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The chart of stable nuclei
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+ the discovery of radioactivity
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% The Nobel Prize in Chemistry 1935

"in recognition of their synthesis of new radioactive elements”

80 years ago

N

Frédéric Joliot Iréne Joliot-Curie
@ 1/2 of the prize @ 1/2 of the prize
France France

Institut du Radium Institut du Radium
Paris, France Paris, France

] Curie 1, Joliot F. Artificial production of a new kind of radioactive
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+ the advent of nuclear reactors
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+ Early Isotope Separator On Line (ISOL) isotopes
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+ sensitive detection methods
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+ energy increases and driver beam upgrades
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+ thin target and projectile fragmentation — shorter lifetimes
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B ¢/p* decay

= The modern nuclear chart
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-Explaining complex nuclei from basic
constituents

-The size of the nucleus: halos and skins
-Isospin dependence of the nuclear force
-Measuring and predicting the limits of
nuclear existence

-Doubly-magic nuclei and shell structure
far from stability

-The end of Mendeleev’s table:
superheavies

-Understanding the origin of elements
-Testing the Standard Model
-Applications in materials and life
sciences



The ISOL process

Production

Extraction/lonization
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lonization
7 Transfer line
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Protons
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UG, pills Graphite sleeve

TARGET and
ION SOURCE

Post acceleration
or to Experiment

Fast, Efficient, Universal and Selective!




Factors influencing isotope production

RIB intensity Proton beam Target ——
st uA ] intensity density Diffusion and
[s1 pAl (g cm™3] effusion efficiency
1= 05 (E)F(Ex)r(x)V/, dve,,. .6,
Reaction cross Target mass [g] lonization
section [cm?] efficiency




ISOL ion source and beam requirements are very broad !

* Energy range 10 eV (10 mK) to >MeV/u
* |ntensity 0.01 — 10'%ions/s

* Selectivity, efficiency, universality!

* Particle type : ®He to 23R (Z: 2-88, N:4-144), and
molecules!

e Lifetimes: stable 2 micro seconds

* Charge state: mainly 1+ or 1-, or n+ for post
acceleration

Clearly, not all of these requirements are fulfilled by a single ion
source, we need to have many options and choose the optimal one
depending on the requested case and priorities for the beam
characteristics.



SURFACE ION SOURCE
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- J

(line) from Ta or W
%+ Heated up to 2400 °C

hot metal surface

Very simple: metal tube

lonization efficiency depends on ionization
potential (and also the plasma potential
inside the hot cavity - Saha Equation )
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Surface lonization Process:
R. Kirchner: Nucl. Instr. Meth. 186, 275 (1981)
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Production of Exotic Nuclei: Beam purity requires element selectivity

Isotope production for a 1 GeV proton beam on a lanthanum (La) target

—+— 2 He = 4 Be
1E+11 5B 6C

If we want a '*2Sn beam: « 7N =80

1E+10 —9F  ——10Ne

11 Na 12 Mg

1E+09 13 Al 14 Si

15P 16 S

) - XS 17l 18 Ar
5 1E+08 [ ‘_“‘}"t«;‘ -~ 19K 20Ca
S {1} 21Sc 22Ti
o VE+07 1IN L 23V~ 24Cr
..(_6 |' I". ( +25Mn + 26Fe
E 1E+06 FEAR S '. ——27Co 28 Ni
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» Mass separation — huge 32Cs contamlnatlon' | 43Tc e 44Ru

- Element selective ion source is essential S *MZTSO

* Note the radioactive inventory: B ae 7 <
-{Reducing isobars reduces transmission of unwanted activity! — 531 . B4Xe
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J. Lettry, V. Fedoseev (CERN)




Fighting against unwanted isobar production and ionization to obtain 78Ni

Ni+:Ga+ ratio with surface ionization only:

8As ..Gr'ela’rive
15h IP (6a)=599eV IP(Ni)=7.63eV
78Ge
sam | | LM _ @ exp[q)_Wi
78Ga B 720 0)0 kT
55 s ! @ N=50
Fission of U 8Zn| | Ga+:Ni+ >10°!
with 1 Gev 15s Need to selectively increase Ni
protons :> ’8Cu I ionization efficiency
0.34
= — And/or suppress isobar (Cu, Zn,
Z=28 ~0_';'; Ga) ionization efficiency.

~

TARGET and
ION SOURCE

ILLIEN s

BEE
ERARSSRSRNRS MMM

16



The Resonance lonization Laser lon Source

auto-ionizing state
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Photon interaction with atoms
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RESONANCE IONIZATION LASER
ION SOURCES - 2 Lectures



Energy scales and units that will be used

Wavelength, A: Sl unit =m [or um, nm or Angstrom, 1 A =101 m]
A is dependent on the (refractive index of the) medium in which the wave travels

Frequency, v: Sl unit = Hz (i.e., cycless!)  [or MHz = 10° Hz , GHz = 10° HZ]
frequency is independent of the medium

Energy, E: Sl unit =J,

BUT : It is hard to measure energy directly. Spectra are recorded as line intensities
as a function of frequency or wavelength.

The conversion to energy appears simple: E = hv = hc/A

But h is only known to 8 significant figures. Hence, it is convenient to introduce

Wavenumber, a property defined as reciprocal of the vacuum wavelength: 1
and whose units are universally quoted as cm™ (n.b. not m) ¥ = /1—

Wavenumber is directly proportional to energy, £ = /1cv and thus we commonly
quote “energies” in units of cm.



How to describe photons

It will usually be convenient to consider light as a stream of zero rest mass
particles or packages of radiation called photons with the following properties:

Max Planck

Energy, E= hv (1855-1947)

in which h is Planck’s constant, h = 6.626 x 1034 Js

Linear momentum, p = E/c = hv/c = h/A (de Broglie)
Louis de Broglie

(1892-1987)
(spin) Angular momentum equivalent to a quantum number of 1:

=2h

n.b., 1) photons are Bosons (i.e., obey Bose-Einstein statistics)

Jj.=1 1e, ‘ Jo

2) photons have helicity (projection of angular momentum on the
direction of travel) of +1 only (i.e., not 0)



A Prelude to Atomic Spectroscopy

17t Century: Newton demonstrates that the Sun’s white light can be dispersed into a
“spectrum” of colours

19t Century (1814) J. Fraunhofer measures
dark lines in the Sun’s spectrum.

1859: Kirchhoff & Bunsen explain the dark
lines in the solar spectrum in terms of
absorption by elements in the Sun’s surface.
1885: J. Balmer describes the series of lines

atomic hydrogen. Egz

N=2 ////
This discrete structure required quantum Balmer Series
mechanics and Neils Bohr (1913)

N=1 7,

Lyman Series



The atomic line spectra is an element’s fingerprint

Electron transitions between energy

levels result in emission or
absorption lines.

The spectral position of these lines
are determined by the structure of
the atom.

Every chemical element therefore
has its own unique spectral
fingerprint.

Example: In astronomy the
chemical composition of an
astronomical object is determined
by observing its absorption or
emission spectrum.

The spectral lines are not absolutely
monochromatic! They are actually
an intensity distribution around a
specific central wavelength. The
width of this intensity distribution is
the ‘line-width’ of the transition.

This line-width depends various
factors that will be discussed.

ionization

level 5
level 4 Y Y v

level 3 : s
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Emission spectrum of Hydrogen
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Absorption spectrum of Hydrogen
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applets/production_of_emission_line.htm

The atomic line spectra is an element’s fingerprint
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Higher Resolution

* By increasing the resolution by a factor of
~5000 a fine structure splitting of the hydrogen'is
observed: key evidence for the spin of the electron.

*A further factor of 1000 zoom into the structure
reveals finer splitting due to the coupling of the
nucleus with the electronic orbital: the hyperfine
structure.

*The splitting of the hyperfine structure results from re - —

the presence of a permanent magnetic field associated ~1/2 T o |
with the nucleus and/or a non-symmetric electric field associated with a deformed
nuclear charge distribution.

F=J+]

QA P : Note — Relevant for part 5 of this course:
% If we can measure the splitting of the atomic
transitions with sufficient resolution it is
possible to deduce the nuclear observables

(magnetic and electric moments, spin and size)
without any model (nuclear) dependence.




Atomic Energy Scales

ultraviolet visible infrared
c
2 gross
—g structure ‘ ‘ ‘ ‘
3 i > 2
© fine A
° structure ‘
@ A > A
2 AN
5 hyperfine AN
S structure H ‘ ‘
= > 2
Energy scale Energy (eV) Effects
Gross structure 1-10 electron-nuclear
attraction
Electron kinetic energy
Electron-electron
repulsion
Fine structure 0.001-0.01 Spin-orbit interaction
Relativistic corrections
Hyperfine structure 106-10° Nuclear interactions




How can a photon affect the electron configuration?

* The emission or absorption of a photon is the principal means by which an
electron in an atom can increase or decrease its energy

* Anatom with all its electrons in the lowest energy configuration

is said to be in the ground state.

* Any other electron configuration is an excited state of the atom.

* What factors determine the energy of the excited state in an atom?

Nuclear charge (coulomb): potential energy: inversely proportional to distance from nucleus

- Principal quantum number, n (1, 2, 3....)

Electron-electron interactions = (spin alignment s=+1/2; multiplicity: 25+1)

Electron orbital angular momentum - L (labelled, S, P, D, F for 0,1,2,3)

Spin-orbit interaction: electron spin/induced magnetic field interaction

—Total (orbital + spin) angular momentum quantum number, J = L+S

e How can an electron move between states?

Increasing or decreasing the energy of a given electron
requires the absorption or the emission of a photon

Energy can only be increased or decreased in discrete
amounts which match the energy differences between
one electron state (state = combination of the factors
listed above) and the next.

Not all transitions between electron states are
possible through the emission of a single photon,
some transitions are more likely than others and some
are forbidden altogether (conservation of momentum)

A this electron

gains enough
energy to
o escape the
ionization atom.
level 1 13.6¢eV
level 4 12.8eV
level 3 12.1eV
A
level 2 A 10.2eV
exactly falling from
10.2eV level 2 to
allows level 1 requires
electron | electron | glectron | electron to
cannot | cannot | to jump give up10.2 eV
accept accept to level 2
level 1 2.6V 11 eV OeV
(ground

state)



Describing an electronic energy level
- The Term Symbol for LS coupling

=0,1,2,3 momentum
\ (coupling of L and S)/
1 Antiparallel 1
P P,
1s 2p
3
PZ
3 P Parallel
3
Pl
3p
. . O .
Electron Electronic spin Magnetic

. . Correlation 25+1
configuration

Different L, S combinations

s

Multiplicity = 25+1

L, total orbital P

angular momentum

S,P,D,F J=total angular

2

coupling of Land S

Spin-Orbit coupling, unique J



Selection rules for atomic transitions

Wolfgang Demtroder

Atoms, Molecules

It is not enough to ensure only energy conservation: hod PLiotons

An Introduction to
Atomic-, Molecular- and
Quantum Physics

* Conservation of angular momentum
 Obey symmetry rules.

&) Springer

The origins of the selection rules are described in most atomic physics textbooks

Singlet | Triplet

I Al = £1 Strictly valid

1 1 1 3 3 3
S P D 1 S P D for one-electron systems
ﬁ\oosing a strong transition from Iiterature:\ AL = +1 Gerade levels are
2 for multi electron systems solely combined with
S l.,l / A with L-S-coupling ungerade levels
lk AM =0, £1 AM = 0: linear
- A good guide is the quoted A, -value polarized hght+ -
- For saturated transitions, AM = £l: 0 or o
. L . circularly polarized light
consider the statistical weights: : :
number of magnetic substates, m, : (2J + 1)/ A5 =0 Valid for light atoms.
~—— . - Exceptions for heavy
AJ=0 E III /’ | A A atoms with large spin-
: ; ol AS?% 1 | orbit coupling (weak
L[ ol I : Intercombination
| H /’ ! lines)
vl s I
Vi : AJ =0,£1 J=0—>J=0
iy~ Ny is forbidden
15’ Forbidden Allowed




Laser ion source — using this fingerprint for selective ionization

80645 cm!
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Rare isotope production methods compatible with laser ion sources

Electromagnetic

Thick Target
5 ISOL separator
lonizer
Primary lon
Beam ‘. d Low-energy
Light ion 60keV ngh—quallty
(1.4GeV Chemistry
.. t/ ~'ms
pmtons) Limits clhzemical properties
In-Flight Fragmentation (GSI)
. Electromagnetic
. Thin target Separator
Prlmary Gas Catcher
Beam .+neutralization Low energy
1 GeV ion source -
ev/u High-quality
heavy ion N
1 GeV/u Limits  v2 HS

Low intensitie:



3) History of the laser ion source

RESONANCE IONIZATION LASER
ION SOURCES - 2 Lectures



Early proposals: 1984

PROPOSAL
of the Institute of Spectroscopy, Acad.Sci. USSR
for experiments with ISOLDE-CERN Facility

(V. S. Letokhov and V. I. Mishin)

LASER PHOTOIONIZATION PULSED SOURCE OF
RADIOACTIVE ATOMS

I. Purpose The development of a pulsed isobar-selective
effective source of ions at the mass-separator inlet on

the basis of the method of laser resonant atomic photoioni-

zation.
AN
\'}“’ v., 3= pulsed
’
: : AV;3)3 = dem™
isolator radioisotops '_/
o from taget \

ions

to set-up for collinear-beam
@ laser photoionization spectroscopy
or another applications

1984 :
On-line in 1985 and beyond

T ~ 200ns A workshop on the
i v g, ISOLDE programme
- generator rapetition rate = 10" pps g
S

pnlses from
Cu - laser



Early proposals: 1988

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN/ISOLDE
IP 50

PROPOSAL TQ THE ISOLDE COMMITTEE

DEVELOPMENT OF A LASER ION SOURCE

F. hmes;_E. nfnold{'H.J. Kluge, Y.A. Kudryavtsev,
V.5. ' Letokhov, 'V.I. Mishin, E.W. Otten, H. Ravn,
o /'W. Ruster, S. Sundell and K. Wendt

% ’'University of Mainz, F.R.G.,
. Institute.of Spectroscopy. Troitzk, USSR
-andiphe;ISOLDE_Collaboration, CERN, Switzerland -

Spokesman: K. Wendt
Contactman: E. Arnold

SUMMARY

Test experiments at Troitzk and Mainz have demonstrated
the feasibility of step-wise multi-photon excitation and
final ionisation by pulsed lasers as a selective and
efficient tool for the production of isobarically pure ion
beams. The development of a new type of ion source based on
this concept is ' proposed. In combination with existing
targets, this will open up the way to a further extension in
respect to purity and availability for a number of elements
at on-line mass separator facilities. The collaboration
proposes to use the CERN-ISOLDE off-line separator for
tests of appropriate target ion source configurations with
respect to efficiency and purity. After succesful
development the laser ion source shall be installed as an
additional facility at the IS-3 separator.

Cu-Vapour-Laser’

Ionisation.
Chamber

—O ['o Sm—
Extraction Yoltage

" Healshield

/

Extraction Hole

1
s R e | Leser Beam

Yapor izalien Chamber

L 4 . Hetal Endcapa
\ / N\
Healing Wires Insciater



lonization in a hot metal cavity

Nuclear Instruments and Methods in Physics Research A306 (1991) 400-402

Application of a high efficiency selective laser ion source

at the IRIS facility

G.D. Alkhazov, L.Kh. Batist, A.A. Bykov, V.D. Vitman, V.S. Letokhov ',

V.I. Mishin®, V.N. Panteleyev. S.K. Sekatsky ' and V.N. Fedoseyev '
Leningrad Nuclear Physics Institute, Academy of Sciences of the USSR, Gaiching, Lemingrad district 188350, USSR

Received 6 December 1990 and 1n revised form 25 March 1991

HOT CAVITY

Demonstrated:

Yb, Nd, Ho - off-line

Ho

- on-line

EXTRACTION
ELECTRODE

ION
BEAM

Nuclear Instruments and Methods in Physics Research B73 (1993) 550-560

Chemically selective laser ion-source for the CERN-ISOLDE on-line
mass separator facility

V.I Mishin !, V.N. Fedeseyev !, H.-I. Kluge 2, V.S. Letokhov ', H.L. Ravn ?, F. Scheerer 2,
Y. Shirakabe *, S. Sundell 3, O. Tengblad * and the ISOLDE Collaboration
PPE Division, CERN, Geneva, Switzerland

Received 26 November 1992
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RILIS at ISOLDE-PSB

lon beam lines

Laser system

¢4;.

Proton

beam Extraction

Electrode

7 60 kV

Laser
beams

lonizer

Target - lon Source Unit

CVL lasers: v,=11.000 Hz
Oscillator + 2 amplifiers

2-3 dye lasers with amplifiers,
nonlinear crystals BBO:




Resonance lonization Laser lon Sources Worldwide

TRILIS ISTF2 iy
ISAC/TRIUMF HRIB/ORNL [l
— ——————

RISIKO TRIGA-LIS

LISOL
' CRCLLN IfP/UMz -t KCh/UMz

Laser type Operation Source type

Slide: S. Rothe



temperature

geometry
i) laser/atom interaction region

interaction time

Power
i) Deﬁning laser requirements

Repetition rate

4) Case example: Building a laser ion

source at ISOLDE Beam quality

Tuning range

Linewidth

iii) Suitable laser types Dye laser

RESONANCE IONIZATION LASER
ION SOURCES - 2 Lectures Ti:Sa
Pump lasers

Harmonic generation

Transport

iV) Laser beam delivery Measurement

Maintenance



Building a laser lon source at an ISOL facility such as ISOLDE

Requested features:

Target i U n ive rsa |

high-current
connection

e Selective
e Efficient
* Reliable

* Fast
What is the optimal
laser ion source
configuration for
ISOLDE?

TARGET




The ISOLDE Laboratory

. '
Lk ~ CIassARadiation area
Fairly inaccessible o ""‘fffj ,,,,,,,,
due to high radiation levels N ~0)
\\g‘ V!
7'
Target area ////1'\
5 \
Separator magnets %’m = N Tty 1.4 GeV
"N N e protons

(D

Control room

New hall extension Experimental hall



What are we trying to achieve:

Production

1GeVp

Extraction/lonization

-
o Nb cavity
lonization
7 Transfer line
. 8y
Effusion o‘
W -
Protons -
— R T
UG, pills Graphite sleeve

TARGET and
ION SOURCE

Post acceleration
or to Experiment

Fast, Efficient, Universal and Selective!




What are the considerations based on what we already know about
the laser ionization principle and the ISOLDE target/ion source unit:

Harsh radiation environment (Mgray!) > Simplicity near target unit
High efficiency > Good geometric and temporal laser/atom overlap
Exotic, short lived isotopes —> Fast — no delay w.r.t standard ion source
Universality > Applicable to many elements

Reliability and stability ——— Ability to maintain optimal laser conditions for long periods

Selectivity > High purity ion beam, no isobars

® 60 kV
\

The hot surface ion
source cavity

- A good laser /atom
interaction region?

HOT CAVITY

TARGET



The Hot Cavity Laser lon Source

€= lonisation

EﬁlCIenCy I:)Ionisation + I:>Effusion

¢ 60 kV

Lasers located

~ 18 m away HOT CAVITY

AN

TARGET

€laser = 2% - 30%
Selaciiy = Laser lonization Efficiency .y _ alkalies
Surface lonization Efficiency Ecurface{ =0.1% 2% - In, Ga, Ba,
lanthanides
=> depends on the ionization potentials of isobar atoms < 0.1% - others




Features of the hot cavity that influence the application of RILIS:

¢ 60 kV

|

HOT CAVITY

TARGET

Effusion time

High temperature

Electron emission

Surface ionization

- Laser repetition rate

- Laser linewidth
atomic transitions

- Extraction efficiency

- Selectivity

Chemistry dependant : wall sticking is greater for less volatile elements but typical
effusion times through the hot cavity is 100-200 ps

Thermal population of low lying
excited atomic states

Surface ionization

Doppler broadening

t \

— \,

\ N; oc exp[—E; /kgT |

3N,
\

\

N\
=k

Population —



Broadening mechanisms: Natural Linewidth

Determined by the spontaneous emission lifetime of the state

(CIassicaI analogy: treat the excited )
electron as a damped harmonic oscillator

Xo e

Uncertainty principle:

h

DEDt = —

Natural linewidth has Lorentzian shape:

212 1

J=2n

{1 + [AmT(v — VD)]Z}

2

\_

Na D-line 3P1/2 = 3S1/2 transition with a sponteneous emission lifetime of 16 ns

Natural linewidth, d =10 ° 1162 » 10 MHz

1641

J

Lo,
2 FT par |
1 jt |A(m)| 1 |'II
| FWHM = /2 —_
054 Y fff o II"R
Y
Lorentzian /e “\\
f N - -
Wy e o —_
\ ) -I;”'-I4”'|2 """ 2I=I16
4 EXAMPLE )



Doppler broadening

[When an atom is in thermal motion we get\
Doppler broadening. An atomic vapour has a
Maxwell-Boltzmann distribution of velocities:

2
P(v,) o< exp (_mvx/zk'r)
\_

J

I(v),

Overall response

h

Individual atomic
responses

vV, Vg V2 V3

|

L
] -

Ovp s proportional to v, T2 mL/2

/ The velocity of the atoms Doppler shifts the\
absorption frequency to:

vx
U =V, (1 T —)
C
The velocity spread therefore leads to a broadening:

A Av
Un = Uy —
k D 0 c /
/The result is a Gaussian distribution with \

FWHM = \/BkT n2) v,

0]

\an =7.16 40 "N /T/m (HZ)/

-

EXAMPLE )
Na (m = 23g/mol) D-line 3P1/2 - 351/2 transition with a sponteneous emission lifetime of 16 ns;
A=589.1nm; T=>500K; 6v,=10 MHz
an, =7.16407 Xc/(539.140°°) %/500/23 =1.7 GHz ,

The Doppler broadening is often comparable to or greater than HFS or IS effects!



FWHM |GHz|

Pressure or collisional broadening: Hot cavity vs Gas cell

Collision partner

At high pressure both elastic and inelastic collisions occur
Phase changes energy loss (damping)
Frequency shift dv;  Shorter lifetime
Broadening, 6v,

Atomic
Transition

Na:

Pressure [mbar] 4 =589.6nm

0 30 100 150 2000 250 300 350 400 450 500
AL A R A A L L e e

244 nm Cu transition

_ Doppler broadening
Hot cavity

(2000 - 2500 K)

Pressure broadening

\

Gasicell lonization outside the gas cell:

‘W Expanding gas Resolution in gas jet
E : jetis cold and limited by laser
= £ (300 K) : has low pressure e e

IIIIIIIIIIIIIIIIMIIIIII

I|III||IIII|IIIIYIIIIiIIII

500 1000 1500 2000 2500 3000

=
=

Temperature [K]



non-resonant excitation of lonization rate vs loss

ionization auto-ionizing states rate > rate equation
—Lionization
~6 eV potential
(5-9 eV) -F
o; ~ 1017 cm? o, ~ 1015 cm? Gion
higher
excited
states Metastable state (long lived)
A1,
o | first - For 100% ionization of the irradiated atoms, the FLUX (1)
(@) . 0o . .
o e?ct'ted " and FLUENCE (2) conditions, which are derived from the
State . . ang
® rate equations for the optical transition, must be met:
~ -12 2
or ~ 107" cm @ Oon'F» ﬂ —» ionization rate » loss rate
i g, . o>l number of ionized atoms per
lon” P > laser interaction time (pulse)
O|on  iONization cross section (non-resonant) (cm?)
What do these conditions mean b loss rates to (metastable) states etc, state dependent
for the laser power for a non F photon flux (cm2 s) (photons per unit area per second)
resonant ionization step? Q Fluence = Flux x interaction time) (photons per unit area )

typical values:

o. —»101 2 . .. ;
ion 10="cm For simplicity and to have a safe margin lets assume a

P —>10° st laser beam area of 10 mm?2 and a photon energy of 3 eV.



Count rate (ions/s)

3 eV photons

From (1): Flux F >> 102* cm2s
— # photons required >> 10%% /s

(2.33 eV =532 nm)
>> 5000 W

But with a pulsed laser system:
Typical pulse length is 10 ns.

But with the limited laser
interaction time Fluence (2)

condition becomes more difficult

Ex.: Ag ionization

8000

6000 +

4000+

2000 +

Step 1: 328.1624 nm

P =1.7(4) mW
sat

9 v\
'S N
N
T T T T T TN T T
0 4 6 8 10 12 ¥4 16 18
Power (mW) - ~

N

8000 +

Count rate (ions/s)

N

6000 +

4000+

N
o
o
o

>

>> 50 pl/pulse

No problem !!

>5 ml/pulse

(>50 W at 10kHz!)

Unsaturated

o

Step 3 (511 nm)

10000

Impossible with CW laser !!

8000

I
: 6000

4000 +

0 2 4 6 8 10 12
Power (W)

\P 61106.45| 07

6d °Dy, 54213.60

-
6s°S,, | 4255615

S

14 2000

Count rate (ions/s)

Step 2: 421.2142 nm

P_ =10(6) mW

-0 20 40 60 80
- Power (mW)

421.2142 B
 (0381) \- = /8275789 (-0.178)
N\
5p P, 30472.71
S A
~

S [328.1624 (-0.050)
[Kr] 40" 5s °S,,

0

100 120 140



How does the degree of saturation influence the efficiency or required precision of laser tuning ?

0.5 . - . . . !
— 0.1
Resonant saturation parameter: 0.4 1 S i
— 5 0
Sq=1/1
0 /sat Thc 0.3 10
Isat - 3/131_ P

For Doppler free laser spectroscopy
(Lecture by J. Billowes):
Saturation/efficiency trade off

For RILIS efficiency in Hot Cavity or Gas cell: ®S7T——————————
Saturation is preferred 0. _e---" 7777 ]
(unless we aim for isomer separation — later) | o
Fa
0.3 / .
'
b !
= 0.2 ¢ .
!
!
0.1 1 1
I
1
u-u T T T T T T T T T T T T T T T T T T T T

Resonant saturation parameter SD

3

4

5

6

7

8

9

10




So we now understand that for efficient laser ionization we need pulsed, tunable
lasers, preferably with Al or Rydberg ionization, and that each transition should
be “saturated’’. The duty cycle is also something to bear in mind.

However, for a laser ion source the ionization efficiency is not the only important
requirement, what about the optical selectivity? This is defined as the ratio of the

probability of exciting the selected isotope to the probability of exciting other
isotopes or elements.

1

Excitation probability of an atom in a laser beam whose P o
frequency is tuned near resonance:

F2
2 4 —
5+4

When the laser is in resonance with a selected isotope and A>>T,

2
S~4 X — (Ais the atomic resonance difference between isotope of
interest and a ““contaminating’” isotope/element).

eg. Mg isotopes, I ¥6 MHz, A ~100 MHz (neighbouring isotopes): S ~1000
A ~10%° Hz (Mg to Ca): S ~10%/ 11
and multi-step excitation: $=5, - S,... - S,. But in reality S is less due to broadening ®



Summary of laser parameters that are required:

Difficult to saturate transitions, especially ionization step
- pulsed lasers with high energy per pulse (m)).

Broadening in hot cavity

- laser linewidth to match broadening for resonant transitions (1-10 GHz)
Finite residence time of atoms (~100 us)

- High repetition rate (> 10kHz)

Large range of elements required

- broad wavelength tuning range

Multi step ionization

- > 2 tunable lasers required

Heavy reliance on laser ion source and large demand

- Reliability and flexibility, ease of use for quick element switching

Long distance of transmission of beams and inaccessible areas
— good beam quality, broadband optics, reference points, monitoring



What laser types meet these requirements
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Ti:Sapphire laser

e Optically active componentis Ti3*

e Host solid is sapphire (Al,0,)

e Tiinteracts with solid so the E,, E; broadened significantly.
The atoms in the solid vibrate and interact with the Ti atoms.
e @Gain bandwidth huge (100 THz): this enables either:

- tunable laser (if you add frequency selective elements)

- ultra short pulse laser (uncertainty principle)

’EFlectronic lev
Ti:Sapphire Absorption/Emission Spectra

Vibronic levels 1.0 i
5 Absorption 'Emission
2 i
z R 11
@ o &
§ LR -
o5 3
2 2 13
T, = Fi 1
m - -
- '-,.»;. M
o v S VY‘J;.'L_A
! 400 500 600 700 800 900 1000

Wavelength (Nanometers)
Figure 1



Dye laser

il

. Triplet absorption
Rhodamine 6G “" foan sockuplaser
= emission)
Excited statelS,) —— . Rodiotioniess
decay —_—
=
2
5 Laser Alternative path through
3 emission triplet states (not a loser
w transition)
Ground state(Sq) p— g Rodiationless
— p decoy
Singlet Triplel
states states

Diffraction grating as a laser cavity mirror:
Reflection maxima on axis with cavity is wavelength dependent = wavelength selective oscillation

d sinf,,, = mA

DIFFRACTION OUTPUT COUPLER

GRATING



Comparing dye and Ti:Sa lasers

Dye Ti:Sa
S > 19 different dyes =1 Ti:sapphire crystal &)
liquid (org. solvents) solid-state @
Tuning range 540 -850 nm 680 — 980 nm
Power <12 W @ <5W
Pulse duration ~8 ns © ~50 ns
Synchronization optical delay lines g-switch, pump power @
# of schemes developed 47 © 37
Maintenance renew dye solutions ~ none @
2000+ T T T
1001 | | Dyell MENEEE
S 50 L Tis. N
=20 wmmaoe | E
g 10f | NN, qicl 9
S o5 i i ] g
8 0.2 ol oy 5 .

0.1 4xTi:sa

200 300 400 500 600 700 800 900  » (nm) >0 600 650 700 750 800 850 900 950
Harmonic generation in birefringent crystals: 40 0 -
Due to nonlinear response of materials to high EM field of focused lasers LK “'a-




Multiple harmg Ralf Menzel

Most first excited steps req
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Multiple harmonic generation — Practicalities for a RILIS use.

Many non-linear materials exist with greatly varying physical and optical properties.

i i Issues to consider
(" Material requirements ) ( Good options \ / \

* Low absorption at
required wavelengths

* High damage threshold
(GW cm?)

* High non-linearity
coefficient, d .

* Phase matching at room

\_ temperature

beta'baéian(")'bmate * Efficiency (<20 %)
bismuth borate » Dispersion—>Walk-off
BiBO * Elliptical beam output
lithium triborate * Beam transport
\ LBO J \° Care of optics /

X
|LZ
y

J
Optical Third
Diel.ectric axis harmonic
o mirror o 20 wave
1 Vy vy L/ P
} 1 7
Fundamental 3o
wave BBO
crystal
(Type I)
Tunable .
M2 plate Fundamental beam and 2" harmonic have
2C0/' I t ,ﬂ orthogonal polarization
< } . . L
Second m For 3" harmonic generation, equal polarization
harmonic

wave

Dielectric gnd independent control is needed for each input beam

mirror



Frequency conversion unit — Mainz University design GUTENRERG

LARISSA

Output Doubled - blue

=15% (of 2w)

Telescope red Output Tripled - UV

=30%

Lens blue Output

Quadrupled
- FUV

BBO 1

BBO 3

Cylindrical
Lens blue

Cylindrical lens telescope is required:
~370 mm

<
< >

~105 mm

'\

f=70 f=-35 f=300

For short wavelengths (<240nm) try to avoid small spot sizes on optics : Negative lens




Sirah Dye laser —an example of a modern commercial dye laser

i SR o s o S
» S, ol 20l S SR
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& S @a"‘ @\5"
5 ol & R & &
5’5 3§ )\9&, ]&’ & )@a
b=
&
5
: /
8
&
550 600 650 700 750 800 850 S00
Wavelength / nm

*Optimized for 10 kHz EdgeWave pump

*Accept both 355 and 532 pumping
beams

*Equipped with FCU (up to 2W of UV)

“Upgrade of the RILIS at ISOLDE: New lasers and new ion beams”
V. Fedosseev et al: Rev. Sci. Instrum. 83, 02A903 (2012)
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“A complementary laser system for ISOLDE RILIS”

S Rothe et al: Journal of Physics: Conference Series 312 (2011) 052020

SP4444
SP0000
- SP1000
- SP1111

SP1110

The RILIS Ti:Sa lasers

Pump laser: Nd:YAG (532 nm),
Photonics

Repetition rate: 10 kHz

Pulse length: 180 ns

Power: 60 W

Ti:Sa lasers:
Line width: 5 GHz
Pulse length: 30-50 ns

Wavelength tuning range (6 mirror sets):

Fundamental () 690-940nm (5W)
2"d harmonic (2) 345-470 nm (1 W)
39 harmonic (3m) 230- 210 nm (120 mW)
4% harmonic (4®) 205 -235nm (120 mW)

12%4 9




Dual RILIS Concept

== A — meter ]

10 kHz
Master clock

“a Narrowband Dye il = == O
RILIS Dye Laser System

Delay
generator \ —

RILIS Ti:Sa Laser System

lon Source

Faraday cup...

A — meter

LabVIEW based DAQ pA — meter




Practical issues for beam transport

® Up to 4 laser beams to transport to the target (through bending magnet of mass
separator)
® 2 different targets located ~20m away through considerable concrete shielding
® Air flow / temperature changes
® No access to mass separator or target area
® Small laser interaction region (3mm) — tube diameter
® Timing issues — optical delay lines
P
INACCESSIBLE o §7 _______________ Mo
ZONE i A
s, < A
Broadband optics — = A
b
Quartz plate A o5
/7 =.'-:1<‘.'11'
\V AN Upgraded HRS launch system for ISOLDE
s . :
I ; [~ N, RILIS TABLE RILIS (PhD thesis of S. Rothe)
| o 1%2%19c
Quartz window o




The actual ISOLDE RILIS setup

6 tunable lasers + 50 W @ 532 nm for ionization step, 10 kHz rep rate
Nd: YAG pumping dye or Ti:Sa lasers, with possibility of doubling to quadrupling

e &

Atomic physics: Used to determine ionization schemes and I.P of chemical
elements with no stable isotopes (e.g. polonium, astatine)

® Nuclear physics: laser spectroscopy -> electromagnetic ground state properties

: Nd:YAG laser for dye _
Eye Iasgrs with 2”"" oumping or non 3 Ti:Sa lasers
armonic generation S
) ) Narrow band dye laser resonant ionization
and UV pumping c”ptl-on - Harmonic

- for high resoluthn Nd:YAG pump laser
Dye laser 3 H[PBE LR Ol el for the Ti:Sa lasers

harmonic generator selectivity 5

generation unit
for Ti:Sa system

!l =
- L

=




Arranging the Ti:Sas alongside the dye lasers

Finding space for pump laser +
3 Ti:Sa + FCUs

Frequency conversion unit

Edgewave










Available elements so far

i Periodic Table of RILIS Elements e
L ‘N | 0| F|Ne
| 15|F” 16S 17CI 18Ar

33As 34$e 3sBr SsKr
In ['sn) b [Te |1 |%e
| 81TI27.. Rn
ﬁutt Ejuq Ejup ﬁuh ﬂlus 1ﬂu@

69 71
101 102 103
Md | No H Lr
from ISOLDE target

19919

o[ [ [ e

[[]Ti:Sa and Dye schemes tested Released
[[]Feasible Not released

[ ]Dye schemes tested
[ Ti:Sa schemes tested




Recent RILIS operation

Ti:Sa involvement

—
i -
—
i
i
o
(o]
o
2
e
©
| .
(J]
Q.
(o)
2]
—
o

Sm Ga Mg At Pb Dy Nd Pr Ag TI Cd Mn Ni Dy Yb Zn
* % Kk Kk k X *x X

lon beams of 16 elements were produced during 2011 :
2573 h for on-line experiments
Ti:Sa system used already with 9 elements

Some additional tests only feasible because of the ‘spare’ laser system

Significant Ti:Sa use despite 1%t year of operation and still in
‘implementation/testing phase’

19%14 9




Modes of RILIS operation: Dual RILIS

Condition for dual operation: Temporal synchronization of the two laser systems

Mixed mode
Combination of dye
and Ti:Sa

Ti:Sa only mode
50 W Nd:YAG laser available
for non-resonant ionization

Backup mode
dye and Ti:Sa are
exchangeable

Ni

Pr Tl Yb Ag At cd
AL,
i Wi -1
. 3 B B . | - [~ "52638.05 ow
44142.7 cu —_ 492659 o 50443.5 cn —_ E1106.2 —_ 75128 eni —_ 72539.9 cw —_ 75760.3 i —_— 61620 cm —
532 nm
18796 .092 en-l 532 rm 510.6 nm 745.2 nn
-1 532 rm -1 -1
532 nm 532 rm 532 nm 54213.6 cn — _1 18796992 cm 19584802 cm 1336541 cu-t
16796.992 ot 15796992 oot 16796.5952 ot 18796.952 cm »
' 59219.8 on — 62458 .6 ci — 493376 ot
-1
1 -1 574571 ci —
32760.8 cn — 6117.9 o 37414.59 cmi — L 644,025 636.41 nn
. 421,214 rm 915,457 rm Pt 15713 447 om-t att 75
23740.59 on~t 10923.5 cn-t D A= 4,6526407 57! o
899,996 rm A = 1.5e308 -1 A= 3167 5 ,, ' 16353.23 cnt
11111.16 ot de2e3 60 on T 43692.47 ot 6745413 cni A = 2.7e6 &1
32973 .41 oot
2164964 ot 3047274 et
276.871 rm 267.275
i 37414.59 cnt
36117.9 cm b= 2.37207 ot 216.293 228.872 213,529 20547
461,501 rm 328.162 rm 4623364 et 43652.47 ont d6740.413 et 32763.62 ol
21642.64 on-t 30472.71 ont A= 9.2e8 57t A= 7039405 B = o7 &t
A = 6.496e6 57! A = 1.380ev05 571
20479 onit
= o onh — o ok o ot o ok

o ot 0 o

O o o ot

Increased efficiency due to higher laser power or opt
® Improved reliability due to redundancy / backup

® More elements are accessible due to greater tuning range/scheme database

imal scheme

12%4 9




RILIS status monitoring

Essential RILIS parameters are published to a Labview DSM.
All values are accessible from the CERN technical network
RILIS monitor display is published to a website for remote monitoring

=l g RILIS_Status_Viewer_powerfromwavemeter.vi

Power
Wavelength
Proton current
Reference beam

File Edit Miew Project Operate Tools Window Help

| @[ @[n]

TRETES

Credoto e
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10923,1158 15527.234 14564, 12

NATIONAL INSTRUMENTS

LabVIEW

-

28/04/2012
10:53:27

https://riliselements.web.cern.ch/
riliselements/LASERS/



https://riliselements.web.cern.ch/riliselements/LASERS/

Beam monitoring and stabilization

Stabilization of high and low frequency beam fluctuatlons essential for ON-CALL RILIS
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L/\fNET Prize winner: S Rothe PhD Thesis and Publication to Naturne Comms.



RESONANCE IONIZATION LASER
ION SOURCES - 2 Lectures

Data sources

Spectroscopy
5) Scheme development

Saturation

Efficiency



lonization scheme development
What are our options for ionization schemes?

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

o; ~ 1015 cm? t

lionization
~6 eV | potential
(5-9 eV)

o; ~ 1017 cm?
higher excited
states

R.L. Kurucz' CD-ROM 23 Atomic Line Database :
§ http://www.pmp.uni-hannover.de/cgi-
S first 200001 N .
cT) excited E1 §§ bin/ssi/test/kurucz/sekur.html
c | state ]
o =
< N
&
ORr ~ 10'12cm?2 & 100004 N\
5 N
@ N
Y
ground A §§§§ \
OeV=T state Eo §§§
0
200 400 600 800 1000 1200

Wavelength (nm)


http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html

Auto-ionizing states — simplified concept

Li

3 electrons: G.S 1s22s

E, eV

8.0 1s2p3p
IlLP: 54eV bbb

1.85 F—x— 1s22p

1s22s v

Decay from the AIS is either by photon emission or by electron-electron energy transfer
via the coulomb interaction: more likely if the 2 electrons share similar shaped orbits (temporal
overlap) and if the energy transfer does not have to be to a discrete state - continuum

Extra loss channel = reduced lifetime of state = broader resonance



How to develop an ionization scheme

e Literature Search

On-line atomic spectral line databases, published spectroscopy work.
R.L. Kurucz' CD-ROM 23 Atomic Line Database : http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html

NIST atomic spectral line database : http://www.nist.gov/pml/data/asd.cfm

* In-source resonance ionization spectroscopy
Laser frequency scans across regions of interest whilst

observing the ion current as the sample is E- 1 Laser onized J

!

evaporated in the target or oven.

103 E-- ;! Surface ionized _

F-- —— Targetcurrent =

e Saturation measurements
Determine whether or not efficiency gains can be

achieved from an increase of power. (e.g by
optimizing the distribution of the CVL pump power).

lon ewsrgntdnigarationrivAh

* Efficiency measurement
Total evaporation of the sample (of known mass)
and integration of the ion current.

1 week for a simple case

2 weeks for AlS search

Vv ‘ualino Buneay 1061e |


http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.nist.gov/pml/data/asd.cfm
http://www.nist.gov/pml/data/asd.cfm

Case Exam ple: Finding a new Au lonization scheme for ISOLDE RILIS using the CVL pumped Dye laser

1) We know that the ionization potentialis 9.23 eV or 74408.88 cm !
(this corresponds to the energy of 134 nm photonl)
- -1
90000 cm 2) We have a pump laser with both 511 nm or output:
- Choose 511nm (highest photon energy) — 19570 cm-!
- Any excited state higher than 74409- 19750 = 54659 cm' will be within
10 eV—t. 80000 reach of the ionization potential (~ 1 x 182 nm photon). Therefore Min 3

|, steps are required.
LULLLLLLLLLLLL L L

BN C v~ Vi i~ AlAadtAala nan FAar 18 Adar dean it A n A
9 -
il
8 = Population of Ga energy levels at T= 2300K
b
7 =
ferm E,cm-1 e BKT Population
]
"
6 -
Asz4p P, ,, 2 0 2 45.6%
5
As24p 2P,,, 4 826 2.385860659 54.4%
4 ! Configure your search:
—3000 | , e
Wl / nm  Wal Wavelength in nm (vacuum wavelength below 200 nm, air wavelength above): lonfig. Ref.
vac<200nm<air / ipper
3 """""""""""" Lower limit: 200.0 nm Upper limit: 500 nm  TTTTTTTTTTTTTTT
- 201.2061 4 5p *16 CB
202.1364 4 — ol . 1 5p *15 CB
Absorption oscillator strength log gf:
— 20000 Eah B o
238.77 L. . 5p %8
2 - 26759 nm 542.7944 4 Minimum log gf: -4.0 Maximum log gf: 4.0 NS HL
264.1482 3 L 5p %6 cB
267.5937 3| Energy of lower level of transition in cm™(-1): 3 %2p HL
270.0894 3 [ [ 5p *5 cB
= 10000 i 10 274.8251 3 Lower limit: 0.0 cm”(=1) Upper limit: 10000 cm® (=1} s5p *4 cB
1 - 1% 302.9205 3 5p *3 CcB
312.2783 3| Energy of upper level of transition in cm™(-1): > *2P HL
Lower limit: 0.0 cm”*(=1) Upper limit: | 100000.0 cm”™(=1)
- S e
6s =S :
0==0 1/2 Wl / nm W4 Gelect one or more elements to search for: nfig. Ref.
vac<200nm<air o al Pl per
"""""""" He | Call Aul TTToTTTTmmTTT
287.2361 He Call Hal 20 MIG
294.0666 Lt Calv Hg I 2D MIG
300.5853 Lin CaV T 25 MIG
306.5425 Bel CaVl Ph 2D MIG
319.1758 Be I cawvi Pb Il 2s MIG
332.0124 Bl CaVvil | |Bil 2D JUG
365.0740 4B Calx | |Thi 28 aue
406.5067 1 BN st Thil 2D JNG




Laser setup for testing 2"d steps

- 6 of 10 known 2nd step transitions chosen:

— 90000 cm-1
- Non resonant ionization stage with green CVL beam
10 eV—L. 80000
Pr7777 7777777 7787777 77777777774
9 -
- 70000 —
8 = A :
A
__ 60000
7 4 > | 15 W
| 50000 1234586 cvil \
6 —
/
5 =4 40000
6p *Pyj2 A iz N 8 22 W (G)
4 >
— 30000
\ I [ 20w(Y)
3 -
— 20000
5 267.59 nm DL1
—a-
4 7 10000 DL2 Al A2
— Lo_ _I
0--0 6s S
DL1 Pyr 546 0.4g/I* N <~ (1 (1 N _
0.4g/l 8 U 7 J J VA
BBO
DL2 Styryl 9 in Methanol 0 (] (] N
0/l L] 0.33g/l 0.33g/! [F H 4 b—s

BBO



Laser setup for AlS search

- Include a 3@ dye laser

— 90000 cm- - Scan 2 dye ranges for AlS from 3 strongest 29 steps.
i - Test ionization scheme used by E.B Saloman
~ 80000
[~ 70000 1 28507am ) \
A N 1
2 332.01 nm
L. 60000 A ¢ 3 319.18 nm CcvLl
4 306.54 nm
| 50000 2 3 4|7 5 -200:E0nm pL3 Al /
6 ~555:26wn vtz [ \
40000 7 40651 nm //‘
— . /
A . Sgrese N N !
~ 30000 Phenoxazone 9
B 632 - 681 nm
DL1 Al
= 20000
267.59 nm ==
DL2 Al | A2
= 10000 L__
—0
DL1 Pyr 546 0.48/1* N ~ [ [ n___
0.4g/l 8 U ~ . . U
BBO
DL2 Styryl 9 in Methanol (1 (1 N
0.5¢/ 141 0.33g/l 0.33g/l O [F H 4 —
BBO
DL3 Rhod 6G N N
0.4g/! 0.4¢/l y, U




Compare good schemes and study the optimal scheme: Saturation curves, efficiency measurements etc.

— 90000 cm-1

~ 80000

= 70000

L 60000

— 50000

= 40000

= 30000

= 20000

— 10000

—0

8p 2Py

6s 281,'2

673.90 nm

306.54 nm

267.59 nm

lon current, normalized

0.0

Ens = 84880.0 cm!
500

400 1

200 -

Es, cm’!
5 AIS known in range
3 known AlIS observed

27 new AlS

0 . 1 . 1 . 1
84870 84875 84880 84885

84890

Ems = B4806.4 cm-!

® v, =37358.99cm’

" v, =301106cm’
*  wp=245929cm’!

0.0 3

i i i
20 30 40 50
Laser power, mW



Change of laser system = A new RILIS scheme for manganese

- Replacement of current scheme which uses the CVL green beam.

— 80000 cm™1
— 80000 cm"1
DCM d
9eV--70000 ------------- € 9eV - - 05 660 nm
~ 70000 p=—> I.b .o f 9 —
8 = 511 nm CVL Green 470 - 670 nm
8 e
L 60000
Fortuitous 7 -
| s - Ll .
6 f-50000 aparretes, A == Auto-ionizing transition . Ko v
6
_— at CVL wavelength T 1 o
5 =~ 40000 o 1 2 845 35 4s(7S)6s g 655
5 =4~ 40000 | I | I | 3 587.92nm
i 3d54s (7S)5d f 6D
- 365 0y Poz AlSTsearch ai LARIS e *
— 30000 4 365 CS)spy s, A 4 587.98nm
— 30000 3d%4s (78)5d f 6D
3 - 5 588.08 nm
20000 ok 3d54s (7S)5d f 6D
279.91 nm = 20000
49 2 279.91 nm
— 10000
1= — 10000
1 =
0-l-0 —
3d54s2a 6 e ——
s 0 . 3d5 4s2a 635,

Outcome of RIS study of Mn at LARIS:

Many new auto-ionizing states found . d ' ‘
m HN Hm Jh lL l

Various promising Nd:YAG based 8

schemes tested and ready for efficiency ¢ aiid Lol | L

measurement at RILIS




Calcium scheme development

&

a) Scans for Auto-ionization states using spare Sirah Dye laser _ [« wmosor oo T P PYRT
b) Al Transitions from two intermediate levels were observed [ o | ' v
c) Enhancement of ionization efficiency of a factor of 4 w.r.t .|
50 W green beam for non resonant ionizatiomnt
d) Only possible due to the use of a TiSa for 1%t step

10

w
@
3

e

g
g

14

w
]
=]

Current (pA)
@
8
Current (pA)
z &

o
3
3

T

3

8

i
1

=1
S
@
-]

; ‘1 ' : 4
P - L " L L 1 1
532 nm OJ pre, = ‘:;; = = 0 5160 15180 15200 15220 15240 15260 15280 15300 15320
- 60000 Cm“' A — Wavenumber (cm™) Wavenumber (cm')
ye
7 eV = 610 - 670 i y : ‘ . . . ‘
o so0 | Ca:1(40690.3) + DCM 1 | calll30719.25 em) + DM
.o li1,.10
11,..3ab :
— 50000 WLL«M T o
6 - = —
8 w0 xS 113
5 ~
2 g
3p64p2 1D S w0 _ T . 175 EE
5 == 40000 ?ﬁ 3pb4s6s 1S ol ;; ]
"1;; 500 1se00 N 1m0 vetoo Ojei00 13000 15200 1ofbo 13600 15800 16000 16200
Wi bl -+ Wavehumber (cm™')
4~ 585.7 nm 586.8 nm avenumey (o) ]
= 30000
70 T T T T T T T ” T
- “’Cal 23652.3 cm™ + Rhodamine B :
3 - 3pb4s4p 1p° 60 | 4
— 20000 50 - S
% < wf R
= K
c ¥l
— 10000 422.7 nm g a0l ! : |
1 - (8] .
20 | i E
A } L
10 I H X g
0—-0 3pb4s? 18 i N
j- k 1 1 1 1 ’ 1 \I‘\n.\-
0 1 T
Ca 17035 17040 17045 17050 17055 17060 17065 17070

Wavenumber (cm™)

Daniel Fink: PhD work ‘6"‘.‘:




RESONANCE IONIZATION LASER
ION SOURCES - 2 Lectures

Reducing isobars

Isomer selectivity

Optical pumpin



How do nuclear properites influence the selectivity of the laser
ion source?

ISOTOPE SHIFT
Isotope 1 . ‘ ‘. The frequency difference in the
electron transition between 2
Isotope 2 .I I ‘. isotopes of an element

CAUSED BY
these

nuclear

properties:



Nuclear Volume

Finite nuclear mass

—_—
—_— B S
E
Infinite <M
mass A N

V(r)

AV = znTzAlw(O)PS(rZ)

Probability density Difference in the

of the electron at mean square nuclear
the nucleus charge radius
(electronic part) (nuclear part)

Heavy Nuclei Light Nuclei:
Av/v~10%  Av/v~108



Isotope shifts in practise

OVs = 8VN\S *+ OVEs

2nz
LS AP 3(r?)
)
|
EXPERIMENT || THEORY 100,
i 104
= 1
Transition — ]
-EWMWE 2 os
3s-3p 11 :% 0.01
5s-5p 37 Rb 70 <20 -100 =
(65)-6s6p 70 Yb 20 <20 -1500 1E'3'1 o o0

Atomic number, Zs



HYPERFINE STRUCTURE

* Magnetic dipole interaction

. . . multiplets with separation 10 of total
* Electric quadrupole interaction P P

transition energy.

m—m—

] Splitting of atomic spectral lines into

Central coulomb 30000 101>
Fine structure 1-1000 104-1071 3.1010-3.1013
Hyperfine structure 103-1 107-10% 3-107-3-10%0

Hyperfine structure arises from interaction of
nuclear moments with electric and magnetic fields
produced at nucleus by orbiting electrons.

T+ =101 =]]

87



Summarizing the effects:

Point nucleus + Finite size + Magnetic + Electric

of nucleus dipole
Example: J=1, I=3/2 i
[sotope A
I =32
F=1/2

Atomic state E =—yB,cosd

Isotope (A—1) -1

[sotope A

quadrupole

+ higher multipoles (too small
to consider in laser measurements)

E= %eQOVJ ;P,(cos @)

These energy shifts of may be only a few parts per million of the energy of an
optical atomic transition. Optical techniques provide the sensitivity and

precision required to measure these effects.



Various techniques for different parts of the nuclear chart

Pulsed Resonance

Ionization (RLS) TR 1l
240-244Am ‘I S
181-206 207-2::8_232R 227A¢232Th %k 248
183-197 Hg 202-225 kr N 1 Om
. 178-198A \ 20;-21:2 ; 5 }\ - Ls'zfss-z“PU
COI I inear | id 85 PS4 i 02213 ZNp
Spectroscopy T T
8 -2081- .
(+ cw RIS) o, Low-Medium
_ el ‘150'167Er153.172Tm g
8 151165 RZSO'UT'O”,
E 146-165 H 1,0
E oy High Efficiency
g 118-146(:s
-06 116-146xe
a ,
Medium-High
Resolution,
| Lower Efficiency
. 1 | g L d L d o .
< s N e e Spec'a!'zed H|g.h Reso!u:'.'on H.-J. Kluge and W. Nértershduser,
i 38he Tec hr“ques + H|gh Eff|c|ency Spectrochimica Acta B58 (2003)
Neutron Number http://www.gsi.de/forschung/ap/projects/laser/survey.html
Progress in laser spectroscopy at radioactive ion beam facilities Recent REVIEW

B Cheal and K T Flanagan 2010 J. Phys. G: Nucl. Part. Phys. 37 article




European Laser Spectroscopy Options

* |[n-source: RILIS, ALTO

— Sub 1 atom/s sensitivity

— Wide range of elements studied (~30 currently accessible)
— Hot Cavity and associated Doppler broadening
— Target chemistry and release time dependence

* In-gas cell laser spectroscopy: LISOL, IGISOL
— Relatively insensitive to chemistry
— Access to short half-lives
— Pressure broadening and shifts

* Collinear: COLLAPS, IGISOL, CRIS .
— High resolution (typically limited by natural linewidth) f e =
— Highly adaptable 23




RILIS laser spectroscopy in the Pb region

190P 211Po | 212Fa | 213F0 | 212P0 FALig) Fa 218P0 [T}
PFo
183Bi | 186Bi | 187Bi | 188Bi | 139Bi 1 ] ] 1 1 ] ] 1 1 ] ] 1 1 1 1 1 1 ] ] B 0B B B B B 216Bi | 134
Bi
181P| 91Pb (192Pb (193Pb | 194Fb (195FD (196Pb [137Pb (198FDb | 199FD | 200PD | 201Pb | 202Fb | 203Pb LIyl 205PD [Pdi1 3 B ] o I ol o OFb 123
=82 ~
— ————————————— p—
11111 91T | 192T1 | 19311 | 194TI | 19511 | 196TI | 19771 | 19871 | 13971 | 20071 | 20171 | 20271 [ 0 TR
m
175Hg [ 176Hg g ] ] g g ] 0 | 184Hg [ 185Hg [186Hg | 187Hg | 188Hg [ 183Hg [ 130Hg [191Hg | 192Hg [193Hg [19aHg [195Hg KL R 197Ha KL IR DL R 04Hg 208Hg | 129
Hg

— ———— o from A =192 upto A = 218; \  218pg
510.65mm — n
@ from Ty ,, =33 msup to ~ j\h\

Ty0 =3yr;

- 6p°Tp * Py 12 y \\
843,380 @ from 0.3 ion-s~ to over 107 N

6p°Ts 78, L ion-s ! ; VA ‘

H‘"\-.

bpt Sy ———————— @ using «, 4, v and ion (FC) AN
counting. Tk

Recent developments for the A ™
spectroscopy of At isotopes

_.....; 4 Fipg
.-/"l)swn\ e
\P 192pq

-
X
o Mg\
5 10 15

-20 -15 -10 -5 o
Frequency [GHz]

KU Leuven T. E. Cocolios et al., Phys. Rev. Lett. 106, 052503 (2011)



Using the Cu HFS for isomer selective ionization

800

700 4

600 4

Intensity (arb. units)

100 A

0 4

-100

500 4

400 4

300 A

200

VU S S S S S SR S W SR S R RNy R N T -

? Intensity rat|o:

*=1+|16%
-+ 6- [80%
=3 14%

nor'mahzed To the area

30534.6 30534.8 30535.0 30535 2 30535 4 30535 6 30535 8  30536.0

Frequency of first transition (cm™)

J. Van Roosbroeck et al., Phys. Rev. Lett. 92, 112501 (2004).

n Unambiguous state
assignment!

ME of ground state is 240 keV
higher than literature value!

@ -107, m/m ~ 4 -E

Mean TOF / us Mean TOF / us

Mean TOF / us

390:
360{
330:
300:

270 +

390:
360:
330;
300{

270

390;
360
330
300

270

T y T i T ¥ T
6 8 10 12

v_-1300610 / Hz 80



How to improve the isotope selectivity of the laser ion source?

Problem — unselective ionization of isobars on hot metal surfaces.

Solution 1 — Reduce the surface ionization
Reduce temperature

Use low work function materials

Trap unwanted elements
(add chemical selectivity to the effusion process)

Solution 2 — Separate surface ions from laser ions

Repel surface ions before laser ionization

Temporal separation of laser and surface ions



Ideal selective laser ion source? Repeller and trap

Switchable

lon repeller 10 mm electrodes
l RFQ segments N\,

Electron repeller
Hot cavity Buffer Gas :
mmm) < escr Beams
End plate
U A

DC

(]
e Laser ions

® Surface ions
e Electrons

Accumulate

Release

g

RGN

K. Blaum et al., NIMB 204 (2003) 331

94



Implementation of such a device

Challenges:

AA High voltage-cage -> 20m

* High radiation

> radiation hard material

_ » Gas extraction
e High tension

» electronics in HV-cage

» remote control

» Amplification of rf at target
» Feedthroughs

e Robot

» Connectors
» Stability
> Size limitations



A feasible Laser lon Source Trap design!

\
target hot cavity repeller rf - ion guide RILIS lasers e’g 0\

@ ions of interest
-60 kV

—— *K before p

39
1E-10 | K afterp -

1E-11 |

lon Current (A)

1E-12

1 1 1 1 1
-200 -100 0 100 200

Repeller Voltage (V)

Daniel Fink - Poster I"“.‘I




Robot coupling




Micro beam gating — selectivity using the laser ion pulse structure

Thinner cavity walls -> more electrical resistance -> higher voltage -> shorter bunch length of laser ions

Standard W cavity: Thin Nb cavity:

10 1

Ca (LIS on)

Caion-current [nA]

Ca (LIS off)

T 50

<
= Sapphire
S 'S cavity Nb-cavity
o 4+
(£ | S
- E— ]
V| & s °°
c =
2] >
O
&
o
0 T T T T T T O 8
-40 -20 0 20 40 60 80 100 c
. (@] 0 i f T
time [us] -
0 10 20 30
Data presented by J.Lettry at CERN Sept 2007 time [MS]

Problem: increased complexity, reliability issues, limited gain in selectivity = How can this concept be improved?



One step further: create a temporal focus and gate at this point
High voltage hot cavity + Field free drift region -> Temporal focus downstream with width

Resonant Ionization Laser Ion Source (RILIS) al distribution of atoms
With Improved Selectivity

. . hot cavity field free mass-separator
Achieved By lon Pulse Compression acceleration drift region  acceleration field
. : : : field region i
Using In-Source Time-of-flight Technique v e d regio region
V.I. Mishin, A.L. Malinovsky and D.V. Mishin ] o
° g <<
Institute for Spectroscopy Russian Academy of Sciences, 142190 Troitsk, Moscow region, Russia o ° o° 1'
C i i [T T T
laser beam
Abstract. This paper describes for the first time the improved selectivity of the RILIS made So Dgg = 2sp
possible by the time-of-flight (TOF) ion bunch compression. Brief description of the |«
compression principles and some preliminary experimental results are presented. In the off-line S
experiments short ion peaks of natural Li, Na, K, Tm and Yb are observed as ions leave the -
RILIS-TOF structure. For Tm the ion peaks of 5 ps half-height duration are detected and 1 ps | L
peaks for Sn are predicted. In view of the repetition rate of the ISOLDE-RILIS lasers it is hoped ZL V[}m
that the selectivity of Sn isotopes production may be improved as much as 100 employing the T thermal — —————— .
RILIS with the TOF ion bunch compression and a gating technique. e V

For a 15V cavity potential, At = 3.5 us for 1%°Sn AT =0,36m

4
Selectivity = 1/(laser repetition rate x At) , °
o 2

~ 28 s

With no loss of ionization efficiency! 0

0 20 40 60 80 100 120 140 160 180 200

m, alomic mass units

This technique is under development by V. Mishin, at the Institute of Spectroscopy, Troitsk



Optimizing the hot cavity materials or transfer line:

Contents lists available at ScienceDirect

\
i
Nuclear Instruments and Methods in Physics Research B |whmuws

journal homepage: www.elsevier.com/locate/nimb

Study of low work function materials for hot cavity resonance ionization
laser ion sources

F. Schwellnus **, R. Catherall ¢, B. Crepieux ¢, V.N. Fedosseev ¢, B.A. Marsh ¢, Ch. Mattolat?,
M. Menna €, F.K. Osterdahl ™!, S. Raeder?, T. Stora ¢, K. Wendt?
2 Fabio Schwellnus, Institut fiir Physik, Johannes Gutenberg-Universitdit Mainz, Staudingerweg 7, 55099 Mainz, Germany

Y KTH, Royal Institute of Technology, SE-10044 Stockholm, Sweden
€ISOLDE. CERN, CH-1211 Genéve 23, Switzerland

Beam purification by selective trapping in the transfer line of an ISOL target unit
E. Bouquerel, , R. Catherall, M. Eller, J. Lettry, S. Marzari, T. Stora, The ISOLDE Collaboration
CERN, CH-1211, Geneva, Switzerland

Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, Volume 266, Issues 19-20, October
2008, Pages 4298-4302,



RILIS
IRIS

LISOL

GANIL

TRIUMF

RIKEN

JYFL

ORNL

ALTO

A) RESONANCE IONIZATION
LASER ION SOURCES

7) Worldwide laser ion sources



Laser lon Sources Worldwide

TRILIS ISTF2 iy
ISAC/TRIUMF HRIB/ORNL [l
I e

RISIKO TRIGA-LIS

LISOL
' CRCLLN IfP/UMz -t KCh/UMz

Laser type Operation Source type




A Scheme A Technique Facility Reference z Scheme A Technique Facility Reference
Li 3 Fourstep-C 8,9 ABT UNILAC/GSI Ewald ef al 2004 Sh 51  Three-step-C  128-138 HCRILIS ISOLDE/CERN Fedosseev et al 2008
8-11 ISACITRIUMF  Sénchez ef al 2006 137-139 Arndt et al 2012
Be 4  Twostep-A  7,10-12,14 HCRILIS ISOLDE/CERN  Kdster ef al 1998 Te 52 Three-step-C 120, 122-136 ABPL ISOLDE/CERN  Sifi ef al 2006
Three-step-C ~ 10-12 ISAC/TRIUMF  Prime et al 2006 Pr 59  Three-step-C 136, 140 HCRILIS ISOLDE/CERN Gottberg 2011
Twostep-A  9-12 Lassen 2011 Nd 60 Three-step-C 132, 134-141 ABT IRIS/PNPI Letokhov et al 1992
Mg 12 Threestep-C 23,2734 HCRILIS ISOLDE/CERN  Kaster ef al 2003b 138, 139, 140 HCRILIS ISOLDE/CERN  Gottberg 2011
2 Mukherjee ef al 2004 Sm 62 Three-step-A  138-143, 145 ABT IRIS/PNPI Mishin et al 1987b
21 Krimer ef al 2000 140-143 HCRILIS ISOLDE/CERN  Gottberg 2011
Thiee-step-C 21,23, 27, 28 ISAC/TRIUME  Lassen ef al 2009 Eu 63 Threestep-A  145-150 ABT IRIS/PNPI Alkhazov et al 1983
Three-step-A 20, 21, 23-35 Lassen 2011 }g;’%g; Zelﬁﬁsiyev et ‘;1122%4
Al 13 Twostep-C  26,28-34 HCRILIS ISOLDE/CERN  Kaster ef al 2003 - azov et a a
TwostepC 26 ISACITRIUMF  Prime ef al 2006 138-145 Letokhov et al 1992
o e a0 prime et at & 137-139, 141-144 HC RILIS Barzakh et al 2004
sty B e, St Gd 64 Three-step-A 146, 148, 150 ABT IRIS/PNPI Alkhazov ef al 1988
o o Lassenaont 143,145, 146 HC RILIS Barzakh et a! 2005
Ca 20 Threes==7 m o nommm e e 20V et al 1990b
Mn 25 “hrees ¢ et al 2003b
1OP PUBLISHING PHYSICA SCRIPTA g 2011
| . zov et al 1989a
Fe 26 “wost Phys. Scr. 85 (2012) 058104 (14pp) doi:10.1088/0031-8949/85/05/058104 70y ef al 1991
Co 27 Two-st n et al 1987a
kh et al 2000
2 et al 1991
Ni 28 hree- (4 (4 L4 20V et al 1992
= Resonance laser 1onization of atoms for 200
“Wo-st kh et al 2002
Cu 29 “wo-st n et al 1993
“wo-st ° 2rg 2011
“Wo-st y et al 2000
- » = nuclear physics
et al 1989
-ath et 2l 1992
anc et al 1999
1eroth e al 1987
Ga 31 “wost 1 2 s 1. 3 ”1"" gé71987
V N Fedosseev', Yu Kudryavtsev- and V I Mishin asr
i 1 et al 1990
wost . rt et al 1991
“wost - CERN, Geneva CH1211, Switzerland Te el 1992
g ¥ M 2nstituut voor Kern-en Stralingsfysica, K.U.Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium Becid; 2000
. . . . eta
Tc 43 “hrees 3 Institute of Spectroscopy RAS, Troitsk, Moscow region, Russia yak 2010
Ru 44 “wo-st et al 1992
R 45 “wost B_mail: Valentin.Fedosseev@cern.ch ¢ et al 2003b
Wo-st kh et al 2012
Ag 47 Threex yev et al 2002
107m, 122-129 Kratz et al 1998 184-203, 205, 209-215 Késter 2002h
101108, 110-120 HCRILIS ISACITRIUME  Fedosevey of ] 2000 1832603, 215 Késter et al 2003b
Three-step-C ~ 129-130 Kratz et al 2005 182-190 Seliverstov et al 2006
98-107, 109-117 Lassen et al 2009 Bi 83 Three-step-C  188-208,210-218 HCRILIS ISOLDE/CERN  Késter ef al 2003b
Two-step-C  97-101 GCRILIS  LISOL/LLN Darby (to be published) Po 84 Three-step-C  193-198, 200, 202, 204 HCRILIS ISOLDE/CERN  Cocolios et al 2008
Cd 48 Three-step-C 131,132 HCRILIS ISOLDE/CERN  Hannawald et af 2000 192-210, 216, 218 (even) Cocolios et al 2011
98-105, 107, 109, 111, 115, 117-132 Késter et al 2003 191-203, 209, 211 (odd) Seliverstov et al 2012
129-133 Kratz et al 2005 At 85 Three-step-C 198, 199, 212, 217, 218 HCRILIS  ISAC/TRIUMF Lassen 2011
In 49 Two-step-C  100-108 HCRILIS ISOLDE/CERN  Kdster 2002a Two-step-C ~ 197-202 ISOLDE/CERN  Rothe ez al 2012
132-135 Dillmann ef al 2002 Three-step-C  193-205, 217
Two-step-C 108, 110, 112, 116 ISAC/TRIUMF  Lassen 2011 Three-step-R 205 )
Sn 50 Three-step-A 101103, 108 HCRILIS UNILAC/GSI  Fedoseyev et al 19952 Fr 87 Twostep-C 221 HCRILIS  ISAS?, Troitsk Andreev ef al 1986b
109111, 113, 117, 119, 121, 123, 125-137 ISOLDE/CERN  Fedoseyev et al 2000 Twostep-R 221 Andreev et al 1987
136-138 Walters ot al 2005 Ac 89 Two-step-A 212,213 GCRILIS  LISOL/LLN to be published
105110, 113, 117, 119, 121, 123, 125, 128138 Késter ef al 2008 225 HCRILIS ISAC/TRIUMF  Lassen 2011
Two-step-A 125-132 ABPL Le Blanc et al 2002 Th 90 Two-step-C 230 RIMS LA!\JL s U_SA ) Johnson and Fearey 1993
ctan. 2 Three-step-A  228-230 Mainz University ~ Raeder et al 2011b
Three-step-A  107-111, 113, 121 HCRILIS ISAC/TRIUMF  Lassen 2011 Np 93 TwostpA 237 RIMS Mains University  Riegel of af 1993
Three-step-A
Pu 94 Three-step-A  239-242, 244 RIMS Mainz University ~ Ruster e a/ 1989
Am 95 Three-step-R 243 RIMS Mainz University ~ Erdmann ef al 1998



IRIS (Investigation of Radioactive Isotopes on Synchrocyclotron) at
PNPI (Petersburg Nuclear Physics Institute)

Gatchina, Russia

A. E. Barzakh,

D. V. Fedorov,

V. S. lvanoy,

P. L. Molkanov,

V. N. Panteleev (Head of Laboratory),
Yu. M. Volkov

LIS (Laser lon Source) — method of laser ionization in a hot metal cavity - invented
and firstly applied at IRIS [1,2]

RIS/LIS (Resonance lonization Spectroscopy inside a Laser lon Source) of mass-
separator of IRIS facility — in operation since 1991 at 1 GeV Synchrocyclotron of
PNPI [2,3]

Targets of mass-separator: UC thick targets (from 5 g/cm? up to 150

g/m?) and refractory metal targets

Isotope shifts (IS) and Hyperfine structure (HFS) for very far from beta
stability isotopes of Yb, Tm, Eu, Gd and Tl have been measured at IRIS
using this method [4,5,6,7]



IRIS
laser set-up

Dye laser 1
(scanning)

Dye amplifier 1
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system

Target - ion
source unit

Wavelength stabilization
and scanning control
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Dye laser 2
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extraction-focusing
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Switch-yard

Synchronization and
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Magnet

lon beams to

detection stations:
alpha-, beta-,

gamma-detectors

t two tape stations

1]

Copper Vapor
Lasers (CVL 1,2,3)

1O

Dye laser 3

Copper-vapor laser set-up:

CVL 1- master oscillator,

CVL 2,3 - amplifiers,

laser power - 40 W each,
wavelength - 510 nm and 578 nm,
repetition rate - 10 kHz,

Mass-separator IRIS

Proton beam:

ynchrocyclotron
1 GeV

0.1 pA
50 Hz

Dye laser set-up:

Dye laser 1 - narrow band (500 MHz),
with wavelength stabilization

and scanning control

Dye laser 2,3 - broad band (20 Ghz)
Dye amplifiers 1,2,3,4

Laser power - up to 10W
(with two amplifiers)
Wavelength range:




GANIL lon Source using Electron Laser Excitation = R

» Off line prototype for SPIRAL2

» TiSa laser, 20m transport path and hot cavity: June 2010 - July 2011

3 TiSa cavities
from TRIUMF

or Marica Sjodin!

July 2011 »
4
o2
—_ (R
3 .
s s
=
‘."f M
Mg W S

739.15 739.2 739.25 739.3 739.35 739.4 739.45
A 3" step (nm)

ICIS 2011, 12" -16" September 2011, Giardini Naxos

v'First Ga* ion beam (+ Mainz U.)

v'Target and lon Source for SPIRAL2: UCx + RILIS

v'Next beams: Sn, Zn, Y, In

Laser lon Sources for Radioactive Beams Nathalie Lecesne 106



thick target - hot cavity ISOL based
radioactive ion beam facility

r'ou‘rme operation at the licensing limit:
100 pA p+ on  A<81 targets (up to 50kW)
10 pA p+ on UC, targets

RIB beam schedule: Apr.-Dec. (24/7)

carbide efc. targets
target
metal foil targets

500 MeV p*
continuous

Jens Lassen | TRIUMF Resonant lonization Laser lon Source



500 MeV p*
continuous

laser
beams

Jens Lassen | TRIUMF Resonant lonization Laser lon Source

TiSa laser specifications:
Repetition rate 10 kHz

Wavelength range

fund. 3W, 690 -990 nm
*2v  500mW, 350 -490 nm
*3v  100mW, 233 -320 nm
*4v 100mW, 205-232 nm
Tuning range

*BRF TiSa 300 GHz
*Grating TiSa 135 THz

Spatial beam quality M2< 1.2

Spectral bandwidth 3-5 GHz

lonizertbe.  Operational:
(2004) TiSa laser based RILIS:
1st on-line beams
(2009) full off-line beam development capabilites
(2010) NSERC funded “in-source laser spectroscopy program”
1stschedule with above 50% beamtime by T RILIS
T RILIS laser operation with GHz/wk stability

Development:
(2012-14) enhanced beam purity via (i) RFQ-LIS, (ii) pulse structure
(2012-2015) continued laser development

* in-source laser spectroscopy

» development of TiSa RILIS schemes

120

channeltron counts s)

fasers &ff * lasers on -

115

Ag + surface ion background

40 £
-100 [}

T
100

time [us]

T
200

T
300

yield database: http://www.triumf.info/facility/research_fac/yield.php

Ll W T RILS isotopes on-line

[l tested TiSalaser schemes

3 4B 4 5B 5 6B 6 7B 7 8

(TiSa network: Mainz, TRIUMF, ORNL, JYFL, ISOLDE)

status: 12/2011
status: 06/2011

IA 13 4A 14 5A 15 6A 16 TA 17|

Ti:Sa laser ionization scheme on paper (theory)
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Hot-Cavity Laser lon Source at HRIBF-ORNL ¥ OAK

RIDGE
Ti:Sapphire Laser System N IANi National Laboggtory
> | y - Hot cavity ionizer N ﬂ__ibf
s TR * Pulse repetition rate: 10 kHz smenanT
+ Wavelength tuning range: Target Heater Bus
Ta Vapor Transport Tube

fundamental 715 - 960 nm
SHG 359 — 470 nm
THG 240 — 310 nm
FHG 208 — 230 nm
® - Peak laser power:

' 2.5 Watt (fundamental)

—

0.8 W (SHG) Ta Cavity
0.12 W (THG) Target Material
30 mW (FHG @ 215nm) ;Lift?r Reservoir
=  Three Ti:Sapphire lasers upgraded with = |onization schemes for 14 elements obtained
individual pump lasers in 2011 in off-line studies
* Synchronizing the pump lasers Sn, Ni, Ge, Cu, Co, Ga, Sr, Mn, Fe, Al, Ho, Th,
e Eliminating the Pockels cells Dy, Te
= Continuous wavelength tuning thru the = |onization efficiency for eight elements
fundamental spectral range evaluated in off-line studies
=  One mirror set covers the full fundamental
Wave|ength range Element Sn Ni Ge Cu Co Ga Mn Ho

Efficiency (%) | 22 2.7 3.3 24 >20 9 09 40

= The LIS has been installed on-line for production of RIBs



Current Status of HRIBF-ORNL

= |onization schemes for 14 elements obtained in off-line studies

Sn, Ni, Ge, Cu, Co, Ga, Sr, Mn, Fe, Al, Ho, Th, Dy, Te

= |onization efficiency for eight elements evaluated in off-line studies

Element Sn Ni Ge Cu Co Ga Mn Ho

Efficiency (%) | 22 2.7 33 24 >20 9 0.9 40

= The LIS has been installed on-line for production of RIBs



Leuven Isotope Separator On-Line (LISOL)
Laser lon Source

Laser beams
Longitudinal
(for diagnostics)

- Light ion-induced fusion
evaporation reactions

Accelerator

Co,Ni,Mn,Cr,V,Cu

_ - Heavy ion-induced fusion
Stopping evaporation reactions
chamber Rh,Ru,Ti,Sn,In,Ag,Ac

Beam (Cyclotron) :|

ﬂ - Proton-induced fission reactions
Fe,Co,Ni,Cu

estions?

lon Qu

Ask Rafael Ferrer! |

collect

Laser beams ~ Laser Laser system consists of two excimer-pumped
Transversal lonization dye lasers
\ chamber Tunable range: 205 - 900 nm
—1 Repetition rate: 200 Hz
Exithole sPie_ 80% of all elements can be ionized using LISOL
owards mass
separator laser system

- Delay time: 10 - 300 ms The operational principle of the laser ion source is based on
(the same for refractory atoms) an element-selective resonance multi-step laser ionization
- Efficiency: up to 6 % of neutral atoms that after production in a nuclear reaction
- Selectivity: up to 2200 are thermalized and neutralized in a buffer gas.




The dual-chamber laser ion guide

A novel concept was required to overcome losses in efficiency due to recombination
of photo-ions in the buffer gas plasma caused by the cyclotron beam.

Laser beams
Longitudinal

By separating stopping and
laser ionization volumes

500 mbar

¢ Increased laser ionization
efficiency at high cyclotron

Beam from beam current
Cyclotron
* Increased selectivity
) (collection of survival ions)
aser
lonization |
chamber
collector Filament Selectivity (°*Rh):
—)> Laser(ON)/Laser(OFF)
Laser beams |\
Transverse Exit hole lon Collector OFF =450
@0.5-1mm
SPIG lon Collector ON = 2200
Yu. Kudryavstev et al., NIMB
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IGISOL-4: overview of facility in 2012 UNIVERSITY OF NVASKYLA
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Fast Universal Resonant laser IOn Source (FURIOS)
@IGISOL-4, JYFL. ¢

JIYVASKYLAN YLIOPISTO

UNIVERSITY OF JYVASKYLA
Ar/He from gas purifier

Laser beams

* 3 x Ti:Sa lasers pumped by Nd:YAG
(10 kHz)
* 1 x grating based Ti:sa laser (for

continuous wavelength selection)

* 1 x pulsed dye laser pumped by
copper vapour laser

*In 2012: development of narrow-

Laser Ion Source (Trap) bandwidth Ti:Sa system

* Ultra-high selectivity for RIB production .
« In-jet spectroscopy: reduced broadening RF hot cavity - Developments towards 94mAg (21°)



PArasitic Laser Ion-Source (PALIS) at SLOWRI RIKEN
RIKEN fragment separator (BigRIPS)

STQ14 STQ7 STQ6 STQS5

~ STQI3 Q3 8 0 - LT+ I
TQI12 STQY ,& D3 5
‘@ STQll STQlO |

D4 Low energetic RI-beams

Pr‘e|imln0r'y Il’l’\age MAIN RI-Beam (~25 OMeV/ u) Target(F0)
F2 PPAC /Unused RI-Beams

Degrader

‘ 79Cu ex. exarr;ge @1pnA U

1z W=
=P EmEE .
Gas catcher cell [E | ,; - ERNE -
1 Rb 0 . " f’_ r‘
Argon/Helium latm - aric LED
I.E'— " Gl O r_m
5 s se 3 ‘ " |z | ?‘-w
Tonization lasers o i - -PaannanE
- Ll o
IEZ‘. o e e e[ [ R
1 ..;.\.,"...‘.,.,.‘r-r*
PALILS New Laser system E1-EE- These RIs are available
(be in the planning stage) o P

2ol for PALIS

308 Dye ain
I New differential pumping method
355 Dye . (fast evacuation &extraction for short-lived nuclei)
. * In Gas jet
532 Dye . il '/0’& " InGas cell
YLF |[Ti:Sapphir - T W
— — SLOWRI [I 4 Preliminary
beams 20000 oo ., off-line test
From Dr. Tomita Gr. (~30keV) 1"/ /
e _Ltu oeq
(Nagoya Univ.) L

SLOW RI-beams will be available ° Tn'Gas:-cellin Gas jet

F2 chamber in BigRIPS ‘ | in every BigRIPS experiment. Laser Spectroscopy



Recommended reading for further information

W. Demtroder, Laser Spectroscopy , 3rd Edition

Demtroder (Springer-Verlag, Berlin, 2003).
Laser e .
' Spectroscopy I- _______ W. Demtroder:
1, Scchupe 1 Atoms, Molecules and
- R | Photons

‘ {1 ll';i

M B LS (Springer-Verlag, Berlin, 2003).
it Ilr*'r' »h'.‘. *M

W. T. Silfvast, Laser EREIEEe
Fundamentals, 2nd Ed.
(Cambridge University,

Atomic Physics. ,
Cambridge, 2003).

Exploration through
Problems and Solutions.
D. Budker, D. F. Kimball,
and D. P. DeMiille

Atomic Physics

Laser
Phataionization

Spectroscopy Laser photoionization spectroscopy
Letokhov, Vladilen Stepanovich
%% Moscow, lzdatel'stvo Nauka, 1987

[l

The scientific career of V'S Letokhov (10 November 1939-21 March 2009)
Victor | Balykin 2012 Phys. Scr. 85 050302




Introduction to study task: lonization scheme development

Consider two RILIS laser installations (A and B) located at different RIB facilities. For
each installation choose a suitable element from the list provided and build up a feasible

(preferably optimal) laser ionization scheme using the atomic spectral line databases that
are available online:

R. L. Kurucz database: http://www.cfa.harvard.edu/amp/ampdata/kurucz23/sekur.html

NIST database: http://physics.nist.gov/PhysRefData/ASD/lines form.html

Hf Re, Kr, Rn, Rb, Na, Gd, Cr, Ge, Pd

Choose 2 different elements (one for each facility).

You need to choose a suitable element for the particular facility and laser capabilities:

Try to create a suitable scheme based on laser capabilities and ionization conditions:


http://www.cfa.harvard.edu/amp/ampdata/kurucz23/sekur.html
http://physics.nist.gov/PhysRefData/ASD/lines_form.html
http://physics.nist.gov/PhysRefData/ASD/lines_form.html

Thick Target & hot cavity ~ sspr— "
tungsten ion source

Facility A -

efficiency (%)

[ 10 kHz

aDyel  SHG |g THG
Master clock ]

550 600 650 700 750 800 850 900 950
f 60 kV -

Dye Laser System

| HoT caviTY

7

Delay
generator

Ti:Sa Laser System

Nd:YAG == Ti:Sal 3 SHG/THG/FHG ¢ 4 TARGET



Facility B -

Laser beams
Longitudinal
(for diagnostics)

Thin Target & gas cell ion source

Accelerator

Stopping
chamber

Beam (Cyclotron)

>

Laser system consists of
2 excimer-pumped dye
lasers

Fundamental range:
310-900 nm

Optional 2"4 harmonics
Using nonlinear crystals
Repetition rate: 200 Hz

lon
collector <
Laser
ionization
—— > chamber

Exit hole

SPIG

Towards mass
separator
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VAPOR PRESSURE CURVES OF THE ELEMENTS

Temperature Degrees Centigrade
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Bonus task: Harmonic generation configuration

If your ionization scheme requires harmonic
generation, suggest a suitable nonlinear crystal
type and configuration for your laser
configuration.

If possible download and use the free SNLO
software for crystal selection:

http://www.as-photonics.com/snlo



http://www.as-photonics.com/snlo
http://www.as-photonics.com/snlo
http://www.as-photonics.com/snlo
http://www.as-photonics.com/snlo
http://www.as-photonics.com/snlo
http://www.as-photonics.com/snlo

