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® Fundamental Nuclear Science and
Applications
e Radiation Effects in Electronics

® Accelerator-Based Materials Science

K130
6000-7500 h/year
3 ECR ion sources

1 LIISA source
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2 IGISOL

I Collinear Laser
Atom Trap Spectroscopy Line
RFQ

Switchyard

Offline &
lon-source £
7/ Dipole Magnet

Decay Spectroscopy
Line

Post-trap
From [ Decay Spectroscopy Line
130/MCC30 - JYFL
.I Penning Trap

MORA
Target Chamber ® Nuclear structure via ground state properties

® Nuclear astrophysics
® Weak interaction studies

® Fission studies
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¢ lon-guide technique

The IGISOL toolbox

A versatile set of ion guides to cover a wide range of
applications and reaction mechanisms, both off-line and on-line

® Fast extraction time (as fast as 1 ms in LIG!)

® |deal for refractory elements
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1, Pohjalainen, .M. et al., NIMB 376 (2016) 23 Bl -
J. Arje, J. Aystd et al., PRL 54 (1985) 99 S
J. Aystd et al., NIMB 26.1-3 (1987): 394-398. HALF -LIFE [ms] ——1L = 4

Mia A. Zenodo. https://doi.org/10.5281/zenodo.6675038
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¢ Optical spectroscopy for nuclear physics

I Isotope Shift
Nucleus finite size and mass
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¢ Optical spectroscopy for nuclear physics
I Isotope Shift
Nucleus finite size and mass
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¢ Optical Spectroscopy for nuclear physics

A powerful tool to extract fundamental
nuclear ground-state (and isomeric) properties

bz 184
£ X Stable I
2 Nuclei observed (7, , > 0.5 ms) A 1
s Nuclei observed (T, , < 0.5 ms)
2 Theortical prediction o ”

'82

Studied with CLS
Studied with RIS
Studied with Trap
Studied with CLS/RIS
Studied with CLS/Trap

Neutron Number

5X. F. Yang, et al. PPNP (2022): 104005.
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¢ Optical Spectroscopy for nuclear physics

aawerful tool to extract fundamental
d-state (and isomeric) properties

General lack of optical data
® Lack of Stable isotopes

-

Proton Number

® Challenging Production

0254 « Ac (z=89) i
+ Th (2=90) . -
0001 .y (z=92) ot ol
025] v Pu (z=94) ‘ 5
o Am (Z=95) i .
£ 050 « Cm(z=96) 4
= « No (2=102)
4 0
v -1.00- =126
o
125
| - Studied with CLS 150
558 Studied with RIS >
et Studied with Trap 1754 . . . . . .
2 Studied with CLS/RIS 125 130 135 140 145 150

Studied with CLS/Trap Neutron number
Neutron Number

5X. F. Yang, et al. PPNP (2022): 104005.
6M. Block et al., PPNP, 116 (2021), 103834
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% 235m|y jsomeric state

Second lowest isomeric state
in the nuclide landscape

e 76 eV’

® ~26 minutes half life

b
i 4398 sf
007 | e 1186

“F. Ponce, et. al. PRC, 97.5 (2018): 054310.
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% 235m|y jsomeric state

Pu 239 Second lowest isomeric state
in the nuclide landscape

e 76 eV’
® ~26 minutes half life

® Populated from the alpha decay of 23°Pu

2.4410%a

0.5.157;5.144..

sf;y;e5m
26m| [+
(1\‘

(99.8 %) | i

4398 sf
Ne; y 186

“F. Ponce, et. al. PRC, 97.5 (2018): 054310.
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% 235m|J isomeric state

Pu 239 Second lowest isomeric state
in the nuclide landscape
2.441052a . i
0. 5.157;5.144.. ® 76V
SETEGR I ® ~26 minutes half life
a e ® Populated from the alpha decay of 23°Pu
(99.8%) |
Alpha recoil sources Gas-cell development Collinear Laser Spectroscopy

-

“F. Ponce, et. al. PRC, 97.5 (2018): 054310.
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W Neutron number N'

® Comparison with EDF predictions. 9

® Need to extend to heavier actinide experimental data
124126128 130 132 134 136 138 140 142 144 146

Neutron number N 8 ® Correlation between odd-even staggering reversal and
octupole deformation?
® Production of n-deficient actinide beams at IGISOL?

8E. Verstraelen et al.PRC 100, no. 4 (2019): 044321
9D. Fink et al., PRX 5 (2015) 011018
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¢ Collinear laser spectroscopy

|
Doppler
Tuning .
__Voltage Detection of fluorescence
/ i de-excitation of atom/ions
- RFQHV _ Quadrupole ﬂﬁ electronic states
i 5 . Doublet CW Laser
E = =X 0 DO—1
)
Beaml : 8 1 / aa
)
| ] CEC
Extractor
RFQ lense
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¢ Collinear laser spectroscopy

Doppler compression

F10° 5 0E
I V=1Vy———
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Energy [keV]
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Doppler broadening [MHz]

¢

103
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Collinear laser spectroscopy

Doppler compression
0E

oV = 1g—————
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RFQ 6E ~ 1 eV
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Time of Flight [us]

¢

Counts
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LCR voltage [V]

10A. Nieminen, et al. PRL 88.9 (2002): 094801.
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Counts

Collinear laser spectroscopy

Bunched beam spectroscopy

® Typical bunch width with
endplate bunching ~ 5us

e ~ 10* background reduction
with respect to continous beam
(for typical 100 ms cycle) 1°
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Collinear Resonance lonization Spectroscopy

Doppler Tuning

Counting
Detector
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% CLS of matyl+

| ™ | 28801 e 2341 0.0054%, 235U 0.7204%,%38U 99.2742%
l i | 305210m e Offline study of ionic transition in the UV range
I\ ' | 200.37 nm 288-314 nm
E | s | 286.65 nm
5 . | 31222 nm
yg‘ l J“AL 1 303.90 nm
S l M l 286.13 nm
1 I 1 sulas 20151 nm
l LU Ll 29134 0m : Z:E
Lo Leadi. 28905 nm oy
0 10 20 30 40

Frequency w.r.t. 38U [GHz]
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% CLS of matyl+

|

| ™ | ssso1om | ® 234U 0.0054%, 235U 0.7204%,238U 99.2742%

l i | 305210m e Offline study of ionic transition in the UV range

l e A | 20037 nm 288-314 nm
B f ﬂm | 3::2'65 " ® HFS parameters for 23°U and isotopic shift for
5 2| 303_9'0m:m each studied level
S| | o | 28613 nm ® Optimum transition had a spectroscopy efficiency

1 [ 1 suila 20151 0m of ~ 1/3000 photons/ion

P 234U
'L bbb 2913 — =u | @ Performed with the original LCR
- - 269,05 nm - - — 0 (single segmented PMT)

Frequency w.r.t. 38U [GHz]
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Counts

Depth of origin

Alpha recoil sources

P 5 "2 4 \\
Voltage: ~ 100 V (Constant current) ol A | 2% ;

Deposition time: 75 mins 29py, 29py, 239p,

JG|U

10 pL PUNO3): Pt Anode Substrate: Si Substrate: 2x Si, 1x Ti Substrate: 2x Si, 1x Ti
in 10 mL DMF Thickness: 16 ug/cm? Thickness: 7 ug/cm? Thickness: 23 ug/cm?
h Activity: ~135 kBq Activity: ~57 kBq Activity: ~200 kBq
Kel-F® cell
Substrate:
SiorTi

Cathode
; o § 239Pu 239pu 240Pu
2 1002 " Substrate: Si Substrate: 3x Si, 1x Ti Substrate: 2x Si, 1x Ti
n 50 2 g Thickness: 16-26 ug/cm? Thickness: 9-23 ug/cm? Thickness: 6-12 ug/cm?
g ES Activity: 3x ~75 kBq, 2x ~12 kBq Activity: 75-200 kBq Activity: 200-400 kBq
= 0 3§ Oven dried at 200C 1.5h
&
D) 0 q

% 15 molecular plated 23°Pu sources created in collaboration
_ with Mainz radiochemistry department
€ ..
£ 20 Characterization tests:

105_7 ® SEM and radiographic imaging

% 20 40 60 80 0 500 1000 ® Alpha/gamma spectrometry
Energy [keV] Counts [per 0.25 nm]

® Rutherford back-scattering
1A, Vascon et al., NIMA 721 (2013): 35
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Gas-cell development

e

RFQ
& Cooler Buncher

i

Mk. Il - Large recoil gas-cell

® up to 12 23%Pu sources

Collinear Laser
ectroscopy Line

® 2.5 mm nozzle and 55 mbar He
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Gas-cell development

7000

{— 1.5 mm nozzle
2.5 mm nozzle

i
6000, 0,1 |
Ih
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w
=3
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Counts [cps]

fi
! I
I “)‘\_v [l
o Ml Wl | Ll |
L 240 250 260
250

mass [A/q]
Yields
® ~3000 cps for both 3+ and 2+ charge states

® Minimized molecular formation
® Very little 235mMyt+

JYFL
Penning Trap
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Target Chamber

JYFL
Penning Trap

i
Switchyard

RFQ
Cooler Buncher

Collinear Laser
Spectroscopy Line
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Neutron deficient actinides
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12 Arje, J. Aysto et al., Phys. Rev. Lett. 54 (1985) 99

13|, Pohjalainen. Ph.D. the5|s
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® Long-lived actinide targets
® Production of neutron-deficient actinides

® Extraction times can be < 1ms

. ® Cross-section estimates not always reliable
¢ ® Experimental data is lacking

. e Target durability and thickness

e Competition with other processes

S| 50 MeV p beam - 232Th metallic target
Al 1 10 1000 2 6 mg/cm

HALF -LIFE [ms]

i
1
4
Jv
0,

University of Jyvaskyl3d (2018)
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% Decay spectroscopy with 232Th targets

1245 - 2018 ’/}/f
Exploration of actinide beams from proton-induced i e
fusion-evaporation of 232Th

Identification of the produced isotopes

® Direct implantation in silicon detector

Canberra FD GOT020

300-17-500RM. (short)
SEGe l ® 3 Germa
N 128pg 229p 2 30py 231 pa iy 2
p— 0 T e 0 60 MeV, 3 A p

on 3.3 mg/cm? 232Th

M/AM =-500 \ ) BEG 0
] -
Z 7 Canberra
= s
2 mm Al window 89

10t
5
E .
_m.m.... hamber 88/ 100 g Dipole Magnet
L J 30 kV SEGe N §
o 5 2
Target Gong) 1073
P . ] s
T 8 € Decay Spectroscopy
851 (CPS at focal plane 10-2 Line
Gas cell helium 84
120 mbar . R ) R
. . 127 129 131 133 135 137 139 141
14Talys cross-section estimation N

15|, Pohjalainen et al, 1245, to be submitted
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% Decay spectroscopy with 232Th targets

1262 and Addendum - 2020 New detection setup
Mass measurements, decay spectroscopy and yield ® Implantation on thin C foils (~ 19ug/cm2)
determination of actinides via the light-ion 4 BEGe detectors
fusion-evaporation reaction **2Th(p, x)Y .
® 2 quadrant silicon detectors

(1 14
1I_\'h ker electrode o L N ) COOled SI( Ll) detector 72+
for beam pulsing
Slits Carbon foil — . . N
. A | B | — «-y-e~ coincidences R ws] oo
Separator ! ESS) (quad) &
M/AM =~500 N f" ;
S S Fsi(Li) - L el
| s & B i 3
L, Cam $ ! P g o
=g o0 ; \1\H g
BEGH S 4 |
o Conberma (quad) i 5 3 l\ :? o
Jlm, beam BEG330 7000, i ! S5 S
—— w13 T %3 8 3 = =
. 2 S
] 5 5 3 8 § 46
l 3 3 A N 7/2-
'% 50 27.4
3
3

AN J
ot oy ST ] 195 .
Gl 0 o0 HHTA J l}v Al ﬁ J |2.9 21pc
120 1{1‘;\1 o 50 W 200 K =5/2* K =3/2*
E. Rey-herme et al., PRC 108(2023) 014304. 7 ke
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1262 and Addendum - 2020 + 2024

Mass measurements, decay spectroscopy and yield
determination of actinides via the light-ion
fusion-evaporation reaction **2Th(p, x)Y

Yields closer to 232Th
Decay spectroscopy not
suitable

5u(229Th,229 Pa) ~ 0.7 Hz
1 s accumulation time

0

0.05 Hz resolution

14D.A. Nesterenko, EPJ. A 54 (2018) 154
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Decay spectroscopy with 232Th targets

- /;;gm

K130

o
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-20 -15 -10 -5

0

5 10 15 20
14

JYFL trap
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Decay spectroscopy with 232Th targets

1262 and

Mass meas

©
deermnat JYFLTRAP DOUBLE PENA S RoNG

i | —© Strong homogeneous \,\QV\'DU@‘

—< 100V deep quadrupol D*\’

F —< Cylindrical geometry —

Fiera di Primiero October 2024 19

— Magnétroh atv. ﬁwﬁ' p+[ i

SSSSSSSSSS




¢
|

1263 - 2022 Versatile Actinides DEcay spectRoscopy setup'*
Yield measurements and decay spectroscopy using
Drop-on-Demand 233U targets

P iy ® 4 slots foil ladder

® 2 additional silicon quadrant detectors

Decay spectroscopy with 232Th targets

® |mplantation foils facing the Si(Li) detector

»9 o€ o oS o€ o
@ » A » -
(@ asingles

£ 16000

2 10000 _/

© a000 L

- e &

$ 400] B ay concidences: (@ projection N S 0o
@ 0

= 300 ; —Se Faios I €

5 200 - i 100 3

3

] 1

& 100 4 0

< 400{(c) e~ coincidences (e) e~ projection

] 131 50

£ 300 a3 H

> i 402 5

8 200 e 271 25 8

£ 100 3 Il

35 A I,
6000 6200 6600 6800 100 300 400

6400 200
Energy [keV) Energy [keV]

14A. Raggio ,NIM B, 540 (2023): 148-150.
15R. Haas et al., NIMA 874 (2017) 43

Fiera di Primiero October 2024




¢

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

Summary and Outlook



¢

: Summary

Offline production and study of actinide beams
— 25mY isomeric state investigation
® CLS measurement on stable U isotopes .
® Production of isomeric beam
using alpha recoil sources.
Towards neutron-deficient actinides
— Use of LIG with long-lived actinide targets
® Experiments to asses the yields with 232Th targets.
— Decay spectroscopy in the region

® |Improvement of the decay spectroscopy setups.
® Decay schemes give insights on collective properties.
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% Outlook

235my isomeric state investigation
— Possibilities to improve the small 1+ fraction under
investigation.
— Gas-flow simulations to characterize and further
improve the gas-cell design.
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% Outlook

235my isomeric state investigation
— Possibilities to improve the small 1+ fraction under
investigation.
— Gas-flow simulations to characterize and further
improve the gas-cell design.

Online reactions

— Installation and commissioning of SEASON.
— Test new DoD targets (>*Pu,”*’Np,**'Pa ...).
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