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ISOLDE: Isotope Separation On Line DEvice Adapted from

J. P. Ramos | 17/09/2018
R. Catherall et al 2017 J. Phys. G: Nucl. Part. Phys. 44 094002
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ISOLDE Radioactive beams

Find the produced isotopes independent on the target

1 Ion sourc 2
H - surface| - He
3 a [het||FesiaD]| cold s 6 7 8 9 10
L | Be ‘ = B|c| N[ o |[E]| N
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti 3 Cr | Mn Fe Co Ni Cu zn Ga Ge As Se Br Kr
37 | 38 B a0 | a1 | a2 |[ 43 | as | a5 |[EENPEEE[ <e [Ec|[so (SN SR SN sa
Rb || Sr Y zr Nb || Mo || Tc Ru Rh Pd | Ag | Cd In sn | sb  Te I Xe
55 56 * 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba L Hf Ta w Re 0Os Ir Pt AU Hg Tl Pb BI Po At Rn
B2 88 .. | 103 | 104 | 105 | 106 |[ 107 | 108 | 109 | 110 || 121 | 112 | 113 |[ 114 || 135 | 116 | 117 || 18
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
* 57 58 55 &0 61 62 63 84 65 66 67 68 69 70
Yield (ions/uC) la | Ce | Pr | Nd ||Pm || Sm | Eu || Gd | Tb | Dy | Ho || Er || Tm | Yb
xx 89 90 91 82 83 94 95 96 97 98 99 100 101 102
1013 1012 Ac | Th | Pa | U |[Np | Pu |[Am | Cm || Bk | Cf | Es || Fm || Md | No
1012 1011 Find yields by mass number range: I:, \:I
101 1 10 10
1010 10°
10° 108 S I
o | RILIS Elements
Element Hydrogen H 1 » Pericdic table s Listview » References £dd Scheme s Settings s Atomic Data s Logout

10°
105
10*
10°
10%
10!
10°
101
1072

H
u. cern.ch/riliselements

https://isoyields2.web.cern.ch/IsoldeYieldChart.aspx

[ pe—

J.Ballof et.al, Nuclear Inst. and Methods in Physics Research B 463 (2020) 211

22.10.2012 v0.06 » [all ] [all w]| e oss(none v

S.Rothe | MIT - Radioactive Molecules | 30 JUN 2021




N\
\

{
|.|‘|..l'||||||||)K
u
|||.J|}':||

i
I

[
/
I

;ﬂ|||||f~'|'\

Vi

|
|

[ 111 ]
@

f
|
[
1
|
o

L
0+3lL M “cl T T ||.-||nH|-|I
z+al s 5 IV aNERE NN
w3l - ] N R R R Ihu_._ulullull
B £ -+ I i o G
. $ 3 T T Lol TR
oot R B B HHHHVWW
PRI N I ) I I I I __ II.-I..Wi....I_.I 1
(o) pioi NN HNH.HHU_-HH.
..... B o 1 N o
IIIII SN A NN N H P ““_H — |I.U1H..Tm.ﬂlh.%|l|
||||| == —]— = -] =l -Talllllllll
IIIII = S N N i 4]
- I R g S TN ™ I R N B S
B e LB M.Mmmmmmm
mumy SRS = e
S — — — _‘rnl =4 \|.M|||I||I||
= e e e N . " W S . U (S S ——_— —
= m i e e 3
e mm JE I N ,J_rll " — I..U..vAII|I|
T T 0 = g 0 4
> | 2T HE (FasaliRE; SRR
— 5 R 74 . T %
ok | B AL O Ly Y W
T - o
Sh | N . N N
e A T N N O U s B
O | S A A
_ o -F-F1-F MEREES V= ol
0 O Y B Al I NV
O | 8
) | [EE R = 1B P
—_ = e euema i Eenenas Yot
. S o B B I R 1
N S mumn B
Bm . VE N Y e 8 Y N Y I Y O 7 m C
> = s R B
T o s o e ,__u| -t o
S el FT-FT-FT Tt a N
- T = H=t+ =1 = Nm AN
c = | 0 A 0 0 gl Y
N Em T =I"T-TT T =1 - - T ||v__rl|[.| 1 Umu_ m
4 — -4 |- - —]— —]— i, — 1 ] N
NI I S I I O 5
@) 0 1 I O O
= L O 0 =t 0 O I I =
- i - -1 - S NN R N R - Y
 m— O o VI 0 @
= Y ” = s O O 8
|||||||| |- S e V) 1y =
() O O e 2.9 g
IIIIIIII —|— -1 | a
m “THCT S
/ = .—QI-V-
Nnuu —~L (@)
<
- T —
O i m

:*;IIIIIII

Temperature [*C]
__! . i \}L’! — ——
i
I II
| I"
|f|
I : |1': NN

6000
5700
5400
5100
4800
4500
4200
3900
3600
3300
3000
2700 -
2400
2100mg
1800
1500
1200
900
600
300

S.Rothe | LISA Kickoff CERN | ESR3 - Molecular Actinide Beams

e
2

C


https://www.periodic-table.org/wp-content/uploads/2019/07/melting-and-boiling-point-chemical-elements-chart-min.png

Molecular Beams — Why?

= Beam purification

Shift the mass region to a higher mass
avoid isobaric contaminants. e.g. GeS, SnS, SeCO, LaO

= Beam extraction by In-situ volatilization

Elements with very low volatility are not released

Reactive elements can be chemically trapped

= Physics with radioactive molecules

Article n l
Spectroscopy of short-lived radioactive

molecules

Target material

https://web.mit.edu/radiomolecules/ Jochen Ballof | ISOLDE Workshop | 5.DEC.2017 (modified)
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Optimize reaction conditions

= target material
Uvs. Th
Metal vs. Carbide vs. Oxide
= target microstructure
Investigate nano materials , stabilize nanostructure
= Reactive gas type
(O, F, S, ...)
= Reaction conditions
Concentrations, temperatures

y =
\ ;
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In'target prOdUCUOn Thorium vs Uranium

ThCx vs UCx target at 1.4GeV - FLUKA ThCx/UCx
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FLUKA Simulations: : Joao Pedro Ramos




Nanomaterials

SiC - S. Fernandes, et al.

|

2 um
=

*1st
nanomaterial
at ISOLDE |

2011

' 1200
CaO - J.P. Ramos, et al.

Nov- 2014

UC, + 2C — A. Gottberg, et al.

;.,S" ‘ { 3 e ‘,"; s ~
o . JR ‘ y

Nov - 2014

arh

LaC, + 2C - J.

Guilloz[m, et al. MWCNT - C. Seiffert, et al

Adopted from

‘ Study effects of reactive gas to actinide nano materials i redro Ramos | 0710972017

MEDICIS-Promed Specialized Training on Radioisotope
Production




lonization / molecular formation techniques

= Surface ->In target molecular, BaF, RaF

= Plasma (FEBIAD/VADIS) -> BeF2, TiF3, SeCO

= E-impact : Mo(CO)6

» Direct laser -> ionization LaF, RaF (to be tested YOL2, GPS)

= Photochemistry -> hints seen with Ac/AcO, U/UO
- Isotope selective ?

= |In-trap formation :
= U+ -> UO+ seen in ISOLTRAP’s RFQ.
* RFQcb@YOL2, ISCOOL@ISOLDE

- Addition of reactive gas to promote molecular species
c.f.. M. Fan et al, 2021, Optical mass spectrometry of cold RaOH+ and RaOCH3+

- laser access, study breakup / photochemistry

—
CERN " .
\\ )
v P
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Example: Boron beams at ISOLDE

SF : _ "BF,’
SB G(Q): 8BF3 J—xg | 10gE +

Anode plates
cavity

107_: Z\ I
Boron . : ]
Low Volatilit 2076 °C Boron trifluoride ]
v Vot (m.p. ) gaseous even at RT 1 "“BF | n
reactive with many metals
very stable < 10°- "BF* HgE *
oy e 3
c ) l
£ "BF,
VADIS / FEBIAD ion source 3 4 |
[ =
Cathode E 10'9- ﬂ
A 1 " “ 1 ﬂ

1 ' ! I ' I ' I

30 40 50 60 70
Cathode support Anode
30kV 0-200V Mass [U]
J. Ballof, 2019, Radioactive boron beams produced by isotope mass
Y. Martinez Palenzuela, Thesis (https://lirias.kuleuven.be/handle/123456789/636675) separation at CERN-ISOLDE, Eur. Phys. J. A 55 (2019) 65

11


http://dx.doi.org/10.1140/epja/i2019-12719-1

Refractory Metal Carbonyl beams

Extraction as complex compounds

e.g. Mo+6 CO > Mo(CO )

Forms Carbonyl ‘ r Forms CO-Compound

Available Beams

Mo(CO), is fragile:
- Decomposition in beam induced plasmas

- Using a neutron converter to reduce charged
particle fluence

Spallation neutrons
1.4 GeV © ©

protons

:..

Thin uranium foils
(25 um)

Neutron converter
(tungsten)

© S o

CO atmosphere (1bar) 3 Ballof

S.Rothe | MIT - Radioactive Molecules | 30 JUN 2021 12



Refractory Metal Carbonyl beams
W oider A 1 ?

Cu — improved heat dissipation

B N
Dedicated Experiment to study )

formation and decomposition of
_ carbonyls at ISOLDE

Neutron converter rod
(tungsten)

Sample Assembly

with robot handle |
_ FEEK:#ascontainers Handle for the sample
! with KF clamping
assembly

Swagelok Angle Valves (radiation hard)

Neutron Converter and St&ubli RBEO3 quick connectors

Inside view of the casserole '\
Thermocouples
753

Casserole under vacuum

J.Ballof
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Photocathode source First Results:
Mass spectrum of Mo(CO), + Kr

1E-10 Bl c-impact
Moco)s I laser breakup

VADIS source at ambient temperature

Photon-induced electron generation e BN Mo(CO)5
[1h]
5
. . @]
Motivation E 1E-12
- lonization of fragile molecules o

- No decomposition on hot surfaces

1E-13
- Diagnostic tool to measure ionization properties

Setup 1E-14
100 150 200 250 300
Tanta!um Cathode electrons Laser beam
not resistively heated } Mass
Laser properties
., \ (PHARROS) Two operation modes found
0% o ° Pulse length 265 fs .
S— 2 ,»Photo cathode* Direct laser breakup
Gas e o . Power 4.5W _
e ction > © o 0 "o Anode biased Anode off
njection 1 o Wavelength 343 nm
| | I Rep. Rate 50 kHz Magnet 6A Magnet off
i 30kv | L Krypton ionized Krypton not ionized
Anode Voltage —_

80.300V Mo(CO)3 predominant ~ Mo(CQO)5 predominant

J. Ballof, D. Leimbach, B.A. Marsh, A. Ringvall-Moberg, S. Rothe, T. Stora, S. Wilkins
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Studying molecular beam formation

Concept for a dedicated development unit for molecular beams

Study chemical reactions

- Injection of gases and vapor of solid
samples into reaction volume
- Suppression by guartz and other materials

Heated reaction
volume

Chromatography

RGA

VADIS source

Parameters

- 2 gases, controllable flow rates

- 2 mass markers

- Controllable temperatures in reaction volume
and chromatography column

- Materials for chromatography and

- Materials in reaction volume (target matrix)

Solid Samples
(mass markers)

v\Gasz ‘ B

Faraday Magnet Scanner  Faraday
/ Cup I Cup
| I | I
—
«— Gasl

better understanding of molecule formation
improve reliability of existing beams, tailor new beams

Z—|
@) T\
L '

X7 4

J.Ballof BES




Studying molecular beam formation

Concept for a dedicated development unit for molecular beams

* Move residual gas analyzer to identify
separated beam composition through
molecular break up patterns

v

RGA

Heated reaction VADIS source

volume Chromatography Faraday Magnet Scanner Faraday
/S Cup I Cup —
A I | I
ar
UL/ | |
Solid Samples . 1]
(mass markers) «—— Gas1
\ Gas 2

Z—|
@) T\
L '

X7 4

J.Ballof S




Studying molecular beam formation

Concept for a dedicated development unit for molecular beams

Example TOF spectrum on

* Add Multi Reflection Time of Flight (MR-ToF)
mass spectrometer: allows ISOBAR separation.

T

: : i i . L 3
+ Collaboration with MIRACLS experiment ongoing 2 I
§ z|—.q — E =

= )

2

>
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First prototype for reaction chamber tested at YOL1

\ I '\

Leak valve T
lon source

Reaction chamber
Externally heated

3 gas lines to
new Frontends

1 reacting gas » Multiple gasses

L sample_ Sl_Jppl.y Plasma sources, Negative ions
Surface ionization

Gas supply

BaO + CF4 -> BaF2 + x -> BaF+

V.Samothrakis, M.Ballan, J.Ballof, D.Leimbach, B.Crepieux, S.Rothe et al.
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ISOLDE target at MIRACLS PoP

. FC plate

—

'F" N ® 7
n " nleg ——™"

Collimator

Mg or Ca
ion source

negative
ion source

shaped
acceleration
electrode
11
11
. = |on sources, compatible to
Lift 1 — ISOLDE target
= Paul trap
entrance 1 | | MagneToF
Laser grewster | | | MagneToF { PMT \ = MR-ToF
beam window == |= detector »
Pplu ! q = Laser access and PMT
Aperture M= = Electrostatic Electrostatic AR D.Leimbach (PhD. Thesis)
system mirror mirror F. Maier et al, 2019, Hyperfine Interact (2019) 240: 54
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LISA

LASE&!O'NISATION AND SPECTROSCOPY'OF ACTINIDES

l Stable

B Speciesstudied by laser spectroscopy BTRf T11
; IR T 310

I Reachof IGUS based on experimental cross sections 4 p \ 1)

[0 Reachof IGUS based on estimated cross sections N\, o8

Bianca Reich

ESR02

Development of high-resolution in-
source hot-cavity RILIS methods for
actinides.

LISA - Laser lonization and Spectroscopy of Actinides.

Copyright © 2021 CERN

ESRs at ISOLDE-CERN

Mia Au

ESR03

Target developments for extraction of
actinides from thick ISOL targets
followed by laser-induced molecular
break-up and/or ionization.

https://lisa-ith.web.cern.ch

CERN

p This Marie Sklodowska-Curie Action (MSCA) Innovative Training Networks (ITN) receives funding from the 7 _“/

-t European Union’s H2020 Framework Programme under grant agreement no. 861198




Pre-irradiated targets (June 2021), M.Au et al.

ISOLDE Schedule 2021: weeks 25 - 35

GPS schedule 2021
July August
27| 31 | 87 ] 33 34 | 35 |

- s JEmaes = 1. #638-UC-Re:

I | #567 Sn-vD5| #709 UC
Micos B
Bismso |

. e L Target irradiated end of run2 at ISOLDE (2018) before

“‘"‘« s AL
B ol LHC long shutdown 2 (LS2)

HRS schedule 2021 Preparation of July TISD beam time

June July Au g t
wk[ 23 24 25 26 27, |. 28 | 29 | 30 [ @t | a2
MO #7117 UC . .
™ Test single ion detectors
WE #715 UC
TH
Fr e ) (R Tune to ISOLTRAP MR-ToF
SA
su
25va 25
4 ' ‘_“ Start of for physics: 21} | .
.g ‘ ‘ En;z;t;o':;:ts‘)flsr :I‘:vpsicfllc; Noveumnzer e M'mav

Letter of Intent: Radioactive molecules at ISOLDE:
NTC 1-227 (http://cds.cern.ch/record/2748712)
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asers off [pA]

Radioactive molecules at ISOLDE (June 2021)

. 1
GLM BFC0900 m: an, cold target
254
g 20
o1
—— U lasers on
238U+ — U lasers off - U |EIS'EI'5 on
w0 238U160* —— U lasers off
235U* ﬂ ﬂ n
ﬂs 2i0 2is 70 = 20 na Installation of TISD chamber with
mass [amu]

MagneToF detector and signal

Photochemistry ?, thc. plate atISOLDE GLM M.Au et.al
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Radioactive molecules at ISOLDE (June 2021)

= Atomic actinide beams (transuraniums : Np, Pu)
= |dentified at ISOLTRAP MR-ToF

mass scans with and without RILIS for Pu, 1989°C

—— U lasers on
— U lasers off
Pu*

\;‘ “v. » 2ol ] “‘
4 e 3 | / ‘ :
i 5 i’ / » Olet \\
= X e =N L;“—‘ ‘s 1 “
N /, »
RILIS lab at ISOLDE set up for fast switching

between two-step ionization schemes for actinides

21;15 2:’>0 25;5 Zil’nO
mass [amu]
M.Au et.al
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Offline molecular beam development (YOL1)

Targets and material samples
Gas injection: NF;, CF,, SF;

lon sources: surface, plasma,
RILIS

Direct ionization
Dissociation ionization

Thermal dissociation
Reaction condition studies

y LaC is pyrophoric!

- - \
.““
\ "

An ISOLDE target and ion source unit Two target units in a glove
with gas injection box for sample exchange

oy,

e

ISOLDE OFFLINE 1 (YOL1)
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Offline molecular beam developments (YOL2)

1) In-source laser spectroscopy of stable
molecules

Laser lab is ready

ISOLDE OFFLINE 2
(YOL2)
magneToF installed
LaF target ready #712
Laser Room @ YOL2
« 2) In-trap molecular formation/dissociation
Laser access to trapped region r C
I detection and identification after creation in RFQcb
Design ongoing

Seed funding received !

2021 >2023
~Wien filter

MRI-TOF

-

[

5 . L
/ 5 ]
1 ' o+
Y o
/Dﬂﬂellullrﬁu I ‘
Birror 1 Pirror 2
- — — — ——(—— -
1 -

1
Centrad drift tube

(it 2)

—
Juod youne|
T 3muo

¥
e

M 1

| 10
https://home.cern/news/news/experiments/isoldes-new-offline-2-source-nears-completion

From: A.Ringvall et.al , (to be published)

M. Fan et al, 2021, Optical mass spectrometry of cold RaOH+ and RaOCH3+

A. Ringvall Moberg et al, 2020, Time-of-Flight study of molecular beams extracted from the ISOLDE RFQ cooler and buncher
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HRS, GPS, YOLZ2 gas systems

©
D el
|
=
800.00

‘.ﬁ"‘. =]

*
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! ] ;
g 9 A~ HE
i ] S
-
I
I 4 4
*
¥ ANTICORODAL 110 SHEET
é é ¥ 44.02.30.050.5 DIM. 200X650
MFE’#JLPMDNI uo ﬂk‘ Flexibe connection
4 h;H} To vacum pump
[ i
e suppont

EUROPEAN LABORATORY FOR PARTICULE PHYSICS @

ISOLDE-B170 GAS RACK DISTRIBUTION )\ ‘)

Main Gas Distribution Plate - Front End Supply
REV

Scale

() See drawing Solencid Valve Support
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* In-place gas mixing
 Auto filling / flushing




Radioactive molecules at ISOLDE: target and ion source
development (TISD) campaign (M.Au et al.)

ISOLDE Schedule 2021: weeks 25 - 35 11,:
GPS schedule 2021 1. #637_UC_W: See talk by S.Wllklns

50533.30954 cm-1

June July August 50536.3 em-L A
2 s | 2 2z | 28 29 30 atJ[."33 ‘| 33 | 3 ‘| 35 | . -1
- RaF in-source laser spectroscopy .
’[“‘ &JWB 13397.104 cm™!
a2 = 2. #7/13-UC-VD5: ez el
18527 TISD o5 829.12 nm
surfoce ¢ [T Actinide fluoride production, | e
“R“"“'““ — identification and laser manipulation | —
] — . CF4 injection -
= — 25075.226 cm!
- ﬁ . e I"E Identification via decay station or

RILIS: Ag PLNERE RILIS: Cu JPISNERE RILIS: Mg RILIS: Mg RILIS: In RILIS: Ag
T: CERI
| g " ‘-a | Start of protons for physics: 21 June a?:.:: mmdav
. ‘ End of protons for physics 15 November

ISOLTRAP MR-ToF I

" == = Single ion detection at GLM

beamline e.g. NpF6
BP: 55C

Possible laser ionization, probing of

dissociation F

Fh;. I a1 F
Letter of Intent; Radioactive molecules at ISOLDE:; Check for 229Pa ! © F"Nlp:'F

NTC 1-227 (http://cds.cern.ch/record/2748712) F
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ISOLDE first radioactive beams after LS2 - June 2021
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