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Fission barrier diminishes
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[ (Super) heavy elements owe their existence to shell effects ]

[ Studying their properties provide stringest tests of nuclear models ]
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Nuclear Structure

/Quadrupole Deforma’uon

QSZO S<O S>0

Spherical Oblate Prolate
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e Rare in heavier systems
* Normally found around magic N, Z

* Prevalent deformation (in heavy actinides)
e Often minimizes the nucleus’ total energy

-
* Oblate g.s. more common in lighter nuclei

& Often coexists with prolate deformation

7

e Exotic triaxiality (no symmetry axis) can occur

\, V.

[’ Higher order multipoles (pear shaped Ra-224) ]
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Isotope Shift [ Frequency shift of an electronic transition for different N ]
(
[ Property connects electronic shell with nucleus ]
o e [ '
m +m
N V(T — O) 7é o [ TMNucl. 7£ O COM motion]
Not to be confused with the Field Shift F | /I\/Iass Shift K\ NMS
(inverse) of the reduced mass e 2 Dominant e |
ﬁ ; contribution PO s
5 in heavy @
systems Lo g
F=r (<T2>7 <T4>a <T6>7 ) ’ \_ - SMS
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DERIVING NUCLEAR PROPERTIES FROM
LASER SPECTROSCOPY
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Electromagnetic moments can be derived
in a nuclear-model-independent way
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Non resonant Auto ionizing Rydberg Fluorescence Non resonant: no knowledge
about level scheme needed
y
I Al: higher cross section than
T — T ——E non-resonant excitation )
1 S —
—— Rydberg: can be used to
UN B Cm_ . . . . .
determine ionization potential
y

Laser spectroscopy is a highly selective and efficient technique
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IONIZATION SPECTROSCOPY (RADRIS)

Entrance

window r[
4T
J

l 4+

il I ) Filament

[

85 - 95 mbar
Ar

+ T
WI'” .
iy .
E RIS Lasers
Transport .
electrodes . Incoming
T 8 recoils
L .
L2 ssssass Laser ions
ﬂ :
] : Desorbed
g atoms

Y™ Alpha decay

Silicon detector

Procedure:

1. Production and separation

2.  Thermalizing incoming fusion products
3. Collection and neutralization on filament
4. Evaporation of neutral atoms

5. Two-step resonance laser ionization

6. Subsequent detection by a-decay




EVOLUTION OF CHANGES IN MEAN-SQUARE CHARGE RADII IN CALIFORNIUM ISOTOPES
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a
o ] N Db
Primary decay mode [l trvestigated at GST R
r
Investigated via laser Nol |
- Stable . spectroscopy Md 0
O s B 2 o

Z=100

+ + Cf
O g+ 0O 2 B

|:| a - p/2p 'iIT" Am cm

Pu

L IN=152

[] Fission [ n/2n I_,.r'-rd : Np[ |

240Cf7 24lcf’ 242Cf, 244Cf, 246Cf

> N
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o
Neutron

O - o N 3 »Q’¢‘

195-198p¢ . 240-246(f
208Pb

= Direct production of 2497244Cf with Pt

= |ndirect production via ?°*No via
subsequent a decays

» |ong half-life challenging for RADRIS
method

04.09.26 Physics | Institute of Applied Physics | Kenneth van Beek

|sotope Half-life Reaction pel:)rr\\f)ur

240Cf  10.96(15) min | 195Pt(*8Ca, 3n) ~ 1

241 | 196py 48 1-1.5
Cf |3.78(70) min Pt(*°Ca, 3n)

242Cf | 3.5(2)min | 19Pt(*8Ca, 2n) 5-6

244Cf | 19.4(6) min | 198Pt(*8Ca,2n) | 9-10

208pp(48(C3, 2n)
246 f 35.7(5) h 18 - 22

o,

254N0 _7> 246Cf
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Reference Isotope

250Cf

50666.7 cm ™!

2
23814.468 cm !

510752

F_\ R [sotope shift in 2*Cf, 2#Cf, ***Cf and *°Cf
—————————— -50.7 GHz
"‘H‘/ﬂ, b 20Cf
l 77777 { 24lcf
= o |
= IR S T TR S ! I 1)
p) T
TB ********** -42.7 GHz
N { 2420
— |
= —
S
ffffffffff -31.2 GHz
t
********** -17.6 GHz
{ 246Cf
Laser detuning, relative to *'Cf / GHz
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FROM ISOTOPE SHIFT TO CHANGES IN
MEAN-SQUARE CHARGE RADII

(250,251)

(250,253)
| ' ~
1 !

(250,254)
|

250Cf

50666.7 cm ™

)
23814.468 cm !

/ / K 1 13300 (250251) 1
(5<7°2>A’A — (5VA’A _ ;) . F 3 _(250,253) 750.252] (256249
g (250,254) S =%
;': 360 enlarged by a factor of 24
fg (250,252)
3
Input from atomic theory 390/ {250.209)
(C|, MCDHF,...) 360 390 420
U6V, [THz-u]
4 )
i i , F. , F.
High uncertamty due to wo bt A =y T gaa T g
large number if open Fy e )
f-shells in the actinides \_ slope intercept
F.
F420 — 91(27) GHz/fm2 # — —0891(6)
420

510742

F420 — 91(9) GHz/fm2
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FROM ISOTOPE SHIFT TO CHANGES IN
MEAN-SQUARE CHARGE RADII

* Mostly smooth isotope-shift 044 N = 152 shell gap
evolution, with no large universal 0.3- Theory uncertainty
kink established at N = 152 0.2 —— This Work

C:% 0.1-

* Bulk size is less sensitive to the — 0.07

subshell closure mg-o.l—
< 0.2

* Similar trend as recently established -0.37

in an isotopic chain on fermium -0.4-
-0.57

136 138 140 142 144 146 148 150 152 154 156 158
Neutron number N
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FROM ISOTOPE SHIFT TO CHANGES IN
MEAN-SQUARE CHARGE RADII FAIR
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* Mostly smooth isotope-shift
evolution, with no large universal

kink established at N = 152

Smooth trends infermium charge radiiand
theimpactofshell effects
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SUMMARY AND OUTLOOK e
- | ) FAIR
* |sotopic shifts and changes in rms charge radii 044 N — 152 shell gap
were determined for even-even Cf isotopes: 037 Theory uncertainty
240(CF 2420f 244CF and 246Cf 0.29 —F— This Work
’ ’ ~, 014
=
0.0
* Smooth trend for charge radii continue to 0.1
show up in the heavy actinide region < 0.2
* Collective behavior masks single particle gi -
effects that impact the charge radius o
136138 10 142 1h 146 148 150 152 154 156 158
* Long-lived 2°2Fm (25.4h) on the deformed Neutron mumber N

subshell closures N = 152 and Z = 100 now
in range for the RADRIS technique



EVOLUTION OF CHANGES IN MEAN-SQUARE CHARGE RADII IN CALIFORNIUM ISOTOPES

GSI| Darmstadt

M. Block, F. Giacoppo,
F.P. HeRberger, A. Mistry,
S. Raeder, J. Warbinek,
A.Yakushev, B. Hartigan,
M. Gutiérrez-Torres,

KU Leuven

A. Claessens, R. Ferrer,
S. Kraemer, P. Van Duppen,
F. Ivandikov, Harshithbabu

Universitat Mainz

Ch. E. Diillmann, M. Stemmler, K Wendt,
S. Berndt, Th. Niemeyer, R. Hasse, P.
Chhetri,

TU Darmstadt
Th. Walther, K. van Beek

RUG Groningen
T. Van de Vendel, J. Even

Helmholtz Institut Mainz

D. Miinzberg, E. Rickert, T. Kieck,
D. Studer, J. Hindermann, J. Weyrich

GANIL / LPC Caen / Orsay

N. Lecesne, A. Lopez, V. Marchant,
H. Savajols, V. Manea, A. Brizard,
S. Geldhof, A. De Roubin, E. Morin,
D. Ackermann, M. Laatiaoui,

TECHNISCHE
UNIVERSITAT
DARMSTADT

TRIUMF Vancouver
P. Kunz

University of Granada

D. Rodriguez

University of Jyvédskyla

A. Raggio

THANK YOU FOR YOUR ATTENTION !

und Raumfahrt

% Bundesministerium
% fiir Forschung, Technologie

university of ///(
g roningen TJNIVERSITY OF JYVASKYLA

HIM

HELMHOLTZ
Helmholtz-Institut Mainz

\'I

PARIS-SACLAY

LASER IONISATION AND SPECTROSCOPY OF ACTINIDES

sjonannes GUTENBERG
UNIVERSITAT MAINz

]
GANIL

This Marie Sklodowska-Curie Action (MSCA) Innovative Training Network (ITN) receives funding from the European Union H2020 Framework Programme under grant agreement no. 861198.

04.09.26

Physics | Institute of Applied Physics | Kenneth van Beek

 E-J = | | 15



EVOLUTION OF CHANGES IN MEAN-SQUARE CHARGE RADII IN CALIFORNIUM ISOTOPES

SHELL EFFECT SENSITIVE QUANTITIES

 B(E2) values

M. Block / Nuclear Physics A 944 (2015) 471-491
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* E(2])

e Spacing in rotational bands

16

144

—*— Z=98

¢ 7=99
Z=100

—— Z=101

| —=— z=102

>
[0}
=
>
>
o
c
o Z=103
c
el —v— 7=104
° © 7=105
Qa ] —<— 7=106
b 12 - —e— 7=107
S —— 7=108
* Half-lives £ —— z-109
o —x— 7=110
c
o
- =
* Hindrance factors 10-
— T —
144 148 152 156 160 164 172
°
Neutron number N
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Impinge rotating target
wheel with beam

Fusion Products

Electric Deflector

IBeam ~ 10'?/s )
Eieam ~ 4 — 5MeV/u |

Beam Stop

Primary Beam v

_ Optical Cell . . .

Dipole Magnet Fusion-evaporation reaction
> 240 Separating compound nuclei

nb: Ct .

- < from primary beam

£|)/ Quadrupole Lens /’Lb NOJ E )
Target Wheel vV = —
B )

\ 4

Injection into setup
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Anregungsfkt. ©Ca + 198pt > 2%6Cf* HIVAP - Rechung' Anregungsfkt. Ca + 9Pt --> 244Cf* HIVAP - Rechung'

T T T T T T T T ™3 ] 2I41 l 242l
-243Cf ] ct ctf

o] 2= | RV
E = é \ \ 283t
/

100 | \ N :
TN NN | i A
b >T\\\ f /\\/ \
] 1 240¢t \
/ \

\\_ § / \ ?
40 41 42 43 44 45 46 47 48 49 50 51 52 40 41 42 43 44 45 46 47 48 49 50
E / AMeV E/AMeV

o /nbarn
o / nbarn

il

0,1
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o / nbarn
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100 -

10 4

0,1

Anregungsfkt. ©Ca + 9Pt --> 243Cf*, HIVAP - RechungI

241Cf 24ocf
N \
=
I 3
_239Cf c
\ o
4,0 | 4.1 | 4,2 | 43 | 4.4 | 45 | 4,6 | 4,7 | 5,0
E / AMeV
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Anregungstkt. ©Ca + 9Pt > 242Cf* HIVAP - Rechungl

100

10

0,1

24OCfi 239CfI
/\\(\\
N
238CfI
241Cf 7 \\
4.0 41 42 43 44 45 46 4.7 48 49 5,0
E / AMeV
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LONG HALF-LIVES: A CHALLENGE FOR
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[ Three rotatable detectors ]

Resonantly ionized g,
reaction products

Collection position = ™

254Fm
3.2h

Detection position

\
L

3
(Y

[ Access to longer-lived nuclei J
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Laboratory axis

[ Nilsson model ]

Quantum Numbers
AN QK [ Nilsson label

States 7/2_ [514]
Q" [N,n,, Al

Deformation How do orbitals evolve with
Ar 3

Ké i ~ = i52 deformation?
72 2V an /
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CYCLE FOR CALIFORNIUM 246
1.0 .
No-254
‘ . m—— F'm-250
208ph(48(3, 2n) ‘ Production 30'8' L gjﬁiﬁ
§ TTotal
o~ 2ub £ 0.6 -
90% s
_ _ 204
Breeding on filament ;%
=
2 0.2
> 90%
0.0 . . , , — o
0 10 20 30 40 50 60 70 80
Spectroscopy Cycle duration / min
100% * Breeding increases Cf yield and decreases possible background from Fm

* Prolonging cycle past 75 min doesn’t significantly increase gain
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CYCLE FOR CALIFORNIUM 246
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Production Nno = Nprrod — ANoVNo

208pp(48Ca, 2n)

o~ 2ub

NFm — ANONNO — )\FmNFm

Breeding on filament

Nct = ArmNrm — AceNes

Nxo(0) = Ngg(0) = Npp (0) = 0

Spectroscopy

[ Cycle time optimized based on half-life of nuclide of interest }
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CYCLE FOR CALIFORNIUM 246

208pp(48Ca, 2n)

o~ 2ub

> 90%

(
\

0%
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1.0

No-254

Production

©
-3
ot

Breeding on filament

Spectroscopy

100%

04.09.26

Normalized abundance / a.u.
)
o

©
[\O)
ot

0.0 10 20 30 40 50
Collection time / min

Efficiency is given by normalizing abundance over time
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CYCLE FOR CALIFORNIUM 246

208pp(48Ca, 2n)

o~ 2ub

> 90%

(
\

0%

TECHNISCHE
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1.0
e N0-254
e F'm-250)
Production 0.8 — 246

[ Slow ingrow ]

Breeding on filament

\

Spectroscopy
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Normalized yield per time / a.u.

0 10 20 30 40 50
Collection time / min

Waiting for maximized Cf yield unfeasible - compromise
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238140 238142 238144 238146 238148 23,815.0
excitation energy (cm™1)

aka Stilbene 420

ied Physics | Kenneth van Beek
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Scheme A Scheme B Scheme C Scheme D Scheme E Scheme F
51,6637 cm ! oL880 0 51,558.3 cm-! £ i 250
51,341.9 cm™? 51252.0 cm- 51,378.8 cm™? > ldentified in Cf
IP: 50,666.7 cm! Non-Resonant
363 nm 361 nm 412 nm 424 nm 355
nm
27,779.16 cm™ _1
27,294.46 e f| THoTee oo 28169.0 cm
24 388 79 o 26,40828 Cm_l 5f107s7p J=8
23,994.44 cm-1f] e c7m ST =7 Resonant (Al)
_ ) o s —
ERyeradig i 366 nm
5f9%6d7s2 J=9 A 379 nm DMQ 360 342-385
420 nm 417 nm
Ocm™?
5f10752 5|,
100{ + 2%°Cf i # 4 H+ _
- + oct 4} AN y Exalite 411 411 404 - 417
©0754 4 251c¢ : +‘ ++ ' +
£ +  232Cf ’.+ t v ! } Exalite 417 419 413 -422
5 0.50 B T T {
O 4 ¢t
5025 ' ‘4 s bt
== . ¢ ° .
- s oo S et Stilbene 3
0.00 o0 e AR eGS0 O e P Y ‘ONQ&I' ¢ 425 41 9 - 434

26



EVOLUTION OF CHANGES IN MEAN-SQUARE CHARGE RADII IN CALIFORNIUM ISOTOPES

Isotop Reaction a- OProduction | OEffective
e Branch (nb) (nb)
(%)

195pg(48Ca,3n) 98 9 88  1.02

240Cf

24lcf 196pt(*8Ca, 3n) 25 40 10 4
24zcf  196pg(*8Ca, 2n) 100 40 40 1
243Cf 198pg(*8Ca, 3n) 14 200 28 714
244f 198p(48Cq, 2n) 70(20) 100 70 1.42
245cf  207pp(*8Ca,2n) 35.3(25) 1000 2912 344
95% a, 15% «a
246Ccf  208pp(48Ca, 2n) 100 1800 1458 1.23 18 - 22

90% a, >90% «a

Ogffective — OProduction * 1l; ABranch,i
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