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Properties of the heaviest elements

Laser spectroscopy for fundamental properties
« Understanding of atomic structure & chemical behaviour

 What is nuclear structure of SHE: e.g. shape and size ?

H "He Electron shell
H | Be Bl NIO)F N atomic structure
11Na 1i\’lg 1SAI 14Si ¢ P * S 17CI 13Ar

chemical properties
defines the element
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Nucleus
nuclear structure
stability of elements
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Overview of known Atomic Levels in the Actinides

Overview on atomic levels reported for the heavy actinides
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e Atomic structure still to be investigated

. Sparse for heavier element == Experimental levels Blaise 1992
, _ Experimental levels
 For Z =100 only calculations are available Theory — calculated levels

e, HiM == 3K
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Resonance lonization Spectroscopy

non-resonant auto-ionizing Rydberg
ionization resonances states

« Resonant laser excitation

~6 eV
\ o ionization potential TY—mm—/——m—— . o
o, ~1017 cm? 5 ~10°4 cm? ' — selective & efficient
E, m—
higher .. . .
excited « Efficient excitation schemes
states
3 J— .
g f — generally exist for every element
or 7107 cm? « Atomic spectra incomplete
ground
0OeV A E, state
— development often necessary
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Motivation - Atomic Structure

7.5 60

R « Za-~1:
%J 6.0- 3 50 . g
~ . Large relativistic effects & QED contribution
. 40
=45 < _
s 6 4 T ¥ . Strong electron correlations
o . | I’ —
C 3.0 2 T L § o _
-% ] 20 - Benchmark predictive power of atomic theory
:§ 1= 110 ] : : : : :
0 1 - lonization potential (IP) ~ chemical properties
0ol Nobelium (z=102) Sy |,

Atomic ground state: [Rn]5%47s? 1S, Determination of nuclear properties

1, 2 (MCDF): S.Fritzsche, 4 (RCC): V.A.Dzuba et al., 6 (MCDF): P.Indelicato et al.,
Model Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A 90 (2014) 012504 g phys. J. D 45 (2007) 155
calculations - A.Borschevsky etal., ©(MCDF): Y.Liuetal., 7 (extrapolation): J.Sugar,
Phys. Rev. A 75 (2007) 042514 Phys. Rev. A 76 (2007) 062503 J. Chem. Phys. 60 (1974) 4103
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Motivation — Nuclear Properties

7.5 -60 |sotope shift
5 7 ;,:4 moopel | Ar? Nuclear Shape, deformation
> 3 I m ' .
N < i AN JF
P 40 i
9 4.5- < Isotope 2 :
(O 6 X 1000000 — TRRRTS :
GCJ L ——_ 4 F30 2 — £ | Hyperfine splitting (HFS)
] — — Y O — — = [ I It

C 30 — =1 ¥ —S8 e S i P PIFINg
0 ] 1 \O\ I « Deformation (Q, B,) from HFS
— L0 Q I ] 2
T 3 lsoope3 - « Magnetic moments 1=¢-l
= ] - @ g: Provides g-factors of unpaired nucleon
O 151 i = 5 characteristic for the wavefuctions
> 0 5 <
0 ] _ 18 L U « Assignment of nuclear Spin |

0.0 Nobelium (Z—102) 0 0 Relative Frequency (MHz)

Atomic ground state: [Rn]5f147s? 1S,

4 (RCC): V.A.Dzubaet al.,
Phys. Rev. A 90 (2014) 012504

5 (MCDF): Y.Liu et al.,
Phys. Rev. A 76 (2007) 062503

6 (MCDF): P.Indelicato et al.,
Eur. Phys. J. D 45 (2007) 155

7 (extrapolation): J.Sugar,
J. Chem. Phys. 60 (1974) 4103
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Production of SHE

Production of heavy elements (Z ~100)
Accelerator based in “single-atom-quantities”

Fast : :
Projectile Target Fusion  Evaporation
Neutron
48 208 256* 254
.Ca -Pb oo NO > NO

» Intense primary beam

» Thin and high-quality targets

» Separation of SHE from intense projectile beam
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Production: Velocity Filter SHIP

Fusion Products

Electric Deflector

L

~ Beam Stop
UNILAC

Primary Beam

Optical Cell

Dipole Magnet

|sotope of Interest:

2%4No ( T,, =55 s; 1=0)

208Pp(48Ca,2n)*>*No
o~2ub ~17 sl@Target

8Ca Quadrupole Lens

4.55 MeV/u

1 puA Target Wheel
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Radiation Detected Resonance lonization Spectroscopy

RADRIS Method:

- Thermalizing of incoming fusion products | W.M

- Collecting onto thin tantalum wire Fiament
- Evaporation and two-step photoionization 250Fm
process

- High power 100 Hz Laser system

30 —— S

251 368.503 nm

- Transport to detector and detection > |
of alpha decay

4 25112.8cmt

Counts (1/25 keV)
o

104 246( i PIPS - .,,
Detector

S_M 398.203 nm | A
0 R -
6.5 8.5

H. Backe et al., Eur. Phys. J. D 45, 99 (2007) \\ /

F. Lautenschlager et al., NIMB 383, 115 (2016) 6275
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On-line Laser Spectroscopy of Fm Isotopes

Fm (Z=100) - A new element for RADRIS

« Collection of No-mother on the filament
« Letting it decay
— Accessing daughter nuclides

Reactions:

. 208Ph(48Ca, 2n)254No & 250Fm

. 207Pb(48Ca, 2n)253No % 249Fm

. 206Pb(48Ca, 2n)252No 2, 248Fm

F ‘ I R 252Njo  253No 254N o
2.30s 1.7 min 55's
a: 73.1 % a: ~80 % a: 90 %
£:26.9 % £:~20 % €:10 %
250Md 25'Md | 252Md
52s 4 min 2.3 min
a: ~7% a: <10 % a: <50 %
€ ~93 % €:>90 % €>50 %
248|:m 249Fm 250|:m
36s 2.6 min 30 min
a:937 % a: ~15 % a: >90 %
e ~7T% €. ~85 % €: <10 %
246ES 247ES 248ES
7.7 min 4.55 min 27 min
a: ~10 % a: ~7% a: ~0.25 %
€ ~90 % € ~93 % €:>99 %
244Cf 245Cf 246Cf
19.4 min 45 min 35.7 h
a: ~90 % a: ~36 % a:>99.9 %
e <10% €. ~64 % €:<0.1 %
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On-line Laser Spectroscopy of Fm Isotopes

» Alpha spectrum:

— Direct guiding to detector: Blue
° 254NO, 250Fm

— Scanning: Red

o 250F 246(f

« Set gates for Fm isotopes
— Normalize to collected charge

Counts/0.01C

flx) = zir - exp (x_rxC + ;—:2) - erfc (% x_axc + %) [1]

100+————

m FAIR

6 6,5 7 7.5 8 8,5
Energy [MeV]
[1]: G. Bortels, P. Collaers, Appl. Rad. Isot. 38 (1987) 831
e HiM = =
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On-line Laser Spectroscopy of 250Fm

100+

o FAIR
N 250
250 100 N
Fm AN
/ \ S 40
A
80 / \ .
O A~ / \
o ‘/\\ ! / \
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@) ,(\ J / LA
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\ T
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On-line Laser Spectroscopy of 248Fm

'I 4 _ 15
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O 1/ ] |
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n L [ \
Z O o \
3 S L \
4 25113.12cmt S QK j
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On-line Laser Spectroscopy of 249Fm

3 L
gsc— :,
249Fm > *
2 T 20 i
N B — 1 [
@) Y s - .
O \ P 0;5 6,75 7 7,25 7.5 7.75 8 8,25 S;
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Fm — Isotope Shifts

Laser spectroscopy of 248-250Fm - large range of isotopes across N=152 in reach
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Fm — Isotope Shifts

Laser spectroscopy of 248-250Fm - large range of isotopes across N=152 in reach
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On-line Laser Spectroscopy of SHE Isotopes

Access further SHE isotopes with Laser spectroscopy

Lr 7| Lr2sl Lr257 | Lr258 | Lr259 | Lr260 | Lr26l Lr263
D646 = A0s 63s 150 = ELY
10 sz {01+
[252] FC o = EC.osf, EC.axf ECa =f
102 No Y| Nol49 I;I_gszﬂl N;:Jlfﬁ N:gf".-‘ 1132_558 N;JHIE!I If&z,iﬂ Nolal NEEEI
50 - o+
) asf sf
1 O 1 Mg e
<o | 160
100 [ =
S
] [237] = 3f
99 Es | Es2zd0 Esgz;ll
sy i
Already performed To be performed in BT2021 F'\IR
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Laser Spectroscopy of Lr

209g(Bca xn)257*Lr |

Search for resonance in Lawrencium (Lr, Z=103) R : 34_N_.'
10 _:EEELan} s 255 r (2n) 0 3
-E ] o ~40 nb o ~400 nb 25‘;;;3:}
. . . -E .ln‘l_; next step —
* Cross section known - production rate of 1 ions/s ' L
o
1“‘1 ...............
10 15 20 25 30 35 40 45 30
« Search for 2 different states (predictions from theory) £ Mev  ——
(eV)
5.00- P

— 28,000 cm H -
__ 3/2

- 20,000 Cm_l U (- ZS1/2

1.00-
0.004 —L Pi
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Developments for Lr Spectroscopy

RADRIS technique relies on filament capture and release FAIR
« Filament requirements ( tested in off-line studies)
— Low work function (low BG from surface ions)

— High melting point (stabllity)

— Low desorption temperature (no turbulences in gas cell)

filament

I
=]
[==]

R (%]
1 |

1
=
[=21

quadrupole mass
Spectrometer (QMS)

[EN)
1

=
=
Z apnyduay

Amplitude

1
=
P

-0
lutetium source detector 0 1000 20000 W00 40000 S0 60000 70000 8000 %0000 100000
Time

(=] —
1 1

Hafnium is suitable for Lr - ~1800°C

T. Murbock et al., Hyoerfine Interact. 241, 46 (2020) H IM I:'= 5 ][
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Level Search in Lawrencium (Z=103)

« Beamtime 2020: level search started, about 850 cm- scanned F_\lR

» So far no resonance observed

» More theoretical predictions available, but larger discrepancy

Continuation of the level search with high sensitivity next beamtime

s
) % ) (eV)
1 480 nm ©Cl ]
] ’n / ® FSCC ] 5.00- P
19800 20000 20200 20400 20600 20800 21000 3.00- 32
T T T T T T T 5 1 =\ = 2S
] ] 2.00- 2
1 350 nm [] scanned 2020 7 ‘
_ - 1.001
] 281/2 1 planned ] | ,
. : ' : . : . , 0.00- —_— P12
27800 28000 28200 28400 28600 28800 29000 Lr
Wavenumber [cm™]
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Level Search in Lr

e 255Lr (t1, = 31 s) Production: 209Bi(48Ca, 2n)255Lr (200 nb) FAIR

« 600 s per wavelength

200
] B Flushing~15 h
* 19 days of main beam \ W scan60 T, 255 1
Lr | Lr251 | Lr252 | Lr253 | Lr254 / Lr255 \\ Lr256 160 -
) 13s 13s 223 285 >
+3 - q,
[262] X
ECasf,.. |ECasf.. \EC.asf,.. J5eT >
No249 | No250 No255 o
0.25 ms 3lm ~—
o S » 100 -
)
asf ECo 'E'
Md248 | Md249 Maasd S
Ts 4= 10m o)
ECasf... |ECaQ EC * O
Fm247 | Fm248 Fm253 50 A
kLY dos 3.00d
- 0+ 12+
ECa ECasf.. |ECa EC,asf... |ECa a,sf EC.a
Es246 | Es247 | Es248 | Es249 | Es250 | Es251
7.7m 455 m Tm 102.2 m 86h 33h ] J
@60 | o2y | a0 | e ) | ©m) 0 A ‘ ‘ ' :
ECa EC.a EC.0 ECa ECa ECa 5000 6000 7000 8000 9000
Gaom | SV | SAY | S50 | G8Y | By | Gy E keV
m - : . ] 03 v -
(52+4) 0+ (7124) 0+ gfz.! 0+ 1r1+!r o nergy( e )
EC,a EC,0zsf,.. |EC.a o,sf a,sf a,sf a
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Level Search in Lr

nomalized count rate

normalized count rate

 Beamtime 2020: level search started, about 850 cm-! scanned

VIS range - 480 nm 2D,

.3 mr(\ s A-‘AAI\-E/(.AA[‘.

20080

20100

20180

Wavenumber

E. Rickert — 24.02.2021 — NUSTAR Annual Meeting

normalized count rate normalized count rate

normalized count rate

UV range - 350 nm 2S,,,

Background expectation
—— total (Lr gate)

No gate

BG uncertainty

Literatur

Expected RIS signal

28475 28500 28525 28550

Wavenumber [cm™]
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RADRIS — Perspectives

. ] ] 48b nm | | I % ocl|
Beamtime period 2021/22 | Dap H { { {/ o heonr
« Continuation of Lr level search i et ]
: i %S, St
* 251NO and 254Fm ISOtOpeS _ 27|800/2 28(500 28é00 283.00 28(|500 28é00 29000

Wavenumber [cm™]

* Improvements: adding detectors to improve the efficiency

Limitations of the RADRIS technique
 Collection cycle limits short lifetimes

 Radiation detection difficult for long-lived nuclides éo-“’"
« Gas environment limits the spectral resolution 3
— In Gas Spectroscopy setup is beeing developed : Y .

-0 -5 0 5 10 15 20
Detuning [GHz]

e, HiM === Iir S|V
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In Gas Jet Spectroscopy — Tailored Setup for GSI

SHIP

Argon

¥

Laser beams
As+A,

¥ DC Cage DC FunnelI

---J--N

N

Entrance
window

-IH-H’

kS

L
Gas cell

Detector
| |
] )
1 [}
1 1
Filamen 1 1
’ ]
s 2
mam e Y i
e o U4
----'
RFQ
de Laval-
nozzle

Jet chamber

» Gas jet spectroscopy at SHIP

* Electric guiding of incoming ions

* Filament neutralization @ RADRIS

signal [arb. u.]

frequency [GHZz]

« High resolution HFS enables unambiguous nucleon configuration assignment

]S Raederetal, NIMB, 463, 272276 (2020) . HIM
HELMHOLTZ
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Summary

Laser spectroscopy on heavy elements is important for the understanding =
. . . o . L AR
of atomic/chemical character and for investigations of the nuclei Ll
* RADRIS: First on-line measurements of Fm-isotopes e

« Competitive laser spectroscopy program will continue
 RADRIS beamtime approved
« Gas jet: development for improved resolution

* LRC: new approach to extend the realm of laser spectroscopy

e, HiM == 3K
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Summary
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RADRIS Collaboration
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