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Experiment PENTATRAP

Max-Planck Institute for NuclearPhysics (Heidelberg)

mass ratios of long-lived & stable nuclides 
with an uncertainty < 10-11

Division ά{ǘƻǊŜŘ ŀƴŘ /ƻƻƭŜŘ Lƻƴǎέ (Prof. Blaum)

100 km
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High-Precision Penning Traps Worldwide
on-line Penning-trap facilities for experiments on exotic nuclides 

off-line Penning-trap setups for experiments on stable nuclides 

FSU trap
at FSU

TITAN
at 

TRIUMF

CPT
at ANL

LEBIT
at NSCL

PENTATRAP
at MPIK

JYFLTRAP
at University of 

Jyväskylä

ISOLTRAP
at CERN

SHIPTRAP
at GSI

TRIGATRAP
at TRIGA Mainz

LIONTRAP
at JGU

BASE
at CERN
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off-line Penning-trap mass spectrometers long-lived/ stable nuclides 

FSU trap
at FSU

PENTATRAP
at MPIK

(1) very highly-charged ions
(2) several measurement traps

LIONTRAP
at JGU

High-Precision Penning Traps Worldwide
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Outline

ÅMeasurement principles

ÅPentatrapsetup

ÅPhysicswith Pentatrap

1
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Measurement of all Eigenfrequencies

Rev. Mod. Phys. 58, 233 (1986)
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Fourier transformion cyclotronresonanceςFT-ICR

Direct measurement
of‫ by dip method

Sideband

Coupling‫ to‫
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Fourier transformion cyclotronresonanceςFT-ICR

Direct measurement
of‫ by dip method

Sideband

Coupling‫ to‫
‫ ȡphasesensitive 
methodαPnPά
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172Yb42+

nc Ғn+ Ғ26 MHz
nz Ғ500 kHz
n-Ғ4 kHz 

’ ’ ’ ’
L.S. Brown, G. Gabrielse, Phys. Rev. A 25 (1982) 2423.

’‏ ’‏ ςɇρπ‏’ ρȢυɇρπ‏’

’‏

’
ρπ Ḋ

’‏ πȢπρυάὌᾀ

’‏ ράὌᾀ

’‏ ρππάὌᾀ

PnP  technique

dip technique

double-dip  technique

Penning-trap massmeasurement
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’‏ πȢπρυάὌᾀ

’‏ ράὌᾀ

’‏ ρππάὌᾀ

non-mass doublets
(174Yb42+/ 172Yb42+):

’‏ πȢπρυάὌᾀ

’‏ ράὌᾀ

’(187Re29+) ḳ’όмутhǎнфҌύ

άordinaryέ mass doublets
(187Re29+/187Os29+):

M(187Re29+) - M(187Os29+) ςȢυὯὩὠȾὧ

’‏ πȢπρυάὌᾀ

’(208mPb41+) ḳ’όнлуƎtōпмҌύ

άŜȄŎŜƭƭŜƴǘέ Ƴŀǎǎ ŘƻǳōƭŜǘǎ
(208mPb41+/208gPb41+):

M(208mPb41+) - M(208gPb41+)  σρὩὠȾὧ

’(208mPb41+) ḳ’όнлуƎtōпмҌύ

Penning-trap massmeasurement
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’‏ πȢπρυάὌᾀ

’‏ ράὌᾀ

’‏ ρππάὌᾀ

non-mass doublets
(174Yb42+/ 172Yb42+):

’‏ πȢπρυάὌᾀ

’‏ ράὌᾀ

’(187Re29+) ḳ’όмутhǎнфҌύ

άƻǊŘƛƴŀǊȅέ Ƴŀǎǎ ŘƻǳōƭŜǘǎ
(187Re29+/187Os29+):

M(187Re29+) - M(187Os29+) ςȢυὯὩὠȾὧ

’‏ πȢπρυάὌᾀ

’(208mPb41+) ḳ’όнлуƎtōпмҌύ

άŜȄŎŜƭƭŜƴǘέ Ƴŀǎǎ ŘƻǳōƭŜǘǎ
(208mPb41+/208gPb41+):

M(208mPb41+) - M(208gPb41+)  σρὩὠȾὧ

’(208mPb41+) ḳ’όнлуƎtōпмҌύ

simultaneousmeasurement of n+ and nz

Penning-trap massmeasurement
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time

excitation ofn+ motion
(from 1 mm to 10 mm)

phase-accumulation time(up to 70 s)

measurement of nz with dip

simultaneousmeasurement of n+ (PnP) and nz(dip) 

t=0 tacc

measurement of 
accumulated Df+

f+ f++Df+

’
ɝ‰ ς“ὔ

ς“ὸ

’ E. A. Cornell et al., Phys. Rev. Letter 63 (1989) 1674

D. J. Winelandand H. G. Dehmelt, J. of Appl. Phys. 46 (1975) 919

Phase sensitive measurementmethodPnP
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Simultaneous measurements in two traps
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various data analysis methods:
position 1
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position 2

U

Å interpolation
Åpolynomial
Åcancelation
Åpolycancel

reliability of results

Independent analysis methods
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upper level in experimental hall:
EBIT Ion sourcesfor production

of highlychargedions

basementunderexperimental hall:
Penningtrap massspectrometer

4 meters
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Dresden-EBIT ion source

highly charged ions from
gaseous & volatile 
chem. compounds  

!ǊΣ ·ŜΣ wŜΣ hǎΧΧΦ 

Tip-EBIT ion source
highly charged ions of rare nuclides

Q-value of EC in 163Ho
1015 Ho atoms available 
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Mini-EBIT developedin J.R. /ǊŜǎǇƻΨǎgroup

compact room temperature

permanent magnet, 0.85 T
max. electron current = 80 mA

max. electron energy = 10 keV

in-trap laser desorption

+

165Ho sample:  1012 atoms

life time: 20000 laser shots

32 cm

Micke, P. et al., Rev. Sci. Instr. 89, 063109 (2018) Schweiger, Ch. et al., Rev. Sci. Instr. 90, 123201 (2019)

Nd:YAGlaser 
(532 nm, 7ns, 1 mJ)
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900 dipole magnet 900 electrostatic benders

Bradbury-Nielsen Gate

Kions~ 6 keV/q

pulsed drift tube
Kions~ 200 eV/q

pulsed drift tube
Kions~ few eV/q

traps
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Repp, J. et al., Appl. Phys. B 107, 983 (2012)
Roux, C. et al., Appl. Phys. B 107, 997 (2012)
Böhm, C. et al., Nucl. Instrum. Meth. A 828, 125 (2016)

unique features of PENTATRAP:

Å 7 T superconductingmagnetwith verticalcoldbore

Å Temperaturein the lab isstabilized: ± 0.05 K/day

Å LHe-level in the bore is stabilized: ± 50 mm

Å He-pressure in the bore is stabilized: ± 2 mbar

Å Relative stabilityof B-field: 10-10 / hour

Å Ultra-stablevoltagesource: DU/U < 10-7 / 100 s

Å Stack of five Penningtraps

Å Cryogenicenvironment(4.2 K)

Å Highlychargedions
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Neutrino physics, b-decay in 187Re

ρφσ(Ï Ὡ ᴼρφσ$Ù ’ ὗ

Test ofὉ άὧ
Ὁ
Ὤὧ

‗
ɝά σφ#Ì συ#Ì ὲÃ

Test of QED Ὁ ·ŜмтҌ ɝά·ŜмтҌ·ŜмуҌὧ άὧBinding energies:

g-factor:

Applications of relative mass measurements at a level of 
♯□

□

Dark Matter search: Isotope shift
’ ὑⱧ══ Ὂ‏ὶ ‌ ὢ‎

Meta-stablestatesfor HCI clocks ɝά ςπψ0Âτρ ςπψ0Âzτρ

Kozlov, M. G. et al., Rev. Mod. Phys. 90, 045005 (2018)

Flambaum, V. V. et al., Phys. Rev. A 79, 032510 (2018)

Rainville, S. et al., Nature 438, 1096 (2005)

Shabaev, V. M. et al., Int. J. of MassSpec. 251, 109, (2006)

Gastaldo, L. et al., Eur. Phys. J. ST 226, 1623 (2017)

Ὣ ς
’

’

ά

ά нлbŜ

ή

Ὡ

ρψχ2ÅO ρψχ/ÓὩ ’ ὗ

Filianin, P. et al., 
Phys. Rev. Lett. 127, 072502 (2021)

Schuessler, R. X. et al., 
Nature 581, 42 (2020)

ɝά ρψχ2Åςω ρψχ2Åzςω

Rischka, A. et al.,
Phys. Rev. Lett. 124, 113001 (2020)

2

In preparation, Sailer, T. (2022) 

In preparation, Kromer, K. (2022) 

In review, Schweiger, Ch. 
Nature (2022) 

Currentmeasurementcampaign
of Ybisotope mass-ratios

Ἕ ȢἭἤ

Ἕ ȢἭἤ
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Neutrino physics, b-decay in 187Re
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Filianin, P. et al., 
Phys. Rev. Lett. 127, 072502 (2021)

Schuessler, R. X. et al., 
Nature 581, 42 (2020)
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Rischka, A. et al.,
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In preparation, Sailer, T. (2022) 

In preparation, Kromer, K. (2022) 

In review, Schweiger, Ch. 
Nature (2022) 

Currentmeasurementcampaign
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Neutrino Mass

b--decayof tritium

KATRIN experiment
The KATRIN Collaboration., Nature Phys. 18 (2022) 160.

ά πȢω
Ὡὠ

ὧ
ωπϷὅȢὒȢ

ὗ ρψυωςȢπρχὩὠ FSU trap
E. G. Myers et al., PRL 114 (2015) 013003.

b--decayof 187Re

C. Arnaboldiet al., PRL 91, 161802 (2003).

ά ρυ
Ὡὠ

ὧ
ωπϷὅȢὒȢ

ὗ ςτφφȢχρȢφὩὠ

electroncapture(EC) in163Ho

ά ςςυ
Ὡὠ

ὧ
ωυϷὅȢὒȢ

ὗ ςψυψυρὩὠ
SHIPTRAPS. Eliseev et al., PRL 115, 062501 (2015).

MARE

MINEBA & MANU 

P. Springer et al., Phys. Rev. A 35, 679 (1987).

ὗ ςψσσσσὩὠ

ECHo P. Ranitzschet al., PRL 119, 122501 (2017).

M. Sistiet al., Nucl. Inst. Meth. A520, 125 (2004).

ὗ ςτωςσσὩὠ D. Nesterenko et al., PRC 90, 042501 (R) (2014).SHIPTRAP
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Determination of Q-valueofb- -decayof 187Re

Q= M[187Re] - M[187Os] = M[187Os29+]·[R-1]+DB

Maurits Haverkort
Heidelberg University Institute for Theoretical Physics

Zoltan Harman
Max-Planck Institute for Nuclear Physics

Paul Indelicato
Directeur de Recherche au CNRS

optimal chargestate for Re/Os ions is 29+: 

ω easy to achieve an uncertainty < 10-11 in R-measurement

ω άŜŀǎȅέ ŜƭŜŎǘǊƻƴ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎΥ 187Re29+ - [Kr]4d10; 187Os29+ - [Kr]4d104f1
ω easy to produce 29+  Re/Os ions with our EBIT

187Re: T1/2 4·1010 years; abundance 63%; a few mg of volatile C8H5O3Re

187Os: stable; abundance= 1.6%; a few mg of volatile C10H10Os

ὓ ρψχ2Å ὓ ρψχ/Ó

ὓ ρψχ2Å
ρπᴅȦ

we measure:

Ὑ
’ ρψχ/Óςω

’ ρψχ2Åςω

we want to determine:
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Determination of Q-valueofb- -decayof 187Re

Q= M[187Re] - M[187Os] = M[187Os29+]·[R-1]+DB = 2470.9(1.3) eV 

uncertainty in
determination of R

5·10-12

Maurits Haverkort
Heidelberg University Institute for Theoretical Physics

Zoltan Harman
Max-Planck Institute for Nuclear Physics

53.5(1.0) eV

R
 -

R
m

e
a

n

measurement number

X10-11

2-hour 
measurement

Paul Indelicato
Directeur de Recherche au CNRS
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The ElectronCapture in Holmium experiment

(Ï Ὡ ᴼ $Ùᶻ ’ ᴼ $Ù Ὁ

M1

M2

N1

N2

atomic de-excitation spectrum
(cryogenic microcalorimetry)

C. Velte et al. Eur. Phys. J. C (2019) 79: 1026

Ὠὔ

ὨὉ
Ὂὗȟά

M. Braß and M. W. Haverkort, arXiv: 2002.05989v1

DQ

Qmicrocalorimetry QPenning trap

dmn

sys
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Determination of Q-valueof EC in 163Ho

We have measured cyc-freq ratios of Dyand Ho 
in 3 charge states: 38+, 39+ and 40+ 

charge 
state

38+ 1.0000000186233 ± 3.0·10-12

39+ 1.0000000113075 ± 4.0·10-12

40+ 1.0000000115156 ± 3.5·10-12

cycfreq ratio, R

Q= M[163Ho] - M[163Dy] = M[163Dyn+]·[R-1]+DB
MauritsHaverkort

Zoltan Harman
Paul Indelicato

preliminary final uncertaintyȡ

ὗ‏ πȢψὩὠ
38 39 40

2862.5

2863.0

2863.5

2864.0

2864.5
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 1
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3
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 e
V

charge state 
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Neutrino physics, b-decay in 187Re
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g-factor:
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□

Dark Matter search: Isotope shift
’ ὑⱧ══ Ὂ‏ὶ ‌ ὢ‎

Meta-stablestatesfor HCI clocks ɝά ςπψ0Âτρ ςπψ0Âzτρ

Kozlov, M. G. et al., Rev. Mod. Phys. 90, 045005 (2018)

Flambaum, V. V. et al., Phys. Rev. A 79, 032510 (2018)

Rainville, S. et al., Nature 438, 1096 (2005)

Shabaev, V. M. et al., Int. J. of MassSpec. 251, 109, (2006)

Gastaldo, L. et al., Eur. Phys. J. ST 226, 1623 (2017)
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Filianin, P. et al., 
Phys. Rev. Lett. 127, 072502 (2021)

Schuessler, R. X. et al., 
Nature 581, 42 (2020)

ɝά ρψχ2Åςω ρψχ2Åzςω

Rischka, A. et al.,
Phys. Rev. Lett. 124, 113001 (2020)

2

In preparation, Sailer, T. (2022) 

In preparation, Kromer, K. (2022) 

In review, Schweiger, Ch. 
Nature (2022) 

Currentmeasurementcampaign
of Ybisotope mass-ratios

Ἕ ȢἭἤ

Ἕ ȢἭἤ
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U

excitationenergiesof atomicmetastablestates

ωOs29+ vs. Os29+ measurements yield always unity. 

ωRe29+ vs. Re29+ measurements yield either unity or 1+1.14ϊ10-9. 

187Re29+ 187Os29+

ground state

B PENTATRAP= 202.2(19) eV

Re29+

metastable state

B Harman   = 202.2(5) eV

B Indelicato = 202.1 (27) eV

R. Schüssler et al., Nature581, 42 (2020)

B Haverkort = 202.8(4) eV

[36Kr] 4d10

[36Kr] 4d9 4f1 

E
5

 (~
1

3
0

 d
a
ys

)187Re29+ 187Os29+

187Re29+ 187Os29+

Possible application: searchfor suitableclocktransitions
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excitationenergiesof atomicmetastablestates

next goal:

ὢὩ ȟὋὨ ȟὈώ
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Neutrino physics, b-decay in 187Re
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Nature (2022) 

Currentmeasurementcampaign
of Ybisotope mass-ratios
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Measurement with Alphatrap of the g-factor of an electronin 20Ne9+

Ὣ ς

from AtomicMassEvaluation (AME)Alphatrap

нлbŜmass measurementςTest of QED in strong fields
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Measurement with Alphatrap of the g-factor of an electronin 20Ne9+

Ὣ ς

from AtomicMassEvaluation (AME)Alphatrap

Ὣ Ὣ

(discrepancyof about3„)

нлbŜmass measurementςTest of QED in strong fields
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Mass ratio measurement of R = m(ςπ.Åρπ) / m(ρς#φ ) 
First direct mass measurement with Pentatrap, what is different to higher masses?

Lower masses -> higher άthermalέ radii -> higher PnP phase jitter -> more statisiticsneeded 

-> & higher uncertainty on relativistic shift

163Ho39+ 
@ 20s evolution time:
Ɑꜚ Ј

12C6+ 
@ 20s evolution time:
Ɑꜚ Ј

Simulation:
Ὕὸὶὥὴςφὑ
” ȟ ςυ‘ά

Without SNR jitter

нлbŜmassmeasurementςsmallermasses
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light non-mass doublet 

Ὑḳ = ὊόὲὧὸὭέὲ

R was measured at several ” values 

eØÔÒÁÐÏÌÁÔÉÏÎÔÏ” = 0 

Ὑ‏ Ґл ρπ
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excitationamplitude

Trap 3

Trap 2

нлbŜmassmeasurement
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Ɑ

Ὣ Ὣ

AME PENTATRAP
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нлbŜmassmeasurementςsmallermasses
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dm / m Penning-trap Group Year

20Ne 7.5E-11 MIT / DiFilippo/ Pritchard 1995

14N 1.7E-11 MIT / DiFilippo/ Pritchard 1995

16O 2.0E-11 UW / van Dyke 2006

28Si 2.0E-11 FSU / Redshaw/ Myers 2008

Ҟ

Weareplanningto measureother low massessooneror later

нлbŜmassmeasurementςsmallermasses
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Neutrino physics, b-decay in 187Re

ρφσ(Ï Ὡ ᴼρφσ$Ù ’ ὗ

Test ofὉ άὧ
Ὁ
Ὤὧ

‗
ɝά σφ#Ì συ#Ì ὲÃ

Test of QED Ὁ ·ŜмтҌ ɝά·ŜмтҌ·ŜмуҌὧ άὧBinding energies:

g-factor:

Applications of relative mass measurements at a level of 
♯□

□

Dark Matter search: Isotope shift
’ ὑⱧ══ Ὂ‏ὶ ‌ ὢ‎

Meta-stablestatesfor HCI clocks ɝά ςπψ0Âτρ ςπψ0Âzτρ

Kozlov, M. G. et al., Rev. Mod. Phys. 90, 045005 (2018)

Flambaum, V. V. et al., Phys. Rev. A 79, 032510 (2018)

Rainville, S. et al., Nature 438, 1096 (2005)

Shabaev, V. M. et al., Int. J. of MassSpec. 251, 109, (2006)

Gastaldo, L. et al., Eur. Phys. J. ST 226, 1623 (2017)

Ὣ ς
’

’

ά

ά нлbŜ

ή

Ὡ

ρψχ2ÅO ρψχ/ÓὩ ’ ὗ

Filianin, P. et al., 
Phys. Rev. Lett. 127, 072502 (2021)

Schuessler, R. X. et al., 
Nature 581, 42 (2020)

ɝά ρψχ2Åςω ρψχ2Åzςω

Rischka, A. et al.,
Phys. Rev. Lett. 124, 113001 (2020)

2

In preparation, Sailer, T. (2022) 

In preparation, Kromer, K. (2022) 

In review, Schweiger, Ch. 
Nature (2022) 

Currentmeasurementcampaign
of Ybisotope mass-ratios

Ἕ ȢἭἤ

Ἕ ȢἭἤ
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darkmatter and 5th force

’ÉÓÏÔÏÐÅ’ÉÓÏÔÏÐÅḳЎ’

Ў’ ὅɇ ὅɇЎ’+ ƘƛƎƘŜǊҍƻǊŘŜǊ{aŜŦŦŜŎǘǎҌ[5aōƻǎƻƴǎ
YƛƴƎΨǎplot
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darkmatter and 5th force

oneneedselementswith manyeven-evenisotopes
and quadrupole(narrowoptical) transitions:

168,170,172,174,176Yb

142,144,146,148,150Nd 130,132,134,136,138Ba

40,42,44,46,48Ca

84,86,88,90Sr

4s2S1/2ҭ 3d2D5/2 (729 nm)
4s2S1/2ҭ 3d2D3/2 (732 nm)

C. Solaroet al., PRL 125, 123003 (2020)

F.W. Knollmann et al., PRA 100, 022514 (2019)

2S1/2ҭ
2D5/2 (411 nm)

2S1/2ҭ
2D3/2 (436 nm)

I. Counts et al., PRL 125, 123002 (2020)

5S1/2 ς4D5/2 

1S0ς3P1, 1S0ς3P0

T. Manowitzet al., PRL 123, 203001 (2019)

H. Miyake et al., PRR 1, 033113 (2019)

P. Imgramet al., PRA 99, 012511 (2019)N. Bhatt et al., ArXiv2002.08290 

’ÉÓÏÔÏÐÅ’ÉÓÏÔÏÐÅḳЎ’

Ў’ ὅɇ ὅɇЎ’+ ƘƛƎƘŜǊҍƻǊŘŜǊ{aŜŦŦŜŎǘǎҌ[5aōƻǎƻƴǎ
YƛƴƎΨǎplot
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darkmatter and 5th force
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’ÉÓÏÔÏÐÅ’ÉÓÏÔÏÐÅḳЎ’

Ў’ ὅɇ ὅɇЎ’+ ƘƛƎƘŜǊҍƻǊŘŜǊ{aŜŦŦŜŎǘǎҌ[5aōƻǎƻƴǎ
YƛƴƎΨǎplot

Ў
’

Ў’

FUTURE of Yb:

’Ў‏ ρπÍ(Ú

‏
ά

ά
υɇρπ



02.09.2022 Menno Door ςSSP Conference 45

Yb mass-ratio measurements ςongoing !

168Yb
stable

169Yb
32 d

170Yb
stable

171Yb
stable

172Yb
stable

173Yb
stable

174Yb
stable

175Yb
4 d

176Yb
stable

30 %

20 %

10 %

n
a
tu

ra
l a

b
u

n
d

a
n

ce

0.123 %
2.982 %

14.09 %

21.68 %

16.12 %

32.026 %

12.996 %

187Re/187Os, 187mRe/ 187gRe, 187mOs/187gOs, 163Ho/ 163Dy, 12C/20Ne ςmass or m/q doublets !!!
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Yb mass-ratio measurements ςongoing !

Ὑ‏ υz ρπ

strongest systematic 
uncertainties:

1) dip line shape / fit
2) relativistic shifts

Measured as non-doublets:
Varactordiodes are used to tune 
detection system instead of the ions axial 
frequencies to keep trap depth constant 
and thereby drastically reduce 
systematic uncertainties

176/172   174/172   170/172   168/172
Neutral isotope mass ratios
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Summary & Outlook

Next measurements:

1) Ybodd stable isotopes
& absolutmass measurement vs 12C
& Ybbinding energies as crosscheck

2) Other chains of isotopes

3) Meta stable states for HCI clocks

Next Upgrades:

1) JosphsonJunction for more stable voltages

2) Feedback cooling to reduce radial amplitudes 

3) Phase sensitive axial frequency measurement

Å Pentatrap can perfomfew ppt mass-ratio measurements on wide range of stable nuclides

Å Current limitations are 
Å the axial dip lineshapeŀƴŘ άƻƴ-ǊŜǎƻƴŀƴŎŜ ǘǳƴƛƴƎέ
Å ion temperature & relativistic shifts
Å Voltage stability (statistics)



Thankyoufor your attention!

Presentand former PENTATRAP members:
Christine Böhm, Menno Door, Andreas Dörr, Sergey Eliseev, Pavel Filianin, Jost Herkenhoff, Daniel 

Lange, Kathrin Kromer, Marius Müller, Yuri N. Novikov, Julia Repp, Alexander Rischka, 
Christian Roux, Christoph Schweiger, Rima X. Schüssler andKlaus Blaum
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BACKUP SLIDES
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ÅDifference in axial frequency is huge! Up to 8 kHz! But 
axial frequency has to match detection system
Ą trap depth has to be adjusted for each ion

!̧ ōκ!̧ ōissues with same-charge state measurements:

Problem: 

Potential not perfectly symmetric
Ą depth change = ion mean position 
changes

Magnetic field not perfectly homogeneous:

effective magnetic field changes

Ὑ

B B

21
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ÅDifference in axial frequency is huge! Up to 8 kHz! But 
axial frequency has to match detection system
Ą trap depth has to be adjusted for each ion

ÅSolution: VariCap(variable capacitance) to tune detectionsysteminsteadof trap
potential

!̧ ōκ!̧ ōissues with same-charge state measurements:

22
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IS spectroscopy

ǒ single Yb+ ion trapped 135ɛm above the a lithographic microchip surface 

Paul trap

ǒ ¢ƘŜ ǘǊŀƴǎƛǘƛƻƴǎ ŀǘ пмм ƴƳ όсǎϣн {мκн Ҧ рŘϣн 5рκнΤ ɱκόнˉύ Ґ нн IȊύ ŀƴŘ пос ƴƳ 
όсǎϣн {мκн Ҧ рŘϣн 5оκнΤ ɱκόнˉύ Ґ о IȊύ ŀǊŜ ǇǊƻōŜŘ ǿƛǘƘ ŀ Ti:Sapphirelaser, 
tuned to 822 nm and 871 nm, respectively

ǒ The readout of the state is carried out via an electron-shelving scheme (dark 
state detection) ςwe covered this not long ago in the Journal Club, here a small 
recap:

1. Ions in the ground state S1/2 are detected via fluorescence during the cooling with 
369 nm light.
2. If the ion is fluorescingbefore a probe pulse and no longer fluorescing afterwards, 
the ion is said to have completed a quantum jump.
3. Otherwise, the ion failed to quantum jump (or, if there was no fluorescence before 
the probe pulse, the ion failed to be initialized). 
4. By dividing the number of quantum jumps by the total number of successful 
initialization, we can measure a probability of excitation as a function of frequency.

Counts, I. et. al., arXiv:2004.11383v2

~ 400 Hz precision on the measured transitions
@ 2 GHz IS, relative ~ 2e-7

53
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IS spectroscopy Counts, I. et. al., arXiv:2004.11383v2

ǒ single Yb+ ion trapped 135ɛm above the a lithographic microchip surface 

Paul trap

ǒ ¢ƘŜ ǘǊŀƴǎƛǘƛƻƴǎ ŀǘ пмм ƴƳ όсǎϣн {мκн Ҧ рŘϣн 5рκнΤ ɱκόнˉύ Ґ нн IȊύ ŀƴŘ пос ƴƳ 
όсǎϣн {мκн Ҧ рŘϣн 5оκнΤ ɱκόнˉύ Ґ о IȊύ ŀǊŜ ǇǊƻōŜŘ ǿƛǘƘ ŀ Ti:Sapphirelaser, 
tuned to 822 nm and 871 nm, respectively

ǒ The readout of the state is carried out via an electron-shelving scheme (dark 
state detection) ςwe covered this not long ago in the Journal Club, here a small 
recap:

1. Ions in the ground state S1/2 are detected via fluorescence during the cooling with 
369 nm light.
2. If the ion is fluorescingbefore a probe pulse and no longer fluorescing afterwards, 
the ion is said to have completed a quantum jump.
3. Otherwise, the ion failed to quantum jump (or, if there was no fluorescence before 
the probe pulse, the ion failed to be initialized). 
4. By dividing the number of quantum jumps by the total number of successful 
initialization, we can measure a probability of excitation as a function of frequency.

~ 400 Hz precision on the measured transitions
@ 2 GHz IS, relative ~ 2e-7

54
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IS spectroscopy (future) Manovitz, T. et al. Phys. Rev. Lett. 123(2019) 203001

ǒ Two isotope ion crystal of Sr86 and Sr88 in Paul trap

ǒ Also state read out (fluorescence, state preparation, cooling) via an electron-shelving scheme (dark 
state detection) but using bichromaticlaser fields resonant to the relevant transitions in both 
isotopes.

ǒ ¢ƘŜ р{мκн Ҧ п5рκн ǘǊŀƴǎƛǘƛƻƴ ƛǎ ŘǊƛǾŜƴ ōȅ ŀ ƴŀǊǊƻǿ όḐ20 Hz) linewidth laser, splitted into different 
AO frequency shifters that bridge the Ḑ570 MHz IS gap. The two beams are recombined and sent 
through another AO frequency shifter for common frequency control

ǒ Ions are prepared in entangled state

ǒ The energy difference between the two states in this superposition is exactly the isotope shift times 
the Planck constant. Therefore, during free evolution for time ˍΣ these states will acquire a relative

55
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IS spectroscopy (future)

ǒ Ions are prepared in entangled state

ǒ The energy difference between the two states in this superposition is exactly 
the isotope shift times the Planck constant. Therefore, during free evolution 
for time ̱ Σ these states will acquire a relative

ǒ The superpositionphaseisestimatedby performinga parity measurement. 
Twoˉκн pulsesareapplied, eachat the carrierfrequencyof oneof the
isotopes. The resulting populations will obey the relation

ǒ ¢ƘŜ ǇŀǊƛǘȅ ǎƛƎƴŀƭ ǿƛƭƭ ƻǎŎƛƭƭŀǘŜ ƛƴ ǘƛƳŜ ŀǘ ǘƘŜ ŘŜǘǳƴƛƴƎ ƻŦ ǘƘŜ ǘǿƻ ŬŜƭŘǎΩ 
frequency difference, which can be dictated by an RF source, with respect to 
the isotope shift. Laser phase-noise is cancelled since it is common to both 
ŀŘŘǊŜǎǎƛƴƎ ŬŜƭŘǎΦ

Reaching ~ 10 mHzprecision 
directly on IS(!)
@ 570 MHz, relative ~ 1E-11

Manovitz, T. et al. Phys. Rev. Lett. 123(2019) 203001

56
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Mass situation

Nuclide Currentmass 

precision 

(AME2016)

άȾά‏

Labsperforming spectroscopy 

measurements of the IS

Ca40 5.51e-10 PTB (Germany)

IQOQI (Austria)Ca42 3.79e-09

Ca44 7.92e-09

Ca46 5.22e-08

Ca48 2.15e-09

Sr84 1.59e-08 Weizmann Institute (Israel)

RIKEN(Japan)Sr86 6.53e-11

Sr88 6.81e-11

Sr90 2.54e-08

Yb168 7.63e-09 Weizmann Institute (Israel)

NIST (USA)Yb170 6.47e-11

Yb172 8.14e-11

Yb174 6.32e-11

Yb176 8.53e-11

Needed relative 
precision compared to 
IS precision, a factor of 
roughly:

ά

ά ά

48/8 = 6

88/4 = 22

176/8 = 22

Current IS 
precision

~ 1e-08

~ /

~ 1e-07

Needed 
mass 
precision

~ 2e-09

~ 5e-09

57
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King Plot ςvector space ReminderΧ

ά’ ὑ ὶ‏

ά’ ὑ Ὂ ά’
with Ὂ ὊȾὊ, and ὑ ὑ Ὂ ὑ

Nonlinearity?

(squarederror of all measuredvalues)

>

Berengut, J. et. al., Phys. Rev. Lett. 120 (2018) 091801 58
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Non-linearities Other sourcesthan newphysics: The formular for the IS isan 

approximation:

’ ὑ‘ Ὂ‏ὶ ‌ ὢ‎

Only valid at leading order of variation of the nuclear mass 

and charge distribution, expansion needed:

ὑ ᴼὑ and ὊᴼὊ

This breaks linearity (now isotope depended)!

/ŀƭŎǳƭŀǘƛƴƎ ǘƘŜǎŜ ƴǳŎƭŜŀǊ ŜŦŦŜŎǘǎ ǘƘŜƻǊŜǘƛŎŀƭƭȅ ƛǎ ŎƘŀƭƭŜƴƎƛƴƎΧ 

and with higher precision in the experimental input data, 

ǘƘŜǎŜ ŜŦŦŜŎǘ ǿƛƭƭ ŘƻƳƛƴŀǘŜ ǘƘŜ ƭƛƴŜŀǊƛǘȅ ǘŜǎǘΧΦ ƳƻǊŜ ƭŀǘŜǊΧ

Effects can be parametrized:

’ ὑ‘ Ὂ‏ὶ Ὂ‗ȟ

‗ȟ : independ. nuclearparam., Ὂ: electronic const.

ά’ά’ά’ ά’

ά’

ά’

ά’

ά’
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No-mass King analysis Usesthird transitionto removethe
massshift parameters

’ ὑ‘ Ὂ‏ὶ ‌ ὢ‎
Twotransitions, e.g. i={1,2}, areusedto
extractthe massandfield shift nuclear
parameters

Third transitionusesnuclearparameters
in theorypredictions

’ Ὢ ’ ‌ ὢ Ὢὢ ‎

Also this linearityby itself canbe testedwithout theory
input

60
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No-mass King analysis Usesthird transitionto removethe
massshift parameters

’ ὑ‘ Ὂ‏ὶ ‌ ὢ‎
Twotransitions, e.g. i={1,2}, areusedto
extractthe massandfield shift nuclear
parameters
Third transitionusesnuclearparameters
in theorypredictions

’ Ὢ ’ ‌ ὢ Ὢὢ ‎
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Generalized King analysis (GK)

Basicallythe same asthe no-massanalysis: using
additional transitionsto exchangeadditional 
electronic andnuclearparametersby IS 
measurementdata

At least m-м ǘǊŀƴǎƛǘƛƻƴǎ ƴŜŜŘŜŘ ǘƻ ŦƛȄ ǇŀǊŀƳŜǘŜǊǎΧ 
Reaching this relation:

(Apperently) this generalized King analysis
method allows to probe for new physics even 
though the typical King linearity is broken. 
It needs however m+2 isotopes and m-1 
ǘǊŀƴǎƛǘƛƻƴǎΧ 

This is possible for Ytterbium (5 isotopes, 3 
transitions)

ά’ ὑ Ὂά‗ȟ ‌ ὢὬ

‗ȟ : independ. nuclearparam., Ὂ: electronic const.

62
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Generalized King analysis (GK)

SM nonlin. = Standard Model non linearities

ά’ ὑ Ὂά‗ȟ ‌ ὢὬ

‗ȟ : independ. nuclearparam., Ὂ: electronic const.

63
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Phase sensitive measurementPnP: the sequence
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Ratio measurementswere doneat
multiple excitatonamplitudes: 

Nosignificantlymeasureable

dependenceon excitation

amplitude

With extrapolationto zero
excitationamplitude:

dR~ 1e-11

Final measured ratio uncertainty   dR~ 1e-11

25um 38um12um

R

R

excitationamplitude

нлbŜmassmeasurement- Systematics

Trap 3

Trap 2
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We measure 20Ne10+ against 12C6+.  First direct mass measurement with Pentatrap, what is 
different to higher masses?

Lower masses -> mass-to-charge-έdoubleticityέ ƛǎ ƻŦǘŜƴ ƭŜǎǎ ƎƻƻŘ, frequency differences are 
bigger (in HoDyor for metastablesthere is no difference in axial frequency and sub Hz difference in 
cyclotron frequency)

20-Ne massmeasurement

20Ne10+ 12C6+ ɝ’(Hz)

’ (Hz) 53792993.89 53772656.43 20337.46

’ (tuned) (Hz) 736080.7 736080.7 0 (~100 @ same U0)

’ (Hz) 5036.09 5038.38 2.29

The difference in ⱨ might(!) result in different excitation radii due to a non-constant 
transfer function from the RF-generator output to the trap electrodes over the needed 
frequency range, e.g. by non-linear filters and/or switches or static noise resonances.

What would the systematics look like?
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More low massesascrosscheck

άȾά‏ Group Year

14N 1.71E-11 MIT / DiFilippo/Pritchard 1995

16O 2.00E-11 UW/ van Dyke 2006

28Si 1.97E-11 FSU/ Redshaw/ Myers 2008

We are planning to measure other low masses sooner or later, e.g.:

Neon mass measurement showed:

Pentatrap is able to measure low masses.
-> even more candidates to measure!

Systematics are more prominent, better to investigate with low masses.

Discrepancy between AME and our result, more comparisons are needed.



Data Analysis: CancelMethod
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Tip - EBIT

Blue curve:        Laser ablation from (Ïtarget
Orange curve:   Background measurement without laser

Massive 165Ho target

2 x 5 mm



Tip - EBIT

Å 1 mm diameterTi-wire

Å Targets with known numberof (Ï
atomson the surface:
Drop-on-demandinkjet printing technique
(groupof Ch. Düllmann@ JGU Mainz)

Small holmium targets

1012 atoms



Tip - EBIT

Targets for in-trap laser desorption

Target types:
Åα5ǊƻǇ-on-demandά ǇǊƛƴǘŜŘ 

targets: µg to ngsamples, 
smallesttarget: 1012 atoms165Ho

Å PLA-target: tensof µg to mg
Å Massive targets: mg samples, 

e.g. metallic foil, bulkmaterial

PLA with Yb2O3; > 200 k lasershots

PLA, 30 µg Yb2O3



Bradbury-Nielsen Gate: design

NO voltageapplied

POS/NEG voltageapplied

Wolf, R.N. et al., NIMA 686, 82 (2012)
Brunner, T. et al., IJMS 309, 97 (2012)



Bradbury-Nielsen Gate: performance

1st version: 40 ns pulse width/20-30 ns jitter



Bradbury-Nielsen Gate: performance

MOSFET switch for Bradbury-Nielsen Gate

74

Å Switch basedon two N-channelMOSFETs with gatedrivers
Å Pulse width reducedfrom 40 to 20 ns
Å Nearfuture: FasterMOSFETs placedinsidethe vacuumchamber

newest design    ~20 ns pulse width



Measurement of trap frequencies with PENTATRAP
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Determination of Q-valueofb- -decayof 187Re

A multiconfiguration Dirac-Hartree-Fockmethod (MCDHF) ,
a fully relativistic approach, and its combination with Brillouin-Wigner many-body perturbation theory are used. 

The ground state of the Re29+ion is a simple Pd-like configuration [Kr]4d10 1S0,
the neutral Re atom is in the [Xe]4f145d56s2 6S5/2 electronic state. 

The Osion and atom have an additional electron compared to their Re counterparts, thus their ground states are the Ag-like [Kr]4d104f2F5/2

and [Xe]4f145d66s2 5D4 configurations, respectively. 

Within the MCDHF scheme, the many-electron atomic state function is given as a linear combination of configuration state functions (CSFs) 
ǿƛǘƘ ŀ ŎƻƳƳƻƴ ǘƻǘŀƭ ŀƴƎǳƭŀǊ ƳƻƳŜƴǘǳƳ όWύΣ ƳŀƎƴŜǘƛŎ όaύ ŀƴŘ ǇŀǊƛǘȅ όtύ ǉǳŀƴǘǳƳ ƴǳƳōŜǊǎΥμɱtWa₅ҐңƪŎƪμʴƪtWa₅. The /{CǎμʴƪtWa₅are
constructed as jj-coupled Slater determinants of one-electron orbitals, and ɹ ƪsummarizes all the information needed to fully define the CSF, 
i.e. the orbital occupation and coupling of single-ŜƭŜŎǘǊƻƴ ŀƴƎǳƭŀǊ ƳƻƳŜƴǘŀΦ ɱ ŎƻƭƭŜŎǘƛǾŜƭȅ ŘŜƴƻǘŜǎ ŀƭƭ ǘƘŜ ʴƪincluded in the representation of 
the ground state. 

The GRASP2018 code package [30] is used.

Q= M[187Re] - M[187Os] = M[187Os29+]·[R-1]+DB
MauritsHaverkort

Heidelberg University Institute for Theoretical Physics

Zoltan Harman
Max-Planck Institute for Nuclear Physics

Paul Indelicato
Directeur de Recherche au CNRS



ECHoExperiment

163Ho wire preparation


