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Operation and Results of MR-TOF-MS at 
GSI and TRIUMF

Samuel Ayet San Andrés for the FRS Ion Catcher and the TITAN Collaborations

• Motivation
• FRS Ion Catcher at GSI

• TITAN at TRIUMF
• Summary and Outlook
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MASSES OF EXOTIC NUCLEI: 
NUCLEAR STRUCTURE AND NUCLEOSYNTHESIS
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Exotic Nuclei
Exotic Nuclei
• Nuclei with unusual proton-neutron number ratio
• Short-lived, to be found in the stars or in the laboratory
• Unexpected, novel properties

Examples:

Supernova 1994D in NGC 4526

Halo nuclei Two proton decay

45Fe

M. Pfütznerwww.triumf.ca/sites/default/files/images/Halo_Nucleus.png

GSI / FAIR Darmstadt

Experimental Challenges:
• Small production cross section

(~ pbarn-µbarn)
• Short half-lives (~ ms)
 need for fast and efficient 

experimental methods
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Mass and Binding Energy

E = mc2

Mass  Binding Energy  Stability and Structure

Z Protons (Proton number)
N Neutrons (Neutron number)
A = N + Z  (Mass number)
B = Binding energy

Nuclear mass: M(N, Z)   = Z·mp + N·mn - B(N, Z)/c2

௡ ேିଵ௓
஺ିଵ

ே௓
஺

Structure & Dynamics
of Exotic Nuclei
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(MULTIPLE-REFLECTION) TIME-OF-FLIGHT SPECTROMETRY
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(MR) TOF Mass Spectrometry
Enables high performance
• Fast access to very short-lived ions (T1/2 ~ ms)
• Sensitive, broadband, non-scanning  efficient, access to rare ions

H. Wollnik et al., Int. J. Mass Spectrom. 
Ion Processes 96 (1990) 267

Applications
• Diagnostics measurements: monitor production, separation and low-energy

beam preparation of exotic nuclei
• Direct mass measurements of exotic nuclei
• High-resolution mass separator

C. Scheidenberger et al., Hyperfine Interact. 132 (2001) 531

W.R. Plaß et al., NIM B 266 (2008) 4560

W.R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134 

To achieve high mass resolving power and accuracy:
Multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS)

ଶ

     

ଶ
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MR-TOF-MS in RIB Facilities
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MR-TOF-MS in RIB Facilities
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MR-TOF-MS Isobar separator
for the TITAN facility (TRIUMF)

MR-TOF-MS at FRS 
Ion Catcher (GSI)
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Genealogy of MR-TOF-MS built @ JLU Giessen

MR-TOF-MS Isobar separator
for the TITAN facility (TRIUMF)

MR-TOF-MS at FRS Ion Catcher 
(GSI)

1.2 m

0.8 m

Inlet

Mobile MR-TOF-MS for analytical 
mass spectrometry (JLU)

Ion-optical identical
scaled down versions

Development platform:
• retrapping
• software
• electronics
• …

Dickel et al. NIM B 317 (2013)

T. Dickel et al., NIM A 777 (2015) 172 

C. Jesch et al., Hyperfine Interact. 235 (2015) 97 
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Examples of Technical Developments

Square Wave 
RF generation

Voltage stabilizationFast high voltage 
switching

Data acquisition software

Instrument control software

FPGA-based
timing control

S. Ayet
C. Lotze

J. Bergmann

S. Ayet

S.
 A

ye
t

C. Jesch
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FRS ION CATCHER @ GSI
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The FRS Ion Catcher at GSI/FAIR
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The FRS Ion Catcher at GSI/FAIR
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FRS Ion Catcher: Test Facility for the LEB@SuperFRS

W.R. Plaß et al., NIM B 317 (2013) 457

FRS

Homogenous
Degrader

Laser

219Rn Source DC Cage RF Carpet

Si Detector

Calibration
Ion Sources

Injection
Trap System

TOF
Analyzer

Isochronous
SEM

Si Detector

BNG

Recapture
System

(to be added)

Cryogenic Stopping Cell
(Helium, 50…100 mbar, 60…100 K)

RFQ Beam Line +
Diagnostics Unit

Multiple-Reflection 
Time-of-Flight Mass Spectrometer

Final Focal Plane

CSC MR-TOF MS

Production Target
1.6 g/cm2 Be 

+ 0.2 g/cm2 Nb

238U @ 
1000 MeV/u

~ eV

~ MeV/u

~ 100 MeV/u

PID

PID

Slits

Degrader

Slits

PID

Projectile 
Fragmentation

Fission

~ eV ~ keV~ MeV/u~ GeV/u
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FRS Ion Catcher
M

R-
TO

F-
M

S Low energy 
(~eV) 

beamline

Cryogenic
stopping cell

Standard 
detectors

for PID

DESPEC

M. Ranjan et al., Europhys. Lett. 96 (2011) 52001
S. Purushothaman et al., EPL 104 (2013) 42001
M. Ranjan et al., NIM A 770 (2015) 87
M.P. Reiter et al., NIM B 376 (2016) 240
F. Greiner et al., NIMB in press

W.R. Plaß et al., NIM B 266 (2008) 4560
W.R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134
T. Dickel et al., NIM A 777 (2015) 172 
S. Purushothaman et al., IJMS 421 (2017) 245
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High-precision experiments with in-flight separated exotic nuclei almost at rest
• universal and fast production
• high selectivity
• cooled exotic nuclei

Super-FRS Experiment Collaboration
(Mass Tagging for PID, New Isotope search, Reaction Studies,…)

MATS (Precision Measurements of very short-lived nuclei
using an Advanced Trapping System for highly charged ions)

LaSpec (Laser Spectroscopy)

In-flight
Production

In-flight
Separation

Momentum
Compression

Stopping /
Thermalization

Target
Fragment
Separator

Buncher /
Degrader

Stopping
Cell

Experiments
(Trap, Laser,..)Primary

Beam

100...1500 MeV/u ~ eV ~ keV~ MeV/u

Low Energy RIB @ Super-FRS/FRS

@LEB:

@FRS & LEB:

D. Rodriguez, et a., EPJ 183 (2010) 1

J. Äystö et al., NIMB 376 (2016) 111
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Mass Measurement
Accuracy

Transmission efficiency

MR-TOF-MS for the FRS-IC and MATS

Mass
Measurement

2 
m

W.R. Plaß et al., NIM B 266 (2008) 4560
W.R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134
T. Dickel et al., NIM A 777 (2015) 172 
T. Dickel et al., Phys. Lett. B 744 (2015) 137

Kinetic Energy
1.3 keV

Ions

Separated
Ions

Isobar separator with
high ion capacity

Sensitivity

~10-7

up to 70%

World-wide unique combination of 
performance characteristics!

~10 ions

>106 ions/s

m/Δm ~ 1,000,000
TOF: 39ms

133Cs+

C. Will



S. Ayet San Andrés – NUSTAR Week 23-27 September 2019 - Gif-sur-Yvette, France.

Data-Analysis Procedure

S. Ayet et al PRC 99, 064313 (2019)

Data-analysis procedure optimzed for sensitivity and accuracy:
• dedicated fit function
• weighted MLE fitting
• quantification of more than 10 error contributions

S. Purushothaman et al, IJMS, 421, 245 (2017)
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Compilation: Mass Measurement Accuracy

• Data evaluation developed for low statistics and overlapping peaks
• 31 masses of 16 different elements including 6 isomeric states:

• Relative deviations down to 6·10-8

• Excitation energies of isomeric states down to 280 keV

Mass Accuracy Study

weighted mean:
(4.5  5.3) ·10-8

S. Ayet et al PRC 99, 064313 (2019)
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TITAN MR-TOF-MS, 
THE NUSTAR-TRIUMF SINERGY



S. Ayet San Andrés – NUSTAR Week 23-27 September 2019 - Gif-sur-Yvette, France.

TITAN at TRIUMF

Cooler Trap:
Cooling of HCIs

J. Dilling et al., NIMB 204 (2003) 492 

MR-TOF-MS:
• RIB beam purification 
• beam diagnostics & yields
• mass measurements of the 

most exotic species
C. Jesch et al., Hyperfine Interact. 235 (2015) 97 
W. Plass et al., Phys. Scr. T 166  (2015) 014069 
T. Dickel et al., JASMS 28 (2017) 1079
T. Dickel et al., Int. J. Mass Spec. 412 (2017) 1
M. P. Reiter et al., NIMB In Press 
https://doi.org/10.1016/j.nimb.2019.04.034

MPET: 
mass  

measurement 
via determination

of cyclotron 
frequency

EBIT:
Charge State 

BreedingRFQ:
Accumulation, 
cooling, and 

bunching
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TOF analyzer

Multiple-Reflection Time-Of-Flight Mass Spectrometer
MCP

RF 
Injection

Trap

MCP
Detector
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C. Jesch et al., Hyperfine Interact. 235 (2015) 97
M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9 

T. Dickel et al., J. ASMS 28 (2017) 1079
T. Dickel et al., Int. J. Mass Spec. 412 (2017) 1-7 

Characteristics
– Resolving power up to 200k

• Good for highly 
contaminated beams 

– Precision ~ 3·10-7

• Good for nuclear 
astrophysics

– High sensitivity (low rates)
– High background capabilities 
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Multiple-Reflection Time-Of-Flight Mass SpectrometerMass-Selective Re-Trapping

C. Jesch et al., Hyperfine Interact. 235 (2015) 97
M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9 

T. Dickel et al., J. ASMS 28 (2017) 1079
T. Dickel et al., Int. J. Mass Spec. 412 (2017) 1-7 

MCP
Detector

Io
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or
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m
irr

or
 2

N = 30 
turns

MCP
Detector

Io
n 

m
irr

or
 1

Io
n 

m
irr

or
 2

N = 300 
turns

• Online Isobar separation
– e.g. 105Sn 

(Yield ~ 1pps,
background ~ 106pps)
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Mass measurements for nuclear structure: N = 32Mass Measurements neutron-rich Ti an V

M.P. Reiter et al., PRC 98 (2018) 024310

N = 32

E. Leistenschneider et al., PRL 120 (2018) 062503

Mass accuracy: 3 · 10-7
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Mass measurements for nuclear structure: N = 32S2n at the N = 32 shell closure

Shell Signature for N = 32

– Resolved with new high precision measurements 

E. Leistenschneider et al., PRL 120 (2018) 062503
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• 8 RIB beam times + 3 OLIS commissioning/test beam times
Sp=0

Sn=0

Mass Measurements with the TITAN MR-TOF-MS

E. Leistenschneider et al., PRL 120 (2018) 062503
M.P. Reiter et al., PRC 98 (2018) 024310

A. Jacobs et al., to be submitted

A. Gallant  et al., to be submitted

M.P. Reiter et al., submitted

I. Mukul et al., to be submitted

C. Izzo et al., under analysis

S. Beck et al., to be submitted

Yb and Tm 
(Nuclear Structure)

Sn (Nuclear Structure)

In (Nuclear Structure 
& Astrophysics)

Rb and Sr
(Astrophysics)

Ga (Astrophysics)
Mn (Nuclear Structure)

Ti & V (Nuclear Structure)

Ne (Nuclear Structure)

Mass Measurements TITAN’s MR-TOF-MS

With 
Re-Trapping

B. Kootte et al., under analysis
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Future Plans: Technical Improvements

• Hardware upgrades:
- temperature stabilized Power 

supplies.
- temperature stabilized voltage 

divider for analyzer voltages.

Open Position 
PhD/PostDoc @ TRIUMF

• Software upgrades:
- Automated Tuning

• Deliver isobaric clean beams to EBIT and MPET

• Keep Synergy:

http://www.inst.uni-giessen.de/stellenmarkt/pdf/stelle0012249.pdf
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Future Plans: FAIR phase-0 and SFS

W.R. Plaß et al. Hyperfine Interact (2019) 240: 73• FAIR phase-0:
• N=Z
• New Isotope Search
• MNT
• pxn

• Spontaneous Fission Source:
• systematics of spontaneous fission
• independent fission yields
• isomer-to-ground ratios (Uppsalla University)

I. Miskun et al. Eur. Phys. J. A (2019) 55: 148

I. Mardor et al. ND2019 Proceedings 
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Summary

The FRS Ion Catcher

• Unprecedented efficiencies for thermalized short-life (~ms)
ions produced at relativistic energies

• MRP > 106

• High-accuracy mass measurements: 6·10-8

• Powerful tool for the measurement of isomers: Identification, 
separation, excitation energies, isomeric ratios 

TITAN MR-TOF-MS
• Mass Selective Retrapping for isobar cleaning
• Neutron shell @ N=32
• Other interesting mass landscape visited by the MR-TOF-MS:

• Nuclear Structure
• Astrophysics
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