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lon sources for ISOL - Outline

« Broadly: a device to create a beam of charged particles

« Charged particles respond to electric and magnetic fields, allowing the manipulation of particle beams
» lon sources define important properties of the particle beam:

« Type of particle

» Intensity (number of particles)

« Energy of the particles

« Position and velocity (shape and emittance)

« Number of charge units per particle (charge state)
« Time structure of the particles

 This lecture ©
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The Isotope Separation On-Line (ISOL) method

-« Release L
A M lonization
= S

Diffusion
Mass separation

Figure published in Ramos et al., (2020) /

NIM B 463, 201
Accelerated protons
N; — Number of target atoms

1. Production N
st
3. lonization j — Proton flux [cm-2]
4. Mass o — Cross section [mb]
separation ¢ — Efficiency [%] Experiment
5. Delivery to
experiments

Beam Intensity = o -j-N,- &
2. Release
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ISOL Step 3: lonization
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Atomic number (Z)

« the energy needed to remove an electron from an atom (or ion)

» First IP: energy to ionize the neutral atom

« The IP depends on the electronic “shell structure” of the atom

[1] www.ptable.com

[2] Graph of first ionization energies in eV (https://commons.wikimedia.org/wiki/File:First_lonization_Energy_blocks.svg)
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ISOL Step 3: lonization
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Atomic number (Z)

« the energy needed to remove an electron from an atom (or ion)

» First IP: energy to ionize the neutral atom
« The IP depends on the electronic “shell structure” of the atom

[1] www.ptable.com
[2] Graph of first ionization energies in eV (https://commons.wikimedia.org/wiki/File:First_lonization_Energy_blocks.svg)
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extraction

plasma beam
I ” 1 Plasmas

2 lonization mechanisms

lonization

3 Surface interactions

References and literature: 4 Beam formation and extraction

1. The Physics and Technology of lon Sources 2nd
edition lan G. Brown (2004), WILEY-VCH
2. Handbook of lon Sources, B. Wolf (1995)
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Plasmas and their parameters

Plasma: “fourth state of matter” — instead of molecules, composed of ions, electrons, and neutrals

 electron density n,, ion density n; and neutral  Kinetic theory of gases — plasmas
density n,, 1
 Mean free path A = —

« ‘“charge neutrality” : ), q;n; = n,
. . . . . 1 1
n; « collision time t (collision frequency v = ;) T=—

nov

* lonization fraction: g =
 Collision times ~ns to ms

- Typical units of electron volts (eV)

1eV=11600K _— o
. . -  Oscillations of electrons and ions in response to

* Inanisotropic plasma at thermal equilibrium, the small deviations away from charge neutrality

Maxwell-Boltzmann distribution leads to: 2 -

o (,()g — € " Ne wlz — q-e n;
. 7, = 67T, [il—? 7; = 1.57\/§ [Cu_r? o o %)
i i Provides the supply of () Q¢ @QD@' @

- electrons, ions, and neutrals may have different supply _ D

temperatures: T,, T;, T, charged particles e (@ @ vy %
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Electron impact ionization | =nergetic electron e
 collisions of electrons with atoms or molecules, where @ + -
ionization to charge state i can happen for E, > ¢;
« Typical cross-section maximums around E, = 3.5¢;
Energetic electron + He* —— He2* + e
. S ~54.4 eV
« Removal of multiple electrons: “multiply-ionized”, _ _
. : . e+ — + €
“multiply-charged”, “highly charged ions”

« Single or multiple (step-wise collisions) T

r w0 % 50y % _
_ 8kpgT, — 3 A g \’1:\:\:\—\—\;\_;"%—-
 Electron temperature 7, : v, = m{i ~and E, =~ kgT, “E - ***\.\—“L.*ﬁ__\“\——\;\ﬂ‘\\‘-—:\—}v_.’“‘”l:w
e : F ]
= e

* Number of electron impact events:

lonization Potential (eV)

« Plasma electron density n, or electron current j, = n,v,

* Required ion confinement time:
q—1

1
rila) = Z ne(“k,k+1ve)

k=0

Atomic Number, Z

EN | 28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven
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lon impact ionization frergeticion +  Na  ——  Nat s

 Collisions between ions and atoms where an

electron is exchanged +
« Maximum ionization cross-sections occur when

the energetic particle has a similar speed to the

orbital electron — requires high energy ions
compared to electron impact

- Single step or stepwise exchange of multiple Energeticion + Mg —  Mg2+ +
electrons

* negative ion production from positive ion beams

« Alkalis (Na, K, Rb, Cs) can do stepwise double
charge exchange

« Alkali-earths (Mg, Ca, Sr, Ba) can do single-step
double charge exchange

28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven



Chemical ionization

“soft” ionization technique — produces ions with little
excess energy, reduced fragmentation for molecules
(M)

Typically a gas-phase acid-base reaction using an
ionized reagent gas to react with and ionize an analyte

Ex: Methane CH,4 (PA 5.7 eV) isobutane C,H4, (PA 8.5
eV) ammonia NH3 (PA 9.0 eV)

Proton transfer (“protonation”) Protonation

Adduct formation
H- transfer
Charge exchange

[1] Harrison Chemical lonization Mass Spectrometry, 2" Edition (1992)

lon formation

e + CH4 — CH4 +

T b

Formation of secondary reagents
CH, + CH,* — CHs* + CHj°
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Field ionization

« electric fields can be used to ionize neutrals (—
« Volatile species i
« Sharp points enhance field intensity -

d = 1mm
¥
I 1
 jonization of highly excited atoms in a well- V = ~106-107 V!
controlled static electric field N
. . 0 Continuum
- Lower required fields € —==—t4===~-
Excited —_—
states

Ground
state Q —

[1] Beckey H.D. Field ionization mass spectrometry. Research/Development, 1969, 20(11), 26
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PhOtOiOhization 2 Continuum Rydberg
. ©

levels
* Photons can eject electrons from atoms orions if @ €} === = H=m = e = = d mmmm = — — — -
Ey > €; —_4 @0
* A=1200nmforE, =1eV Excited
states
« Single-photon ionization: vacuum UV or
soft X-rays
Ground
state @ i I B
« Excitation of an electron through a series of ) .
electronic transitions that cumulatively give . B sl wlo] |~
Ey,total 2 El Na Mg Al Si P S cl Ar
« Non-resonant ionization to the continuum . | | e ) 1 L] | | ] ] e
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
o AUtO-IOﬂIZIﬂg StateS (AIS) Cs Ba s:ﬁ?es Hf Ta w Re Os r Pt Au Hg Tl Pb Bi Po At Rn
o Rydberg |eve|S F Ra  Series Rf Db Sg Bh H M Ds Rg [¢ u Uuq  Uuwp Uuh U §]
[1] Fedosseev et al., (2017) J. Phys. G Nucl. Part. Phys. 44 (2017) 084006 e . ¢
[2] RILIS Elements (2024), https.//isolde-rilis2.web.cern.ch Feasible Dye schemes tested TisSa schemes tested Dye and Tisa schemes tested
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Kinetic ejection

Ejection of particles from surfaces when solid material is bombarded
with high enough energy

« Photons in a laser beam impart energy to electron and lattice
components of a solid — not photoionization

« Low flux: heated material at the surface evaporates or sublimates

« High flux: heated material is converted to a plasma: ion
production

« Dependence on laser pulse-length

« Atoms from a solid target are released by bombardment with
energetic ions

* Minimum energy required to remove an atom from the target

CE/RW SY
\

28.05.2024

Pressure gradients .
collisions

Charge
separation
lon acceleration

Ablation

* Few collisions

Sputter
target
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vacuum

Electron sources
¢W wa

Minimum energy required to eject an electron from the surface

Example: scanning electron microscope (SEM)

» Dispenser cathodes (ex. porous W with BaO, CaO) Tungsten haiean Cey crysua sthoky hEG
y Coatlngs (eX CS’ " ) Emission mechanism Thermionic Thermionic Electron Tunnelling
¢ Slngle CWStaIS (eX LaBG’ CeBB) Lifetime 100 h 1500 h >10,000 h
Tip emitting diameter 100 pm 25 pum 100 nm
. ) Resolution @30 kV 4 nm 3nm 1nm
» Photocathodes for electron emission
. . . Resolution @1 kV 50 nm 25nm 5nm
« Sensitive to surface conditions and vacuum requirements
Low-kV imaging (<5 kV) Yes No Yes
PhOtoeIeCtrIC effeCt [1 ] Vacuum 107" - 10°° mbar 107 mbar 10" mbar
Energy = hfy, = ¢y Ne_ | | ‘
e S Cost of ownership Lowest Medium Highest
[1] A. Einstein, Analen

der Physik, 322 (1905)
p 132 (in German)

Table 1: Comparison of electron source characteristics for SEM.

https://www.nanoscience.com/blogs/which-electron-source-is-best/

Z /Q' ef f quantum — n,

M. Au | PRISMAP Summer School 2024 | Leuven
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Thermionic emission

Electron ATTM,q ~Pw [ A
» . j= e 2o Tt | o]
- Emission of charge carriers from a surface due to thermal current ~ h3 B, € m?2
energy density ~
Richardson constant €, ~ 120 [A cm2 K]

« electron gas in a metal at a given temperature: Richardson- 3
Dushman equation [1,2] x de
bw = dw — APy = pw — 4
TTEY
« Schottky effect [3]: moderate electric fields E lower the E
potential barrier for electrons to escape the hot surface by 4
an amount AW E, metal vacuum L
"E T TR e B e
* Field emission/Fowler-Nordheim tunnelling [4]: strong E- | Oy = pp—
fields make the potential barrier thin enough for electronsto [~~~ .?'"'\ 0
tunnel through Pw _I: EN
§ %
Ep==—== )\“.% Qg = —qeET
[1] O.W. Richardson, Phil Mag Ser 6 28 [3] W. Schottky, Z f Physik 14 (1923) p 63 E TN r
(1914) p 633 [4] R.H. Fowler, L. Nordheim, Proc R soc

[2] S. Dushman, Phys Rev 21 (1923) p 623  London A 119 (1928) p 173
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lonization at surfaces e,

— ﬂ — & " kgT '8 — L — -

« Collisions of electrons and atoms can cause ionization @@= no Yo € n+ny, 1+4+a

E. _E.
- Ratio of ions to neutrals desorbing from a surface Nit1Ne 2 gi+1 e_—llt;;T .

A3
n; A° g;
n; . density of ions in charge state /

« derived for the degree of ionization in the sun n, . density of electrons 12
. equilibrium of an ionized gas at a given temperature /A * Electron de Broglie wavelength A = 2mm, kg

g; . Degeneracy for charge state i
€; . Energy to remove i electrons from neutral species

* n; = n, :quasi-neutrality

nq 91 1 2mm —€1
_ _ 2
P :pressure a=—==—"A,T e eksT
_ _ . No Yo deNq || KB
« Plasma sheath formation shields wall potentials
[1] I. Langmuir, Phys. Rev. 2 (1913) p 450 B : ionization nq a

[2] M. N. Saha, Philosophical Magazine Series 6. 40 (238): 472 (1920) o
[3] A. Latuszynski and V. . Raiko, Nucl. Instr. and Meth. 125 (1975) 61. coefficient nq + Ny 1+«
[4] R. Kirchner and Piotrowski, NIM B 153 (1978) p 291
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: ! ?
Plasma boundaries Do @0 ©

IF| = 9192 oY e ,
2 e —// S A ?
4‘7-[8 0 r @;_\‘\}:7:;{:\\ . ! @ @_ @-
« Plasma particles interact by electromagnetic interactions '*@

? !
| -
@ @@ @I ", surface
« Boundary layer formed at interfaces between plasmas and walls e e '@ @ @@ |
 Wall acquires a charge 0 :('D e I Q :
. . . @ @ @ i
« Plasma acquires a potential respective to the wall—not locally @ @ @ | @ i
charge neutral—and redistributes to cancel external fields ! I e —
« Sheath thickness = shielding distance Neutral Transition 2
cokpTs y ‘plasma I re_gion 1sheath| x =
* Plasma only: Debye length 1, = /ez—ne [1] 7 : | .
 With an applied potential: dj,oqen = Ap /M | '
kpTe ~3 —4 kgT, I I
I I
l I .
[1] P. Debye, E. Hiickel, (1923). Physikalische Zeitschrift. 24 (9) p 185—206. | X = Ap
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Magnetic effects

Precession of ions and electrons

* Collision frequency v; , K W¢yciotronie

__ B? _1mv,?
* Pmag - Z » U= 2 B
* Pplasma = NkpTe +n;kpT; /
* Pplasma < Pmag -

* magnetic confinement

F =q(E + vXB)
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Space Charge cathode vacuum anode

A collection of charged particles in a region of space, so that the 1 B | |

extra charge is considered to be distributed across the region

J, current density [i]
« Child’s law, or “three-halves power law” [1] ’ m2

« Usual assumption: particle velocity is O at the surface Child-
« Generalization for nonzero initial velocities [2] tgcvgmu'r
« Cylindrical geometries [3] -> “Child-Langmuir Law” v
« At some voltage, the operation may transition from the space- ‘ e;<traction
charge limited case into the emission limited case i voltage [V]
Electron
current [ 4e |24e Vs/z A
[1] C.D. Child, Phys Rev Lett 32 (1911) p 492 . ] — - = 2 [—2]
[2] B. Conley, Masters thesis MIT, Cambridge (1995) p 24 density S 9 m, d m
[3] I. Langmuir, Phys. Rev. 2 (1913) p 450 V
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Beam formation —2q0(2)

v,(2)?
Z m()
. _Ef[nission of I(:ha:_ged particles I J d2¢ - —n(@)q —J
into an acceleration ga — = =
gap I n(z) = 0.(2) dz? €0 . J—quﬁ(z)
my
 Infinite emission surface I
ieti I > Z Z\4/3 4ey |2q V03/2 A
+  Non-relativistic 7 = 7 =d b (2) =V, (E) Jo=-5" | x5 [ﬁ]
$0)=0 ¢ =V, " |
Maximum current density
* Finite-size emitter
» Electrodes shaped to form the
potential at the beam boundary For 27, < d
« cylindrical 4. |—2 72
Iy =—=2 | =y Taysz
= 9 my dZ
1] C.D. Child, Phys Rev Lett 32 (1911) p 492 .
{2} JR. Pie;ce, J%Zp/%/hyi 11 (1(940) i)p548 $(0)=0 Maximum current
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extraction

plasma beam
I ” 1 Plasmas

2 lonization mechanisms

Recap

3 Surface interactions

References and literature: 4 Beam formation and extraction

1. The Physics and Technology of lon Sources 2nd
edition lan G. Brown (2004), WILEY-VCH
2. Handbook of lon Sources, B. Wolf (1995)
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1 Surface ion sources
? Resonance laser ion sources

3 Electron bombardment ion sources

ISOL ion sources

4 Negative ion sources

References and literature: 5 Other ion sources
1. R. Kirchner, Review of ISOL target—ion-source

systems (2003) NIM B, 204, p. 179
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lon source properties for RIB production

Radioactive isotopes in / radioactive ions out  « “brightness”

» Variety of available ion beams  Beam size and shape, momentum distribution
| A x’
X(x'=max) = ~* S/Y
. . . \ \
« Purity, contaminant suppression Xoo =TT B
anz’\/a

F=en X{xemax) = O/ /B

<
A\

Operational complexity, free parameters

X(x':O) =~e /y

Operation limits, failure modes

Z—
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lon source properties for RIB production

« Short half-lives — short residence times
« High radiation environments
« Operational periods — few weeks, facility dependent

Efficiency
Universality
Selectivity
Simplicity
Reliability

Adapted from Y. Martinez-Palenzuela, K. Chrysalidis, B. Marsh et al., (201
Int. Conf. lon. Sources presentation - Young Speaker Award

28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven




Surface ion sources

« Hot cavity ion sources have been used since the 1970s and are still being studied and developed

« Simple and robust construction, short residence times — radioactive ion beams

Neutral
particles

O lon beam

heating voltage
[1] M. Turek et al, Rev. Sci.

Instrum. 83, 023303 (2012) ‘U'
[2] M. Huyse et al., NIM B

215(1983) p 1-5

[3] R. Kirchner and

Piotrowski, NIM B 153 (1978)

p 291
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Surface ion sources

« Hot cavity ion sources have been used since the 1970s and are still being studied and developed

« Simple and robust construction, short residence times — radioactive ion beams

Thermionic Surface- Acceleration
TuTngodel [1].]c i e electron ionizpd gap, extraction
g; : degeneracy for charge state i amisSion particles field

r; . reflection coefficient for charge
state /

-1
n 1—1r) &a=W
PSR g1(1—1) ST ] plasma sheath
n, +ng 9o(1 —1p) T, . . . . lon b
leld- | uasi-neu
Field-free region of quasi-neutrality ~ €) on beam
|:{>o - —o— ——————————————— E—)
Neutral o 0
[1] M. Turek et al, Rev. Sci. particles o
Instrum. 83, 023303 (2012) p|asma sheath
[2] M. Huyse et al., NIM B
215 (1983) p 1-5
[3] R. Kirchner and —
Piotrowski, NIM B 153 (1978) V... extraction | .
p 291 ext- —= _ : : g Extraction
voltage X V. ng: Cavity heating voltage clectrode7#7

//(7
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Developments in surface ion sources .

* Engineering heating to prevent
condensation [1,2]

* Isothermal vacuum chromatography

 Alkali suppression: quartz
glass transfer line [3,4]

O000000000 Temperature
read-out
Heating (T,)
(Ta-resistor oven)
4 o P

Quartz insert to
trap Alkalis

L=20cm
toW
RILIS
Cavity
L=0cm
Heating;
\ (Ohmic;
Thermal screens QuTs

Heating
(Ohmic)
Q,.T,

z
CE/RW sy //}/‘
\

28.05.2024

X Experimental (250A) Experimental (300A) X Experimental (350A) X Experimental (380A)

—e—transfer line FE (250A) transfer line FE (300A) —@—transfer line FE (350A) —@—transfer line FE (380A)
—O~hot-cavity FE (250A) hot-cavity FE (300A)  —O—hot-cavity FE (350A)  —=O—hot-cavity FE (380A)
2200
2100
T 2000
2 1900
2
& 1800
8
g 1700
o
© 1600 W X
55 M
1400 /
1300
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95
| | | I
| | X(mm) | |
) t t 1
]
e N
d 1523
o 1
<
3
S
™
[
4
o
E
&
1000 =) 920~
000 S ———
800
1 2 3 4 3 6
—t e i Tive Sedgn —— rew Sec gt [rew bed]
Line points (L1, L2, L3, L4, LS and L6)
\ J

Current flow

Thermal screen

active thermal screen [2]

[1] M. Manzolaro et al., Rev. Sci. Instrum. 87, 02B502 (2016)

[2] S. Hurier et al., First ion source at ISOL@MYRRHA with an
improved thermal profile - Theoretical considerations ICIS’23 (2023)
[3] U. Késter et al., NIMB, 266 (2008) p. 4229

[4] Bouquerel, E, et al. Eur. Phys. J. Spec. Top. 150, 277-280 (2007).
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Surface ion sources

 Efficiency: 100% for e; < 5 eV, few % for ¢; < 6.5 eV Positive and Negative Surface lon Source

 Used for alkali and alkaline earths, rare earths
lonization potential:

+ molecules as BaF, SrF, RaF oAt BEHbalS:
E:ectron affinity:

« Short delay time (half-lives as short as 10 ms)

23| 24I 25' 26I 2
\'4 Cr Mn JFe |Co

| 41 42 4 44 45
Nb Mo |Tc JRu |Rh

Cs Ba La

Molybdenum 4.15 Ee
Tantalum 4.12 . - , :

Ce Pr Nd Pm Sm Eu Gd Th Dy Ho
LaBg 2.5-2.7 T ) O O O O O O O G T
GdBg 1.5-2.7
SrVO;, 1.79 (predicted)

C\E/RW oY h 28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven

~Z Accelerator Systems



Surface ion sources — properties for ISOL

bad w Meh @ Jgood . excellent

Efficiency
Universality
Selectivity
Simplicity
Reliability
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Resonance lonization Laser lon Source (RILIS) .2

Use of tunable wavelengths for resonance photoionization A
since 1984 [1]

A
L] L | L] I — —_—

V.I. Mishin et al. / Chemically selective laser ion-source

S

Y

l\/\/‘

Y

MASS-SEPARATOR
N

S/ _ N\ Light Laser
+ 60 KV = from beam.
74

target.
+ Vde -
2

;Il |||I;

Excited

« Step-wise resonant excitation states

Yyy

« Element-selective Target

Energy
A

®

Quartz
R, Wwindow

OO

lonizer

c

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

—— (Ground state

Fig. 1. Schematic representation of the mass-separator and laser ion-source.

[1] Letokhov and Mishin (1984)

[2] Fedosseev et al., J. Phys. G Nucl. Part. Phys. 44 (2017) 084006
[3] Marsh et al., Rev. Sci. Instrum. 85, (2014) 02B923

[4] Mishin, Fedoseyev et al., NIM B 73 (1993) 550

[5] Alkhazov et al., NIM A 306 (1991) 400
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Slide courtesy of C. Bernerd (2023)
RI LIS Iasers Introduction to RILIS: RILIS @CERN,

ISOLDE workshop 2023

Ti:Sa
Ring

THG unit

Ti:Sa
Grating

Ti:Sa
Z-cavity

FHG unit

Nd:YAG
(Photonics)

Nd:YAG
(Photonics)

Nd:YAG
(Edgewave)

Wavelength (nm)

[

200 300 400 500 600 700 800 900 1000

chn | Y p M. Au | PRISMAP Summer School 2024 | Leuven

~Z Accelerator Systems



Resonance laser ionization in hot cavities

Thermionic electron Surface-ionized particles

plasma sheath

emission I I
A /

lon beam

>
Neutral
particles

»
. ‘ A
140" O '.
o
! £ 10 Main bunch
y 2 100

Pre-bunch

lon Count per
()]
o

[1] Fedosseev et al., J. Phys. G Nucl. Part. Phys. 44 (2017) 084006 i || ‘
[2] Marsh et al., Rev. Sci. Instrum. 85, (2014) 02B923 0 20 40 60 80 100 120
[3] Heinke et al., NIM B 463 (2020) p. 449 lon Flight Time (us)
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Developments in RILIS ion sources 1) Manchea, P hesis wor, CERN

[2] Heinke et al. (2023) NIM B. 541 (8-12)
[3] Marsh et al., Rev. Sci. Instrum. 85, (2014)

:;Zi:l:;e ::(?s Iclm ext;action 028923
« Highion load — breakdown of confinement piate / orfces

@ = 6mm
7

potential

Metal
mirror

n::::
* Implementation at CERN-ISOLDE [2] SiEEEE
« Suppression of surface ions 7=82
i N=126
e
° Frequency range Z=50 SEEEEEEEEEEEEE B & B E EEEEEEEmEEE |
. fi W Stable isotopes
e Tu nab|l|ty Z=40 A B Not feasible due to laser tuning range
e Power T N=82 B Hot-cavity RILIS
- LN B IGLIS
* Stablllty 7=20 E ==_:5 rsazacs N=50 B IGLIS + hot-cavity RILIS
° i i ici Wosss gusazasuans N=40 [0 Other techniques
Operat|0na| SImplICIty e . Planned for projectile fragmentation
. . e N=28 ¥ facilities (S3 and PALIS)
* Not just for ion sources N=20
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RILIS-type ion sources — properties for ISOL

bad w Meh @ Jgood . excellent

Efficiency
Universality
Selectivity
Simplicity
Reliability
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Electron bombardment ion sources

« A filament contained in a magnetic field which confines
electrons, ionization via plasma discharge [1]

— e T T x“\\‘

i 9
« Modified to protect the fragile cathode [2] 11 I ;
] T 7 i
b/ | N
« reduced dimensions to increase temperature and reduce — \
: . . . S e e—— +—
condensation — higher efficiencies [3] N g —
. . . . . : & 49 'J_’ — .
* required stringent control of gas injection to sustain plasma - ﬁjﬁj iz R R S5 e 7 7
. TR L T T Y
discharge. BT ]
"’"’:"ua _, \\-‘
NN
« Electron extraction by a grid biased at the anode voltage [4] Eﬁt‘z =8y il

o it i i i [1] K.O. Nielsen NIM 1(6) (1957), p. 289
Add|.t|on of a transfer line, combined transfer line and cathode 31 R, Kirorior and . Roook! Nl 127(2) (1975), p. 307
heatmg [5] [3] R. Kirchner and E. Roeckl, NIM 133(2) (1976), pp. 187
[4] R. Kirchner and E. Roeckl NIM 139(C) (1976), p. 291
[5] S. Sundell and H Ravn. NIM B 70 (1992) p.160
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GRAPHITE
MOLYBDENUM

FEBIAD-type ion sources
« Modified FEBIAD ion source with a molybdenum grid [2] - | -
 Hot, warm, and cold transfer lines e L =

Fig. 3. High temperature plasma ion source, MKS5, with target container.

Acceleration gap,
extraction field

Temperature

E Xt ra Ctl O n /M - e A, 'y controled line
electrode X

Vacuum valve

N

N
D)
7
4

%,

Magnet_coil ¢

Cathods

o bea™

Trasnfer ling
I Graphite
Stainless steel
BN sn

W Tentaum
K Awuminium

Fig. 5. Medium temperature plasma ion source, MK6, with heated transfer line.

Target

N

Line current feed

| I — |

Fig. 1. Target and ion source assembly with plasma ion source MKS. The vacuum valve is part of the assembly.

737 Vexe: €Xtraction [1] S. Sundell and H Ravn. NIM B 70 (1992) p.160
V0|tage [2] Penescu et al, Rev. Sci. Instrum. 81 (2010) 02A906

.
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Developments in FEBIAD-type ion sources

| | >
JV 9
s (@]
= —
2 2
=

 (Coated insulators

w

®
MATERIALS &=

« Grid melting

Non-destructive 3D

| reconstruction by X-ray
{ computed tomography
(ZEISS METROTOM
1500/225 kV) — images
courtesy of S. Rothe

« Cathode overheating and deformation:
short-circuits or open circuits

« Cathode and anode [1,2]

2200

—O— numerical |
.0

2100 || --O-- experimental s

o [ wem ]

® 2000 ey

2 o

2 y

a

2 1900

]

E -

5 1800 L.

(a) Nominal geometry (b) Initial geometry (c) Optimized geometry 1700

(a) Nominal geometry (b) Optimized geometry !
[1] F. Maldonado, PhD thesis, University of Victoria (2022) N B0 9% An 5B 0 54 A 36 3
[2] Manzolaro et al., Rev. Sci. Instrum. 87, 02B502 (2016) heating current (A)
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Developments in FEBIAD-type ion sources:
molecular beams

/‘

Pu229 | Pu230 | Pu231 | Pu232 | Pu233 Pu2s5 | Pu236 | Pu2s7 | Pu238 239 | Pu240 | Pu24t
Gt | dties | ees | 2mes | e i s | asier | suer | 2sier | igser
Wk | womow | semas | wimos | amomos 253m0s | 20500000 | assra0os | mryar | 2iikyoss | eseitacor | uamyo0s
|
Np228 | Np229 | Np250 | Np231 | Np232 | Np233 | Np234 | Np235 | Np23%6 | Np237 | Np238 | Np239 | Np240 | Np2al
T | dves | wes | Soiee | Suer | Seer | ivies | s | eies | toses | dows | Swier | eies | sries
Giasia | Awomom | 4omos | 4amoz | irmos | seamai | 4esor | weraiz | 1sws | auesmoowr | 20wdocr | 23cdoous | eiomoa | 39moa
21, U227 | U228 | U229 | U230 | U231 | U232 | U233 | U234 | U235 | U236 U239 | U240
- 432e7 A21es7 316047 193es7 594048 3148 229e49. 356049 105e+10 1420410 3266410 649e+9. 68446
. O pe ratlo n Of m aSS Se pa rator O n a n 550us 140 11mo1 91m02 578 m0S 20234002 42401 68904 1592ky02 255ky06 704My1 2342My 003 0.00 2345m 002 141001
-
Pa217 | pa2is Pa220 | Pa221 | Pa222 | Pa223 | Pa224 | Pa225 | Pa226 | Pa227 | Pa228 | Pa229 | Pa230 | Pa231 | Pa252 | Pa233 | Pa234 | Pa235 | Pa236 | Pa237 | Pa2ss
. . Tiies | tstes s | s | dues | asen | asies | aes | stes | Ssles | dses | thes | ses | spes | asies | esies | ies | s | oy | mein | iies
|: 2 siamoos | it Tomito | ssuir w03 | simos | smio | i7s02 | ismoz | mimos | mni | 1sadoos | 14405 | smrewors | iieom | esmsdooss | eronoss | aamoz | simos o | 22maos
, Th 216 Th 217 Th 218 219 Th 220 Th221 Th222 Th223 Th 224 Th 225 Th 226 Th 227 Th 228 Th 229 Th 230 Th 231 Th 232 Th 233 Th 234 Th 235 Th 236 Th 237
Dies | svies | 1hes oo | e | wies | smes | ssies | 138 | ivies | 1% | 19es | 2aes | ikies | 20ws | ees | sien | wes | saes oo | ases | 2
womor | wrws | iirmo | SRGow | 970 | 17imsous | 224maos | om0 | 106500z | 7smoos | 3070mous | 15657400 | 19i24yooons | 1920koots | 75amos | 232m001 | 10Gion | ausmaos | a4i0s00s | amor | wmis | 4smos
Ac21s | Aczt6 | Ac217 | Aczis 219 | Ac220 | Ac221 | Ac222 | Ac223 | Ac224 | Ac225 | Ac226 | Ac227 | Ac228 | Ac229 | Ac230 | Ac231 | Ac232 | Ac233 | Ac234 | Ac23s | Ac236
Yows | ko | Toies | s 5 | s | e | Vo | (ol | Thies | Teies | Ui | ‘saes | sies e | ‘tes | ives Sier | s | Saek | oohes
vomio | dowis | Gma | rdewscos s | zsmos | sims: | 0503 | 2iomaos | 27encis | sswcoons | wwnam | n7vaoss | eisnao2 | emas | mass | smos | assmoos | issio | 4582 ee | dsmse
Ra 214 Ra 215 Ra216 Ra 217 Ra 218 Ra 219 Ra 220 Ra 221 Ra 222 Ra 223 Ra 224 Ra 225 Ra 226 Ra 227 Ra 228 Ra 229 Ra 230 Ra 231 Ra 232 Ra 233 Ra 234
ies | ees | sies | stes | oies | coes | Ssies | swes | 1 ; Gies | ssier | ises | sren e | dtien | sses | 2wes | 2mes | iowes
2esoote | 16rmon | wamio | 1csmon | 22was Uomis | msr | mess |wemreoows|sesissoours| 1sac: | ieowacws | 42mos | sryoos | 4omoz | sim2 | io4st | 4omos | s st
« Extraction of volatile compounds of \
Pu225 | Pu226 | Pu227 | Pu228 | Pu229 | Pu2!
Loiss | 20becs | daded | sieess | 2otesi | tidess | sesess | 2 ssrere | 2 siier | 2sies | i Saters
t | . r fr t | t 1 2 S | 2a%I5 | YR [15REh | ssmes | S3mos S00| aseia00a | 577y 00 |21 sy 003 656l ky 06 ¥ oz
O e I VV I S e e a C O I y e e I I l e I l S ’ Np 225 [T Np 2271 Np 225 'Np 2261( Np 230 | Np 231 [ Np 232 | Np 233 [ Np 234 [ Np 235 [ Np 236 [ Np 237 238 | Np 239 | Np 240 [ Np241
Tisece | 2wess | sosese | e | 32iers | meser | twiess | v | sbiess 2 TR | SRy | NRis SRS
dsmato | siomeeo | Gissia |acomois| aemes | mamos | 17mos | seamos | 44des | seiera | Smiys padimoov|20856.002|2% de0os| sremo2 | s38moa
U223 | U224 | U225 | U226 | U227 | U228 | U229 | U230 | U231 | U232 | U233 | U234 235 | U236 s IR
sty | dsaar | 363 | sesas | astesr | Sueeay | sexar | Ssien | saters | 2ases | Ssers | iosvio | sederio | sssesso Giters | estess
s | euetr | aimea | emee | timos | Simes | sramos |:mses:| 3405 | evsyer |13k oz |25skyos| eivys |sadzmyass s o0z | 1hinos
Pa 222 Pa 223 Pa 224 Pa 225 Pa 226 Pa 227 Pa 228 Pa 229 Pa 230 Pa 231 Pa 232 Pa 233 Pa 234 Pa 235 Pa 236 Pa 237 38
fxters Sbicss | 27iess | sbiesn | piess | 2mmeen | ruiess | 7oses | azess | zsiess | esiers | viess | ssoess | esoers | iasesto s
im0 | simeos | siemeso | 17503 | iemos | mamos | ami | 1304005 | 4405 [sa7akyoas| 1336002 pesmaoery esancos | aeamea | simo: | a7mez |22
Th221 | Th222 223 Th226 | Th227 | Th22s | Th229 | Th230 | Th231 | Th232 | Th233 Th 236 | Th237
Saiens | Seers | Sies oiess Sitess | Weiess | Dbress | liewss | isiass | Sisess ey
L7503 | 254 me 003 | son 30 3070 mo0 s o131y 0 000dr 530y 00| T34k 0 | 2350n00r | 1406y on |218sm o0 S3mis | dBmes
Ac220 | Ac221 AC223 | Ac224 | Ac225 | Ac226 | Ac227 | Ac228 | Ac229 | Ac230 | Ac231 | Ac232 | Ac233 | Ac234 | Ac235 | Ac236
Liess . Loiess | iees | reern | sdiecn | ‘sadess | 330ees | 30%ees | tzdess | 1vers | earers | ssess | sasers | aadess | 2ose2a
seims| e 2i0maes | 27anods 59500003 2578 042 [21. 572 y o003 6130002 | e37mos | G33e3 | 7amos | seamocs | iseis | ises | easa | ismis
Ra 219 Ra222 | Ra223 | Ra224 | Ra225 | Ra226 | Ra227 | Ra228 | Ra229 | Ra230 | Ra231 | Ra232 | Ra233 | Ra234
proeey 2iess vess | 9ssees | siseer | 30k | 3r7eer | 1sseer | iiess | 38sess | 2asere | 2goess | ioiess
Tomes S0 faives {15602 [Leamoac a33mos | s7ayocs | somoz | Simz | doas: | demos | ss | 3osio
Fr218 | Fr21o | Fr220 | Fr22l | Fr222 | Fr223 | Fr22a | Fr22s | Fraze | Fr227 | Fr22e | Fr229 | Fr230 | Fr2si | Fr2s
laiss | osiess | semar | aviar | 2eves | deess | isscer | nssesr | Sodss | sasess | soiese | isicss | assers | aooess | aiéest
Lomos | om3 | 274503 (0501 mocos| 142m03 |2200m007| 33 mod0 | 3s5mosa | 4sss |247moea | ess | s02s04 | ssas0s | 6506 | sssos *

[1] J. Ballof, PhD thesis, JGU Mainz (2021)
[2] M. Au, PhD thesis, JGU Mainz (2023)
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Developments in FEBIAD-type ion sources:
molecular beams

1 12 13 14 15 16 17 18
Na Mg Al Si P 5 cl Ar
19 20 21 22 23 24 25 2 27 | 28 29 30 31 32 33 34 | 35 36
K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga | Ge As Se Br Kr
37 38 39 40 41 42 43 44 45 a6 |[ a7 | a8 [ a9 50 51 52 53 54
Rb  Sr Y Zr Nb | Mo || Tc Ru Rh Pd | Ag Cd In Sn | Sb  Te 1 Xe
55 56 71 72 73 74 76 77 78 79 80 81 82 83 84 | 85 | 8
H Cs Ba Lu Hf | Ta w Re | Os Ir Pt Au | Hg Tl Pb Bi Po At RN
* peraton o1 mass-separator on an
87 88 % 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh F Mc Lv Ts Og

isobar-free mass setting [1,2]

57 | s8 59 | e0 | 61 62 63 | 64 | 65 66 67 | 68 | 69 | 70
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90 o1 92 03 94 95 % 97 o8 99 | 100 |[ 101 | 102
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« Extraction of volatile compounds of . T vm e
otherwise refractory elements [1,2] Na|Mg "All'si[ P s [cifar

WK mCa “Sc . V mCr h_iVIn ZEFe Co N| HCu mZn nGa uGe As Se J ZEKr

Rb|Sr |'Y |ZeiNb/Mo| Tc [Ru|Rh|Pd|Ag|Cd|In Sn|sb|Te [FHH Xe

cs|Ba|  [melzalW [Re[0s|r [Pt [Au[Hg| i [Pb[Bi [Po[ At [Rn

* Robustness to reactive gas Fr [Ra|__|Re|Db|'Sg|Bh|Hs [Mt s [Ra Cn|Nn| i [Me[Lv [Ts [og

injection

« Controlled injection from external
ovens

HX* Bex* NAKHISEEIENXTI XO0* XCO* XSt XF* XCI*
Nax* Mgx* [XO,* | XF," [XBr*
Kx*[Cax*] [X057] [XF5*"
[Srx* | [XFa¥]
[1] J. Ballof, PhD thesis, JGU Mainz (2021) Bax"
[2] M. Au, PhD thesis, JGU Mainz (2023) Au and Ballof, (2022) Zenodo 10.5281/zenodo.6884293
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Resonance laser ionization in .
FEBIAD-type ion sources
CATHODE 1 . -

« RILIS inside a VD5 geometry [1] )
+ Central potential well 0 0‘.-| """"""""""""" D) — o

+ Repelling effect of anode - ' o - 5]
voltage £ o

» Reversible polarity catonE suppory ol
cathode

« Addition of biasable extraction cmo
plates [2]

[1] T. Goodacre et al, NIM B 376

(2016) p.39
[2] Y. Martinez Palenzuela et al., NIM B OV R L
431 (2018) p. 59 30kV 0-200v

C\E{W >Y 28.05.2024

- L\,| BORON NITRIDE

(a) 600+

current

=340 A —— Laser ion current

—— VADIS ion current
- — —Total ion current

current

T
50

=360 A —— VADIS ion current

T T
100 150
Anode voltage (V)

—— Laser ion current

- — —Total ion current

INSULATOR

-—1.35V

—1.01V
EXTRACTION PLATES

(variable voltage)
-300V to +300 V

067V

— 033V
0.00V

T
50

T T
100 150
Anode voltage (V)
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il

i
I Wave guide
B

laser room
Hole coupling Vagcum pumg
i/ and gauge acces “
I/
H/
é /

Focusing coil i
Bucking coil

Photocathode sources

VA 4
Pneumatic

« High pulse energy lasers, low ¢, surfaces o
 Ex. CERN’s Compact Linear Collider (CLIC) P“°*°‘°'“;j;e4:SketchOfthephom_injecm
»  CALIFES [1] photo-injector [2]:

* Cs,Te with UV (262 nm) laser, > 370 nJ/pulse [3]

CLEX room
location of Califes
Photo injector

e Room tem pe rature ope ration of FEBIAD [4] Figure 15: View of the beam transport between laser room and CLEX experimental area.
 Volatile gases and molecules Copper cathode  ppoiq electrons  Anode  Extraction electrode
not resistively heated /
« Quantum efficiency of copper e
215 nm

[1] J. L. Navarro Quirante, et al. 27th International Linear Accelerator Conference 9?5 ' R ¢
(LINAC14), p.MOPPO030 (2014) injection ¢ nare ?aéla oms }
[2] J. Brossard et al., Conf. Proc.: EPAC 2006, Edinburgh, Scotland. (2006) W e CaEarelE
[3] E. Granados et al., Capabilities and performance of the CLEAR facility photo-
injector, CERN, "CERN-OPEN-2020-002” (2019) https://cds.cern.ch/record/2705786 Anode voltage —
[4] J. Ballof, et al., J. Phys. Conf. Proc. ICIS2021, 2244 (2022) 012072 0..500V
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FEBIAD-type ion sources — properties for ISOL

bad w Meh @ Jgood . excellent

Efficiency
Universality
Selectivity
Simplicity
Reliability
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Negative ion sources

* Low work function surfaces:
« LaBg pellet [1,2]
« Surface poisoning

* Cs sputtering [3]

Ioniser

/—Extractor

° CSQCFO4 InJectlon ioniser

« Efficiency "= 2.8 x 104 % at most” [2] \ :
[1] B. Vosicki et al. NIM Phys. Res. 186.1 (1981), p. 307 ETarget © o
[2] D. Leimbach, PhD thesis, JGU Mainz (2021) T ‘
[3] G.D Alton et al. NIMB 170.3 (2000), p. 515 )  Neutral caesium /o
[4] R. Middleton. NIM Phys Res. 214.2 (1983), pp. 139— 150. B | S Moo ions Transfer line _30kv o, Toniser
90580-X.
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ECR ion sources

« Magnetic field and injection of RF or microwaves

« Plasma heating by resonantly exciting electrons :

eB

* Wgcr = 2T fEcr = m

 CERN-ISOLDE helicon ion source [1]
« efficiencies ~10% [2,3] CO: 2.5% Ar: 4%
« Commercial ECRIS [4]

[1] M. Kronberger, et al., NIM B, 317 (2013) p. 438

[2] F. Chen, in: O.A. Popov (Ed.), High Density Plasma Sources,
Noyes, Park Ridge, NJ, (1995)

[3] P. Suominen, T. Stora, ISOLDE Newsletter, 20, Spring (2011)
[4] https:.//www.pantechnik.com/ecr-ion-sources/

) | SY 28.05.2024
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Electron cyclotron resonance (ECR) ion sources (ECRIS)
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Electron bombardment ion sources and traps

« Radiofrequency quadrupole cooler-buncher « Electron beam ion source (EBIS) / Electron beam
(RFQ-cb) [1] ion trap (EBIT) [2,3]
bunched
lon beam
Continuous Buffer gas q=tn € ector
lon beam e
L r!! H!L‘ e él_m
—— o ‘e @
bunched E L
. lon beam
Axial | ' G — N q=+1 A
potential Se o Trapping
C"_’}‘f" = Injection/extraction / ~— ~ Trapping
"""""""" region
: > z Z 4
[1] P. Schmidt, et al., Nucl. Phys. A. 710 (2002) p. 550

[2] F. Wenander, JINST 5, (2010) C10004
[3] N. Bidault et al., AIP Conf. Proc. 2011 (2018) 070009
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Other ion sources — there are many!

« Magnetron

* Multicusp

« Penning/Phillips ion gauge (PIG)
* Plasmatron, duoplasmatron

- RF

Plasmatron a ‘.\*

* lonization of fast neutral beams by plasma ,

collisions
e e
» Surface production g il
: (gl
* Volume production \

+at CERN: LINACA4 [2,3] 4

(1 [
) I
AoE * Intensity: 35 mA /)l ﬂ'—b ‘
C: Cathode
Duoplasmatron Bﬁcﬁl* A: Anode Y /
li, E: Extraction Electrode
c . B: Magnetic field s deliver
BO : Plasma
Magnetron A l 'f :::’:etic steel [1] R. Scrivens, CAS Lectures on ion sources
e [2] J. Lettry, et al., CERN'’s Linac4 cesiated surface H- source.
¢ . AIP Conf. Proc. 9 August 2017; 1869 (1): 030002.
. [3] S. Mattei PhD thesis, (2017) CERN-THESIS-2017-109
Penning { A * [4] R. F. Welton (2002) 21st International Linear Accelerator
Conference, Gyeongju, KOf'ea, 19 - 23 Aug 2002, e-pI’OC. TH101 Figure 1.12 - Cross-sectional view of the Linac4 H™ ion source with its plasma generator and

extraction system.
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i Adapted fi Y. Martinez Pal la, K. Chrysalidis, B. Marsh et al., (2017
I O n S O u rce CO m p a rl s O n s Int.agl;enf. 727: Souracglsngfes:netg;gg ?Youngr.}S/;Z;l::rAwafdrS cta )
( N

CATHODE
2000 °C

Cusp RF Shield Hot cavity
(2000°C)\ | /— —‘
Reaction products - ANODE
i: | \ ri caviTy EXTRACTION
: P PLATES
HV +~0.8 V ,

End plates

: 1
HV: 30 kV - 60 kV " GND
| . . Hot cavity
Cs oven Ferrites Filter*Mo
Surface ionization Laser ionization FEBIAD

Efficiency

Universality

Selectivity

Simplicity

Reliability

* supply is unlimited « supply is limited and contaminated
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1 RIB production and considerations

I 0 n S O u rce 2 In-source spectroscopy
applications

3 Fundamental properties

4 Production of medical isotopes
A small part of a big field

28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven



ISOL
“On-Line”:
* Production
 Release

* |onization
 Extraction

Catherall et al. (2017) J. Phys G 44, 094002
isolde.web.cern.ch

Class A
laboratories

T
| ISOLDE
! Laboratories

oy

High Resolution Separator

@y A Target area

cern-mepicts B B J g _— (

laboratories

e A ki.'v . A.A — %! X ——
LA 7 R i R
[ o . —] ] o —

-

CERN-MEDICIS
target

Experimental areas
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ISOL Step 4: Mass separation Caltrat 3 2017) .y & 44, 0043
y

n9% —3

Front Ends —
Mass separator magnets Frontend

r."' ' I\/Iass separator Frontend

Mass separator

1

C@
\

N
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>Y @ 28.05.2024 M. Au | PRISMAP Summer School 2024 | Leuven 54
\\_’/’/

Accelerator Systems



ISOL Step 5: Delivery to Experiments gz com- rsou oo

n9% —3

Low energy (30-60 keV)

High energy (<10 MeV/u)

/i

HIE-ISOLDE

Superconducting

. fl. . -
linear accelerator Linear
accelerator

1
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ISOL Step 5: Delivery to Experiments Catherall et al. (2017) J. Phys G 44, 094002

isolde.web.cern.ch

‘ ‘ Fundamental | | Condensed
. ‘ symmetries < matter and
weak interaction | ‘ biOphySiCS

ex pe ri me ntal h al I o structural, electrical,
Nuclear ground _ optical, magnetic,

state properties transport properties in
| ! materials,
Nuclear excited B e,

states shape, decay ] " metals, high-temperature
astrophysics, fission ,.-.- aEE=E :i 4" 5 superconductors,
Y 1 1 ceramic oxides)

W|SARD » \[ structural,

bonding,transport

: properties in biological
. 4 l : :

m, T amino acids
|‘. Y i — )

Atomic

properties
hyperfine interactions,
electron correlation,

| ffinities,
ISOLT COLLAPS LA2 g LA1 e e

CERN
\
S
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CERN-ISOLDE

>1000 isotopes
and isomers

74 elements

Yield (ions/puC)

- 1012
. 1011
- 10 10
- 10°
& 108
s 107 : '
- 106
- 105
- 104
- 103
= 102
o 10‘1
- 100
A 10-1
O 10-2

Ballof et.al, (2020) NIM B 463, 211-215
cern.ch/isolde-yields

www.nucleonica.com
Dataset: JEFF-3.1 Nuclear Data Library, NEA (2023)
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http://www.nucleonica.com/

TISD 2023 Back-of-line heating:

Dy collections

LIST: lanthanides A

Hot
quartz VD7 MK1

GPS Schedule 2023

August September October November

[l: < | is67915713

@) mrr-« i T 7~ ST 7r:> .- ] |
WK [ (@)) 17 L 19 20 21 22 // 25 26 27 P~ “ (3 32 33 34 35 40 41
R k / 5 15 5: 2 zs@- { 19 26 A\9#))\ "@ 2 28 ? /) @" 2 s__? 1
| 2 sa 101244 e e hedl Mac-odi
15703 ] &9 - Y-MRI | R s3msos
aarths J ?:3-2 ‘.(#}) = M i ac-odi @ J @ B @ .;'2 W
1572515673

G.Fri | w AW,
s Loi246 — 1567915713 Y MRI e ey 1557 15646 15630 msz wml R 0 C 127gmin
Loi235 AS ety TAS 1573210248 | 15691 a9Ca@ o 80Zn@4.7M 79In@34M 5681 1315b, 1335
@4 MeV/u

15693 15685 1707 1S668 Colls S7 .5MeV/u  7MeV/u 15671 eV/u ev/u 15683 u:lzso ml 15529

RIUSREs  RILSIn  RILSIn  RILIS Dy RILSCd  RILISHg 111Cd  Noblegases RILIS : In RILUS:Ac RILSHg RILSDy RILUS:Ca RILIS:Ca RILIS:Mg RILS:Zn  RILIS:Zn  RILS:Mn SN Rius:ca  RILIS:Pb

\
VD5 VD7

LIST: actinides VD5+CF h
e . - ot quartz MK 1

LUTEH - F3 Ra/Rn coll.
ISOLDE Winter physics

RILIS: Sb/In  RILIS: In

VD5 SnS

April Pt E)d June July August October November
WK ,‘nﬁ 15 16 i~ 18 A 28 29 [ 30 31 32 | 33 [ 35 [ 36 37 | 38 | 39 40 41 42 43 44
MO u ); ((a)) 1 1 1 - 4 1 18 28 2 16 2
U | N’ AR = CZLLAPS!
WE ~ [ BoU & Py
TR o | gy - @) 1. 1

TISD (days -y

:ﬂ o " [coLLAPS

su | | TRAp | Weekend)

RILISTI RILIS Al :Cr Kbeams R R Cs beams SnSbeam  SnSbeam
ISOLDE Winter physics

MK1 MK1 MK1  MmK1
molecules molecules

[ 1 = Yield measurements, proton scans, setup

(~ 50 kCHF) 23 : U, Np, Pu, Dy, Tm, Pm, Er, Gd, Yb, In, Cd,
Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag

prototype
jon source
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Operating ion sources: mass scans

 Low IPs « High/unknown IPs
« Surface ionization efficiency « High efficiency

107°
11111
i) 0 (0 DR || |“ o
250 0 50 100 150 200 2

| 50 300
0

11111 | 201 MAWML»‘ “L\‘ MMW“W MWMW WMWW

11111

111111

180




Operating ion sources: time structures
-.Laser pu'se (10 kHz) ............... ’

~RFQ-cb (=100 Hz) -~ |4Vv(arb. units)
lon source RO _.;
_i_+30 kV
| 4V (arb. units)

lon ToF signal
i IIIIIIIIIIIIIIIIIIIIH © ‘

i LLLLLLLLLELELELELEL !
............ 7;'7*'30 kV MagneToF 2
-....................................................'.'.'.'.I.'.'.'.'.'.I.'.'.'.'.'.I.'.'.'.'.'.I.'.'.'.'.'.I.'.'.' -RFQ offset Au et al. (2023) NIM B. 541 (144-147)
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Developing ion sources: diagnhostics

N 4GeVp+ _______________ *R gactlve gas ISOLDE FTS @ Contaminant ions
UC, target lon O @ Contaminant neutrals
bean;l In-beam @ Isotope of interest
detector ® Neutral molecule of interest
____________ ™  Molecular ion of interest
o™ Reactive gas
ISOLTRAP r ff
Offline @ Buffer gas
HRS ion @ Offline reference ions
Mass g _._source
separator ISCOOL - T +30kv ISOLTRAP
RFQ-cb ™. |] ————— []’;’ _______________ I__5_OLTRAP MagneToF
2 ISOLTRAP RF -cb detector
+30 kV J_ // = -
_RFQoffset s . N\ 2 " |||||||||||||||||||| IIIIII_IIIIII .
*% |||||||||||||||||||| e IIIIII
RILIS coIIectlons ~ l_]___";?;b_i(_\} _________ | :\S/IORLIRI?E/IS
chamber T, -RFQoffset -10

[1] M. Au, PhD thesis, JGU Mainz (2023)
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10+

Molecular formation: identification

A=234

234J0O,H * at 936 revs 234+ at 1000 revs
36856 36857 36858 36859 36860 36861 36862
1o1] A=238 238+ at 1000 rev 2380+ at 968 revs
ool e |

37171 37172 37173 37174 37175 37176 37177 37178 37179
1014 A=250

234y0* at 1000 revs

_ 100 e Ml o
£ 38097 38098 38098 38098 38098 38099 38099 38099 38099 38100
(e
> w] A=252 38U0, at 966 revs
g 187
)
)
3 € 1004 T R
57 C § 38247 38248 38249 38250 38251 38252 38253
- : 2
238 B619F + 10 4 A=273
= 381 116 b 101 235UF; at 1000 revs 238UFO*+ at 1000 revs
= 0-11) 235U+§ é23su+ 23sul6o+§ 238J19F + utoy: 238y 19F +
£ - - 100] e lelgtd oo .
= 39810 39811 39812 39813 39814 39815 39816
3 ]
o 1ge] A=276 238YF+ at 1000 revs
pt !
Q2
e Ty | |
: : : : : : : 40028 40029 40029 40030 40030 40031 40031 40032 40032 40033 40033
. . . . . . : ] . | ToF (us)
230 240 250 260 270 280
mass [amu]

Au et al. (2023) NIM B. 541 (375-379)
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Applications: RILIS as a spectroscopy tool

» For stable and sufficiently small laser linewidth,

C . y : " . LETTERS NATURE PHYSICS
ionization efficiency is sensitive to hyperfine structure

? 1.45 Gev Non-resonant b ¢
. Ser)smwty to nuclear s_,tructure observables: charge l EEan T o
radius, electromagnetic moments . .__T S
- Highlight: shape co-existence phenomenon, odd—even * #u Y _W_ o !;"i -
shape staggering of n-deficient Hg [1] & - M £
Io::é?::i & |;| e f : 08 190Hg: (§2)*= 0.174
measurement ;g j ‘k ’
/.7- Contaminant :f MR-ToF MS -177Hg o 10
T T Y
A2 Lo ey W)
« Resolution limited by Doppler broadening
Repeller RFQ lon extraction * e
electrode rods Slactrode — Fitto data
Exit ~ 3401 ------ Full Doppler
s plate / wiices 2|
« Sub-Doppler hot-cavity in-source spectroscopy Z" g
Metal 5 300
« CERN-ISOLDE implementation [3] "
[1] Marsh et al., Nat. Phys. 14 (2018) p 1163 260_.3 18 - . . . .

[2] Fedosseev et al., NIM B. 204 (2003) 353
[3] Heinke et al. (2023) NIM B. 541 (8-12)

Frequency offset (GHz)
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Applications: lonization potentials

HV platform
o AsTamawe
ot ~! - Is .
: c:vit\{ '\oi i i /— - m:f: :::aration
» Application of field ionization from excited states in a LIST eose0tel ot Co oot oo Lo
ion source geometry [1] | A I | \___ B 2
! ~0 Lo .
| | e
i Lu+U U RF -U AT )&V .
@ oot @ ttopiceomaminaton @ sobarccomamimaton+ Eecrons W
» Use of surface ionization efficiency expression to perform
the first measurement of the IP of superheavy Lr [2] - | " reameR |
1E-7'§ Neon 102 |- .. -
- N E *°Rb Equation (1) E
1E-8 _ /158- I / ; |
- For species with higher IP: _ ] Vel e s %
noble gases [3] g' 1E-9-§ ié F=(33+4)% : \‘»“1438"1 1421143
g E 1E-10 g | I/
8 1E-10 3 ./‘ g 1E-11 4 = 10 :_ : =
5 oy e
4 1E-12 4 |
1E-11 5 B ERARARER | ’GBL“I/ 148Tp
1E_1310 15 20 25 30 35 40 i I I / 165yp
[1] M. Kaja et al., NIM B. 547 (2024) 165213 112 1 N e J — 1Py | -
[2] Sato et al., Nature 520 (2015) p. 209-211 Wy | | | | | =529 755 eV | " N e
[3] Ballof et al., 6 Int. Conf. Chem. Phys. of 0 50 100 150 200 250 300 100 : L L !
Transactinide Elements (2019) Anode Voltage / V IP,* (eV)
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Applications: ionization of medical radionuclides

B c

« Targeted a-therapy Targeted a-therapy and PET

* o a5
- : ‘
e b
. 225Ac PSMA “ 225Ac PSMA
Y .

« Half-life 9.9 days « Half-life 4.1 h
o Collect 225Ra— 225AC (3918 Nuel mes. 57 30411044 « Collect 149Dy —149Tb [4,5]

« Surface ion source [1,2]

Collect 22°Ra and 22°Ac

e Surface ion source +
RILIS for Ac [1,2]

Collect only 22°Ac
[5] Grundler, Johnston, Koster, Mdller, Talip, van

« VD5 and molecular
. der Meulen, IS688 CERN-INTC-P-593 (2023)
S I d e ba nd S [3] Figure 1 The quadruplet of theragnostic terbium radioisotopes. [5] [6] W. WOjtaCZka et al 5 in prepar ation (2024)

Target and ion source
development [0]

[2] Johnson et al Sci Rep 13, 1347 (2023)

[3] M. Au et al., PhD thesis, JGU Mainz (2023)
[4] C. Muller et al., EINMMI Radiopharm Chem 1
(2017) 5. PMID: 29564382
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—~— (\¢ ICIS'23

International
Conference

on lon Sources
Victoria, BC, Canada

CERN y ' ‘_ ‘ A
=N 19% —2 ]
Summary “% o 20 @@ . - ) '“'

1 Basic processes in ion sources rial

alen‘i"h edosse@'ﬁ

2 lon sources used for ISOL STER-NELOusile

3 Applications of ion sources

urrent  «~ -

New record: H ¢ :
density 300 A m? for 600 \

seconds

4 Lots of research done, lots more to do! Max Planck’s ELISE reaches record values for ITER
plasma heating

Wed, May 8, 2024, 5:01PM Nuclear News
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