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* What is nuclear structure: binding energies, excitations, shape and sizes

How do their atomic and chemical properties compare to known (lighter) elements?

Heaviest Elements

Elements at the limits of nuclear stability

« Why do SHE exist at all ? === Shell effects
How are they best produced in the lab? ====3» For now: Fusion-evaporation
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Density of Atomic Levels in the Actinides

Overview on atomic levels reported for the heavy actinides
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Light actinides: analysis of fluorescence light

Spectrometry of light from discharge source

Macroscopic amount (mg...ug)

-> recording of images

ARC-SPARK STAND

W.F. Meggers Spectrochim. Acta 10, 2 (1957) 195 H IM === Ik

. . HELMHOLTZ RESEARCH FOR
4 S. Raeder — 08.10.2021 — Lecture 2 - Joliot-Curie School — Isle d‘Oleron Helmholtz-Institut Mainz GRAND CHALLENGEs ‘orannes GUITENBERG




Light actinides: analysis of fluorescence light
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PEs — analysis of fluorescence light

Spectrometry of light from discharge . E.S
Es S
5 e ——] L 20000
« 0.6 ug — 48 ug 2°3Es (101% atoms) — 1970’s 0
—  report of ~300 optical lines (Es | & Es I1) even  odd
— level assignment from analysis
— magnetic moment of 2>3Es from HFS
—  too little material for Zeemann splitting
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100FEm — only possible with laser spectroscopy

2003: First atomic information on Fm

Mainz: Institut far Kernphysik, Institut fir Kernchemie

breeding of 255Es
at Oak Ridge, USA
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Laser system: 100 Hz, Excimer pumped Dye laser + 50 Hz OPO

[Sew03] Sewtz, M., et al. "First observation of atomic levels for the element fermium (Z= 100)." Phys. Rev. Lett. 90.16 (2003): 163002.
Bac06] Backe, H., et al. "Laser spectroscopic investigation of the element fermium (Z= 100)." Laser 2004. (2006). 3-14.
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Spectroscopic basis of RIS — atomic structure

non-resonant auto-ionizing excitation of

lonization resonances Rydberg-states
o — lonization via

! E
= Black Body Rad.
~6 eV  __lionization potential = IR Lasers
= Collisions

(5-9 eV)

Electrical Field

~ 1017 cm? ~ 1013 cm? ~ 1012 cm?2

higher
excited E2 - —
states

~ 10-10 Cm2

first excited
state

E,

Energy

~ 10-10 Cm2

0y == ground state I E,
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Spectroscopic basis of RIS — atomic structure

non-resonant auto-ionizing excitation of
lonization resonances Rydberg-states
4 I £ lonization via
= Black Body Rad.
~6eV  _lionization potential = IR Lasers
(5-9 eV) = Collisions
= Electrical Field
higher -~ 10_17 Cm2 -~ 10_13 sz ~ 10-12 Cm2
excited E, —
states
Pu 234 | Pu 238 | Pu 239 | Pu 240
> ~ 1019 cm? 88h 87.74a |2411104a| 6563a
CTJ first excited E ‘Np 233 [ Np 234 | Np 235 [ N\ Np 237
c state 1 362m [ 44d | 3961d 154 2144
LIJ 063 \‘
* Resonant
\ . Laser lonization
Pa 231 [ P
~ 1010 cm? 3,2?6-1043
Th 230
L 051
Oey = ground state E, : _
Mass separation

+ Mass separation - isotope selectivity
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Sample Analysis with Laser lonization

« Sample with actinide mixture and limited information

—> Lasers tuned to resonantly ionize different actinide elements

Pu_o3ge PU—240? Cm-246 Cf-250 |
— Crmezad | Ct-249 f REDC-2606-B
PuU-2397? AmM—243
10% . f;; 2“9 co-254 Cf-249 5.10€-03pg.
m—2477 | Es-253 2.29E-03 pg.
1000; Ee 253 | Es-254 4.02E-03 | pg.
L g I\ Cf—252 Fm-257 1.38E-06|pg.
% i " .
‘%’ 100k 1 () | qezste Characterization of sample
S W e A \/th from ONRL
10} MU\ | |
| | | -2 Trace analysis applications
235 240 245 250 255
Mass (u) -
This research is supported by the U.S. DOE, Office of Science, BES Heavy Element Chemistry program. The isotopes used QENERGY S |

. inthis research were supplied by the U.S. DOE Isotope Program, managed by the Office of Science for Nuclear Physics.
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Which laser system to choose?

Efficiency is important and requires

@ 0'|on'|: » ,B — ionization rate » loss rate

@ ..ol — number of ionized atoms per
on laser interaction time (pulse)

O|on, ionization cross section (non-resonant) (cm?)

,B loss rates to (metastable) states, state dependent
F photon flux (cm2 s?)
@ photon fluence (=photon flux - laser interaction time)

\ simplified ionization scheme J

-
HIM 11 = 5= 1L JGlu
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Which laser system to choose?

Efficiency is important and requires Typical values:
Oy — 107 cm?
@ C|on'F»'8 — ionization rate » loss rate B . 106 ¢l
Assumption:

@ number of ionized atoms per
O, @1 — 2
on” ¢ laser interaction time (pulse) laser beam area of 1 mm

and photon energy of 3 eV.

otons required > 102 /s Impossible

Pulsed Laser:

With a pulsed laser system: > > 5 uJ/pulse
(10 ns) P Y © No problem !
Lets add in the Fluence ) S > 0.5 mJ/pulse
condition
HIM
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https://www.larissa.physik.uni-mainz.de/

Hot Cavity Resonance lonization Spectroscopy

sample

ion source | extractor
J mass separation

0#
99

@ neutrals 1

kv

o ions detector

N ——
= = |

laser beams

- Used for production of radioactive ion beams
 Laser spectroscopy with high efficiency
» Background from surface ionization

* Resolution limited by

source temperature and laser bandwidth
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J. Rossnagel et al., Phys. Rev. A 85, 012525 (2012)
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lonization potentials of the actinides

Uncertainty < 0.1 peV

Uncertainty 0.1 - 1.0 peV

Uncertainty 1 - 10 peV
Uncertainty 10 - 100 peV

Uncertainty 0.1 - 1 meV
Uncertainty 10 - 200 meV
No experimental value

22 23 24
Ti |V Cr

40 41 42
Zr Nb |Mo
72 73 74
Hf |Ta |W
104 105| 106
Rf [Db [Sg

58| 59| 60/ 61 62 64
Ce |Pr |Nd |[Pm |Sm Gd

90 92| 93| 94| 95 96
Th U Np |Pu |Am |Cm

Electron affinity is also under study pushing towards actinide elements

. Studer, Dominik, et al., Physical Review A 99.6 (2019): 062513.
HIM = 5= 1 JGlu
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lonization potentials of the actinides

Heavy actinides: Surface ionization efficiencv in a hot cavity @Y P&V agency
249Cf target

o 256 p
@

1B beam \
Skimmer

Dipole magnet

\ /=

O
lonization Extraction \

cavity electrode L1 J

Sato, T.K. et al., J. Am. Chem. Soc. 140(44), 14,609 (2018). Detector
; HIM === I
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lonization potentials of the actinides

. : . . - - Japan Atomic
Surface ionization efficiency in a hot cavity @Y P oey Agency
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Sato, TK. et al., J. Am. Chem. Soc. 140(44), 14,609 (2018). Surface ionization — Tokali
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Laser spectroscopy of nobelium

7.5 -60  Element of interest: No (Z=102)
4 - 7 .
S %_T IP - “simple” atomic structure GS: [Rn]5f147s2 1S,
Q 6.0 90 - Relatively high production cross sections
S~
>
@) -40 Isotope IP T4 (s) Nuclear reaction Max. production Alpha energy
o 451 i ontarget (1/s)  (MeV)
C s 6 4 b la0 2 %No 0 08  2%Pb(#Ca3n)>No 02 8.61
o — =71 1 8 2%2No 0 2.4 208pp(48Ca,2n)?52No 4 8.42
g 3.0+ 2 1 O 283No  (9/27) 102  207Pb(*8Ca,2n)?3No 11 8.01
e -20 g 254No 0 51 208Pp(48Ca,2n)254No 17 8.10
© Nobelium (72102 IR 25No  (1/2*) 186  298Pp(48Ca,1n)25No 2 8.12
= obelium (Z=
§<) 1.9- ( ) 10 255No  (1/2*) 186  209Bj(48Ca,2n)25Lr > EC 1 8.12
()
1 1S ' 255 r  (1/2) 311 29Bj(*8Ca,2n)2%5Lr 3.4 8.37
0.0 Atomic ground state: [Rn]5f147s2 1S, ™ 0
Model 1, 2 (MCDF): S.Fritzsche, 4 (RCC): V.A.Dzuba et al., 6 (MCDF): P.Indelicato et al.,
odel Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A 90 (2014) 012504 Eur. Phys. J. D 45 (2007) 155
calculations : A.Borschevsky et al., 5 (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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Production: Velocity Filter SHIP

Fusion Products

Electric Deflector

ﬂ GSI

Beam Stop

§ UNILAC

Bild: GSI Helmholtzzentrum fiir Schwerionenforschung P rnma ry B eam

Optical Cell

Dipole Magnet

|sotope of Interest:

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

208pp(48Ca,2n)%*No
48 0=2050 nb
Ca Quadrupole Lens
4.55 MeV/u -2 17 s'l@Target
1 puA Target Wheel

-
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Radiation Detected Resonance lonization Spectroscopy

(a) Stopping of the incoming fusion prgducts

Entrance
window

\\
Elektrodes

Ar
95 mbar

-
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Radiation Detected Resonance lonization Spectroscopy

(a) Stopping of the incoming fusion products

(b) Collecting onto thin tantalum wire

95 mbar

-

— HIM === 1K il
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Radiation Detected Resonance lonization Spectroscopy

(a) Stopping of the incoming fusion products

(b) Collecting onto thin tantalum wire

(c) Evaporation and two-step photoionization
process

Ar
95 mbar

-

— HIM === 1K el
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Radiation Detected Resonance lonization Spectroscopy

(a) Stopping of the incoming fusion products

(b) Collecting onto thin tantalum wire

(c) Evaporation and two-step photoionization

process

(d) Transport to detector and detection

of alpha decay
RADRIS

Radiation Detected Resonance

lonization Spectroscopy

Short-lived alpha emitters (t,,, <4 min)

Low production rates down to 1/10s

F. Lautenschlager et al., NIMB 383, 115 (2016)

-
w
1

-

Counts (1/25 keV)

o w
h } 1

H. Backe et al., Nucl Phys. A 944, 492 (2015)
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Lab impressions

Gas cell

~

Laser system
[ — S
- =

G Interac(ion

’, volume

W
\

.
i
%

.EF_I lame
Bilder: GSI Helmholtzzentrum fur Schwerionenforschung : (" -
— = I
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Level Search in 224No

Year 2007 2014
Scan range (cm?1) 25920 — 31001 28887 — 33191
Net scan time (h) 39 67

2015

Beamtime
2014

2007

25000 26000 27000 28000 29000 30000 31000 32000 33000

-1
Wavenumber (cm ')
1: MCDF (2005), 2: MCDF (2005), 3: IHFSCC (2007), 4: RCC (2014), 5: MCDF (2007), 6: MCDF (2007)
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The Ground-State Transition

Observed strong atomic ground state transition

« Resolution 5 GHz " O
o
 Atotal efficiency of 6.4(10) % for 2°4No Ju
% 0.2
* Less than 30 000 atoms were delivered to the cell S
« Saturates at low photon fluxes 0.0 IR S -
29960 29961 29962 29963
Wavenumber (cm™)
Vl (Cm_l) Akl (S_l) X 108 12 —m—m— 7
Experiment [1] |29,961.457(7)gsr | 4.2 (2.6)a 3 19 J
IHFSCC [2] 30,100(800) 5.0 f 9]
- 0.6
MCDF [3] 30,650(800) 2.7 S .
S 0]
n " [ " § 02-
Agrees with predicted 'S, 2>'P, transition = ol ——
0 0.5 1.0 1.5 2.0 2.5 3.0
Photon flux (10"3/pulse/cm?)
. [1] M. Laatiaoui et al., Nature 538 (2016) 7626 [2] A. Borschevsky et al., Phys. Rev. A 75 (2007) 042514 HIM === 3K
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Delayed ionization

Independent lifetime determination by delayed ionization

1.2

1.0

0.8

0.6

0.4

normalized **No count rate (s)

0.2

T,, > 50 ns — suggest much weaker optical transition

-

. S. Raeder — 08.10.2021 — Lecture 2 - Joliot-Curie School — Isle d‘Oleron
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k.

M N M L 2 M 1 2 M M
400 600
delay time t, (ns)

PR |
800

normalized RIS signal (arb. u.)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2

1.0+
0.8;
O.S:
0.4;
0.2;

0.0

Yb

delay time tg (ns)

HIMLZZ

HELMHO

(a)
} 5 mbar
20 -10 ) 10 20 30 40
delay time tgy (ns)
1(b)
100 mbar
3
3 EY 3
0 100 200 300 400 500 800 900

RESEARCH FOR

Helmholtz-Institut Mainz GRAND CHALLENGES

—_—— P

A, =351 nm

t

d

A, =398.9 nm

1
S,

sjonannes GUTENBERG
UNIVERSITAT MAINZ



Gas Induced quenching

Population transfer to close lying levels
needs to be energetically lower but closeby

Yb No
N > LN R .
"”’” P, P, Ps T

25 000?— 1};12 12> ;Ft’}ls —— 30000
" 5 -
1, i

*° Door 2 A S0 n2) Gas pressure dependend °2 000
population transfer

ey @ " (6) TS R P

« Collisions with buffer gas atoms— quenching of !P, State

« Population of metastable D-states
How to probe this?

e rr— R o e S
HELMHO RESEARCH FOR
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Gas Induced quenching

Excitation to higher lying levels - Rydberg states

400

350 -
300 -
250
200 -
150 -
100

RIS signal (arb. u.)

50
o

(@ 0 nsdelay

m |onization potential
Linear fit
——————— Literature value

[6)]

o

D

N

(V]

[¢)]
T

50443,0

50442,5

v,=25 068.2 cm™’
1
‘ ‘ ;
T HI T T T T T T

T T T T T T T T T T
25200 25300 25400 25500 25600 25700
wavenumber, v, (cm™)

50442.,0

S50
40
30

20 +

RIS signal (arb. u.)

10

n
lonization Potential (cm™)

1 ® 60 ns delay ° 1o =0

Pressure (mbar)

mlm Dependence of the extracted
Il | l] |‘,, ! [

mRRmynlii

IP from the gas pressure

25200 25300 25400 25500 25600 25700

wavenumber, v, (ecm™)

lonization via Rydberg state yields the correct lifetime in the gas environment

-

P. Chhetri al., Eur. Phys. J. D 71 (2017) 195 HIMog = |
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First lonization Potential of No

Observation of Rydberg states with two-step resonance ionization

N
a 0.2
L ° o
& —
© » 0.1
€ 021 @ .
7L2 scan 3 LYY ¥ S 0.0l | P
O c 0 200 400 600
© Y Y g delay time, f, (ns)
S 0.1 [ Y F LTl -
», . g o i \ i | 3
“ee,, S SR 24 & 0.041
: WU 11441 S
§ 0_0_ ; ; AR4) IS
7\~1 fixed 23,000 23,200 23,400 23,600 S 0.021 H h
Excitation energy / cm™ ! k\}}“—,
0.00

-40 -20 0 20 40 60
delay time, { (ns)

« ldendification of 30 Rydberg levels in 2°*No

« Quenching in buffergas, signature of different life time

— HIM === 1K el
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lonization Limits & lonization Potential

P 23800 - lim t, =77 ns
RS E
8
Ay |scan 5
=
1|:)1
“raa, AEi 23000 - =
N S R SR A N
A | fixed 1 =1 FETLO 1. %
180 . 1I4 . 1I6 . 1I8 . 2I0* . 2I2 ' 2I4 - 2I6 - 2I8 =
» Series fitted with Rydberg-Ritz formula:
IP (eV)
R, Experiment 6.6261(3)
E, = Ep — 5 -
[n — d(n)] IHFSCC [1] 6.632

[1] A. Borschevsky et al., Phys. Rev. A 75 (2007) 042514

— HIM === 1L - Glu
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normalized count rate (s™)

Hyperfine Structure Studies in >>3No

Helmholtz-Institut Mainz GRAND CHALLENGES

| 2530 207pp(#eCa,2n)=No | 1P, Hyperfine structure partly resolved
0.15}T,,=102s i} I
016 ' i Energy splitting
| B — A-E s B-3/4C(C +1)-1(1+1)J(J +])
005k | 2 21(21-1)J(2J -1
] 1S0
B #r— 1 I I N P : 9 |=9/2
10 -5 0 5 10 15 20 C=F(F+D)-1(1-)-JJ -2
Detuning [GHZz]
atomic _
nuclear properties
Feedback from atomic theory for nuclear moments 0
N o
Ref. Aluy (GHZ) Bleb (GHZ) A=[ 1]
Cl[1] -6.3(0.9) 0.486 (70) 53
Theory RCC [2] 0.465(70) B=eQ 7
MCDHF [3] -4.1(1.8) 0.444(75) 2=0
S. Raeder et al., Phys.Rev.Lett. 120, 232503 (2018) ELIMmLTZ IR:EEARCHEER i |
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Hyperfine Structure Studies in >>3No

0.15 T, =102's

normalized count rate (s™)

T T T T T T

I N I v I i I

207Pp(48Ca,2n)®3No | 1P 1

] 1S0

10 -5 0

5 1 15 20

Detuning [GHZz]

1=9/2

Hyperfine structure partly resolved

Energy splitting
AEHFs = A-E + B.3/4C(C +1)-1(1+1)J(J +1)
2 21(21-1)3 (23 -1)

C=F(F+)-1(1-)-J(J -1

atomic

nuclear properties
0
1 (1) Qs (eb) AR e”
Laser spec.
€ Sp -0.527(33)[75] 5.9(14)[8]
(this work) 2/
5 0
) e@ 51°
- ) 2=0
0.593 7.145 eb experiment
(calculated value) from 254No
S. Raeder et al., Phys.Rev.Lett. 120, 232503 (2018) -- R.D. Herzberg et al., Eur. Phys. J. A 42, 333-337 (2009) HIM = 1K
. : ; HELMHOLTZ __ RESEARCH FOR sonannes GUTENBERG
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Isotope Shift of 2°2-2°4No & HFS in 2°32°°No

* Isotope shift for 2°2-254No measured F_\IR
« Change in charge radii: Input from atomic theory
— Mass-shift constant: 1044 GHz u

0,45 | @ i 254N o ] — Field-shift parameter: -95.8(7.0) GHz/fm
[ T,=955s 1 (R. Beerwerth & S. Fritzsche (MCDF), V. Dzuba, M. Safranove (CI), A. Borschevsky (RCC))
0,30 | Shape from .
- DFT calculation

—~ 015} -
'(\n, L
2 . nuclear atomic
E 0157 ] properties
© 0,10 - A
2 i 5 ) AA _ AA' A A 1
= 0,05} . r =||Av™ - : -
= | AA F
B 1

006l ] experimen

0,04 | -

0,02 i

0,00 k=

-20 -15 -10 -5 0 5 10 15 20 25 30
- Laser detuning (GHz
S. Raeder et al., Phys. Rev. Lett. 120 (2018) 232503 HIM E—=— | | Js|u
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Isotope Shift of 2°2-2°4No & HFS in 2°32°°No

* |sotope shift for 2°2-254No measured F_\IR

« Change in charge radii: Input from atomic theory
— Mass-shift constant: 1044 GHz u

T 1] T T T T T
0,45 | i 254N o ] — Field-shift parameter: -95.8(7.0) GHz/fm
0.30 _ Shpe rom T1/2 =55s | (R. Beerwerth & S. Fritzsche (MCDF), V. Dzuba, M. Safranove (Cl), A. Borschevsky (RCC))
[ DFT calculation
HI’-\ 0115 B T 0,6— T T T T T T T T T T T T T T " ’I ]
@X [ . . . . | * No (Z=102) - this work L
Q 4 Th (Z=90) X i
= 0.15 | 047 - U (z=92) o
s | ) 1 v Pu (Z=94) S ¢
S 1ol ] &~ 029 = Cm(Z=96) v e -
kS i ug B o T f *
% 0,05 | _ r 0,0— . (56\ . A /",i /’.’.' //." . * b
S | & e . -
S ' Y -02- i ! t :
' 1 4 L] i -
0,06 i 1 04- ; E |
0,04 | . 14 '
[ ] -0.6- T T T T T T T T T T T T T T T T —
0,02 | } 138 140 142 144 146 148 150 152
0,00 L—s Neutron number
-20 -15 -10 -5 O 5 10 15 20 25 30 . .
. Agrees well with nuclear DFT calculations
- Laser detuning (GHz
S. Raeder et al., Phys. Rev. Lett. 120 (2018) 232503 HIM = == 1k
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Optical spectroscopy

Laser spectroscopy advanced to transfermium elements

Advancements:
use of decay products
novel techniques (gas jet, LRC)
. . Rf
going heavier > Lr (z=103) No
T, eV
209gj(*8ca,xn)257*Lr | CfFITIE = (5.00)
‘Iﬂsé 258 [ (1n) . 255 [ (2n) 254NO E Cm ] 400_
. _-{:~4{] nb p (o ~400 nb 254“‘3“} ) Pu ] 3 00 |
"E “]'I_; :;;Us::p — | L . ]
.y 1 F Z = 2.00-
1 o 1.004
100" —— -
10 15 20 25 30 35 40 45 50
Po E* I MeV e 0.00-
-'.b D All A D D D Q 0 — 4 x: LIy N ] - N A
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Radiation Detected Resonance lonization Spectroscopy

(c) Evaporation and two-step photoionization

Process
Desorption on-line
254N o 1.0:— - 7& = ——
51 s E o
a: 90 % 0.8 + 7 |
€:10 % I B! i

0.6

L E
04
0.2} 95 mbar
0‘10.2;5‘0 1300 1400 1500 1600 1700 18166 1900
T/K
Desorption measurement but with ~1000 atoms per datapoint
Laatiaoui, M. et al. Europ. Phys. J. D 68.3 (2014): 1-6. ELIMﬂLTZ IR:E'EA':H—E-;R AL GERG
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Physics and chemistry of the heaviest elements
-

HIM == 1K
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