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strong uniform
static B‐field

1 qννcc =2π mm B

SHIPTRAP
JYFLTRAP
TRIGATRAP
MLLTRAP

< 5 · 10-9ΔB
B h-1

THe‐TRAP
Max‐Planck Institute for Nuclear Physics,

Heidelberg

< 10-11ΔB
B h-1

Penning trap the most accurate mass spectrometer
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uniform B‐field

1 qννcc =2π mm
B

quadrupole E‐field

+ =

Penning Trap

νν++ - modified cyclotron

νν-- - magnetron

ννzz - axial
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10

c

c 10−>
ν
νΔ

Penning trap the most accurate mass spectrometer



Penning‐Traps worldwide

TITAN

CPT LEBIT

JYFLTRAP

ISOLTRAP

SHIPTRAP MLLTRAP
TRIGATRAP

FSU

on-line facility for short-lived nuclides 
δm/m ~ 10-6 - 10-8

ultra-precise Penning trap for long-lived
and stable nuclides 

δm/m <10-10
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150‐1000 keV/u ≈ 1 eV
SHIPTRAP

gas‐filled
stopping chamber

RF‐quadrupole
(cooler & buncher)

superconducting magnet

MCP‐detector

preparation
trap

reaction products
From SHIP

Penning traps

measurement
trap

M. Block et al., Eur. Phys. J. D 45 (2007) 39
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Nuclear Chart 



Nuclear Chart 

we want to

measure masses of nuclides with T1/2~100 ms 
with a few keV accuracy (δm/m~10-8)

be able to resolve isomeric states with 
a few ten keV energy 



Perfomance of ToF-ICR technique

singly charged ions of M=200
νc≈500 kHz

N=1000

resolving power uncertainty

trapping time trapping time 

r
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N
6.1 Δ

τ
δν ≈c 

τν
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ν
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• gain in resolving power:  ~ 50

• much faster measurements

• gain in precision: ~ 5

new technique
for singly‐charged ions



EC in 163Ho
β—decay of 187Re

‐ Project 

δQ ~ 1 eV (δQ/m < 10‐11)

determination of neutrino mass with accuracy of 0.2 eV

Analysis 

neutrino-mass value
(PENTATRAP)

δQ ~ 50 eV (δQ/m < 3∙10‐10) development of 
experiment



163163HoHo 187187ReRe

Development of the ECHo‐Project
(scale of experiment)  

Measurement of Q‐values
of 187Re β‐decay & EC in 163Ho

with 50 eV‐uncertainty

SHIPTRAP in 2014-2015



New PI-ICR technique
(Phase-Imaging Ion-Cyclotron-Resonance)
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position-sensitive detector

B

Penning trap



delaylinedelayline positionposition--sensitivesensitive detectordetector RoentDekRoentDek GmbH DLD40GmbH DLD40

Active diameter 42 mm

Channel diameter 25 μm

Open area ratio >50 %

Position resolution 70 μm  �
Max. B-field a few mT �
Time resolution ~ 10 ns



measurement of free cyclotron frequency: −+ += ννν c
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measurement of free cyclotron frequency: −+ += ννν c
magnetron frequency ν- modified cyclotron frequency ν+

mag.reference phase
(stable over days) 

mag. final phase

center
(stable over days)

(nuclide-independent)

cyc.reference phase
(stable over days) 

cyc. final phase

- +

if production rates of exotic nuclides are extremely low
and experiment time is limited? 

it is desirable to skip the measurement of the reference phases 



measurement of free cyclotron frequency: −+ += ννν c
magnetron frequency ν- modified cyclotron frequency ν+
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PI-ICR vs. ToF-ICR
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PI-ICR vs. ToF-ICR in experiment

δ[M(132Xe) - M(131Xe)] ~ 70 eV !!!

ToF-ICR

10-hour measurements

PI-ICR

δ[M(124Xe) - M(124Te)] ~ 300 eV

Gain in Precision ~ 4.5 !!!



PI-ICR in experiment

ΔM = M(132Xe) - M(131Xe)

ΔMSHIPTRAP - ΔMreference = (8 ± 35) eV

δ(ΔM)SHIPTRAP = (30stat )( 12sys) eV



PI-ICR in experiment

ΔM = M(132Xe) - M(131Xe)

first ever measurement of mass difference
of singly charged medium-heavy non-mass-doublets

with a relative accuracy of 2·10-10  !!!



SHIPTRAP in 2014-2015

with an uncertainty of ~ 50 eV

We are preparing for the measurement
of the Q-value of:

β−-decay of 187Re(1)

EC in 163Ho(2)



SummarySummary

PI-ICR has been developed at SHIPTRAP for mass 
measurements on singly-charged short-lived nuclides •

PI-ICR is  much faster than ToF-ICR and offers very 
high mass resolving power  •

Performance at SHIPTRAP:    •
δ(M(132Xe) - M(131Xe)) = ± 30 eV

Plans at SHIPTRAP: Q-values of EC in 163Ho and 
β-decay of 187Re    

•
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EffectsEffects thatthat limitlimit
ResolvingResolving Power and Maximum Power and Maximum PrecisionPrecision

of PIof PI--ICR ICR 

• Anharmonicity of the Trap Potential

• Presence of Helium in the Trap

• Instability of the Trap Potential in Time

• Instability of the B-Field in Time

• Error due to Conversion



collisions with He atoms in trap increase the size of cyclotron phase spot

Presence of Helium in the TrapPresence of Helium in the Trap
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AnharmonicityAnharmonicity of the Trap Potentialof the Trap Potential
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AnharmonicityAnharmonicity of the Trap Potentialof the Trap Potential
real trap

magnetron phase spots

t = 10 ms t = 0.5 s t = 1 s
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Instability of Trap Potential in TimeInstability of Trap Potential in Time
temporal instability of trapping voltage causes

angular smearing of both phase spots

10 mHz
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Instability of BInstability of B--Field in TimeField in Time
temporal instability of B-field causes

angular smearing of cyclotron phase spot

20 mHz
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errorerror in in ννcc determinationdetermination duedue to to conversionconversion
of of cyclotroncyclotron motionmotion to to magnetronmagnetron motionmotion

center

magnetron
phase

cyclotron
phase



errorerror in in ννcc determinationdetermination duedue to to conversionconversion
of of cyclotroncyclotron motionmotion to to magnetronmagnetron motionmotion

φ+
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pure cyclotron motion
(before conversion)
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errorerror in in ννcc determinationdetermination duedue to to conversionconversion
of of cyclotroncyclotron motionmotion to to magnetronmagnetron motionmotion

φconversion

cyclotron and magnetron motions
(before conversion)

pure magnetron motion
(after conversion)
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errorerror in in ννcc determinationdetermination duedue to to conversionconversion
of of cyclotroncyclotron motionmotion to to magnetronmagnetron motionmotion
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x

y

x

magnetron motion
ν- ≈ 1335 Hz; T- ≈ 750 μs

magnetronmagnetron motion vs. motion vs. modified cyclotronmodified cyclotron motion  motion  
modified cyclotron motion
ν- ≈ 800000 Hz; T- ≈ 1.25 μs

time of flight of 132Xe ions between the trap and the detector   

1.5 μs



projection ofprojection of modified cyclotronmodified cyclotron motion  motion  
modified cyclotron motion

direct projection
magnetron motion

projection after full conversion

y

x

y

x

full conversion of

cyclotron to magnetron
motion 

φ -φ

Phase (after conversion) = - Phase (before conversion) + Const

φ (after conversion) = - φ (before conversion)



projection of trap center onto detector
(nuclide-independent)

reference phase (stable over days) 

final phase

magnetron frequency ν- modified cyclotron frequency ν+

measurementmeasurement sequencesequence Nr. 1Nr. 1



magnetron frequency ν- modified cyclotron frequency ν+

if production rates of exotic nuclides are extremely low
and experiment time is limited? 



magnetron frequency ν- modified cyclotron frequency ν+

measurementmeasurement sequencesequence Nr. 2Nr. 2



free cyclotron frequency νc

measurementmeasurement sequencesequence Nr. 2Nr. 2
if production rates of exotic nuclides are extremely low

and experiment time is limited? 
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ANALYSIS of DE‐EXCITATION SPECTRUM

mmνν

163163Ho       Ho       163163DyDyhh + + ννee (E(Eνν))
163163Dy + Dy + EEcc

determination of neutrino mass with accuracy of 0.2 eV

Factor of Merit =
Send point
Sfull spectrum

= f (Q‐value)


