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Outline of Lecture 3

UNIVERSITY OF JYVASKYLA

— Brief introduction to optical spectroscopy

— Resonance ionization spectroscopy (" in source™)

— Environmental limitations

— Towards higher-resolution studies "near”” the ion source
— Traditional collinear laser spectroscopy

— Sensitivity vs. resolution

*Links to the discussion paper: Raggio et al.,
Scientific Reports 14 (2024) 14




Reminder from lecture 1

UNIVERSITY OF JYVASKYLA

We discussed atomic structure and the effect of perturbations between the nucleus and the electrons.
This led to the isotope-dependent hyperfine structure of the atom + the nucleus!

Point nucleus + Finite size + Magnetic dipole + Electric quadrupole

+ higher order perturbative HFS
P T + higher multipole order HFS
. + higher order radial moment isotope shift
Isotope A~ - + Zeeman effect
T e + Bohr Weisskopf effect

S e + Breit-Rosenthal effect
/ / Isotope (A-1) Fs + ...

Isotope (A-1)

Isotope A All of this is not

‘new’ physics. It is
1 (in practice often

Mass shift + Field shift — B, cosé JrZeQOVJJ P,(cos0) poorly!) known.
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Let’s mention something about energy scales... .

Optical transitions: 100’s of THz, a few eV, 10000s of cm, 100s of nm

Hyperfine splitting: 100’s of MHz, a few peV, ~0.01 cm-!
Optical linewidth: 100’s of MHz, a few peV, ~0.01 cm!

1 cmt; ~ 30000 MHz
leV: ~8000cmt
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How do we measure these effects In practice?

UNIVERSITY OF JYVASKYLA

The energy shifts we wish to measure 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.

We use lasers to induce transitions in the atom, and record the response of the
atom as a function of laser frequency

= Laser spectroscopy
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What Is laser spectroscopy?

&

Excited energy levels (S,)

i i t~10-30 ns

Ground energy level (S;)

o Detect the photons the atom emits when it
relaxes back to the ground (or other) state

= Fluorescence detection

Since 1863.

UNIVERSITY OF JYVASKYLA

The absorption cross section of a photon by an atom and
subsequent relaxation is given by a Lorentzian function:

A2 1
= o {1 + [4nt(v — vo)]z}

100 —t—t——

ok Viaser = Vo
20

15

Counts

10

NI L\M‘J‘lm

Laser frequency =

When v, = v,, resonant absorption happens.

o RA2/2T
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Discussion pause...

UNIVERSITY OF JYVASKYLA

The absorption cross section of a photon by an atom and
subsequent relaxation is given by a Lorentzian function:

100 | | | | | | | | |
- 1 What determines the width of
*r Viaser = Vo 1 these peaks?
20 - ﬂ |
e : . .
S 15| | Answer: Natural line broadening:
o
Soel ' h
l
N - At AE > —
I : 2
i __ ]‘g[Hu,J‘J‘I __ The finite lifetime means the energy spread cannot
0 A L el | L | |5 , be zero.
Laser frequency

Dipole-allowed transitions: ~10 MHz
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What Is laser spectroscopy?

UNIVERSITY OF JYVASKYLA

non-resonant excitation of jonization of
A lonization auto-ionizing states Rydberg-states
extraction
—t= P field or
collisional
ljonization

higher excited
states

» Detect the photons the atom emits when it

- |.
= it relaxes back to the ground state
S | st = Fluorescence detection
 Further excite with additional lasers and peel
off the electron
ground = Laser resonance ionization
i B Sstate
OeV

Since 1863. I.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



UNIVERSITY OF JYVASKYLA

Discussion pause...

non-resonant excitation of lonization of
A lonization auto-ionizing states Rydberg-states
extraction
—t P field or
t collisional
_ _ lonization
higher excited
states
? o e E, We typically do this excitation and
S ionization process with neutral
atoms. Can you think of any reasons
why we might not choose to do this
ground with ions?
— EO
OeV
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Detection of single trapped ions

UNIVERSITY OF JYVASKYLA

Recent work from KU Leuven — trapping Sr* ions:

e Eachion is emitting a few 107 photons/s
e ~40000 photons/s/ion are detected.

~ 15 um

A trapped Ba* ion cloud with estimated
number <50 ions in the cloud

W. Neuhauser et al, PRL 41 (1978) 233

Courtesy: Ruben de Groote, KU Leuven
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Chart of nuclides from optical spectroscopy

UNIVERSITY OF JYVASKYLA

ik Atom at a time 184 Limitations due to production
2 [X| Stable spectroscopy (GSI) . .
£ : ™ and atomic properties
2 Nuclei observed (T, > 0.5ms)  pj,tonium at 114
g Nuclei observed (7, < 0.5 ms) JYFL » Actinide region (low production)
O  esvenn Theortical prediction  Refractory elements (target/ion
Fa source developments needed)
Atomic Data and Nuclear DataTables |88 e~ i sss] &£« M| jeem——- ° nght elements are Very reaCtlve
e = o 1 82 (molecular compounds). Also require
The limits of the nuclear landscape explored by the relativistic » ,'; """ ,. . i |aSer deve|0 mentS
fg/lv].t)l(‘i:li}iﬂi:i:fl:vi._fnzgzl;l:{l,)z(.’l::le',og.Qu“E.Y.chen“-".H,Liud,r_.r.zhang“, . £ ( Tal Wl Rel OS’ Ir :‘ p
_—E 103§_"'I T ¥ LA L P L | X T U VRS LA | E
omemmeamneenne s ' T 10k
s &
,,,,,,,,,,,,,,,,,,,,, —_Fr'_ 50 é 10° 3 E
,,,,,,, £ 1L :
____________ B Studied with CLS E ;
o™ | Studied with RIS é 107
_____ el 2 Studied with Trap g 10l )
> (- — 5 . o E E
: Studied with CLS/RIS 2 wtomic number (2
5 . omic number
ma Studied with CLS/Trap 0%, 5 L e
1 10 100
Neutron Number Lower Z: Higher Z:
- high res. techniques lower res. methods

Latest review: X.F. Yang et al., PPNP 129 (2023) 104005
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UNIVERSITY OF JYVASKYLA

In-source laser spectroscopy




-

Resonance Ionization spectroscopy (RIS) |

UNIVE UNIVERSITY OF JYVASKYLA

Resonance lonization Spectroscopy (RIS) is a close variant to the use of laser ionization for selective and efficient
radioactive ion beam production. This is the most direct form of laser spectroscopy at a RIB facility.

extractor

J o, ~101" cm? o; ~1015 cm?

target mass separation eV 4

jon source

lonization Resonant ionization Field ionization

Al state l n
RIS

Ion/p/a detection

to experiments

Hyperfine structure

- . ) . . 7 [} r
@ projectiles () target material @ neutrals ) ions Exl, ¢

Y 4
. LN rs RN Y GR ~10'12 Cm2 LIF
o Selective process (laser on”” vs off")

» Efficient process (>>1% is routine)

e  “Short™” lifetimes _— < : Photon detection
» Access to low yields (<<1 ion/s)
* High detection efficiency (ions/a decays...) Remember from L2: we need pulsed lasers to efficiently ionize!
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Laser tunability Is very important!

UNIVEUI

Courtesy, Reinhard Heinke,

A community-driven laser scheme database https://rims-code.github.io 'SOLDE/Manchester
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The family of the Mainz Ti:sapphire lasers LAR /55'4%

LaseLock

Specifications Injection-locked laser Standard laser Grating laser
Repetition rate 10 kHz 10 kHz 10kHz
Power fund. 2W 3-5(10)W 1-25W
Power SHG 100 mwW 2W 1W
Pulse length 30-50ns 30-50ns 30-50ns
Spectral width = 10 MHz 2-10GHz 1-2.5GHz
Tuning range 10 - 20 GHz 100 GHz 690 - 1000 nm

In use at many facilities including RILIS (ISOLDE), TRILIS (TRIUMF), JYFL, GANIL...

(safer and more robust than carcinogenic dyes!!) _
Courtesy, Klaus Wendt (Mainz)
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How do we develop the laser ionization scheme?

UNIVERSITY OF JYVASKYLA

We start with a literature search in on-line atomic spectral line databases - NIST atomic spectral line database
(and we try to remember what wavelengths our lasers can provide!! ©) - Blaise and Wyart (actinides)
232Th
.E 50000 ] Al A2 A3 C1 i
O
— Scan I[P 50 867 cm™
3 40000 - 3rd Step Fundamental
o) 39997.890I _ 3082181 0m?  357p0.55 6
C 30000 - J,=23o0r4 J,=3 e 4' 38 219.03 cm” SES
® : 2nd St 762.23 2 =
! nd Step .23 nm
8 20000 - ki 845.87 nm 826.05 nm
— 26 878.16 cm! a
O : 6d?7s7p 3G°, /' ?f:":‘zs = A FES
‘G 10000- — ‘
x : Frequency
® 0. | 1st Step 372.05 nm 382.94nm | doubled
_ - . - A, =2.2:107 5! A=1.9:107 s
arity: ,
parity even 5 0d2d - Blaise & Wyart =y == [mEmy
[Rn] 7s°6d compilation :
- Recent additions S. Raeder et al., J. Phys. B 44(2011) 165005.
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Searching in the continuum!

232Th
A1l A2 A3 C1
Al
Scan [P 50 867 cm!
3rd Step
39997.59c¢m™ 39 321.81 cm! 3
J,=230r4 — 38 219.03 cm"!
2
ds =5 4
2ndStep  762.23nm | 503 6o m
826.05 nm
1
2:2378-11‘:‘ 7 26 113.26 cm!
6d27s7p 3 J,=2 A ;
©
1st Step 2
372.05n 382.94 nm ©
A=2.2+107 ¢ A=19107s1|  E
8
6d27s2 9F, v GS

The ionization potential
is here (@ 50867 cm™1)

UNIVERSITY OF JYVASKYLA

Basically we are looking for the peaks with the highest
count rates — most efficient scheme.

Very often, these studies are done in offline laboratories
using stable samples of elements

SES: g 29 W
A2-39322cm’-J=3 3 |
A1-39998cm"-J=2 3or4 s 1 H H l.{J LA M
1 - — |'
C1-38219 e’ -J =2 £ ool J/\'J*WJL“_LJU,L;L ‘L,L&_wa
A3-38700cm’-J=4 3 | ]" '| ] '||
: j» _ 51 800 51900 52000 |
| excitation energy / cm’
ol |
1 I:E {
!‘i j ‘[1 |
. ‘ | 44 i | kil f|. M YR .
L ‘J'-‘»...J;FR i JJ ﬁ' 'b-f 4 "-‘ y f‘ 'J LAWY M LA T JW- AL

I I
52 000 53 000

total excitation energy / cm™

Note the high level density, complex structures, different peak widths.

S. Raeder et al., J. Phys. B 44(2011) 165005.

Since 1863.
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A short remark about atomic transitions

UNIVERSITY OF JYVASKYLA

In Lecture 1 we briefly mentioned the atomic configurations: 232Th
Electron angular momenta couple: N
Scan [P 50 867 cm!
_ 3rd Step .
J - L+S, L+S'11 Ty IL'SI % ::e::z:.m cm-! s8210.03oms  SES
o _ _ . 2ndstep  762230m | gozeanm | e o 5 4
Giving the configuration for a state:|25+1 L ) 87nm | 826.05nm
J @ 2611326cm”' |  Egg
3 J,=2 A
o . . st Ste| \] - 3
e.g., atomic level 5d 6s2 has a configuration 2D, e N gt
@ = Ocm™
» Most probable transitions are electric dipole in nature (E1) =2
* SelectionrulesforJare:AJ = 0,+1and/ =0 /> ] =0 « Very often configurations of higher-lying states
 Transitions are typically stronger when J increases are unknown
» The spontaneous emission rate 4; = '/, where tis the « Transition strengths often unknown (and labeled
state lifetime according to Weak, Medium, Strong etc)!
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Let’s perform saturation scans

UNIVERSITY OF JYVASKYLA

Once we have chosen the ionization scheme to be employed at the RIB facility, we also often check what
laser power is required to saturate a transition...

detailed scans 232Th

saturation P /P
Al
’ 51 762.84 cm! f(P)=Ilh+m-P+4. —=—
10 0
”3* 50867 cm 1+P/PS
10° « ion signal
51 '762“53 7(;“: 764 et I, accounts for non-resonant ionization,
g ) 5 linear increase with power (slope m) =
= 10 J,=4 = SRS EE e deviations from basic saturation, P = laser
g ) Gk g T power and Pg = the saturation power
w10 _ | Ll > (related to population of the excited level).
o : T T c
= 38699 38700 38701 J,=3 T =5 26878.16cm? .2
1
10°1 _ e P.(A)=22mW
1011; 372.05 nm 0.3 :' :ijt_It:azI?s;?uration
[ | % oo ;———I-mthlout Ilrluaartlerm o PS (}\3) =125 mW
26 877 26 878 26 879 ” 0 40 80 120 160
excitation energy / cm” Jo=2 GS Ocm laser power / mW
R . : |
S. Raeder et al., J. Phys. B 44(2011) 165005. Easy -~ to saturate with our laser system!
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Trade off between efficiency & resolution in RIS o1

There is a trade off between using (high power) pulsed lasers for efficient production of radioactive ion beams and the
spectroscopic resolution required for resonance ionization spectroscopy (in-source). Here we can directly observe the
effect of spectral power broadening of atomic lines due to high power pulsed lasers.

232Th . el A FWHM = 166 MHz
B 51398 cm - _ 141 . % e e B FWHM = 270 MH
power — “nat /Isat o0 fao e O FWHM = 625 MHz
‘ ® FWHM = 1400 MHz
38659 cm!
o 1500
~
w
26 287.05 cm"! =
6d?7s7p D", g 1000}
@)
Natural linewidth:
380.42 nm rnat=135 MHz
Ay=1.3108 g1 500!
6d27s2 3F,
26287.02 26287.06  26287.08
V. Sonnenschein, 1.D. Moore et al., EPJA 48 (2012) 52 Energy / cm™!

I.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.
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Example of an offline RIS laboratory

UNIVERSITY OF JYVASKYLA

Lasers
Quadrupole : »
triplet

Slit
Einzel lens

Atomizer Deflectors

— 30 kV lon extraction Deflectors Post
focalization
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Example of versatility: multi-element analysis

443470cm'  48878.80cm’ 50 744cm’  49989.75cm” 50922.87cm’ 48878.80cm’ 48470.50cm’ 48 494.46cm’ 51856 cm!
50 535 cm! 50 665 cm!
_ 49 958 cm” o hid
43 394.45 cm” 49 000 cm" 48601 cm" 8 182cmt  48324cm
........ o -
2280110 cm™ 241883 cm" 2544863 cm' 25235.74cm’  25277.63cm’ 24188.63em?  23436.98cm 23 083.26cm ! 28 23;

52 561.86 cm!
—
51 358 cm"

.81cm” 28 446.86 cm

» Rapid characterization of unknown compositions
* |sobar-free, low-background isotope ratios
» Selective laser spectroscopy in mixed samples

» For ultra-trace analysis & fundamental studies

Courtesy S. Raeder & K. Wendt

count rate (1/s)

-

UNIVE UNIVERSITY OF JYVASKYLA

» Simple & efficient two-step RIS schemes

» Combined with mass separation

e RIMS

Exclusive feed stock solution from high
flux reactor breeding at ORNL (J. Etzold)

244py:

107 atoms !!

234

236

238

246

250

252
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Laser resonance 1onization + sensitive detection

At RIB facilities, our laser-produced ions can be transported to one of several possible detection stations:

UNIVERSITY OF JYVASKYLA

« Decay spectroscopy: 4 1.45 Gev Non-resonant
. L. .. Prot - Lo
- tag on characteristic radiation roons - ionization step
i . 2% 5
. ng Jll532 nm E
I VADLIS GPS 5
* Mass spectrometry: It 31318 nm _Freawmner
- single out one isotope from other isobars Spaossopt]
. . 5" transition| 253.65 nm
using its mass : L

. \_ Molten

ev 4 Pb target .
lonization Resonant ionization Field ionization g Windmill
Radioactive decay
Al state
P ] H h M spectroscopy
RIS Y
Ex2 Ton/p/a detection Faraday
— Cup
lon current I |
Hyperfine structure measurement _?_
Ex1_| <5 ==
> Contaminant MR-ToF MS
species . )
%LIF n Isoto F{ - : Time-of-flight mass
om
¥ | spectromet
of @ lon == . &
’ interest =
95 <o Photon detection !

ISOLDE facility, CERN

Provides flexibility as we will see in the next lecture ©!
B. Marsh et al., Nature Phys. 14 (2018) 1163
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Discussion pause...

UNIVERSITY OF JYVASKYLA

. 800:-'(2;) | i 1 (9/2) | |
1890 5 600 f Ea = 6671 keV 1« Examples of in-source RIS at ISOLDE.
o I ot 1 . .
S 400t ~10" ions/s 1+ Yields measured with alpha-decay spectroscopy, down
! : . to the level of < 1 ion/s !
0 ]
. & 40T () i, 1=1 . ]
195Bj9 5 ;g.’ Eo = 6992 keV : 1
Q = i 5 ' - - -
il s 1  Given we are using the ISOL
Ut i S method of RIB production
» 300F (c) +  isomer shift 4 . .
1888im = a00] £ wyn 4 | COMbined with RIS, what do you
I 3 L e - - - - - - -
A I Ea=6813keV | think are the limitations in this
~10 ions/s |
of_ =/ Il [N, | method?
o S8F @) "'Bi, 1=(9/2) ]
= i 4
1870; S 6} Ea = 7000 keV ]
Bi 3 4l ~0.1 ion_s/s 1
oL S : e ]
ol (1510 w v w sy B
-12000 -8000 -4000 0
v(MHz) A. Barzakh et al., Phys. Rev. Lett. 127 (2021) 192501
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The drawback of the in-source RIS approach

UNIVERSITY OF JYVASKYLA

The observed transition linewidth can be broadened by Doppler effects due to the high temperatures
involved (hot cavity), or collisions (if in gas):

Y &
k S
o 7/ Laser
,\0 o
® i/' e

\ Vv
Doppler shift  f'= f;(1+-) .
C Doppler broadening

Thermal motion is a Maxwell-Boltzmann probability distribution. Causes a spread of frequencies
observed by atoms:

mc’(f - f,)° 8k.TIn2
P(f)df ocexp(- 2kaf020 )df Acym = f0\/ tr)ncz
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Doppler broadening from a hot oven

Hot cavity ion source )

UNIVERSITY OF JYVASKYLA

51426.0 cm! Al

 Hot cavity
» Crossed beams |

232Th J3:81278.875 ISR

B -

261.241 nm

“Low”” resolution allows us to measure:

* Hyperfine A factor - magnetic
moments
» Isotope shift — charge radii

0. . = £ " '
—19000 —2000 -1000 0 1000 2000 3000
Detuning in MHz

Natural linewidth 35 MHz; spectral linewidth 2.4 GHz (in oven), 170 MHz (crossed-beams configuration).
The Doppler broadening is often comparable or greater than HFS or IS!
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Collisional broadening in a gas cell

UNIVERSITY OF JYVASKYLA

Frequency scan of the first step transition

1P:49262 cm 1 5 0.8] 170Er ‘ W\ ikl i
(‘U. —— Gast.:ell P= 500 mbar
396.7 nm : 0.61 \\ il
= :
42CH6s6p. =5 24083.26 cm™! = )
— i S 0.4 ¢ 3
= ;
415.2 nm D 0.2 : ey e
. o,
4f%6s> 3H', I = 6 0cm™ ] e ———
' —10000 -5000 0 5000 10000

Frequency - vg (MH2)

¢

* Inagascell, atomic spectral lines * " suffer”” from . M
collisions with buffer gas atoms. Many collisions
perturb the energy levels R 100 200 300 400 500
* Leadsto spectralline broadening & energy shifts

o T o
 Resonance peak FWHM, I, =11(1) MHz/mbar — fit L\’\r\’
* Resonance peak centroid, I =-4(1) MHz/mbar /—2'000- ¢ Resonance shift

0 100 200 300 400 500
Gas cell pressure (mbar)

A. Ajayakumar et al., NIMB 539 (2023) 102
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Methods used to mitigate the broadening .
A variation to in-source RIS recently applied online at ISOLDE, CERN. Based on developments in U-Mainz.

LIS structure Beam extraction & shaping Magnetic

Hot atomization cavity I \@% | I A |

/@P"EI

mass separation

' lonization lasers

B

RF quadrupole
N \ : (O Isotope of interest
e~ flon repeller electrode (O I1sobaric contaminants ?
30 kV ion source region . .
() Isotopic contaminants _
....... L_J lon detection

Probe laser
Dual
repeller

Exit electrode

Crossed atom beam / laser geometry in LIST structure: Aomizer ||
RN | ——
;'W—E#O

» Electrodes provide a full suppression of surface ionized isobars

Longitudinal

)
5 @ laser
& 4\

Perpendicular

* Probe a reduced Doppler ensemble of atoms Per

T. Kron et al., PRC 102 (2020) 034307
R. Heinke et al., Hyp. Int. 238 (2017) 6 Quadrupole rods

Insulator

e Suitable narrow-band laser must be used

I.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.
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UNIVERSITY OF JYVASKYLA

Perpendicularly-llluminated Laser lon Source

Ac laser ionization scheme ————
(used at several online facilities — ISOL & gas cell) 1.0 _ In-source broadband (4.5 GHz)
- — In-source narrowband (1.8 GHz)
Continuum B i PI-LIST (150 MHz)
A.l. 46 347.0 cm™ 9
1.p em— ‘ ............... 43 394.5 cm! c Tk
50
=
424.69 nm A|='=4 - 0.4
B
- w . i i
6d 7s 7p *P2, 0.2
22801.1 cm™ T— " M M
A A et 0.0 . i e L S [ e JL :
I -15 ~10 -5 0 5 10
43858 A Feq Shift to center frequency (GHz)
= F=3 St duction in Doppler broadeni
22 = . rong reauction in vo er proadening seen
6d 7S D3/2 ’P,_;_._.'_:EE:::: _______ F=1 g pp g
"""""""" F=2  Sensitivity <1 ion/s; resolution ~200 MHz

« Sacrifice in efficiency (102 to 10* compared to standard in-

“High™ resolution allows us to measure o o
source resonance laser ionization, ~100 to "LIST™)

hyperfine B factor - Q moment

Since 1863. I.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



Offline results from PI-LIST at U-Mainz

UNIVERSITY OF JYVASKYLA

Ho-166m

1=7 A cautionary note on high angular momenta!
Rl L¢JUJuuumumuL L .
- * Atransition involving high angular momenta is good for
Fea | sensitivity to spins and moments
24377cm 2 - :
ol K(‘ = o F-ae O  In this example, altogether 43 resonances are present!!
F=172 oV
1=102 P B = : T « But it comes at a cost! Signal strength is spread over many
F=a peaks.
E;EE T « Even with super high production rates, these kinds of
Ocm Foaz - measurements on radioactive isotopes are simply not
4 116s? TN feasible.
J=152 =13 <
e 0y | R. Heinke, PhD thesis, University of Mainz (2019)
200F standard PI-LIST mode 166mH o

— 166mHo
# i — Cumulative |

150 ! } _ 1
d 100 P l } g
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From the gas cell to the gas jet

Gas cell measuring
station: o s
L t windmill
aser system
In-gas-cell arget lon collector
method N ipole
Repetition rate N magnet
200Hz
A SPIG
1
Excimer —‘— Dye d —
-D eJ Acceleration
. he optics

CYCLONE 110
cyclotron beam

Laser system
In-gas-jet
method

lonization
chamber

Repetition rate
10 KHz

VK1 Nozz\e

llllllllll

Nd:YAG  Ti:Sa
e
- Ti:Sa

injection-locked pulse M
Ti:Sa laser =

Gas jet studies:

Since 1863.

Yu. Kudryavtsev et al., NIMB 297 (2013) 7
A. Zadvornaya et al., PRX 8 (2018) 041008 .

1000

100 :
==
3 10 N
g =
‘h-_qh-

E —
4]
= 4

0.1

10 20

Mach number

5

Specially designed (Laval) nozzles

After the nozzle the gas expands and goes
supersonic.

The Mach number M is the ratio of the stream
velocity u to the local speed of sound a.
Temperature drops, gas density drops.

M= 12, gas jet temp T=6K

I.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.
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A (final) pioneering experiment at the LISOL facility |

*1/5/1974 - 16/12/2014

ARTICLE

Received 25 Aug 2016 | Accepted 9 lan 2017 | Published 22 Feb 2017 DOl 10,1038/ neomms 14520 OPEN
Towards high-resolution laser ionization
spectroscopy of the heaviest elements

in supersonic gas jet expansion

- 300 | | 1 | L
| —— Gas cell| It 4 215p ¢
| — Gas jet | : ]
é 200 - .
c
£
§ Celebrating the 40th anniversary of LISOL (Louvain-la-Neuve)
< 100 - :
i | - GUTENRERG A ¥l
i3 g KU LEUVEN I
0 T T v T T E T ' | - -
-40 —20 0 20 40 AN
v —683,618.211 (GHz) w UNIVERSITY OF JYVASKYLA
-ingas cell -in gas jet
Resolution: 5800(300) MHz Resolution: ~400 MHz R. Ferrer et al., Nat. Comm. 8 (2017) 14520
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Gas-jet exploited for heavy element studies at GSI

UNIVERSITY OF JYVASKYLA

In-gas-jet laser spectroscopy of 2>*No using the JetRIS apparatus at GSI, Germany. 208Pb(48Ca, 2n)254|\|0

Lasar boam e
NaYAG (2nd step) 2D plots of Mach number, T, and density distributions.
Tunahbie
% Frame o -l o |
Entrance[’_DC Cage _DC Funnel S i 5 j:
Lasar : $32 nm 00 s 3
l\\ lﬂl‘ g (181 mtep) I :::.:J:t;i:;r = ﬁ:ﬂl:ﬁ"“' _5; 3E
E[ T- N - L Tunable |__| 532 nm -t;o :
lée Lavai CW Dye CW NdiYAG )
mnk — ol 250
Gas cell (P,) ot chamber (Pau) S E 1 s0g
1600 i/sl W | | W [1300 1/ u : 5o @
3000 = 2
C e JetRIS x100 g oo [0 &
2500 F + ; RADRIS : i o E‘
 First successful heavy actinide gas-jet study B § ol 16 &
5 o C 12
 4ions/s of 2>*No at entrance to gas cell § 2o |
* Overall efficiency 0.010(3) % (2 oom < I ) s
RADRIS) § : 5.0 nﬁglig
« 5-fold improvement in resolution over in-gas 3"} i e
cell spectroscopy. sk | sowio+ 8
N . - agnie+ &
9 : .'g-t".-"
() M P — SEe— — e 10 20 0 a0 50 60
; —6000  —4000 —2000 0 2000 4000 6000 Axial distance from nozzle throat [mm]
J. Lantis et al., Phys. Rev. Res. 6 (2024) 023318. Frequency (MHz)
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(Fast beams) collinear laser spectroscopy

UNIVERSITY OF JYVASKYLA

In a collinear geometry, light, whether co- or counter propagating with the ion beam, interacts with

accelerated ionic ensembles.
1. Accelerate all ions to energy E

| I _ _ 2
I I Laser beam E=eV =%mv
< > |
ey 2. The energy spread 8E (from source) remains
I_ | constant
Analysit:g mv2
B . SE = 5(——) = mvév = const.
Typically 30 - 60kV Hhetomtplicr 2
Fast ion beam tube
3. The corresponding velocity spread is decreased.
Accelerator beam : . : _
SE>1ey Ion — We obtain the Doppler width (in frequency):
SOUrce
oV, =V, &
v i D — Vo
SVy =V, — Doppler broadening /2 F
0 : eVm
C (in frequency space)
S.L. Kaufmann, Opt. Comm. 17 (1976) 309 W.H. Wing et al., PRL 36 (1976) 1488
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The effect of the velocity compression

$5Rb Hyperfine Structure

UNIVERSITY OF JYVASKYLA

FWHM = 1334MHz T:ZOOO K |

FWHM = 483MHz

reduction in
o 1 | Doppler
A — 120N i
FWHM = 120MHz broadening

Counts [arb. unit]
| R)
S
]

401

o FWHM = 25MIz
Natural linewidth __ser——

achieved! . | M

—2000 —1000 0 1000 2000
Frequency relative to Dy transition centroid [MHz]

Typical ion source energy spreads are ~1 eV. Acceleration of medium-mass nuclei to 30 keV produces a 3 order of
magnitude velocity compression. Unresolved hyperfine structure becomes visible!
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Doppler tuning the ion beam

UNIVERSITY OF JYVASKYLA

235 U
1=7/2
Charge CW tunable laser at .
exchange fixed frequency | on i ‘ T —
fon (atoms) J e ‘
Source o __ __ N e

Separator
electrostatic
acceleration
(30-60 kV)

Apply "~ Doppler tuning”” voltage

Doppler-shifted (relative) frequency Frequency w.r.t. 238U [GHz]

1£p g =y
JiEpE e

(Exact collinear "+""; exact anticollinear "-")

v

Y

Vo V
Transition frequency
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lllustrating the effect of the (source) energy spread

UNIVERSITY OF JYVASKYLA

865700

HOS150

LRI

Hid50)

B3 500

» |on source energy spread —~20 eV from the Beijing

10000 - ™ | N '
[ () e 1Y e "
8000 | ' | o \ (ISOL) RIB facility.
. I=3 _- F=T72
6000 - 0 ﬁ‘:s e §= ‘ET

|  Leads to a Doppler "imprint” of ~125 MHz on the

F = 5/2¢
4000 |- ? éill '[El&j:t? spectral transition(s).
:utm_—/ﬁf g s & 1€ [p = VoOE /v 2Emc?

|:| | 1 | 1 | 1 | I | I |

Counts (a.u.)

1170 -B40 -510 -1ED 130 480 E10 1140
Frequency (MHz) Note the difference in the background!!

Clear impact with a reduced energy spread (CRIS@ISOLDE)
S.J. Wang et al., NIMA 1032 (2022) 166622
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Sometimes we need to work with fast atom beams

» Transitions from the ionic ground
state might be in the UV or VUV - so
are not directly accessible for our
laser systems.

» Alkaline metal ions, ions of rare
gases, most non-metal ions and many
metals.

» Pass the ion beam thrugh a charge-
exchange cell (CEC) with low pressure
alkaline vapor. Sodium or potassium
are most commonly used.

» Doppler tuning performed by
applying voltage to the CEC.

Since 1863.

UNIVERSITY OF JYVASKYLA

Laser beam,
Laser on fixed frequency

lon beam (30 - 60 keV)
\ /

Excitation / Observation region

N

Electrostatic
deflection

Charge exchange cell |

(hot alkaline vapour) —

if neutral atoms are
required

Ring electrodes to
fine-tune velocity of
ion beam

Light guide

Photo multiplier
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Recall the example of Pd (from King plot discussion)

UNIVERSITY OF JYVASKYLA

» Strong transitions in Pd* ion are inaccessible to standard CW laser systems (very short wavelengths).

J=2 k 38811.90 cm'! Pd*+ K — Pd + K* —Colcute
led - M u
J=0 38088.19 cm! Tl bonaon 11721.81 em-1 —
J=1 + 36180.68 cm'! 6 ! v trpcs s
= p—— | .
}" ; ' ;jg;-;‘;‘ S K neutralizer 1009399 am
=2 98 cmr
‘ 15 30 keV beam
= “\\ 7755.03 cm-1
Ww| |w |w |w | g ol - T
2l (2 (2 [ |3 I —— T
o\ |t _— = | [ e meees
5 5 E E B o [ A 6564.15 cm-1
0.0 0.2 0.4 06 0.8 1.0
J 11721 8 1 1 21 Relative populations
— Z1. cm
J= 10093.99 cm™! ;
J=2 7755.03 cm’! b N 0
1 *—l —_~
J=3 6564.15 cm! oL — » Total neutralization eff. ~40% _
B — » The majority of the population goes into the
J=0 0 cm! N 6564.15 cm-! level.
e 363.6-nm transition: ~1 photon per 7000 ions.

Normalised population
A.R. Vernon et al., Spectrochim. Acta B 153 (2019) 61
S. Geldhof et al., Hyp. Int. 241 (2020) 41.
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Discussion pause...

UNIVERSITY OF JYVASKYLA

In the previous slide, | stated that our measured = “spectroscopic
efficiency” ~“using the 363 nm transition of Pd was 1 photon detected per
7000 ions. This can be thought of as the combined excitation and
detection efficiency.

Any thoughts on why we don’'t measure 1 photon per 1 incoming ion?

Fluorescence light collected by optics and focused to a
PMT detector. Solid angle coverage of the light
collection system and quantum efficiency of detectors
constitute the main limitations of this method.
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Counting rates for low flux 1on beams o

The collinear beams technique has high sensitivity. All ions/atoms pass through the laser beam
and contribute to the fluorescent signal.

However.....here are some typical numbers:

Signal (laser on resonance) =
1 photon detected per 1,000 ions in beam

865700 |-
865150 |-
864600 |-
864050 _ ..." oA 1 o

B63500 -
10000

Background (laser light scatter) = 200 photons / sec
(per mW of laser light)

Counts (a.u.)

8000

6000

4000

2000 -

B N R MR TR Low-Tlux beams (1,000 ions / sec). background must
be suppressed to see signal.
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Addressing the scattered background (old method) T

UNIVERSITY OF JYVASKYLA

Photon-ion coincidence detection

Position sensitive light collector

Deflector Plates Brewster Window

A

Ton beam | o

Segmented , Multi—Channel

PMT (16-fold) Pl o

Electron Mulfiplier

Tuning voltage adjusts ion velocity to Doppler

Laser frequency “locked” to a
shift it to resonance with locked laser

reference for long-term stability

Data Aquisition

Accept photons in delayed coincidence with the corresponding ion (or atom). Position sensitivity along the detection
region can enhance the time resolution (to ~20 ns). Good for beams with little isobaric contamination.

D.A. Eastham et al., Opt. Commun. 82 (1-2) (1991) 23
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From continuous to bunched beams

Target HRS ~ RILIS Once we have a time structure to the beam we can accept photons in a
lon source mass separator ionization  y3e window during which the bunched beam passes

UNIVERSITY OF JYVASKYLA

Background _  €.9., 100ms accumulation

suppression 10us gate width

~

Accumulate, e.g., 100 ms

N

Quadrupole

. Release
triplet

Post (~10 ps bunch)

. A acceleration

leubis 11Ad 93D

Reacceleration
potential

End plate potential

vN

P. Campbell et al., PRL 89 (2002) 082501

Observation

E. Mane et al., Eur. Phys. J. A 42 (2009) 503 region
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Photon-1on coincidence vs. bunched beams

UNIVERSITY OF JYVASKYLA

= 4200
1 L B e | |‘ ' 40(}(]—_ (a) Ungated
5 h of data collection P e S ‘ _
) coincidence 38001 T 7
lon flux 12000 ions/s g [ A [ ‘ a it
9 3600HY| | ‘
2 c - i .
S 150 - 8 3400 - -
8 O 60 i T i J I
s so-®
125 - 5 L40F us)
© Ul
D 100 —_— Ig
S 45 mins of data collection ' bunchgating ] IR L LR P LAY R T TN
lon flux 2000 ions/s 88Zr | fooo ™S00 500 1000
oy . | Frequency relative to centroid (MHz)
- 1 T I -1 T T ' 1
8 1 251 (o) i
B (o 3 B 20 -
O - y [ |
10 - - 2 1r ]
- - S 10k =
5 _ c - ;
| Lt - < & i
I | 1 | i | 1 | g |
op——4hdFl A E s o B4 65 66 67 68 69 70

0 20
Tuning voltage offset (Volts)

80 100
Time of flight (us)

B. Cheal and D.H. Forest, Hyp. Int. 223 (2014) 63 E. Mané et al., PRC 84 (2011) 024303
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From photon detection to ion detection T

Production Manipulation

a)
‘Prlmary beam

Potential

deflector

N | |
Ooo Q

Charge-exchange cell
@ lon 10 to 500 ms
S

© He atoms —} Continuous laser beams
@ K or Na atoms

(O Neutralized atoms

- = 9 Pulsed laser beams

» Fluorescence photons

Note: the application of ion detection (via CRIS) requires charge exchange

Since 1863.
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Spectroscopy & detection

M

Laser frequency

b) Fluorescence detection

Count rate

Photon detector

e

Particle detector

A
o ——

Ju—i A

Sequence of laser pulses

.

Time

Figure from A. Koszorus et al., EPJ A 60 (2024) 20
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Complementarity in our technigues

"VASKYLA
- jn-source

The most suitable technique can be determined based
on the scientific questions, spectroscopic properties and

ion beam properties. ~Cu @ e
ISOLDE Mmoo
IN-SOURCE (RIS) ‘ | — RIS
e Selective process | JJJ -

« Short lifetimes, low yields (<1 ion/s) ~5000 -2500 0 2500 5000 7500 10000
« High detection efficiency
» Poor resolution (100-1000x < CLS)

—— CLS I —— CRIS

CLS (photons) / CRIS (ions/decays)

» High resolution: (~10-100 MHZz)
e Beams of some 103 - 104 ions/s (CLS)
 Few tens of ions/s (CRIS)

. L

Figure from: A. Koszorus et al., Eur. Phys. J. A 60 (2024) 20 ~750 -500 -250 0 250 2000 2250 2500 2750 3000
Laser frequency detuning (MHz)
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Sensitivity vs resolution

UNIVERSITY OF JYVASKYLA

“Terra incognita” Requires almost GHz
0 q ]|+ Magnetic dipole moments

=3 RILIS background-free

100 —| & TRILIS techniques »  Electrical quadrupole moments and
£ RADRIS (Lecture 5) charge radii
= In-gas jet _

| B EEEEENSNENTT *  Hyperfine anomaly

10" 5 / Distribution of magnetization inside

@ ggi‘i i nuclear volume
BECOLA e Higher-order moments

10?

IGISOL-CLS

......

10°

/ Magnetic octupole...

Higher-order moments of the charge
radii

PI-LIST

/ e.g., <r*> - surface thickness of nuclear

Resolution, (MHz) density

I I
102 10" “New observables” A

«  Beyond-standard model physics from
Hz-level isotope shift spectroscopy

And we work in a typical lifetime range from ms to stable nuclei
Figure modified from: X.F. Yang et al., PPNP 129 (2023) 104005
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Laser spectroscopy setups worldwide

UNIVERSITY OF JYVASKYLA

— LaSpec | co ALA] @ ——
o m T e B
BECOLA - —k\ (A o CALS | CLS/RILIS
- }.. JINRO 7| RADRIS :
? . C < MIRACLS BRIF-BISO

\m

S3L \1 HIRFL HAIF

D’

Operational Commissioning ~ Planning

-

[ Nuclear properties J Laser ion source ] [ Application ]

X.F. Yang et al., PPNP 129 (2023) 104005

\
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Take home messages and summary

Our beautiful technigues

» Laser spectroscopy of radioactive nuclei features (or is planned) at almost all online radioactive ion
beam facilities.

» QOur spectroscopy can be performed at both ISOL and IGISOL (traditional) as well as fragmentation
facilities (via gas catcher developments).

» Lower-resolution in-source methods are complementary to high-resolution techniques and are often
used together”. The choice of technique is determined by the observables we wish to measure
and the yield of our exotic nuclei.
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