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• How to study the properties of exotic nuclei via mass spectrometry
• The FRS Ion Catcher @ GSI

• Setup 
• Results

• Commissioning / first results from 252Cf 
• Outlook 

• Next steps and improvements for the spontaneous fission
• MNT studies at the FRS and at JYFLTRAP
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Mass and Binding Energy

E = mc2

The mass of an atomic nucleus reflects its binding energy

and hence its 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

𝑆𝑛 = 𝑚( 𝑍
𝐴−1𝑋𝑁−1) + 𝑚 𝑛 −𝑚(𝑍

𝐴𝑋𝑁)

Structure & Dynamics

of Exotic Nuclei

Precision mass measurements unambigious identification in A and Z
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Mass Measurement Techniques for Exotic nuclei

Isochronous MSSchottky MS

~500 MeV/u

tmeas ~ 10 s
m/m = 106

δm/m ~ 210-7

broadband

tmeas ~ 100 s

m/m = 2105

δm/m ~ 10-6

broadband

1 eV – 10 keV
z0

r0

Penning Trap MS (TOF-ICR-MS)

tmeas ~ 1 s

m/m = 106-107

δm/m < 10-7

scanning

Storage Rings

„Standard“ Methods

No Method is highly accurate, sensitive and fast
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TOF Mass Spectrometry for diagnosis and separation
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)

T. Dickel et al., Phys. Lett. B 744 (2015) 137
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Concept: Cryogenic Stopping Cell (CSC)

IGISOL/Stopping cells:

• Fast  access to short-lived exotic nuclides (T1/2 ~ ms)

• Universal  element-independent 

• Efficient  highest stopping and extraction efficiency 

Cryogenic Operation

• Clean  ion beams of high cleanliness

high energy
beam
(~Mev/u)

DC Gradient along the cell

D
C

  to

N
o

z
z
le

Gas

flow

RF repelling

force

Low energy
beam (~eV)

M. Ranjan et al., Europhys. Lett. 96 (2011) 52001

Purushothaman S. et al, EPL 104 (2013) 42001

high pressure helium

~100mbar

M. Wada NIM B 317 (2013) 450
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Prototype of the Stopping Cell: Design

228Th

Diameter:  250 mm
Electrode spacing: 0.25 mm

IEE Japan, Vol 92B (1972) 9-18

M.Wada et al, NIM B204 (2003) 570

S. Purushothaman et al., EPL 104 (2013) 42001

M. Ranjan et al., NIM A 770 (2015) 87

M.P. Reiter PhD Thesis, JLU Giessen, 2015

M.P. Reiter et al., NIM B 376 (2016) 240

A.K. Rink PhD Thesis, JLU Giessen, 2017

170 mbar @ 90K
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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 mg/cm2 Be 

+ 0.2 mg/cm2 Nb

238U @ 
1000 MeV/u

~ eV

~ MeV/u

~ 500 MeV/u

PID

PID

Slits

Degrader

Slits

PID

~ eV ~ keV~ MeV/u~ GeV/u
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FRS Ion Catcher
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238Uranium Fission Fragments

• Mass measurement of uranium fission products produced at 1000 MeV/u
• MR-TOF-MS will enable efficient search and measurement of new isotopes  and isomers

S. Ayet et al., submitted to PRC, arXiv:1901.11278v1
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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

Achieved Accuracy of the Mass Measurement

weighted mean:

(4.5  5.3) ·10-8

S. Ayet et al., submitted to PRC, arXiv:1901.11278v1
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252Cf spontaneous fission source

252Cf spontaneous fission source (37kBq)

is mounted in the inner chamber of CSC:

 systematics of spontaneous fission

 independent fission yields

 isomer-to-ground ratios

in collaboration with Uppsalla University
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Commissioning of 252Cf source

TOF ~ 2.1 ms

m/Δm ~105
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Commissioning of 252Cf source

TOF ~ 2.1 ms

m/Δm ~105

TOF ~ 2.1 ms

m/Δm ~105
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Commissioning of 252Cf source

TOF ~ 2.1 ms

m/Δm ~105

TOF ~ 2.1 ms

m/Δm ~105
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Commissioning of 252Cf source

TOF ~ 2.1 ms

m/Δm ~105

TOF ~ 2.1 ms

m/Δm ~105
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Commissioning of 252Cf source

More than 15 fission fragments

identified:

• one hour measurement

• 37kBq

TOF ~ 2.1 ms

m/Δm ~105
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Commissioning of 252Cf source

About 70 fission fragments identified in first run

(about 50 hours, 3 weeks ago)
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Next Steps and Improvements

• Upgrade Stopping and Transport Efficiency:

– gain of an order of magnitude is expected

• Improved electrode structure

– Factor 4 shorter extraction times

– up to Factor 2 higher efficiency

• Stronger source (37kBq  10MBq)

 Accessible yields below 10-7

• Study other spontaneous fissioning isotopes: e.g. 248Cm
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Special Target and Beam Dump for Transfer ReactionMNT studies with the FRS-IC

Cryogenic Stopping Cell

MR-TOF-MS

Universal, efficient, sensitive and broadband method:

• Different beams (primary and secondary) from the (Super-)FRS

• CSC: universal, fast, efficient, clean extraction of all reaction products

• Target (TLF) and projectile-like fragments (PLF) in one experiment

• MR-TOF-MS: Tens of different products measured simultaneously

• „Direct physics results“: 

 New masses 

 Discovery of long-lived isomers (G.D. Dracoulis et al., Phys. Scr. T152 (2013) 014015)

238U

19
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Motivation for 238U + 164DyMNT studies at the FRS and JYFLTRAP

238U + 64Ni

- Benchmark the 

method

- Validate/discard 

theoretical models

238U + 164Dy

- r-process 

rare-earth peak

- n-rich isotopes 

around 238U

TLF PLF

Results:

~150 Cross Sections

~15 New Masses

At JYFLTRAP: 
136Xe on 209Bi: alpha decaying products

 Proof-of-concept and study of isomer to ground state ratios
136Xe on 198Pt: half-live measurements of neutron-rich nuclides
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Summary and Outlook

Outlook:

• Upgrade of system  access to yields below 10-7

• Experiments to study MNT reactions at FRS and at JYFLTRAP

• Experiments in FAIR Phase-0

The FRS Ion Catcher

• Unique capabilities:

• Efficient thermalization of fission products

• Broadband measurements with full ID

• High mass accuracy, down to 6*10-8

• High sensitivity

• Novel way to study spontaneous fission

• independent fission yields

• isomer-to-ground state ratios
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