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» Ground staite properties of isotopes in the heavy and super heavy
elernent region: wiat do we know (apart fiom masses)?

» Wihatt can be learned firom laser spectioscopy?

* In-gas jiet or in-gas cell laser ionization spectroscopy
“Heavy Element Laser IOnization Spectrocopy — HELIOS”

* Feasibility studies in other regions of the nuclear chart

are  ~Conclusion and Outlook:
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Z « Magnetic Moment: N.J. Stone ADNDT 90 (2005) 75 104RE = 25“”.

» Charge radii or Quadrupole moments: even more scares i B R .-.-.-.
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To study the SHE region solid experimen
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Laser lonization Spectroscopy s
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lon manipulation: sensitivity

non-resonant excitation of lonization of
ionization auto-ionizing states Rydberg-states

extractign
- ionization
potential

~6 eV
(5-9 eV)

higher excited
states

first
excited
state

energy

-1 ground
0eV state
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Measured: Isotope shifts

Deduced observables:
(model independent)

Sizes

A
Isomer shift§ &) Hyperfine splitting
Q.

\NO

N
9

Dipole Mom. Spins and Parities

(
Inferred information:

(model dependent)

U

Static/dynamic deformation Single/few particle configurations
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* Mass shift: €—___

1 Ay
© &« — (for A>>1, reduces for increasing A): theory or semi-empirical
A Ground State

» normal (change in reduced atomic mass) and specific (correlated electron momenta in
the nuclear motion) shift

« ~GHz (light elements, Z=10) to ~10 MHz ¢heavy elements, Z=80) ST ».
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« ~10 MHz (light elements, Z=10) to ~10 GHz (heavy elements, Z=80)

5<r2>A’A'

* Nuclear charge distribution:
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* Electromagnetic moments of nuclei with 170 influence the atomic electron levels and causes
additional splittings: hyperfine structure

* Nuclei with spin (1>1/2) have a magnetic moment, shell electrons with total angular momentum
J#0 create a magnetic field: T interaction energy

Wp = —u- B

» The spectroscopic quadrupole moment of nuclei with 121 interact with the electrical field
gradient of the shell electrons with J=1:

Wa = eQq (0?V/0:?)

 Atomic levels will split and shift (combination of nuclear and atomic spins):

—

/F:/f+{ (j1-J|<F<1+7)

Total || Nuclear | | Atomic
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EEUVEN ? Hyperfine Structure =
» Atomic levels will split and shift: If _ r+ j (|| _ J|< E<|+ J)

| 3C(C+1) =TT +1)J(J+1)
Wr = A+ B e~ nier - 1

C=FF+1)—-1I+1)-J(J+1). Hyperfine Splitting

F=5/2 \ %B
A<EB.OTO) e lr o,

» B.(0): magnetic field at the nucleus i ; I%B
> VZZ(O): electrical field gradient at the nucleus L.

Laser spectroscopy = 8<r2>, u, ,Qg |
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An alternative approach for laser spectroscopy of the heavy elements
- efficient (heavy elements are produced in very small quantities)
* selective (suppression of unwanted isotopes)

» fast (short life time)

» sufficient spectral resolution (determine the isotope/isomer shift and hyperfine
structure)
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» Production of the heavy elements: heavy-ion fusion evaporation reactions

» Separation of the primary and secondary beam: e.g. S3-GANIL

* Thermalization in the gas cell

* Repelling unwanted ions

* Formation of a cooled atomic beam through e.g. a ‘de Laval’ nozzle (gas jet)
» Resonant laser ionization: high-repetition rate laser system (>10 kHz)

* lon capture and transport in the RF lon Guide followed by mass separation

micro RFQ
Gas Cell LI I
(500 mbar argon) RF lon Guide
Target --.--- ---_
#I I 1.'—‘-; [ ‘_;! __' o - . " fan - < - " a0
Primary

C—)

P vz oocne® O0D
Beam In-flight Separator: S3 Quadrupole Mass Filter

‘de Laval’ Nozzle ~ Supersonic Mass separator
Gas Jet TOF mass separator
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3 Transport through the in-flight separator 50 %
% Thermalization, diffusion and transport towards the exit hole |90 %
E Neutralization in to the atomic ground state 30 %
L Formation of the gas jet 90 %
3 Laser ionization 50 %
S Capturing efficiency 80 %
u%_ Detection efficiency 85 %
. Total efficiency 4%
micro RFQ
Gas Cell (diff. pumping)
(500 mbar argon) RF lon Guide
Target --.--. --._
il v --+-- OO0
Beam In-flight Separator: S3 et Nosste Supersonic Quadrupole Mass Filter
Gas Jet (QMF)
* Strategy

* In-gas cell laser ionization spectroscopy (broadband — 5 GHz):
rough laser scans, search for atomic transitions
* In-gas jet laser ionization spectroscopy (narrow band — 200 MHz)
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» Expected production rates:
208Pp(48Ca,2n)2%*No: ~150 pps (10 ppA primary beam intensity)

» Laser frequency scan:
* 100 points, 60s/point, 50 MHz/point: 5 GHz range in 100 minutes

» 360 counts on resonance for 2*No (alpha detection — background free)

* Projects for in-gas cell or in-gas jet laser spectroscopy (not only heavy elements!):

* HELIOS at KU Leuven (Belgium) and S3-SPIRAL (France)
(T. Sonoda,- NIMB 267 (2009) 2918)

* JYFL (Finland)

(M. Reponen,- NIMAG35 (2011) 24)

» GSI (Germany)

* RIKEN (Japan)

* Dubna (Russia)

» Berkeley (USA)
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* High-resolution high-repetition-rate laser system:
Amplification of CW Single Mode Diode Laser light in pulsed Dye Amplifier (excimer laser)

Reference cell: | .
63.65Cu (327 nm) |

1.2+ -

1.0—- 150 MHz i

0.8 <— . i

u)

Signal on SEM (arb.

1 " ' = ] n - [ ]
0.0 1 . —— % , — — r —
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» Gas-jet formation and ionization 1 .
Reference cell natNj
The Laser lon Source Trap (LIST) coupled to a gas cell os
catcher (K. Blaum, et al., NIMB204 (2003) 331) 0.6 FWHM= ~ 2 GHz
0_43—
0.2
1 o :
osk Gas cell /\ *°Ni
2 f o ‘),,“‘ > 0.8 ’ _) L’ . - ‘
Jet-Laser Spectroscopy (@LISOL 0.6 \ Ar 500 mbar
Ar/He s - < ;::gf;n;sgt;ow temperature CI.-I;— P MHM:65 GHz
0.2[= R
SextuPole Ion Guide (SPIG) "*f — .
B e = LIST, i 58Ni
Laser 'D-E:_ -' i,
06t~ FWHM= ~ 2 GHz |
Tonization zone I 0.4 :"..
02 AN
— | N e e T PN i meeree e
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M. Reponen et al., NIMA635 (2011) 24
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* New laser laboratory for off-line testing:
» study gas-jet formation, RF ion guides
to obtain the ultimate spectral resolution:
estimated to reach 200 MHz
« study chemical homologues

Laser Beams

Extraction
RFQ

N
pumping
barrier

leasCeH I
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Segmented 90° and Extraction RFQs:

Measured transmission:
Gas cell — Extraction electrode - 60%

—Analyzing magnet

Extraction
Electrode

Extraction RFQ
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Pulse Compression

Counts on SEM
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* Need for solid experimental data on ground-state properties of isotopes in the
super-heavy element and heavy region

» Survey of firmly established spins/parities/configurations (cf. mass evaluation
tables) might be necessary

* New approaches for laser ionization spectroscopy combined with intense
primary accelerators and high-transmission separators offer the possibility to obtain
Isotope or isomer shift data and to measure the hyperfine structure of the
actinides and trans actinides and atomic properties of the SHE (up to No and
beyond)

* From this charge radii, magnetic dipole or electrical quadrupole moments and
spin/parities can be extracted in a nuclear-model independent way provided
atomic theory is available

« Mass measurements using e.g. Penning traps and Laser ionization spectroscopy
experiments will bring new anchor points with a great potential for further
development

. * ldentify the critical isotopes in the heavy mass and SHE region that essential for
....‘ progressmg our understanding of the SHE region and the rest of the nuclear chart \5
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