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Principle
RILIS : Application as a Highly Selective Laser lon Source
In-Source Spectroscopy
Collinear Resonance lonization (CRIS)

Gas-Cell Spectroscopy (here: Superheavy Spectroscopy)
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Setup of the ISOLDE RILIS
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RILIS Dye Laser System
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Hot-Cavity RILIS

36 RILIS ionized elements routinely available

Laser requirements:
>10 kHz rep rate T=2100 °C High temperature

(100 ps laser/atom target/transfer line/ion source assembly

temporal overlap)

* High efficiency
+ Cavity plasma potential enhances
ion survival

Hot cavity
surface ion source

laser interaction region

X Doppler broadened line-width
) @l Surface ionized contaminants

Slide: Bruce Marsh
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RILIS Elements

D e —

http://riliselements.web.cern.ch/riliselements/
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RILIS statistics for 2015 on-line operation

17 elements Ag, Al, Au, Ba, Be, Ca,
Cd, Cu, Dy,

23 RILIS runs Ga, Hg, In, Mg, Mn, Po, TI,

116 operating days Zn

2550 hours (not including setup time of >1000 person-hours)

> 75 % of ISOLDE Physics

Statistics B. Marsh, K. Johnston ;,g ;
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Strength of the RIS technique

Sensitivity:
Current record ~0.01 ions/s

Physics Letters B 719 (2013) 362-366

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Charge radii of odd-A °1-211pg jsotopes

M.D. Seliverstov®2-¢.4-¢.L "TE Cocolios*2, W. Dexters?, A.N. Andreyev®%¢ S_Antalic", A.E. Barzakh",
B. Bastin®!, J. Biischer?, 1.G. Darby?, D.V. Fedorov®, V.N. Fedoseyev?, K.T. FlanaganJ, S. Franchoo¥,

S. Fritzsche "™, G. Huber €, M. Huyse?, M. Keupers?, U. Koster", Yu. Kudryavtsev?, B.A. Marsh#,

P.L. Molkanov®, R.D. Page®, A.M. Sjedin®P1, I. Stefan¥, J. Van de Walle®#2, P. Van Duppen ¥,

M. Venhart *9, S.G. Zemlyanoy "

http://dx.doi.org/10.1016/j.physletb.2013.01.043
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Volume and deformation-induced &(r4) e
Homogenously charged sphere with
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T.E. Cocolios et al., Phys. Rev. Lett. 106, 052503 (2011)
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Volume and deformation-induced &(r?)

Homogenously charged sphere with
sharp edge atr=R, =r, A3
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In-Source Spectroscopy of Polonium e
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Nuclear Shape Staggering in Very Neutron-Deficient Hg Isotopes Detected Voruas 3. Nosrs 4 PHYSICAL REVIEW LETTERS —
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In-Source Spectroscopy of Mercury Isotopes

RILIS Dye Laser System
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In-Source Spectroscopy:
Increasing Selectivity & MR-TOF

RILIS
Au ionization
scheme

Time-of-flight separation of the ions
191-_\"

Ion detector
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Combining Collinear Spectroscopy and
Resonance lonization: CRIS

IP
1064fnm

E

7

\ _________gey |
22.70nm
Bunched radioactive 422.7 '
ion beam from lSOLDEﬂ G ~ 1T Countions
@ lﬂ MCP
Resonance ionization

g o

Neutralization
of ion bunch

Laser light

Silicon detectors

* UHVregion to minimize non-resonant collisional ionization to I I

minimize background Measure radioactive
decay

* Use of ISCOOL for bunched beam to reduce duty-cycle
losses associated with using pulsed [ chopped cw lasers

* Collinear geometry reduces thermal Doppler broadening to
below natural linewidth of the hyperfine transition (GHz to MHz)
Slide by K. Lynch
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~ 1.2m R
Bunched radioactive N "
beam from ISOLDE Deflector plates Dumped ions
50 keV Deflector = -
_— Quadrupole Deflected D I
Pulsed ﬁ — (] ébdoublet The DSS 10ns
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Charge exchange cell i i &y S5 % Colhmatorﬂ I
~106 mbar Diff 1 Interaction region (UHV) Ny :
420K - <10 mbar Horizontal and vertical AL Carbon foil

umping region
pUEpInETey deflection plates

CRIS Website: http://isolde-cris.web.cern.ch/isolde-cris/ Copperplate
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The ‘windmill’ system
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lon Detection - Gaining Additional Information

400 ‘ ‘ ‘ ‘ : . 200
M9y
350}

300 150

7031 keV

204m2 Er

100} 204m1 Fr

Counts / 4 keV

100f sol

00 10000 20000 30000 40000 50000 60000 70000 6%00 6850 6900 6950 7000 7050 7100 7150 7200
Relative frequency (MHz) Energy (keV)
S Iﬂ MCP I Silicon
' ) detectors
Countions I
* Sensitivity of technique comes from: « Implantation of the resonant ions in a carbon
. Detection of resonant ions foil allows their radioactive decay to be
measured

* Efficient laser ionization . . _ .
*  Provides additional information on the

* Almost background free detection isotope (or isomer) under investigation

Slide: Bruce Marsh



Reaching High-Rsolution

cw irradiation 21Fr
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R. P. de Groote et al., PRL 115, 132501 (2015)
https://doi.org/10.1103/PhysRevlLett.115.132501



7\ TECHNISCHE

I - I UNIVERSITAT
High-Resolution CRIS UNIVERSITAT
@ @* Oct 2012
200 4 4 Nov 2014 P,
150} 1.5 GHz 1064 nm
E P
> 3/2
% 100 Ex
%
501 422.7NmM
S:|.Iz
80000 9000 10000 11000 12000 13000 GS
Relative Frequency (MHz)
* The 422 nm CW laser light from the Matisse Ti:Sa laser was
chopped into pulses of 100 ns I|
* The 1064 nmionization step was delayed by 100 ns after start of
T 422.7NmM 1064 nm
the 422 nm excitation step 100 ns pulse 100 ns later

Linewidths down to 20 MHz were achieved
Upper-state splitting could now be resolved
* Extraction of quadrupole moments

Slide by K. Lynch



TECHNISCHE
UNIVERSITAT
DARMSTADT

6| MFr Quadrupole moment of '°Fr extracted

5 Qs =-1.21(2) eb

Linewidth of 20(1) MHz

%f R.P. de Groote et al., Phys. Rev. Lett. 115132501 (2015)

< 0 Sl e | |i|l:i:.!.!_- IOPRSTIID 1] NP TP || PR_— |||

-15675  -15575  -15475  -15375 18775 18875 18975 19075
Laser frequency offset from centroid (MHz)

700 300 80 80 300

. Hyperfine parameters of 3%, 7() and 106 w1 | ["=0 | elmed 4 i
) states of 20°Fr measured o 17
+ Laser-assisted nuclear decay £ . p
spectroscopy performed on each state ¢ |
« Branching ratios of 205Fr and 292At | s 1
K.M. Lynch et al., Phys. Rev. C, Submitted (2015) R ke b e T B0 5600
i3 Hyperfine structure of 214Fr
E L Shortest-lived isotope (t;, = 5 ms) e .
R~ measured with laser spectroscopy on- =z _g 3 -
E line 0 T 07
- Possible due to 200 Hz repetition rate — X i
Ty, - "N, pulsed laser
0= et T G.J. Faroog-Smith et al., In preparation (2016)

14000 16000 18000 20000 22000 24000 26000
Relative Frequency {MHz}

Slide by K. Lynch
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Slides provided by Mustapha Laatiaoui (now KU Leuven)
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- Atomic Physics:

=>» Study relativistic effects and how they
influence the electronic structure

.

Nobelium
Atom

Slide:

M. Laatiaoui
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Motivation

- Atomic Physics:

=>» Study relativistic effects and how they
influence the electronic structure

=>» Provide a benchmark for atomic theories
- Nuclear Physics (via hyperfine structure
studies):
AE,..= f(4, B, I, J)

=>» Study nuclear spin coupling

=» Extraction of nuclear moments

2 Nobelium
1= B=eQ, 5—V2
I Sz Atom
- Nuclear Physics (via isotope shift

measurements):

=>» Extraction of changes in the mean . ( A4 1 Slide:
=| Av*™ - j '

re charge radii 5(r’ —
square charge rad <r AA' F M. Laatiaoui
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2-Step Resonance lonization

Rydberg states

Ay
(a)
Ay
Ground state
« Scenario (a) about 2 orders of magnitude less efficient Nobelium
compared with (b) Atom

Slide:

M. Laatiaoui
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75 -60
> | P
@ 6.0 50
~ .
> ]
o .5 -40 -
2" <
1
) _ ,D1 F30 S
o
CCD 3.0 o
= -20 <33
m - 1
:|:l -
<>2 1.5 10
() o
0.0 0 1o
Atomic ground state: [Rn]5f47s2 1S, Nobelium
. Atom
Model calculations:
1,2 (MCDF): S.Fritzsche, 4 (RCC): V.A.Dzuba et al., 6 (MCDF): P.Indelicato et al., L
Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A 90 (2014) 012504 Eur. Phys. J. D 45 (2007) 155 Slide:
: A.Borschevsky etal., 5(MCDF): Y.Liuetal, 7 (extrapolation): J.Sugar, M. Laatiaoui

Phys. Rev. A 75 (2007) 042514 Phys. Rev. A 76 (2007) 062503 J. Chem. Phys. 60 (1974) 4103



Nobelium & Lawrencium isotopes

Isotope IP T, (s) Nuclear reaction Max. production Alpha energy
on target (1/s) (MeV)
25"No 0 0.8 206Pp(48Ca,3n)**"No 0.2 8.61
252No 0 2.4 206Pp(48Ca,2n)?*2No 4 8.42
253No (9/2°) 102 207Pp(48Ca,2n)?**3No 11 8.01
254No 0 51 208pp(48Ca,2n)*>*No 17 8.10
255No (1/2*) 186 208Pp(48Ca,1n)?*°No 2 8.12
25No (1/2*) 186 209Bi(48Ca,2n)?>>Lr > EC 1 8.12
255Lr (1727 31.1 209Bjj(“8Ca,2n)2%5Lr 3.4 8.37
Slide:

M. Laatiaoui
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Setup

Fusion Products

s H I P Electric Deflector

Beam Stop

Primary Beam

Dipole Magnet

Buffer
Gas

Filament

Entrance ) — '
Window * i

PIPS-
Detector

Slide:

M. Laatiaoui

Electrode

Quadrupole Lens

Target Wheel




7)) TECHNISCHE
UNIVERSITAT
DARMSTADT

m,\ Beam on:
, A, 1- Stopping of fusion products

Radiation Detected Resonance lonization
Spectroscopy (RADRIS)

2- Accumulation on filament

Filament
Beam off:

Entrance

_ 3- Evaporation
Window

4- Two-step resonance
ionization

5- Accumulation on detector
Extraction .
> Elacirades Cycle independent:

6- Radioactive decay
detection

/ Slide:
M. Laatiaoui

PIPS -

Qai)r
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Nd-YAG: Continuum OPO: Gwu, visIR2 ( Multi-Mode Fibers
PL8050, SHG/THG BBO-OPO -

50Hz, 100mJ@ 355nm

SVOPO ~ 90 GHZ

SVDye ~ 6 GHZ

E, st sep/PUlSE > 130 pd
E)ng step/PUISE > 30000 pJd

Excimer: Lambda Dye, Lambda Physik,
Physik, LPX210i FL3001

100Hz, 200mJ@248nm
UV-Lense

Dye, Lambda Physik,
FL3002

Excimer: Lambda Dye, Lambda Physik,
Physik, EMG104MSC FL2001

100Hz, 100mJ@248nm

Dye, Lambda Physik,
FL2002

Excimer: Lambda
Physik, LPX220
100Hz, 200mJ@351nm

Slide:

M. Laatiaoui

M.Laatiaoui et al.,
Hyperfine Interact. 227 (2014) 69
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 Strong atomic transition from 'S, ground state to 'P, excited state observed.
» Saturation of signal already at energies on the order of a few uyJ/pulse

0.6 . T : . - 1.2
;_- 1.0 1 J
044 jg 0.8-
o 2 o6
© N
7; 0.2 f_é 0.4
8 g 0.2
0.0 . . . 0.0+ T T T T T
é9960 29é61 29é62 29963 0.0 0.5 10 15 2.0 25 3.0
Wavenumber (cm'1) Photon flux (10"3/pulse/cm?2)
v, (cm™) A, (s1) x108
Experiment [1] | 29,961.457(7 )t | 4.2 (2.6)gnt
IHFSCC [2] 30,100(800) 5.0
MCDF [3] 30,650(800) 2.7
[1] M. Laatiaoui et al., Nature 538 (2016) 495 Slide;

[2] A. Borschevsky et al., Phys. Rev. A 75 (2007) 042514 . .
[3] P. Indelicato et al., Eur. Phys. J. D 45, (2007) 155 M. Laatiaoui
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RADRIS Efficiency:

- Hyperfine spectroscopy on 2°3No
- Laser spectroscopy on 2°2No (o= 500 nb, T,,=2.4s):

L ess than 1 atom/s delivered to the cell

*Overall efficiency: 3.3+=1.0 %

*RADRIS applicability: T,,-range ~0.1 —200 s

12 I
é 253NO %
S °
: %
=
(4b) 4
© 252 %
5 No
3
0 LELERN | T T LA | T T LA L | . .
0.1 1 10 100 Slide:

Isotope half-life (s) M. Laatiaoui
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lonization Potential of No

a = 1.5 T T T | — T 0.4 N I'_l
o : _ .
o . | ry s
i—s 1.0 ¢ 7] 0 L =
= .
= l 03.434 23438
O -~ ]
3 0.5 * 3 _ - 1.6
E ! T TT *k
T |
é i
g 0 ) | T | r [
23,350 23,400 23 450 23,500 23,550
Wavenumber, 7, (cm™) 23,526 23,530
7, (em™)
b
] I
-~ 23,500 J
£ : L |
g 23,400 ] lonization potential
£ ] Method Ep(cm™1)
: 0.5 ' f ' ' " Experiment 524671-53757.5
- v T -
& 07 T Y Y Cl + all-orderd 54,390 + 1,100
< -0.5 1 Y
N - MCDF? 53,701 = 1,100%
15 16 7 18 19 20 |HFscce 53,489 + 800

Principal quantum number,
Extrapolation?® 53,600 + 600
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Outlook

Operating Collinear Laser Spectroscopy Setups :
@ ISOLDE (COLLAPS & CRIS)
@ Jyvaskyla
@ TRIUMF
@ MSU (BECOLA)

Under Development:

« Collinear Laser Spectroscopy @ ANL: 8B and CARIBU

» Absolute Nuclear Charge Radii from He-like and Li-like systems
» Collinear Laser Spectroscopy and polarized Nuclei @ ALTO

* Collinear Laser Spectroscopy @ RIKEN

* Collinear Laser Spectroscopy @ FAIR

Resonance lonization

« (Gas-Jet Spectroscopy (Leuven, GSI)

* RILIS & In-Source Spectroscopy @ ISOLDE

 TRILIS @ TRIUMF

« Upcoming: GISELE @ GANIL, PALIS @ RIKEN, HELIOS @ GANIL
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Remember

« Resonance lonization Spectroscopy (RIS) is an
extremely sensitive tool to study short-lived isotopes

* RIS can be applied in hot cavities, gas cells, gas jets
and on a fast atomic beam in collinear geometry

« Laser lon Sources like the RILIS provide high
efficiencies and clean beams

* Resolution and selectivity can be chosen by the
linewidth of the lasers

* Nuclear deformation has a strong impact on the
isotope shift

« The development of more and more sensitive and

accurate techniques is still continuing and new
techniques will become available in the future ... %S




