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Once upon at time.......on the History of Laser Isotope Interaction: AVLIS

Appl. Phys. B 46, 253-260 (1988)

..1973 — more than 50 years ago...
Atomic Vapor Laser Isotope Separation*
J. A. Paisner

Laser Isotope Separation, Lawrence Livermore National Laboratory,
P.O. Box 5508, Livermore, CA 94550, USA

Received 19 April 1988/Accepted 25 April 1988

Abstract. Atomic Vapor Laser Isotope Separation (AVLIS) is a general and powerful
technique applicable to many elements. A major present application to the enrichment of
uranium for lightwater power reactor fuel has been under development at the Lawrence
Livermore National Laboratory_gincg 1973. In June 1985, the Department of Energy
announced the selection of AVLIS as the technology to meet future U.S. needs for the
internationally competitive production of uranium separative work. Major features of the
AVLIS process will be discussed with consideration of the process figures of merit.

a1 Lawren ¢
sacility @l LAWIEL o 5 e
¢ demonstratich ab}ngn\ Qne of 1= - eam 1wbes
separatd _epale QUIPTTETTS, o visible 8 a
The S tested 1U-SCB S o, AlSO
o plant 188 rnonstral
pilot P er ator unils

was O

fnr i
ational for 0%

° . Y2
{gser ight 1© the sepal
as C

PSI Switzerland - Klaus Wendt

...up to today of relevance for specific (radio)isotopes...

=4th

Fig. 18. Elements separable by AVLIS

Harmonic of radiation {Cu-dye)
requirad far excitation of
electronically caold vapor




Implementati
lon of on-line Las :
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SUMMARY

Test experiments at Troitzk and Mainz have demonstrated
the feasibility of step-wise multi-photon excitation and
final jonisation by pulsed lasers as selective and
efficient tool for the production of isobarically pure ion
beams . The development of a new rype of jon source pased on
3 is In combination with existing

further extension in

targets this will open up

respect to purity and availability for a nunbeYx of elements
at on-line mass separator facilities. The collaboracion
proposes to use the CERN—ISOLDE off-1line separator for
tests of appruvriate target ion source caniiquracions with
respect to efficiency and purity After succesful
development the laser jon source shall be installed as an
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Outline

History & Motivation for Resonance lonization Laser lon Source Developments
- Relevance of radioactive isotopes (or elements), their generation and analysis

Physics Background, Technology and Experimental
* Resonant laser excitation & lonization processes in Mass Spectrometry - RIMS
» Lasers & RILIS Laser lon Source Units at radioactive ion beam facilities (RIB)
- Developments towards efficiency (sensitivity) & selectivity (ion beam purity)

Applications
* RILIS ionization for generation and collection of pure ion beams
- i.e.?3Mn, >°Fe, 1°7Tb, 163Ho, 226Rg, 24’Cm, ...
* In-source spectroscopy on stable & radioisotope in the RILIS, i.e. lanthanides & actinides
 RILIS for analytics of radiotoxic isotopes

Summary, Outlook & Credits

PSI Switzerland - Klaus Wendt



Relevance of radioisotope studies today pttpss ..ol gov/nudat2/

= 3300 isotopes known up to now m- 1252 00

Ty (s)
Bio+10 10-02
. B 10+07 10-03
Open questions: Woowos oo
B o+03 10-06
10+02 10-07
* Origin > Nucleosynthesis processes ? oo W ious

n
unknown M=126

e Behavior = Nuclear (& atomic) properties?

e Useful applications

— Nuclear Industry and Material Sciences
- Environmental behavior

Radioprotection in nuclear
energy & waste disposal

Terbium - the Swiss army knife

~ Nuclear Dating 1 of nuclear medicine
- Nuclear Medicine .
- others... g
€
=
c
c /
Some nuclear data for g
experimental determination a - ,
g S T T T 'c
(I oecoy woce | @ | aec | ap- | o |[20a [ @ |[ausc]atc, | apa [Gpan]| 0 || 5 |52 | 520 [Evwense] 2 | =2 44
— et |l |l 1264075

| (BE-LDMFityA || B2 | BEDe2igey), . | o(ny) | o(nF) | 235UIFY | 239PulIFY || 252Cf IFY ”Excited States v HFissiDn Yields
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Contributions by on-line Laser Spectroscopy at RIB facilities

B. Marsh et al, Nature Physics 14, 1163-1167 (2018) P. Campbell et al, Prog. Part. Nucl. Phys. 86 (2017) 127-180
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Todays Research Goals in the Field of Exotic Isotopes by RILIS
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The Specific Appeal of Resonance lonization Spectroscopy

Dedicated technique for ionization, purification & spectroscopy of stable & exotic atomic species

* Universality - applicable to more than 100 elements " e
Li Be B Cc N 0] F Ne
Na Mg Al Si P S cl  Ar

* Highest ionization efficiency up to 60 % for many elements

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
e . . . . . . Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
* Element specific ionization for optimum isobar suppression

Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra ** Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og

* Isotope selectivity by mass spectrometry as RIMS

# Lla Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

« Additional optical isotopic selectivity via HFS & IS e © Rl " M N
Color coding:

° Exce”ent ion beam quality (Sma” 6dim- emittance) Inaccessible Feasible Dye schemes Ti:Saschemes Ti:Saand Dye schemes
https://rims-code.github.io by Reto Trappitsch of EPFL

Autoionizing state

an
lonization potential . . .
Rydberg state Multifold applications, e.g.
cited states Ceaey — On-line production of short lived exotic ions &7.70y
— Fundamental studies and analytics
tond g [ I}
Ground state — Beam purification for ion collection ' .
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https://rims-code.github.io/

—

LiBe B C

O | F Ne|/Na

Mg

AllSi Pl S

Ar K Cal|Sc

T ——

Co|Ni|[Cu|Zn Ga|Ge|As|Se|Br Kr|Rb|Sr| Y [Zr Nb/Mo|Tc|Ru/Rh Pd|Ag|Cd|In [Sn Sb|Te

o .

p—

La|Ce|Pr[NdPm Sm|Eu|Gd|Tb|Dy Ho| Er ITm|Yb [Lu[Hf | Ta| W [Re|Os]| Ir | Pt

TI|Pb Bi Po

Pa/ U Np Pu

Cm Bk Cf |Es

http://lumop.net/spectral/



Basics: Atomic Spectroscopy within the Elements --- from ;H to ,,,Fm

Resonance lonization Spectroscopy in Atomic Systems C=FF+1D)-10+1)—JU+1)

Rydberg- Auto-lonizing Tt
: +” Hyperfine ‘ —
Series | «— levels ( S::'th{l . / AE AE, + AE
IP— S p d ... S=eea==" _ c 3(C+1)-200+1)J(J+1)
AEyps ~ 1075 = A; + B 8121 —1)J(2] — 1)
E AEpg ~ 310—1 to I103—/72ev
to 1073 eV = o ]
? © 3 Magnetic dipole & Electric quadrupol
A 2
Rough P32 ] T o moment of the atomic nucleus
Structure 2 < S1/2 2
- 1 u H(0) _ . [0
AE ~ 1 1/2 A= B = eQg >
; 3~V Fine _ 5 I 0z o
7€ Structure D1||D2 . 1
Q;, <0
2
o _I_ 1 n B 51/2
i but no L ] —L+S 1
dependeznce dependence F=1I +]
R depend

PSI Switzerland -

- High spectral resolution required



Isotope and Isomer Selection in Optical Excitation

Unique exatatmn sequence and also isotope (and isomer) shifts for each element

Isotope A Isotope A Two Mass shifts contributions + Field shift

or isomer A* AL AL
e L &5 ~ ~ ~

ma—mgy’
5VA,A’ = Vg — Va= (Kyms + Ksps) +  Fes 8<r2>A,A’

ma-mpgy’

2 —A—/ I
100
- Size and deformation of the atomic nucleus - 0
—> 0dd isotopes: additional shift from hyperfine structure 8
€ 1
1 2 01
0 / 2 Highest optical isotope selectivity up to 10° fg . 61
. ,—"--_~~~ . . . . . @ Y.
I——¢3 120 MHz - 1 GH2 2 in the suppression of neighboring isotopes — s
S’ 1 10 100

P. Mdiller, B.A. Bushaw et al., Fresenius J. Anal. Chem. 370, 508-512 (2001)

Bz ZageccEEE SEpm-cEE- i "tis : Atomicnumber,Z
S o e “= PSI Switzerland - Klaus Wendt
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Example for RIS: Off-line and on-line Spectroscopy on Actinide Isotopes

High resolution 2 step RIS
in Uranium with hfs and IS

2381

Intensity

Isotopes accessible

only on-line at GSI

M. Block, M. Laatiaoui., S. Raeder
Prog. Part. Nucl. Phys 116 (2021)

*

Triple-resonance autoionization of uranium optimized for diode laser excitation
B. A. Bushaw, S. Raeder, S. L. Ziegler, K. W. Spectrochim. Acta B 62, 485—491(2007)

Medium and high resolution laser
spectroscopy off-line at JGU RILIS
& on-line at GSI (JET RIS)

No

Lr

248 | 240 | 250
‘FmIleFm

Md

Fm 1. warbinek, M. Stemmler,
S. Berndt, PhD JGU Mainz

;‘:ﬂ ES S. Nothhelfer, F. Weber PhDs JGU 22
o My, 16000 oo Cf F. Weber PhD JGU Mainz 22 5
o p(;[ ¢ Bk

ﬁ Cm N. Kneip, PhD JGU Mainz 22 ﬂ _ _

‘—l,._lr Am M. Stemmler, MSc JGU Mainz21 L Am A Am

Pu A. Voss et al., PRA 95, 032506 (2017) _ -
Np M. Kaja, PhD JGU Mainz 24 -
U A. Hakimi, PhD JGU Mainz 14 — -
Pa P. Naubereit, PhD JGU Mainz 21
j V. Sonnenschein et al., J. Phys. B45 (2012) 4 '. -
Neutrons —

off-line activities at JGU Mainz in close collaboration with C. Dillmann JGU and J. Etzold ORNL
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Multielement RIMS: Rapid Element Change e.g for Full Sample Characterization

44 347.0 cm™! 48 878.80cm™ 50 744cm”  49989.75cm 50 szisr cm' 48878.80cm' 48470.50cm” 48 494.46cm?' 51856 cm’ 52 561.86 c:m-1 o Sl m pl e & eﬁ;l Ci e nt tW o- St e p RI S
49 958 cm-! 50 535 cm-! 1 50 665 cm! 51358“1
43 39445 cm! 49 000 cm* 48 601 cm! 48 182 cm- 48324 cmt R . .
selemr 1 * Rapid exchange of elements developed in
isoelectronic sequence of lanthanidesEs
2280110 cm™ 2418863 cm™! 2544863 cm 25235.74cm? 25 27‘63 cmt 24 18i63 cmt 23 43i93 cm' 23 08;26 cm' 28 232.81 cm” 28 44;88 cm! _ F. Weber, MSc JGU al, in preparation
105-E
Ac Ci o ol
: B OB OB OBIOE OB OED |-
0cm’ g’ 103;
238p, N 1072
" 240py, ]
. *239py 10- L "
1 0000 i - _ _ 140 145 150 155 160 165 170 175
: : -‘ 'a‘ (21lAm) Mass in u
= . - 11 ICYPU) : -
'y 10004 - " Tl - * Rapid sample characterization
“« " T
S : 3t il % .
8 4001 S y g * |sobar-free, low-background isotope
5 # selection
o 1 * Element and isotope ratio determination
- Relevant for ultratrace analysis
237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 & fundamentals studies

Mass (u)
: Exclusive sample obtained from ORNL (J. Etzold) via C. Dillmann  [Sg
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RISIKO The RILIS development & off-line RIB facility at JGU

Laser Beams

Quadrupole Lens Einzellens

Optimum tool for laser
Aperture spectrosco

+ MMC _ p. ey,
| ion implantation,

/ on-line laser ion source
development and RIMS

analytics

Tonization Cavity

Dipole Magnet | _
Separator Slit

_ Deflectors XY Deflector
| 30 kV Extraction ellector

Sample Reservoir

Laser
ionization 5

Detection/
Implantation
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Advancements on Tunable Laser Systems for RIS 1980 — 2025...

Basic requirements for RILIS ionization, spectroscopy & analytics
10

= Broadest accessible spectral range for universality
using fundamental & higher harmonics SHG, THG, FHG

109}
=  Well controlled, easy and rapid tuning |
for long range Rydberg scans, spectroscopy and elemtent change
< 10
= Precise frequency control (down to ~1 MHz) “‘g
via wavemeter with additional active stabilization to reference g
o 102
= Adaptation of spectral laser profile to specific application

RILIS (atomic vapor) spectroscopy (~3 GHz) 103 Diodes 1
Atomic beam spectroscopy (~100 MHz) Blue Diodes '
high resolution spectroscopy (~10 MHz)
10 | P T R R
= Temporal structure (in combination with continuous evap.) 200 400 600 800 1000 1200

high pulse repetition rate ~ 10 kHz (or continuous wave operation)

Wavelength (nm)

= High power limited by pump power, especially for cw operation and HHG

ESé.O%TﬁFEEE" -=; e - RS : 7 PSI Switzerland - Klaus Wendt




The JGU famlly of pulsed powerful & narrow-band lasers for use in RIMS

Custom-built Ti:sa laser cavities for pulsed high repetition rate operation

* Three different designs - tailored for R. Horn, PhD. JGU 2003

Standard
3\

ocC

* High power (standard laser) - efficiency
*  Fast continuous wide-range scanning (via grating-assist) -2 quasi-simultaneous

multi element analysis

* Narrowband operation (injection-locked laser) - high resolution spec
* Resonator internal SHG for blue and single pass THG or FHG for UV _ Grating
Standard  Grating-tuned Injection-locked —— ))
Repetition rate 7 to 15kHz B
Pulse width 40 to 60ns
Average Power 3to5W 1to2W 3to5W &
o of JGU Mainz Ti:sa
Output range ( 5W \,,1020 nm Ae £10nm* lasers worldwide .
Tuning range TOU' G'H’ 700 to 1020nm 10 to 20GHz* RS - i: Y Injection locked
X — LR | - Hrerez g - CM
2 - \ Ifs RISIKG | TOF-MS | TREALE i e
SPECtI'{ll baﬂdWlCLth 1 to 10 GHZ , Né()-o-rlln P2 io_Mi_Ii - [P | KChie | KRGS r J— — Seed
Beam quality (M) <13 ( 20 MHZ>
—
V. Sonnenschein et al., Laser Phys. 27.8 (2017) C. Mattolat, Dissertaton, JGU Mainz (2010)
P. Naubereit, Masterthesis, JGU Mainz (2014) . S. Rothe, Dissertation, JGU Mainz (2012)
17 -68= Og-'j(;'ZF . = . ? i - : PSI Switzerland - Klaus Wendt



Standard lon Source Designs for RIBs (taken from CERN ISOLDE)

Plasma / electron impact ionization  syrface ionization / Resonant laser ionization \

o For all Eelements (independent of IP) o Hot cavity (> 2000°C - W, Re or Ta) o For almost all IPs

o Break up & ionization of molecules

o Intrinsic element selectivity

o Forlow (< 6.5eV) IP elements

Efficiency
Selectivity
Reliability

Universality
Simplicity

... basic source geometry and Materials designed in 1975 by H. L. Ravn, S. Sundell et al., NIM 123 (1975)

PSI Switzerland - Klaus Wendt Slide courtesy K. Chryalidis



RILIS Refinements for high purity & high efficiency studies at RISIKO

3. Beam diagnostics by  retraceable conical graphite FC, calibrated via y-spectroscopy, 2. Excitation scheme simplification
additional single ion counting via MagneTOF ion counter, for efficiency optimization
continuous ion beam current monitoring__~ on collection wafer in FC Resonant laser ionization

Auto-ionizing state (Al)

48566.95(6) cm-"
B e 48565.910(3)cm! — — 4__  lonization potential (IP)
1. Laser ion source
reservoir
Sector field .' :, 24660.80(5) cmr’ — 2 First excited state
\%%% magnet for 163Ho

0 separation 4. Optimized collection chamber m

30 kV extraction with precision x,y positioning system
5. Mapping Multiwire detector
for pointing stability on large area implantation up to 3" wafers

0cm™’ Ground state

Efficiency: 69(9)% [1]

Towards high efficiency, high quality, well quantified isotope implantations and spectroscopy

1. Detail Optimizations of the laser ion source unit - Highly efficient atomization of precious species, i.e. 1°3Ho, >°Fe, actinides
2. Permanently ongoing search & identification of efficient excitation schemes = highest ionization demonstrated in efficiency curves

3. Optimum and well quantified beam diagnostics - Absolute ion current measurement for implantation quantification

4. Implantation chamber for wafer exchange & positioning —> up to 3" wafer implantation

ed Laser Deposition —> Accurate ion beam positioning and implantation on collection target

PSI Switzerland - Klaus Wendt [1] T. Kieck et al., Nucl. Instrum. Methods Phys. Res. 945 (2019), pp. 2. J6lu



1. RISIKO Ion Source Optlmlzatlon for 13Ho ECHo Source Production

Finite Element Method (FEM) for Thermal Slmulatlon Choice of reduction agent through
Chemical Simulation Code using
Detail changes of source III.' | ,clover Gibbs Energy Minimization Method
components leaf” = 2000
100 = = =— =
front ~ \
1 = 80 -
| - contact S \
i inc“ ; =
. #3Pring at exit § 60 - Ho on
= rear hole 1500 S 40 Ti-carrier Foil
. (5}
l. reservoir heating § 20 - /\
| contact w
. . . 0 ‘ I E— - = Ho,0, (solid)
Previous Design 1000 2000 23
New Design l Temperature (°C) — HoO (g?s)
: . : . S : 1000 - — Ho (solid)
2200 \ | — Ho (gas)
2000 ,_\100
. ] . = g0 A
% 1800 - \ // - g
§ 1600 | o fiquid | 500 é 60 Ho on
e ° .
5 | \\.// ....................... . \ | £ 40 Zr-carrier Foil
1400 QC)
Ho solid \_/ iE; 20
1200 w
o 20 ;) 20 40 0 —— '
Sample Position (mm) lon 20 1000 2000

Position Output Temperature (°C)
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lonization and Transmission Efficiency: lon current stabilized on < 50 nA
100N : I v I

0 S ~ j E
Evolution of Implantation Efficiency & Selectivity < 1on 3
o+ = -
S : N
P =
R lo S 1N — =
< Te o 2 :
g 60f et - Typical implantation run u
S a0 4 S i using ~10'° atoms I
g o 100p with efficiency ~ 60 %
- = L0 = n
0 c | i
o U
2 1000} - 10p = =
g 100} N i
1p L— ! . .
- o 0 20 40 60

Time [min]

Measurement
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2. Efficiency Re

ducti

on for large Sample Size and Throughput - >>Mn

Pretests on stable °Mn Implanted 53Mn

in Al foil
Individual 1074 Atoms 1015
sample Atoms
size
Max. ion <10 nA ~ 50 nA
current
Implantation of 33Mn:
Efficiency 23(7) % 17(2) % P
5 samples,1.1x10'8 atoms overall
i Sample size 1-1017 2-1017 3-10%7
Q 30 :|; T 53Mn Atoms Atoms Atoms
> " T Max. ion current ~ 50 nA ~100nA  ~100 nA
C B3 - -
@ 0. UL,
O =S Implantation 20,5 % 17,6 % 12,2 %
= i S~ .
w4 S o L efficiency 14,5 % 12,1 %
~
W i . //////////
b
£
0 2 4 6 8 10 £,
Measurement number 2 , @
g

0.001 nA

2 4
x-Pgsition (mm)

6

08.05.2025 - - {1} N Krieip et-al-, £



The ECHo

. o nex.t
generation

ECHo 3“ test wafer:
2015 -2018 2019 — today 40 x 64 absorber
L o = 2560 MMC pixels
Implantation into Implantation into 3“
single MMC chips wafer with 64 chips
1 kBq '%3Ho 100 kBq %3Ho

(2 x 101 Atome)

Requirements for source production

> 163Ho to be implanted in 160 x 160 x 10 ym3 gold absorber
> Echo 1k - 10 Bq/ detector (2 x 10'* atoms into 100 pixels) Precise beam steering of highest
> Echo 100 k (2 x 10'® atoms into 10 000 pixels) relevance for geometrical efficiency

15/8/2025 .5 e » : PSI Switzerland - Klaus Wendt



4. Implantation into Microstructures o

Implantation chamber
xy-Deflector

Wafer on
xy-Stage

Pulsed
Laser
deposition

Einzel Lens g

TPRA TRAA

1P2a P18

Mapping
Aperture
Detector
(MAD)

<

E 300p - Implantation beam_ ;

3 | omaml ) | —

2 200p r : E ] ) ) +
MAD 8 wire detector PRISMA
for preCISlon pOS|t|0n|ng DETECTOR LAB

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Vertical lon Beam Profile (mm)
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Wafer test implantation using ’’Lu and Autoradiography co)

Verification by

Positioning and fine
& — autoradiography [1]

adjustment of wafer
using MAD

Implantation of
177|_u

Hf176 @ Hf 177  Hf 178 Hf 179

5.26 18.6 ﬂ 27.28 i 1362

Lu175 Lu176
97.41 250 3 10

FIBIOIE 8 B 84 a0 & &

IR
bl el

Rapid y decay of ""7Lu

View by adjustment camera
inside vacuum chamber
with overlaid autoradiography

[11 N. Bittner, Bachelor Thesis (2022).
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Nect Challenge: >>Fe implantation on Prima-LTD MMC pixels @S PrimA-LTD

ReqUESt: 5 BC] >>Fe implantation 1 test chip for 4 actual ChipS for EMPIR

per absorber pixel autoradiography studies on EC energies

- No PLD required ,

63 745,96 cm™! ——— Al :
63 737,70 cm’™ =meecbenens lonisation potential
£ *
v L
i
.
39 625,80 cm"" —————— 3d6 (5D) 4s4p ('P°) 5D, -
X .
&

0 cm-! 3d6(°D)4s25D,

Two step RIS scheme for Fe

Row of 4 x 8 absorbers of 140 ym x140 pym size
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lon implantation of >>Fe into MMCs for the EMPIR project @5 PrimA-LTD

* 5 Bgrequested per absorber - plus one test absorber of 1 Bqg for autoradiography
 vertical displacement determined to be < 0.2 mm — intensity variation < than 50%

* high dose artefacts of 3x and 2x average due to initial implantation routine - corrected

Incoming ions

4 chips delivered:

42(12)80 43(1.1)0q
(35 (10)5g_5.0(12)By_

Atom number quantification

via calibrated conical Faraday cup
E.D. Cantero, C.P Welsch, et al., NIM A 807 (2016) 86-93
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T — Based on schemata and efficiencies from JGU
Tl | Q0L elissa o Terbium  Holmium  Erbium Lutetlumwi
MEDICIS
Laser Lab target area M ——— == ome = ]
- B e s s L .l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
\ Ti:Sa Z-Cavity © _ 77777777777777777777777777777777777777777777777777777777777 o . ..... o . Em 00 S seeeseee 1
* '1‘ 5 602 o d N S—— = — -
\ Ti:Sa Z-Cavity v w § 50;' ° . """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" - L
BN I S PR — om0 ome :
\ nsozcay ———1 e = = :
1B - B3 |3 |
“So || Sc | |wac| |wmBa| |weyp| | WEr| o 12;‘ """""" Emes - B oo B e
(—  —— \
wTm | | werp | |tere | [mm | wsm) i ke | | wea || CERN MEDICIS Isotope Collection 2024

Month
Weekn°® 19

Element Tb | Tb | Tb L Sm
Dy Dy Dy Dy

May June

20 21 22 23 24 25 26

August September October November D

Tm Tm

40 41 44 45 46 47 48 49

Tb Gd Tb Tb Tb Tb Tb
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Interlude

* Back to the starting point: sodium versus protactinium

- Mid and high resolution spectroscopy in the RILIS
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Mid Resolution In-Source Laser Spectroscopy: Rydberg Convergences

Test in ;;Sodium | SRR
= Y 18 19 20 W
wide range laser scan E 01 . i .
for > 1000 cmin TES g
around the expected IP § . 3
e

[ L 1 . 1 L 1 L N 1 L 1 N 1 L 1 1 N 1 N 1 ]
40300 40400 40500 40600 40700 40800 40900 41000 41100 41200 41300 41400 41500

41449 cm'! IP 2522p6 Excitation Energy (cm™)
42000 LA B B B BN BN BN B R RN AL R AR A H A S S L A R B R B B R R BN R RN R R R B B B B RN BN BN BN B BN BN BN R R N RN RN RN B BB B B R B
810 nm - 895 nm ]
41000 —H -
29173 ¢m'? 2p°3d °D,, ]
___ 40000 - -
819 nm e . 1
S 39000 —+ — - _
16956 cm? 2p°3p 2P0, = ] Rydberg formula IPna = 41 449.455(6) 1(7)sys M ]
._g 38000 R —
é 37000 - Etot - Elp e —— Lit -1 ]
589 nm = ] (n — 6)>2 IP\.,-" = 41 449.451(2) cm 1
$ 36000 - —
C - -
Ocm 2p63s 251/2 ' 35000 -
34000 ] rr+rv|rr+rrprrrt+ rrr+r+r v+~ r¢rr¢r o[ o+ T+ [+ *r &+ [+ T [ T [ T 1T T T T
(0] 5 10 15 20 25 30 35 40 45 50 55 60

...ah optimum situation...

Principal Quantum Number n
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Mid Res Sp

Step 1: Search for suitable first excited states (FES) i+ 1764cm?

e scan the first laser in a broad wavelength range

* seta powerful second laser at an energy well above the IP 32943 el

for non-resonant ionization

* scan laser 2 (or 3) across the IP range to find Rydberg levels

49000 cm‘l_IP 52752 *H,

380 nm
22600 cm’? 799
26050 cm™! o
385 nm-440 nm
0cm? 5£%6d75” K/,

Count Rate [counts/s]

IP+ 1744 cm?!
IP+ 823cm?
IP = 49000 cm

36035 cm™?--

35926 cmt--
25724 cmt--
25448 cm™ - -
24778 cm™ - -
23807 cm--

VI Vil

5f26d7s 5K,

w 526075 %,

5f26d7s “K;
572752 3H,

0Ocm? 526d7s? *Kyy
! 1 ! 1 ! 1 ! 1 ! 1 1 1 ! / 1 1
: I 1=11/2
w00{ Spectrum of first excitation step l
1=13/2
12772
2000 angular momenta from [6] 1 =277 i
1=72? )= 222
1=13/2 1=9/2
_ =277 1=13/2
1000 1=11/2 LStV §
A

0 ‘ i

1 ! 1 ! 1 ! 1 ! 1 1 1 1 1

24400 24600 24800 25000 25200 25400 25600 25800 26000

PSI Switzerland - Klaus Wendt



Chaotic Spectra on Higher Excited Levels in Protactinium

1.0 - . - . - . - . - : . : . — Scheme  Energy range Parity # Level Range of J’s
0 TR PRI AR O AR SRR TR 0SSN AR 11 1 1 0001 0L 300V-32¢V Odd 88 75-13)
0.8 i (ii)) === 4.4eV-45eV Even 28 9/2-13/2
@ (iii) = 6.0eV-6.1eV Even 423 9/2-13/2
S - | 6.1eV-6.3eV Even 74 T2-11)
g ' v) 6.0eV-6.1eV Even 70 1/2-15/2
> (vi) 6.0eV-6.1eV Even 187  9/2-13/
S 049 1 (vii) 59evV-6.1eV 0dd 472 72-15
‘g 1 (viii) 6.0eV-6.2eV 0dd 233 9/2-13/2
8 0.2- 1  Literature 0.0eV-4.3eV Even 156 3/2-17)2
Literature 0.2eV-4.8eV 0Odd 494 32-17)2
0.0+ , | . . . . . ; il . ’ u wlwdldbo | Simulation 0.0eV-5.5eV Even 989  1/2-19/2
48000 48200 48400 48600 48800 49000 49200 49400 Simulation 1.0eV-5.1eV Odd 989  1/2-19/
Excitation Energy (cm™)
156 even and 494 odd resonances from literature about 800 even & 800 odd resonances measured
T T T T T I T
c
2 — Literature
2 Scheme (ii)
= Scheme (iii)
B2
a
Q Simulation
O
— | ! | ! | ! | ! | ! | ! |
0 1 2 3 4 5 6
about 2000 even & odd resonances from theory Energy (eV) AV. Viatkina et al., Phys. Rev. A 95, 022503 (2017)
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1 LI 1 | 1 "I 1 1 1 LI |
- . -
LI 1 1 1 1 r ML I
2500 /,’_ 640 2600 - ! - /"~
- , 1 J=09/2-13/2 / i
4 b Literature Simulation -
2000 — 400 t e / Scheme (i) — — — Fit function L7 N
il g Scheme (iii) P -
1500 7 -
. 620 - P -
10004 | | 5200 . | - .
500 | E, 1 E, 3 4. 6.0 E_ 6.1 - } _
/ - - - —
o - 0000000 O OO - ]
1 T 1 T T 1 T 1 T 1 T 1
0] E, 1 Es 2 3 4 E. 5 o
T T Energy (eV)
350 A , -
300 - / - Theoretical data analysis via 1. Level Density Collaps or
] / .
250 - 2. Rydberg Correlation
] . _ n
200 - - yields IP,, =49034(10) cm
150 - -
] ] IP,_ExPect = 49 000 (110) cm? from systematics (K.W.
100 Pa
- z -
50 i Excited atomic energy levels in protactinium by resonance ionization spectroscopy
0- T : T P. Naubereit, T. Gottwald, D. Studer, and K. W., PR A 98, 022505 (2018)
48500 49000 49500
Intrinsic quantum chaos and spectral fluctuations within the protactinium atom
E (Cm 1) P. Naubereit, D. Studer, A.V. Viatkina, A. Buchleitner, B. Dietz, V.V. Flambaum, and K.W. PR. A 98, 022506 (2018)
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The Supreme Dlsuplme ngh resolution in-source laser spectroscopy

..the famlly of Laser lon Source & Trap units LIST, PI-LIST, oL-PI-LIST, FI-LIST

LIST structure ™ Magnetic
Hot }'D i
o mass separation
atomization '\@ |_ —— g
cavity - -

5 &

/O T lonization
o R ‘—\ \----
O ) O jB RE d | Extraction &{ ('%

O \ quadripole electrodes

Target \ &/ lon repeller electrode / ('f i

60 kV target / ion source unit
I_I lon detection

O 1sotope of interest O Isobaric contaminants O Isotopic contaminants

Spatial separation: atomization from laser ionization
Suppression of any surface ionized species by repeller

®
®

o Clean laser ionization within the RF quadrupole structure

o Factor ~10° in surface ion suppression € factor 20-100 reduction in beam intensity
®

Versatility for highest selectivity and high spectral resolution by perpendicular illumination
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From RISIKO to ISOLDE: Adaption of the PI-LIST to the oL-PI-LIST

=<

No windows possible in ISOLDE frontend

» Reflection by metallic mirror surfaces (Mo)

» Off-axis guiding of laser through ion beam line and extractor electrode
» Beam profile and emittance simulated and verified experimentally

First on-line application of the high-resolution spectroscopy laser ion source PI-LIST at ISOLDE
R. Heinke, et al., Nuclear Inst. and Methods in Physics Research B 541, 8-12 (2023)
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High resolution spectroscopy results from the PI-LIST

o Nuclear structure investigations on long-lived radioisotopes

o Standard tool for high resolution spectroscopy

off-line at RISIKO, on-line at ISOLDE
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Conclusmn and Outlook LAR/SS5A,,

RILIS in on- and off-line Mass Spectrometry @ PRISMA* (o
i

—> sensitive, selective and significant technique DETECTOR LB

DF Deutsche
Forschiinasaemeinschaft

Research unit FOR 2202/1 and 2202/2
 KIRCHHOFF-
UNIVERSITAT ‘ ‘: CINSTITUT
gggﬂéﬁm —N\((* FUR PHYSIK
EMPIR B ‘“"“‘f)
. @5 PrimA-LTD

of radioelements or ultratrace isotopes I A

% Bundesministerium
£ & fur Bildung

und Forschung

with still great development potential even after 40 years

Technological developments during the last 40 years

Isotope Purification & Enrichment (in Research Quantities) ‘

all along the Periodic Table

Fundamental Spectroscopy on Atomic & Nuclear Structure

Helmholtz-Institut Mainz
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