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• Recall:	MIRACLS	
• Summary	of	MIRACLS’	proof-of-principle	experiment	
• Planning	for	a	compact	MIRACLS	at	LA2	
• Planning	for	full	MIRACLS	at	RCX10	(=NICOLE	site)



Collinear	Laser	Spectroscopy	(CLS)
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⇒	high	resoluOon	
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K.	Blaum,	et	al.,	Phys.	Scr.	T152,	014017	(2013)  
P.	Campbell	et	al.,	Prog.	Part.	and	Nucl.	Phys.	86,	127-180	(2016)	  
R.	Neugart	et	al.,	J.	Phys.	G:	Nucl.	Part.	Phys.	44,	064002	(2017)	



the	Mul)	Ion	Reflec)on	Apparatus	for	
Collinear	Laser	Spectroscopy
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trap	⇒	long	observaOon	Ome	⇒	higher	sensiOvity	⇒	more	exoOc	nuclides	accessible

MR-ToF	devices

F. Wienholtz et al., Nature 498, 346 (2013)

• ion	trap	⇒	long	observaOon	Ome	

• 30	keV	beam	⇒	high	resoluOon	

novel	approach	for	collinear		
laser	spectroscopy:
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proof-of-principle	experiment
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• modified	exisOng	MR-ToF	(low	beam	energy)	
• adapted	for	purpose	of	CLS	
• demonstrate	potenOal	of	the	technique		
• validate	simulaOons	for	the	30	keV	device	
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1. Motivation
�Collinear laser spectroscopy (CLS) 

is a powerful tool to access 
nuclear ground state properties [1] : 
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3. Discussion of First Results

2. Proof–of-Principle (PoP) Setup

4. Conclusions

� This device is operated with a few keV beam energy → low resolution for CLS 

� In progress: design and construction of a 30 keV MR-ToF device for high 

resolution CLS

9 nuclear spin I
9 magnetic dipole moment μ
9 electric quadrupole moment Q
9 isotope shift & nuclear charge radius

But…
� requires fast beams (> 30 keV) for 

minimizing the Doppler broadening → 
short observation time of  a few μs 

� is limited to radioactive ion beams with 
yields > 100 to 10,000 ions/s

Novel approach 
for CLS                            

Basic idea: Trap 30 keV ions 
in a multi reflection time-of-
flight (MR-ToF) device

�Most exotic nuclides 
demand more sensitive 
experimental methods
(e.g. CRIS [2], ROC [3])  

h
longer 

observation 
time

h hhigh 
sensitivity

high 
resolution 

of CLS

MR-ToF serves 
also as mass 

separator More exotic
nuclides accessible

�Offers higher sensitivity for CLS

�Uses rare isotopes more efficiently by employing an MR-ToF device

� Is a novel tool to access exotic nuclides currently out of reach with CLS with 

improvements in sensitivity by a factor 20-600

�Offers new opportunities for a high ion flux MR-ToF mass separator 

→beneficial for the entire ISOLDE community

� First CLS measurements were successfully carried out in a proof of principle 

experiment with up to 150 revolutions inside the MR-ToF device

�Closed 2-level systems → Decays back into initial 
state after excitation 

� 280 nm laser light is produced by frequency 
doubling the output of a cw dye laser (Rd 560) 

First Mg ions in the PoP setup
� Identification of Mg ions stored in 

the MR-ToF device
� For CLS operation, typically a few 

1000 ions per ion shot are stored for 
up to 150 revolutions inside the 
MR-ToF device

:

2S1/2

2P3/2

2P1/2

Mg

No trapping

25Mg+

24Mg+

26Mg+

Hyperfine 
splitting 

(100 MHz)

Excited state

Ground state

Laser photon
(eV – 108 MHz)

Detect 
fluorescence 

photons

Experimental details of PoP setup

Collimator

¾ Modified existing MR-ToF device from the University of 
Greifswald operated at a beam energy of 1.3 keV [4]

¾ Adapted for the purpose of CLS:
9 Mg ion source (modified from  [5])

9 Access for 280 nm laser beam

9 Optical detection region (based on COLLAPS 

design [6]) to count fluorescence photons 

¾ Demonstrate functionality of the novel technique

¾ Investigate spectroscopic line shape & benchmark simulations 

of future 30 keV device

Off 
resonance

On 
resonance

150 revolutions

150 revolutions

Optimization of ion injection and MR-ToF
settings → improved lineshape

Color photon counts

Color photon counts

¾ Ion trajectories inside the MR-ToF device influence the CLS lineshape
and width 
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� ToF spectra for ions stored for up to 9 revolutions inside the MR-ToF device

�HFS spectra obtained for up to 150 revolutions   
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First	CLS	signals	in	an	MR-ToF
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First	CLS	signals	in	an	MR-ToF
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extracOon	
from	Paul	trap

extracOon	
from	MR-ToF

conven)onal	
CLS

shown	here	for	7	revoluOons

Achieved	milestones	
• CLS	over	5000	revoluOons	
• simultaneous	anO/collinear	
laser	spectroscopy	

• opOcal	re-pumping	



MIRACLS	sensi)vity	in	24Mg+
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ion number per shot sent into MR-ToF device
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MIRACLS	30-keV	setup

unique	linear	Paul	trap	
• beam	cooling	to	cryogenic	
temperature	for	opOmal	
(longitudinal)	emi`ance		

➡ good	Ome	focus	and	
energy	spread

30	keV	MR-ToF

Outlook at 30 keV MR-ToF

19

� Suitable design and potentials of mirror electrodes have been identified 
in simulations

� Current focus:
¾ Simulation of injection optics + beam transport to MR-ToF
¾ High voltage tests of mirror electrodes and power supplies

� Construction drawings and manufacturing will be started soon
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new opportunities
• fast	&	selecOve	mass	separaOon	

(fundamental	physics	&	applicaOons)	
• spectroscopy	of	negaOve	ions	
• excellent	emi`ance	(PUMA,	emission	channeling,…)	
• fundamental	physics	with	radioacOve	molecules	

(e.g.	EDM	searches)



Integra)on	plan	at	ISOLDE
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(traveling)	
setups

MIRACLS	at	RCX10	
• laser	lab?		
• ion-beam	emi`ance?	
• no	crane	access		
• NICOLE	sOll	there	
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(traveling)	
setups

MIRACLS	at	RCX10	
• laser	lab?		
• ion-beam	emi`ance?	
• no	crane	access		
• NICOLE	sOll	there	
• COVID	lockdown:	
➡ lost	already	4	months	
➡many	developments	sOll	on	hold

Compact	MIRACLS	at	LA2	
• COLLAPS	laser	lab		
• measured	emi`ance	at	LA1	in	2019	
• crane	access		
• currently	free	locaOon	
• COVID	lockdown:		

➡ start	with	room-temperature	Paul	trap	
➡ reuOlise	components	of	PoP	experiment	
➡ ‘best	possible’	MR-ToF	

compact	

MIRACLS

COLLAPS	
laser	lab



MIRACLS	at	LA2
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room-temperature
Paul trap

HV cage

30 keV
MR-ToFlaser-beam

transport

LA2
LA1

COLLAPS

discussions	about	integra)ons	ongoing	
(K.	Johnston,	E.	Siesling,	Di	Giulio,	J.	Devine,	J.	Troska,	COLLAPS,	etc.)
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MIRACLS	at	LA2
electronics	rack offline	ion	source	

exisOng	and	operaOonal	Paul	trap	
(almost)	idenOcal	trap	
design	but	at	room	
temperature	

Design Status

43

grid to enhance gas outflow and reduce pressure
photon detection with MPPC

C
ry

og
en

ic
 P

au
l t

ra
p

30	deg	bend	
(new)

accelera)on	to	50	keV	
(new)

electrosta)c	mirror	of	
30-keV	MR-ToF

2	keV	beamline	(on	HV	pla]orm)	
(exisOng,	minor	modificaOons)
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MIRACLS	at	LA2
offline	ion	source	
exisOng	and	operaOonal	Paul	trap	

(almost)	idenOcal	design		
but	room	temperature	

Design Status

43

grid to enhance gas outflow and reduce pressure
photon detection with MPPC
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l t
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ISOLDE	beam

offline	beam	
• commissioning	
• references	during	beam)me

bunched	and	
cooled	beam



Simula)ons	of	ion	beam	op)cs	(Mg)
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ion	cooling	in	Paul	trap		

trapping	in	
MR-ToF

F.	Maier	et	al.,	Hyperfine	Interact.	240,	54	(2019)

• 3-step	simulaOon	approach	
• benchmarked	for	PoP	setup	in

2

3

1

ion-beam	
transfer

Results: • trapping	efficiency	>90	%	

• laser	ion-overlapp

• CLS	resonance

• setup	not	opOmal,	but	addresses	first	physics



Laser	Setup
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Compact MIRACLS@LA2 laser setup

ISOLDE Hall

COLLAPS laser lab (Bat. 508)

frequency doubler (Wavetrain)

cw Dye laser (MATISSE DS)

 pump laser (Millennia 20 eV)
532 nm up to 20 W

560 nm up to 1 W

280 nm up to 100 mW

<10 mW

connected to interlock system of lab

shutter

beam 
dump

mode 
cleaner, 
lenses, 
etc. 

activates 
shutter

‘deflection 
box’

COLLAPS lasers integra)on	requirements	
new	laser-transport	tubes	
• hole	ISOLDE-laser	lab	
• tube	installaOon	
• ‘deflecOon	box’	with	

(temporary)	access		
• interlock	system	

discussions	with	
CERN	safety	ongoing	
(L.	Di	Giulio,	J.	Troska,	
K.	Johnston)



Required	Resources
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Infrastructure	at	LA2	
• laser-beam	transport	(see	previous	slide)	
• removal	of	block	5	
• displacement	of	block	4	(including	distribuOon	of	
power,	pressurised	air;	radiaOon	detector,	etc.)	

• removal	and	relocaOon	of	cable	trays	
• passage	through	LA1	or	LA2?	
• electrical	power:	80	kW	(peak),	ideally	low	noise	
• pressurised	air,	cooling	water

addi)onal	lab	space:	
• air	condiOoning	at	all	Omes	in	COLLAPS	laser	lab	(including	early	2021)	
• lab	space	for	clean	assembly	of	apparatus	
• DAQ	room/secOon	(?)

Required	informa)on			
• access	to	ISOLDE	3D	model	

➡ 	for	minimal	interference	with	COLLAPS	and	LA1	
➡ 	safety	(laser,	access,	etc.)	

• ion-beam	opOcs	along	ISOLDE	beamline	
• emi`ance	measurement	at	LA2	(TRIUMF	emi`ance	meter?)



ISOLDE	beam	requirements
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• ISOLDE	operaOon	at	50	keV	
• if	possible,	stable	ISOLDE	beam	for	emi`ance	measurement	(fall	2020)	
• stable	ISODLE	beam	(end	of	2020	and	early	2021)	to	establish	ion-beam	transfer	

➡ iniOally	e.g.	39K	ok,	later	24-26Mg	and	something	heavier	e.g.	133Cs	
➡ conOnuous	beam	for	GPS	(2020)	
➡HRS+ISCOOL	for	bunched	ions	(2021)	
➡3x	4	days
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Timeline:	compact	MIRACLS
2020 2020 2021

April Mai June July Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. April Mai June July Aug. Sep. Oct. Nov. Dec.

Ion optical simulation

Paul trap

ion transfer

MR-ToF for CLS

MR-ToF for mass 
separation

ISOLDE integration plan

Paul trap

adaption of mechanical 
design

electronics  (incl. rf)

workshop

Transfer beamline

design 30 degree bender

design: adaption of 
existing components

workshop

electronics 

HV cage design

MR-ToF

completion of HV tests

mechanical design

Optical detection Region

workshop

60 kV PS testing

Control and DAQ system

conceptual design

order componts

software implementation

Assembly at LA2

Preparation of LA2 area

HV cage

Paul trap + offline ion 
source

30 degree bend + 
acceleration

MR-ToF

laser transport system

Comissioning

Emittance measurement 
LA1

??

Paul trap: offline ion 
source)

Paul trap: stable ISOLDE

MR-ToF (offline)

MR-ToF (stable ISOLDE) 

CLS (offline)

CLS (stable ISOLDE)

mass separation (offline)

Online

CLS online

mass separation online ??

�1



Timeline:	compact	MIRACLS
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exoOc	Mg	(INTC-P-565)

preferred	periods	
for	ISOLDE	beam



Full	MIRACLS	at	RCX10
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(traveling
)	setups

main	upgrade:	cryogenic	Paul	trap	
• be`er	MIRACLS	performance	
• essenOal	for	MR-ToF	mass	separaOon	with	high	ion	capacity	
• cooling	of	molecules	↔
• high	quality	RIB	to	downstream	users

proposal	for	integra)on	
• 2021:	independent	commissioning	of	cryogenic	Paul	trap	at	RCX10																																	
• 2022:	experiments	with	(ionic)	radioacOve	molecules	
• end	of	2022:	end	of	compact	MIRACLS	and	move	30-keV	MR-ToF	to	RX10	
• 2023:	beam	deliver	to	PUMA	and	others

compact	

MIRACLS

R.	F.	Garcia	Ruiz	et	al.,	Nature	581,	396	(2020)



Summary	and	Conclusions
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• Successful	proof-of-principle	experiment	
➡ demonstraOon	of	novel	technique	
➡ benchmark	of	simulaOon	approach	for	30-keV	MR-ToF	
➡ experimental	sensiOvity	esOmate	

• compact	MIRACLS@LA2	
➡ response	to	COVID-19	lockdown	
➡ iniOal	setup	with	reduced	complexity	(and	capabiliOes)	
➡ addresses	ERC	science	goals	within	funding	period	
➡ commissioning	of	30-keV	MR-ToF	device	

• MIRACLS@RCX10	
➡MIRACLS	in	its	full	potenOal		

- incl.	downstream	users	and	mass	separaOon	
➡ iniOal&independent	commissioning	of	cryogenic	Paul	trap	

- first	physics	with	radioacOve	molecules
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Medical		
Applica)ons		
Funds

MIRACLS	Alumni:	
F.	Hummer	(2019),	L.	M.	Bartels	(2018),		
F.	Maier	(2018),	L.	Fischer	(2017)	
F.	Stabel	(2017),	S.	Sailer	(2017)
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CERN	based	people:	
PhD	students	
MSc	students	
BSc	students	
Fellows

collabora)on:

team	members:

funding:
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