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High-precision nuclear mass measurements
to search for new physics

* Motivations for high precision mass measurements
 The Pentatrap mass spectrometer

e bHth force search and electron neutrino mass
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Nuclear chart

~ 250 stable nuclides

4 ~ 3,000 nuclides known
~ 7,000 nuclides predicted to exist
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Mass measurement motivations

, 6(my/m;,)
Field Examples — =
my/m,
Nuclear structure shell closures, shell quenching, regions of
A physics deformation, drip lines, halos, S, 5, S,,, S5, 106 126 2
6V, island of stability to ! - -
Astrophysics rp-process and r-process path, waiting-point 107 0 n I.l nNe Mass measureme ntS
nuclear models nuclei, proton threshold energies, astrophysical at RI B faC| lltles
5 mass formula reaction rates, neutron star, x-ray burst
o . . . . o rmi B .
oS Weak mteractmn CVC hypothesis, CKM matrix unitarity, Ft of 108 |[Eai™
g_ studies superallowed B-emitters

e SHE Base : NUBASE

ol E - Version : February 24th, 2017

e Parity (Z,N) : all

....... : (o® HALF LIFE T%
D10l ined (\e\)‘ B T<0.1s ’

;?::...::::" B o1s<T<3 s
....... Bl 3s<T<2m
e O2msT<1h
B1hsT<1d
W1dsT<1y
) D1ysT<1Gy
Wicy=T
D Unknown half-life

neutrons
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Mass measurement motivations

protons

. d(my/m
Field Examples Omy/m2)
my/m,
Nuclear structure shell closures, shell quenching, regions of
physics deformation, drip lines, halos, S, S, S, S, 106 126
6V, island of stability to ! s
Astrophysics rp-process and r-process path, waiting-point 107 0 nllne Mmass measurements
nuclear models nuclei, proton threshold energies, astrophysical = . at RI B faC| lltles
mass formula reaction rates, neutron star, x-ray burst | |l
Weak interaction CVC hypothesis, CKM matrix unitarity, Ft of 108 o
studies superallowed f8-emitters
2 Base : NUBASE
P SRR §(my/my)
------ Examples 8my/ms)
I my/m,
28 Sy . . .... M t I —
----- o B etrology, _ -9_10-10
20 b B i) — fundamental constants % (/M Mes /My, M/ Me ), M 10=-10
Offline mass measurements of o 0vBB,0v2EC | 108-10°
. . '< Neutrino physics M mother = Mdaughter - sterile neutrinos
~ stable and long-lived isotopes I63Ho /163Dy, WRe/W0s  neutrino mass <1011
4 ; metastable states mass ratios of Yb, Ca, Sr, Nd, Ba isotopes o
5t force, QED in HCI electron binding energies <10
1€
== [ orrrowT AT
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Pentatrap Motivation: Applications of mass-ratios °™/,, < 10~11

Filianin, P. et al., 6Q=1.3eV
. - — R /'
Neutrino phySICS 187Re - 1870s + e~ + V, + Qﬂ_ Phys. Rev. Lett. 127, 072502 (2021)
Gastaldo, L. et al., Eur. Phys. J. ST 226, 1623 (2017) 193Ho + e~ — 93Dy + v, + Q¢ —— Schweiger, Ch. etal, 8Q=0.8eV
Submitted, Nature Physics (2023)
) Am (208ph4l+ — 208ph*41+ —> Kromer, K. et al., 6E =0.8eV
Meta-stable states for HCI clocks Em o ) Submiteed, PRL (2023)
Kozlov, M. G. et al., Rev. Mod. Phys. 90, 045005 (2018) Am Re“?t — Re*=2+
o =T TR Schuessler, R. X.etal., O8E=1.7eV
Nature 581, 42 (2020)
Test of QED Binding energies:  Ep(Xel™) = Am(Xel™ — Xel)c? — m,c? ~ Rischka, A. et al., SE =4 eV

~ Phys. Rev. Lett. 124, 113001 (2020)

g-factor: VL me (

g =2 —os
Shabaev, V. M. et al., Int. J. of Mass Spec. 251, 109, (2006) Ve m( Ne) € \ HEisse, F. et al., dm =9 X 10_11 amu

Accepted, PRL (2023)

5th force search: Isotope shift ~ ,,; N Yb isotope mass-ratios done and

Vit = Kilga FF 6T 00t anpXiVay T Analysis/Paper in preparation
Flambaum, V. V. et al., Phys. Rev. A 79, 032510 (2018) Ca isotopes currently being measured
Determination of fine structure constant « g2 = S MRb o <7x10712
Morel, L., et al., Nature 588, 61-65 (2020) C me Mpgp A/ mpg
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off-line Penning-trap setups for experiments on stable nuclides

Canada

SHIPTRAP

s at GSI

- {4 LEBIT |
\;'\& | ISOLTRAP

at CERN

TITAN , e A
at M " . 'Belarus | .
TRIUMF | | CHIPTRAP | TRIGATRAP § L IONTRAP
at CMU ' at TRIGA Mainz 2 :

H
United States
FSU trap g
Nortt
at FSU Aot BASE
Ocean
at CERN
‘:Ji: West
Mexico Sah
Cub
Puerto R
Mauritania
Mali
Guatemala
Burki
Nicara gua Fas

Piiman

Algeria

JYFLTRAP

at University of
Jyvaskyla

S|

land

at JGU Mainz

Romania

Turkey

e PENTATRAP
at MPIK
Niger et

rac



High-Precision Penning Traps Worldwide

(1) very highly-charged ions

(2) several measurement traps
e Algeria

Menno Door 12.10.2023 @ NUSTAR Week 2023



Where we measure masses:

Max Planck Institute for Nuclear Physics (Heidelberg) T aegnaun
SR (benmérk) Macl)mé

Division “Stored and Cooled lons” (Prof. Klaus Blaum)

Mofsum-KIifif‘
‘O

Slupsk {

o
Koszalin Gdai

Rostock

L;e‘cj:{ . T
di

Kronwald

S amhb _
80 km south of Frankfurt 8
50 km south of GSI/FAIR Poznar |

LY 0w

Police

Pita
o

MAX-PLANCK-INSTITUT T e :
FUR KERNPHYSIK o D Bielefeld. . Braunschweig ©Magdeburg

*
Br%da Mittlere Elbe.

o one AntwepEn,  Duisburg @Essen 1 - | ¢ i)
S eDusseldot [T & Wl tse hla ad ™ e e oy
R : . 4:Dresden oy
21 oS Brze

sike KOl (Germany)  Chemniz A £
% Z i o ; Zigbice o

h Mifte.  Bopn Liberec a

i e : Frankfurt A5 Opol

(Be am Main Praha

Pizeio s B& kA repURlIka
(Czech Republic)

LELemEnAY
Luxamboyg) Ntrnberg

Saarbricken e

Brno

Karlsfuheo Stuttgart

Bar-le-Duc N 3
a anc
oY Strasbourg

EleEnfa o
(Slovenia) ;pgreb

E;amtot)rzler O Augsburg ¢ Trmava
- Tubingen o 5 FPocking Linz W_Len [\
Troyes b Freiburg it Grindienried ) Braunai |2 W !
3 Breisga‘u Roseemoos  Munchen . aminp V¢S Bratislava
& P A DS
e Estarislen
2t rems .
Dijon 2270 2 Witen (Austria)
: G125 Veerisnatain M5 G(r}az I
. ]
Pentatrap (part of MATS section 216 e Yiasia
Nariey D Lausafneo. 5 )2 ’””‘;;,“—”- Stadt 2 !
witzegfand ) Y
Bourg-en-Bresse d 5\(; ) Py
Genéve

'ﬁ? Menno Door 12.10.2023 @ NUSTAR Week 2023 8



Penning trap

§Ak A A ——
+ ——
H =
T i 0
Free-space Harmonic electrical
cyclotron frequency potential
qB
W, = —
m

- A
@/J Menno Door

|
magnetron

3 Eigenmotions in trap
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Penning trap

o _B_I A 4
B“ A A l I g_:
+ L] [ ] =
Il © 1.
. . mc:d. clyclgt_ron 1<
i \"<;J \\ /
| | | I I magrietr(;)n \//
Free-space Harmonic electrical 3 Eigenmotions in trap
cyclotron frequency potential
B 2qC,
m
Wy =
w_ =
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Penning trap

glk A A =
+ ! e ! -
] L]
| | | I I magrlwetr(lan \\\/{
Free-space Harmonic electrical 3 Eigenmotions in trap
cyclotron frequency potential
2qC
W, = ﬁ Wy = 12 U
m
Measurement of all Eigenfrequencies Wy =
w? = ws + wi+ w?
w_ =——

f_; Menno Door 12.10.2023 @ NUSTAR Week 2023
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Penning trap

Mass Spectrometry

- Q2
BA A A
R l l 2 2 2 2
+ !O! = w; = wi + w; +ws | lonA
| L :
| I | l I magTetrTn N/ Ion B wg _— (U.2|_ _I_ w; _I_ wz
N ]
Free-space Harmonic electrical 3 Eigenmotions in trap E S8 SESRNEES
' > ¥ * measurementl
cyclotron frequency potential S Xfre P
2qC > VTRl
qB~—y0 Magnetic field drops I 2y O Eme L1 —post
a) — — wZ Y L2 [}
¢ m out in the ratio c b
O 1 )
i measurement 2 ¥
| | g
Measurement of all Eigenfrequencies Wy = > 3
w: = w2+ w:+ w? dme o2y
w_=—— lon _ wé _ g4mP
Mass ratio: - wB ¢gBmA
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upper level in
experimental hall:
EBIT lon sources for
production
of highly charged ions

basement under

experimental hall:

Penning trap mass
spectrometer

/

> %
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(in future) HD-EBIT
/ Hyper-EBIT
Pb82+, Pb81+

Dresden-EBIT ion source

highly charged ions from
gaseous & volatile

chem. compounds | Nl ¥ » <N

Ar, Xe, Re, Os....... b a9 | | r - upper level in

- : experimental hall:

EBIT lon sources for
production

of highly charged ions

basement under

experimental hall:

Penning trap mass
spectrometer

Tip-EBIT ion source
highly charged ions of rare nuclides

enriched samples
Yb/Ho/Ca/Be isotopes

/

> %
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Electron Beam lon Trap (EBIT) = Tip-EBIT

Mini-EBIT developed in J.R. Crespo’s group Laser “ablation”
Micke, P. et al., Rev. Sci. Instr. 89, 063109 (2018) Schweiger, Ch. et al., Rev. Sci. Instr. 90, 123201 (2019)
32 cm //
\ ,z’
,/’ Target holder

Electron gun

Nd:YAG laser

-
-----
-y

I ""'_’Il()“%“' 165 o+ i
0.8 f\* I vl i
compact room temperature smallest sample: 10'? atomsz™|
permanent magnet, 0.85 T life time: 20000 laser shots & i i
0.2F ! !
max. electron current = 80 mA | :

0.0F - | [ 1 : |

max. electron energy = 10 keV 0% N o0

“harge-to-mass ratio 7 (“]
s SN
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909 electrostatic benders

L bemotte | "35lln‘1*
T A
g oo ﬁ 1 I A
foab H Ini P\ —
DRIV
SRR VAP H T
ANV VA
0.0
i‘l.‘ZZ : - : il.‘Zd‘ : - ﬂ.‘Z‘G : - G“ZS ’ - - .‘
Charge tomass ratio 7 (%)

I

I

|
o pulsed drift tube
¥ & K. .~ 200 eV/q

ons

e Y ' pulsed drift tube
VT N // Kions ~ few eV/q
I
)= [ Bradbury-Nielsen Gate traps
e i (>= 40 ns pulse width)
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Fourier transform ion cyclotron resonance - FT-ICR

AAA I I AN B 120

— -
L

! I@ ! — S & \/\/\/ Fourier < 110
. . R C _ L S’E- | Transform = E
5 -

l i 100

B L 1 | | |
Wyos = — 9500 10000 10500
VLC 7 v, — 730kHz in Hz

Direct measurement
of w, by dip method

120

110

5

0

-5

9975 9980 9985 9950 9995
v, — 730kHz in Hz

Amplitude in dB

2qC,U

w, = = w
z m res
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Fourier transform ion cyclotron resonance - FT-ICR

KR l I NN B 120
k=
! — ! : é Fourier G 110
— O =
. . R C _— L % & C_El Transform | 4§
5§ s 2
I £ 100
o ~ 1 |
Wres = 9500
VLC
Direct measurement Indirect measurement of w.: phase sensitive
of w, by dip method w4/ by double dip method method ,Pulse
o 11 and Phase / PnP*
m 20K g 110 | g
: o EEJ sl | Far more precise I:i";
E £ 100 :Eita then double dip Hr
= < o ‘
25 Py e method [
g Il
9975 9980 9985 9990 9995 9940 9960 9980 10000 10020 Ra msey type
v, — 730kHz in Hz v, — 730kHz in Hg measurement
Sideband coupling w_ to w
2qC,U z
W, = %2 = Wreg coupling the eigenmotions — harmonic W, = Ap +2m N
m oscillators — to exchange energy AT

@:} Menno Door

| \
10000 10500

v, — 730kHz in Hz
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Simultaneous measurement in two traps - nice to check systematics

E position 1 position 2 T Bl — trap 2
TSN — == _ _
- \ N
= g 1 S - -~
= o > lon ~
o a +— [ < 1 DOsit,'On 1 -
O L -—
e e / ‘“>; "| 2 . A A A . R R ) A
& . 0 5 10 15 20
= 4qc')' measurement time / day
C )
s D
: 2
k- 8 \
- - ~
= T el T trap 3
=t ~ [ \ —
= - — — = - pOSlt,'On
St - - -~ 1)
qg)_ io; - -
[Tl o I 1 (p . -
a3 “— OSIt’ =5
G | °12) -
o L . s
0 5 10 15 20

measurement time / day
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Pentatrap‘s unique features

» Stack of five identical Penning traps

* Cryogenic detection systems: 4.2 K

e Superconducting magnet with vertical cold bore: 7 T

trap4 trap 5

* Temperature in the lab is stabilized: + 0.05 K/day

* LHe-level in the bore is stabilized: £ 50 um

* He-pressure in the bore is stabilized: + 2 pubar

L2/
Qo
©
e

e

N
Q.
©
p.

ey

* Relative stability of B-field: 1019 / hour

e Ultra-stable voltage source: AU/U < 107 /100 s

* Highly chargedions: w, = 20 MHz

* Simultaneous measurement of w, and w, Repp, J. et al., Appl. Phys. B 107, 983 (2012)

Roux, C. et al., Appl. Phys. B 107, 997 (2012)
* Tunable detection system, ;.. = 6 kHz Bohm, C. et al., Nucl. Instrum. Meth. A 828, 125 (2016)
G N
&) Menno Door 12.10.2023 @ NUSTAR Week 2023 20 =g



Pentatrap Motivation: Applications of mass-ratios °™/,, < 10~11

Neutrino physics

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

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

Binding energies:

g-factor:

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

5th force search: Isotope shift

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

Morel, L., et al., Nature 588, 61-65 (2020)

Menno Door

1%7Re - ¥70s + e~ + V., + Qp-
163Ho 4+ e~ — 163Dy + v,

Am(208pb41+ - 208Pb*41+)

Am(187Re29+ - 187Re*29+)

18+) -2 2
Xel®)c4 —m,c

EB (Xe17+) — Am(xe17+ —
Vp Me g

v, m(®Ne) e

g =2

4
VA = K g + F 8(r?) o0 + anpXi¥ aar

az _ ZROO mpp h

¢ Mme Mpgp
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Filianin, P. et al., 6Q=1.3eV
Phys. Rev. Lett. 127, 072502 (2021)

Schweiger, Ch. et al., 6Q =0.8eV
Submitted, Nature Physics (2023)

Kromer, K. et al., OE = 0.8 eV
Submitted, PRL (2023)

Schuessler,R. X.etal., OE=1.7eV
Nature 581, 42 (2020)

Rischka, A. et al., O0E =4 eV

Phys. Rev. Lett. 124, 113001 (2020)

Heisse, F.etal., &m =9 x 10~ amu
Accepted, PRL (2023)

Yb isotope mass-ratios done and
Analysis/Paper in preparation
Ca isotopes currently being measured

5("™/m)

m; <7x10712
/mB

.
21 ==



oth force search - Isotope shift King plot analysis

mi—m;

Av; = Cy - + C; - Av; + [higher-order SM effects + NP bosons]

mim;

v;(isotope;) — v;(isotope,) = Av;

AVi

@) Menno Door 12.10.2023 @ NUSTAR Week 2023
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oth force search - Isotope shift King plot analysis

mi—m;

AVi = Cl .

+ C; - Av; + [higher-order SM effects + NP bosons]

mim;

v; (isotope;) — v;(isotope,) = Av;

one needs elements with many even-even isotopes
and quadrupole (narrow optical) transitions:

168,170,172,174,176Y [ ’Sy/2 €> 2D5/ (411 nm) I. Counts et al., PRL 125, 123002 (2020)
2S,/, €> 2D/, (436 nm)

4s%S,,, ¢> 3d?D/, (729 nm) C. Solaro et al., PRL 125, 123003 (2020)
40,42,44,46,48 12 5/2 ) :
Ca 4s?S,, ¢> 3d’Dy/, (732 nm) F.W. Knollmann et al., PRA 100, 022514 (2019)
5S,,,— 4D T. Manowitz et al., PRL 123, 203001 (2019)
84,86,88,90 L2 5/2
Sr 154— 3Py, 15— 3P, H. Miyake et al., PRR 1, 033113 (2019)
142,144,146,148,150 130,132,134,136,138B 5

N. Bhatt et al., ArXiv 2002.08290 P.Imgram et al., PRA 99, 012511 (2019)

'{_; Menno Door 12.10.2023 @ NUSTAR Week 2023
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oth force search - Isotope shift King plot analysis

Av; = Cy - + C, - Av; + [higher-order SM effects + NP bosons]

mim;

v; (isotope;) — v;(isotope,) = Av;

->~>
<
one needs elements with many even-even isotopes
and quadrupole (narrow optical) transitions: Av;
168,170,172,174,176y |, “Sij2 € Dy (411 nm) I. Counts et al., PRL 125, 123002 (2020)
Si/2 €> ?D3/, (436 nm)
) ; spectroscopy:
4s%S,,, €> 3d’Ds/, (729 nm) C. Solaro et al., PRL 125, 123003 (2020)
40,42,44,46,48(3 4s%S,;, <> 3d?D5, (732 nm) F.W. Knollmann et al., PRA 100, 022514 (2019)
0,88 55Sr 1S5 3Py, 1S5~ 3P, H. Miyake et al., PRR 1, 033113 (2019)
5 (=
142,144,146,148,150\ d 130,132,134,136,138g 5 m,
N. Bhatt et al., ArXiv 2002.08290 P.Imgram et al., PRA 99, 012511 (2019)
'{-_{j;: Menno Door 12.10.2023 @ NUSTAR Week 2023
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oth force search - Isotope shift King plot analysis

a)c(AYb42+) B mA'
(i)C(A’Yb42+) B My

OR =

strongest systematic uncertainties:

1) dip line shape / fit
2) relativistic shifts

Measured as non-doublets:

* All isotopes at 42+ charge state

* Detection system tuned to match axial and
resonator frequency

* No systematics due to trap anharmonics or
magnetic field inhomogeneities!

Improved mass-ratios by at least factor of 20

~ 5% 10712

*x
0" = -
= *
= - *> =
20 F x = - - - i
3 - *
N 1oF ¥ vl 172yp*2+) _ 26269542.258 Hz T | = * ¥
£ T ue(178Yb*Y) — 25671310.200 Hz .
E 0 1 1 L 1 1 1
Bo | = ' ' ' ' !
T ]
o =
hY * - * *
20 B * = == X 3 -
I - I
u
10F $ e (72Yb**) - 26269568.857 Hz =
T ve(70Yb*™") — 25671336.193 Hz . -
°% 1 2 3 4 6
A time (hours)
_ 2 . . '%\ A
5 < /, 45
— —
- Of @ + A
<
: 5 ;
| L .
< —2 ¢ AME this work /9 -0
176/172 174/172 170/172 168/172

Yb isotope mass-ratio

compared to literature (atomic mass evaluation - AME)

%" Menno Door
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oth force search - Isotope shift King plot analysis

Nuclear masses needed: Binding energies for correction
precisely calculated by Zoltan Harmans Group, Chunhai Lyu
(MPIK, Heidelberg)

High precision spectroscopy data from the group of

Tanja Mehlstaeubler, PhD student Chih-Han Yeh

(PTB Braunschweig, Germany) + published data from other
groups

Analysis is still ongoing (Julian Berengut, group of Elina Fuchs,

group of Achim Schwenk):

* Nuclear deformation effects are dominant source of non-
linearity (QFS)

e Extraction of limits for 5th force carrier boson difficult

Better cases might be Calcium (less QFS) or Tin (more isotopes)

%" Menno Door
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The Electron Capture in Holmium experiment

/—.e\_\ /——\\ .V ,/ —‘\\\\\
N / N
163H0 \\ 163Dyh \\ ,/ lé3Dy \‘ \‘
L)) ] —>11 F ™ LA N}\,\,\: e,y
\ ’ \ / & N
\\ // \\ // \ N //
] ' s ey ¥
163 163 * 163
Ho + e — Dy*+v.e —> Dy + ve + Qrc

photon

T magnetic field

absorber

paramagnetic sensor magnetometer

weak thermal link

thermal bath

7N
&~/ Menno Door

ECED

Current best upper limits on m,, :

Cosmology 0.12 eV/c?(95% C.L.)
KATRIN (7,) 0.8 eV/c2 (90 % C.L.)

ECHo (v,) 150 eV/c? (95 % C.L.)
ECHo aimsat: = 1eV/c?

12.10.2023 @ NUSTAR Week 2023

m,,, via electron capture process in '®3Ho
Metallic magnetic calorimeters, determining
full spectrum (except neutrino)

163Ho directly implanted in the absorber



The Electron Capture in Holmium experiment

ECED

o @ P R
/"e\s\ —a ki vl /’"\~\\\
163H0 \‘ 16_3Dyh \\ ,/ 1§3Dy \\ \‘
@& — (@& — || ® .y
\\ A \\ # \\ \\ £
N ol e el s e iaael?” ,
163 * 163
Dy + e ? Dy+Ve_|_QEC’

Current best upper limits on m,, :

Cosmology 0.12 eV/c?(95% C.L.)
KATRIN (7,) 0.8 eV/c2 (90 % C.L.)

ECHo (v,) 150 eV/c? (95 % C.L.)
ECHo aimsat: = 1eV/c?

2+

i /; m(ve)= 0 eV/c?
1021 ‘/‘ ——- m(ve)= 5 eV/c?

1 1 0 1 1 1 1 1 1
20 2530 278279 2.80 2.81 2.82 2.83 2.842.85

Energy / keV

Counts /0.1 eV
Counts /0.1 eV

10 48
Energy / keV

|
0.0 05

)
&~/ Menno Door

12.10.2023 @ NUSTAR Week 2023

m,,, via electron capture process in '®3Ho
Metallic magnetic calorimeters, determining
full spectrum (except neutrino)

163Ho directly implanted in the absorber



Determination of Q-value of EC in 163Ho

Theory groups calculating binding energies
— )
Q-= M[163H0] - lVI[163Dy] = M[163Dy“+]-[R-l]+AB Maurits Haverkort
Zoltan Harman
Paul Indelicato

28XX.5
We have measured cyc-freq ratios of Dy and Ho -
in 3 charge states: 38+, 39+ and 40+
> I
charge cyclotron freq ratio, R “'3 28XX.0
state L :
38+ 1.0000000186XX3 + 3.0-1012 = : *t @\%
O 28xx.5 Q (b\v -
39+ 1.0000000113XX5 + 4.0-10°%2 % _ (\.’\\\@\f |
40+ 1.0000000115XX6 + 3.5-10°12 z I\
()
=
@©
>
@)

preliminary final uncertainty:

28X%.0 | NS
i @ \\/S\g\/

5Q ~ 0.8 eV

28XX.5 ' ' L
38 39 40

charge state
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Outlook for few ppt mass ratios of stable and long-lived isotopes

Next measurements:

—1.96 -

For visualization
uncertainties x200 T

—1.98 1
2.5x 104
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Thank you for your attention!

IMPRS

for Precision Tests of
Fundamental Symmetries

INTERNATIONAL MAX PLANCK
RESEARCH SCHOOL

FOR 2202
EC@

DFG FOR 2202

ERC AdG 832848 - Funl

t‘-‘l‘f‘-f =
B i R \“YLT"T"L&,\L,.,FR; & &

Present and former PENTATRAP members

Christine Bohm, Menno Door, Andreas Dorr, Sergey Eliseev, Lucia Enzmann, Pavel Filianin, Jost
Herkenhoff, Daniel Lange, Kathrin Kromer, Marius Miller, Jan Nagele, Yuri N. Novikov, Julia Repp,
Alexander Rischka, Christian Roux, Christoph Schweiger, Rima X. Schiissler and Klaus Blaum




