KV
% I

Sympathetic laser
cooling trap
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PI-ICR with ultracold ions Collaboration %
being formed

b) N \. . r2
4-pole 16 O) i,
Buncher P "cyclotron phase" X ‘?::...-" '_’_ 0
bender P -
=r 300K "= |
FWHM = 1,75 mm
8 r (c) 2
€ £
= 1 L0
E | & £
> 5K [, >
FWHM = 0.33 mm
Or (d) L2
4 | -0
1 mK
FWHM = 0,008 mm | —2
-8 1 1 1

8 4 0 4 8 -25 00 25
X (mm) x (mm)

S. Sels, Phys. Rev. Res. 4, 033229 (2022)

v 30kV

—)

500

Sympathetic laser JYFLTRAP

cooling trap Penning trap
Ultracold ions

Bypass
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State-selective mass spectrometry with RAPTOR _;;a

4-pole

bender 2-5 kv

Buncher

Neutralization +
reionization with lasers
sN=ires | - State selection

- “Low energy CRIS”

Unambigious
spin+mass info!

30 kV

Penning trap
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Mass-separation assisted laser spectroscopy

4-pole

Collinear laser spectroscopy
bender

Beam contains
only ion of interest

4-pole

Buncher
bender

|sotope selection
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Stacking trap for accumulation of pure ion sample %

4-pole
bender

Buncher

Every ~20 ms
\:41e17 | new bunch

Big bunch to
decay spectroscopy 2 kV
30 kV
Stacking trap (== g
41 4.4.2025 Blg bunCh every 120 S JYU SINCE 1863.

23Mg, 3?Ca to MORA



IGISOL is space-limited after buncher..

Sympathetic
cooling trap

Stacking trap

Also..

Visiting
setups, decay
spectroscopy

MRTOF-cleaned beam
"Warsaw” beamline § =i -
SEASON, MONSTER.. [ W
Bertram? ) ;"';llr':admﬁf};
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Exotic front vs precision front %

Precision measurements, “close” to stability Exotic nuclei, very far from stability
Expect high yields, particular impurities Expect low yields and lots of contamination

High contamination ratios

Standard Model testing Pre-separation essential
Neutrino physics Masses with MR-TOF

Still, e.g. 191Sn was measured at FRIB with PI-ICR
PI-ICR PTMS, with ultracold ions at LEBIT trap

Expand high-precision work from stable to
radioactive nuclei

E.g. King plot linearity tests

43 4.4.2025 JYU SINCE 1863.



Thank you for listening!

“ - AAATE Jyvaskyla, March 22, 2025 N
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JYFLTRAP magnet quench and re
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(3rd time was a charm

Energized ourselves
Thanks MLLtrap (Enrique

)

Thanks SHIPTRAP for shimming tools

And we at JYFLTRAP have the main current lead stick
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