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HighPrecision PenningrapswWorldwide

on-line Penningtrap facilities for experiments on exotic nuclides

off-line Penningtrap setups for experiments on stable nuclides
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A Measurementprinciples
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Penningtrap massmeasurement
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Penningtrap massmeasurement
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Fouriertransformion cyclotronresonance; FFICR
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Fouriertransformion cyclotronresonance; FFICR
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Fouriertransformion cyclotronresonance; FFICR
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Fouriertransformion cyclotronresonance; FFICR
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Fouriertransformion cyclotronresonance; FFICR
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Penningtrap massmeasurement
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Penningtrap massmeasurement
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Penningtrap massmeasurement
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Phase sensitivameasuremenmethodPnP

simultaneousmeasurement ofz,. (PnB andn,(dip)

excitation of77, motion measurement of
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( ) :';1ccumulated3f+ | 3._%0 C U
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tacc time
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Simultaneous measurements in two traps
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Independent analysis methods

Té position 1 position2

A interpolation
A polynomial
A cancelation
A polycancel

l

reliability of results

measurement traps
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/ upperlevelin experimental hall:
EBIT lorsourcedor production

of highlychargedions

-
pal

basementunder experimental hall:
Penningirap massspectrometer

4 meters
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DresdenrEBIT ion source

highly charged ions from
gaseous Vvolatile
chem. compounds

I NE - S¥Y wgz

N\

Tip-EBIT ion source
highly charged ions of rare nuclides

Q-value of EC itF3Ho

10 Ho atoms available
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Mini-EBITdevelopedin J.R/ NX adrdpd a

Micke, P. et al.Rev Sci Instr. 89, 063109 (2018)

32cm g
/, ,/,
,/

s

In-trap laser desorption
SchweigerCh et al.,Rev Sci Instr. 90, 123201 (2019)
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9(° dipole magnet 9(° electrostatic benders

pulsed drift tube
Kons~ 200 eV/q

pulsed drift tube
Kons ~ few eV/q

traps
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unique features of PENTATRAP

Stackof five Penningraps

Cryogenienvironment(4.2 K)
7 Tsuperconductingnagnetwith verticalcoldbore
Temperaturen the labis stabilized £ 0.05 Kday

LHelevel in the bore is stabilized:50 nm

He-pressure in the bore is stabilizetd2 nbar

Relativestability of B-field: 101°/ hour

Ultra-stablevoltagesource:2J/U < 107/ 100 s

Repp, J. et alAppl Phys. B 107, 983 (2012)
Roux, C. et alAppl Phys. B 107, 997 (2012)
Bohm, C. et alNucl Instrum Meth. A 828, 125 (201¢

o To  To Do o Do Po Do I»

Highlychargedions
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L : 4
Applications of relative mass measurements at a Ievel-g?

Neutrino physics

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

Meta-stablestatesfor HClclocks

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

Testof QED

Bindingenergies

g-factor:

ShabaeyV. M. et al., Int. &f MassSpec 251, 109, (2006)

Dark Mattersearch Isotopeshift

FlambaumV. V. et al., PhyRev A 79, 032510 (2018)

Testof O =
Rainville S. et al., Naturd38, 1096 (2005

02.09.2022

Filianin, P. et al., ‘E 8 "Hp
pux oy OQ — G Phys Rev Lett. 127, 072502 (2021)
po@] 'Q O pogU 0 In review, SchweigerCh ,
Nature (2022) "E 8 "HA

30 (6 @ Ap  cm@ AT 0 — In preparation KromerK (2022)

3 (PYX Ao P uXx Ac
\ Schuessler, R. X. et al.,

Nature 581, 42 (2020)

Y A O RischkaA. et al,

i Phys Rev Lett. 124, 113001(2020

a
Tared T —
In preparation Sailer, T. (2022)

O (- @T)’b 30 (- ET b .

~ Currentmeasurementcampaign
of Ybisotope massratios

bH_ O ) o

(O ol &)A
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L : 4
Applications of relative mass measurements at a Ievel-g?

Neutrino physics pux o vy OO0 — O
GastaldoL. et al., Eur. Phys. J. ST 226, 1623 (2017) PeC] Q O rPogU 0
@’ 02.09.2022 Menno Doorg SSP Conference

Filianin, P. et al., "E 8 "Hf
Phys Rev Lett. 127, 072502 (2021)

In review, SchweigerCh )
Nature (2022) ‘E 8 "Hn
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MINEBA & MANU

MARE

EC@

H@%LM ES

L] \\\\
NeutrinoMass <>

AN
b-decayof tritium
; Qo 5 ) KATRIN ' t
G T80~ (w 1T B experimen
(b The KATRIN Collaboratiphlature Phys. 1€022) 160.
0 PW wg BITPwW FSU trap

E. G. Myerst al., PRL 114 (2015) 013003.

b--decayof 18'Re
a ) ug (W P

L ¢t @((ﬂp@) Qw
V) CT (.(II O’Q W SHIPTRARP Nesterenko et al., PRC 90, 042501 (R) (2014).

electroncapture(EC) in%Ho

Qw
o ccﬁ—(oou o ¥eitel

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

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

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

C Y U(qu p 0w ECHO P.Ranitzsclet al, PRI119, 122501(2017).

G YoodQw

C1 CR

SHIPTRAP.. Eliseev et al., PRL 115, 062501 (2015).

-
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Determinationof Q-valueof & -decayof 8'Re <
18'Re: T, 4:10%years abundance 63%; aew mgof volatile GH.O,Re D[PY2 A D[Pux D _
- A
18/0s:stable abundance= 1.6%; dew mg of volatile C,H,,Os O [pvz A PP
we measure we want to determine:
| PR ] Q=M[®Re]- M[1870s] =M[1870£%.[R-1]+LB

' [PUx Aw] /

Maurits Haverkort
Heidelberg University Institute for Theoretical Physics

Zoltan Harman
Max-Planck Institute for Nuclear Physics

. H 11 . ) .
w easy to achieve an uncertaintyl01in Rmeasurement Paul Indelicato

w easy to produce 29+ Re/Os ions with our EBIT Directeur de Recherche au CNRS
waSkaee St SOl NBReQREA®P RDSINKfd ALY 5 Y

optimal chargestate for Re/Osionsis 29+:
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4 il
m\m

uncertainty in
determination ofR

-10
5-1012
-20 o | meIahsur.emelnt | 1 measulrementl r]l-lmbler IIIII
20 30 40 50 60 70 80 90 100 110 120 130
— + —
Q = M[187Re]- M[1870s] =M[1870£%4-[R-1]+LB = 2470.9(1.3) eV
2475 \
______ = S N
o 2470 2 + = 0 53.5(1.0) eV
% 2465 F | [ = + ] ¢ ------------------------------------
= 2 Y g Maurits Haverkort
< ) : A . . .
._5( 2460 F— ®- % ________________________ S} _________________________ S + lortots . Heidelberg University Institute for Theoretical Physics
< = g 2 Y Zoltan Harman
P 24551 o CCD@ """""""""""""""" = ¢ AME-2016 |7 Max-Planck Institute for Nuclear Physics
O .
< 2450 = B ¥ this work Paul Indelicato
2445 Directeur de Recherche au CNRS
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EC TheHectron Capture inHomium experiment =
—O\ —_— .V // : ’: ) \\
16357, | 16315 / A6 N
Ho \ Dyh \\ I, Dy \\ \
;o; — (@)= (@)}
/ \\ //, \\ \\ ,/
S = ~=="
ac . > h [
(1 Q© $U * O $U O
Q0 atomic deexcitation spectrum
—— OO cryogenic microcalorimetr
,Q ‘O Oum 10° ( y g y)I | |
M. Brd3 and M. W. HaverkortarXiv 2002.05989v1 10°
> 3
Qmicrocalorimetry Qbenning trap é o
Ob}) ﬁe“ g 10° -
el 10' -
| o l l l l fiben o
) dmsys 0.0 0.5 1.0 1.5 2.0 2.5 3.0 4 5 6
'{@g/ J£.UY.LVULL n Mciiniu UVI| OO LUIIITITIIVT Energy [keV] C. Velte et alEur Phys. J. CQQ].Q) 7\%\&(



Determinationof Q-valueof EC in®*Ho /- Kt

Q=M[*6Ho] - M[163Dy] =M[163Dy"].[R1]+[B —— "Gt

Paullndelicato

2864.5
We have measuredycfreq ratios ofDyand Ho i
in 3 charge states: 38+, 39+ and 40+
% I
—~  2864.0
O B
38+ 1.000000018623 + 3.0-1012 SC - ® @
39+ 1.000000011305 + 4.0-10%2 Q28635 \\Q (\)b/\v .
40+ 1.000000011536 + 3.5-1012 2 Z @5\%5 1
R B>
S 28630 /@@V
. : : = i AN
preliminary final uncertaintg S @ \O
o
o e 2862.5 . ' ' '
38 39 40
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L : 4
Applications of relative mass measurements at a Ievel-g?

Meta-stablestatesfor HClclocks 3G (CT@ AP <T@ ATH — Inpreparation KromerK (2022)

Kozloy M. G. et al.Rev Mod. Phys. 90, 045005 (2018) 30 (P V2 Aw  pux Ac
Schuessler, R. X. et al.,

Nature 581, 42 (2020)
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excitationenergiesof atomic metastablestates A\

w Og*vs. O’ measurements yield always unity.
w Re¥vs. Ré* measurements yield either unity dr-1.14i10°.

trap 1

trap 2

- 187RE@S+ 18709+ R a9+
" + metastable state [,Kr] 4P 41

trap 3

)| 18TR@% 1870 Qo+
: B pentatrap 202.2(19)V

BHarman = 202.2(5)6V
B Indelicato — 202-1(27) eV
BHaverkort = 202.8(4)eV

trap 4

‘:3 1871RE%+ 18709+

E5 ¢130days)

ground state  [;Kr] 4d°

N Possibleapplication searchfor suitableclocktransitions
@ o020 ' R. Schiissler et aNature581, 42 (2020)



excitationenergiesof atomic metastablestates ~"

Table 1. Summary of metastable state in highly charged ions.

isoelectron ion metastable state energy (eV) lifetime
23V-like U [Ar]3d” zHllij 197.0 12.6 hours
23V-like Tho™ [Ar]3d® *Hy 9 176.3 25.3 hours
41Nb-like Ut [Kr]4d® *H,, /9 57.5 8.3 days
22Ti-like U [Ar|3d* 3 H, 205.9 46.3 days
22Ti-like Xe3?t [Ar]3d* ° D4 17.9 3.0 hours
22Ti-like Ba3*" [Ar]3d"* °Da 21.1 10.3 hours
22Ti-like Ce®0" [Ar|3d* ° D, 24.8 54.5 hours
40Zr-like U2t [Kr]4d® QHHM 59.8 10.9 years
40Zr-like Gd?** [Kr|3d* °D, 9.0 5.3 hours
40Zr-like Dy?5+ [Kr]3d* 3Fy 10.6 16.3 hours

next goal:
®'Q h'0Q hOow
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Applications of relative mass measurements at a Ievel-g?

Testof QED Bindingenergies 'O (- 8 34 (- 87b . @y)ﬁ) a © _ Rischka A. et al,
: . : Phys Rev Lett. 124, 113001 (2020)
g-factor: o a n

AT YSYe) [
ShabaeyV. M. et al., Int. &f MassSpec 251, 109, (2006) In preparation Sailer. T. (2022)
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H hSmassmeasurement, Testof QED in stronjelds

Measurementwith Alphatrapof the g-factor of anelectronin 2°Ne>*

"0 C _

from AtomicMassEvaluation (AME)

Lo
'\."\-I_‘_c s
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H hSmassmeasurement, Testof QED in stronjelds

W) 02.09.2022 Menno Door¢ SSP Conference

Measurementwith Alphatrapof the g-factor of anelectronin 2°Ne>*

"0 C _

from AtomicMassEvaluation (AME)

"0 "0
(discrepancyf about3, ) @

36
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H hSmassmeasurement. smallemasses

Mass ratio measurement of R =¢d{ A™) / mP ¢ )
First direct mass measurement with Pentatrap, what is different to higher masses?

Lower masses> higherdthermak radii-> higher PnP phase jitter morestatisiticsneeded
-> & higher uncertainty on relativistic shift

163Ho39+_25.0um_20s_vp // +SNR{15)}=8.7° /f sum=10.2° . . . 12C6+_25.0um_20s_vp /f +SNR(15}=8.7° /{ sum=27.1°
nul0: True /f starep: True // BOjitter: False S" I I u Iatlon . “nul0: True J/ starep: True j/ BOjitter: False
90° age
1052 75° (14 ) 1 Al \ v 1057 75
YO 1 @n ¢po
” 4
R QU a

Without SNR jitter

165° 150

150° o
195° 3450
2].%“- -
.
@ 20s evolution time:
ac ) J
f a
255 2700 285 255° 2700 285°
init excited at Tevol at Tevol + shifts init excited at Tewol at Tewol + shifts
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H jhSmassmeasurement

light nonmass doublet

!

YKk ——="00 ¢ wo(né & “)

!

Rwas measured at several values

!

edOOADIGTAGET 1

!

Y 'n PT

@ 02.09.2022
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= e
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y ' - eXCitati-Onamplitude : -

R
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H hSmassmeasurement. smallemasses
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H hSmassmeasurement. smallemasses

| _dn/m___| Penningtrap Group

K 20Ne 7.5E11 MIT /DiFilippd/ Pritchard 1995
14N 1.7E11 MIT /DiFilippd/ Pritchard 1995
160 2.0E11 UW / vanDyke 2006
28SI 2.0E11 FSU Redshaw Myers 2008

I

We are planningto measureother low massesooneror later
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Applications of relative mass measurements at a Ievel-gg

Dark Vattersearch |sotopeshift

FlambaumV. V. et al., PhyRev A 79, 032510 (2018)
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dark matter and % force
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darkmatter and %" force «>

FUR KERNPHYSIK

. 5 A L Y A ypbbt a
VY 6¢—— 06V +[KAITKSNLSHR SR @z apy a
' (EOT Of DEOT OikYA
>N
one needselementswith manyevenevenisotopes | - | ~
andquadrupole(narrow optical) transitions y

S, T 2Ds;p (411 nm)
168,170,172,174,17‘{z‘rb %ZT 28:2 (436 nm) l. Counts et al., PRL 125, 123002 (2020)

4S5, T 3D, (729 nm) C.Solareet al., PRL 125, 123003 (2020)
40,42,44,46,4 2 512 1 ;
Ca 485, T 3Dy, (732 nm) F.W. Knollmann et al., PRA 100, 022514 (2019)

5S,,C 4Dy, T.Manowitzet al., PRL 123, 203001 (2019)
84,86,8890 /2
80Sr 15¢ 3P, 15¢ 3R, H. Miyake et al., PRR 1, 033113 (2019)
142,144,146,148,199d 130,132,134,136,138
N. Bhatt et al. ArXiv2002.08290 P.Imgramet al., PRA 99, 012511 (2019)
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darkmatter and %" force «>

FUR KERNPHYSIK
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>N
one needselementswith manyevenevenisotopes | - | ~
andquadrupole(narrow optical) transitions \%
25, T 2Dy, (411
168,170,172,174,18 %j 28;5436 :mg |. Counts et al., PRL 125, 123002 (2020)
40.42 44.46.4 4S, T 3D, (729 nm) C.Solarcet al., PRL 125, 123003 (2020) FUTUREf Yb:
42,44,48,48 485, T 3Dy, (732 nm) F.W. Knollmann et al., PRA 100, 022514 (2019)
84.86.8890 5S,,¢ 4D, T.Manowitzet al., PRL 123, 203001 (2019) (-| (y ) p Tt ( U
00,8558 15¢ 3P, 15¢ 3R, H. Miyake et al., PRR 1, 033113 (2019)
1 (=) ve
T U Tt
142,144,146,148,1E|Q|d 130’132’134’136’1%8. 0| p
N. Bhatt et al. ArXiv2002.08290 P.Imgramet al., PRA 99, 012511 (2019)
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Ybmassratio measurementg ongoing

18'Re/1870s,18""Rd 187/Re,18/MOg/18740s,163H0/ 163Dy, 12C/?°Ne ¢ mass om/q doublets !!!

! |
168Yb 170Yb 171Yb 172Yb 173Yb 174Yb 175Yb 176Yb
stable stable stable stable stable stable 4d stable
A 32.026 %

8 30%-
c
@S
= 21.68 %
S 20 %
I 16.12 %
S 14.09 % 12.996 %
©
§ 10 %
S 2.982 %

0.123 % ]
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Ybmassratio measurements ongoing!

1Y vzZpTm

strongest systematic
uncertainties:

1) dip line shape / fit
2) relativistic shifts

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

02.09.2022
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Summary Outlook X

A Pentatrap camperfomfew ppt massratio measurements on wide range of stable nuclides

A Current limitations are
A the axial digineshapd: Y R -NiR&2 y I YOS Gdzy Ay 3¢
A ion temperature & relativistic shifts
A Voltage stability (statistics)

Next measurements:
Next Upgrades:
1) Ybodd stable isotopes
& absolutmass measurement vs 12C 1) Josphsorunction for more stable voltages
& Ybbinding energies as crosscheck
2) Feedback cooling to reduce radial amplitudes
2) Other chains of isotopes

3) Phase sensitive axial frequency measurement
3) Meta stable states for HCI clocks
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BACKUP SLIDES
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' & . @ssues with sameharge state measurements:

E)

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

Amplitude in dB

0 qﬁf,wd\u,uw.'qMu‘p.f"w.'*(nw)fflt"l,r,1rf"xlr.\1'4|ﬁh"1.*")hwm"m';'v*ﬁ‘W‘}h'W"*W**wfﬂ:w\\\,#rw"w"m"r-k‘ﬁ”

9975 9980 9985 9990 9995
v, — 730kHz in H=

Problem

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

Magnetic field not perfectly homogeneous:
effective magnetic field changes
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' & , (@ssues with sameharge state measurements:

>

—— Data

A Difference in axial frequency is huge! Up to 8 kHz! But
axial frequency has to match detection system

—Fit

! WwwwwMWWWMWW

9975 9980 9985 9990 9995
v, — 730kHz in H=

Amplitude in dB

Problem

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

= Magnetic field not perfectly homogeneous:
effective magnetic field changes
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& ., a@ssues with sameharge state measurements:

g

A Difference in axial frequency is huge! Up to 8 kHz! But E
axial frequency has to match detection system g | -
A trap depth has to be adjusted for each ion z 0 W,*W\w,wmw‘p."wvmwwm"l,«,1rfh,wm'1.*w,~wr'mw,‘wMva"a’ﬁwmwIm\n;w\-wf-m
9975 9980 9985 9990 9995

v, — 730kHz in H=

A Solution:VariCag(variablecapacitancgto tune detectionsysteminsteadof trap
potential

AAA I I‘\/\/\/‘ \\\\
! Ao = | % E \‘\/\/\/\/ Fourier JL
! v ! R C L : g%/// Transform O
| o
B /
St e
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|S spectroscopy

e D [5/2]5

\ D[3/2],, \

—F— P, 935nm 638 nm
< 2p
. 5/2
~0.5% o (=72 ms)
369 nm )
L119.6 MHz "
D3/2\\\83%
Y

FIG. 81. Partial Yb™' level diagram.

Counts, let. al,, arXiv:2004.11383v?2

O singeYb+ ion trapped 135em above the a
Paul trap

O ¢KS GNXyairxdAz2ya d nmm yY b6cawH { MK
bcawH {MKH b pRwWH 50kHT Tnkapphirdaser,[ o
tuned to 822 nm and 871 nm, respectively

O  The readout of the state is carried out via an electatrelving scheme (dark
state detection)g we covered this not long ago in the Journal Club, here a small
recap:

1. lons in the are detected via fluorescence during the cooling with

369 nm light.

2. If the ion idluorescingbefore aprobe pulseand 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 Hzrecision orthe measured transitions

@2 GHz IS, relative2e-7
02.09.2022
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IS spectroscopy Counts, let. al, arXiv:2004.11383v2

[e]
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1

. O singleYb+ i on trapped 135em above the a
2 °1 () (168,170) : Paul trap
% or )4 A e w 1 ~ /% ’ ~
- O ¢KS UNYyaAuAZya |uU nmMmM YY ocawH { MK
"L bcawH {MKH b pRwWH 50kHT Tnkapphirdaser,[ o
5 10f tuned to 822 nm and 871 nm, respectively

— % 0OF v

a % : O  The readout of the state is carried out via an electstelving scheme (dark

5} "L (170,172) | state detection)g we covered this not long ago in the Journal Club, here a small

& 1ok (172,174) : . .
< 3 <1013 recap.
F § 32
AT @ o
~t 3 . . . . .
Y ol s | 1. lons in the are detected via fluorescence during the cooling with
= 2'6 369 nm light.
& or 2'4 | 2. If the ion idluorescingbefore aprobe pulseand no longer fluorescing afterwards,
3 0 , ' the ion is said to have completed a quantum jump.
Y ol S araire waeEe s ] 3. Otherwise, the ion failed to quantum jump (or, if there was no fluorescence before
L L /[ // /[ L

G0 o 1010 o 10’40 o 10’10 o 10«1  theprobe pulse, the ion failed to be initialized).
+23048133  +2.3642476  +2.9848891  +3.1079503 x 10" 4, By dividing the number of quantum jumps by the total number of successful
v’k (HZ:1) initialization, we can measure a probability of excitation as a function of frequency.

~400 Hzrecision orthe measured transitions

@2 GHz IS, relative2e-7
02.09.2022 Menno Door¢ SSP Conference 54 54— =e=




IS spectroscopy (future) Manovitz T. et al. PhyRev Lett 123(2019) 203001

Two isotope ion crystal of Sr86 and Sr88 in Paul trap

at
W
@

5Py - O  Also state read out (fluorescence, state preparation, cooling) via an elestrelning scheme (dark
\ state detection) but usingichromaticlaser fields resonant to the relevant transitions in both
— 4Dy isotopes.
408nm|  (422nm 1Dy O ¢KS p{MKH b n5pkH (NI yDROHENieidtHldsespitedlidoSifferente |
The two beams are recombined and sent
674nm through another AO frequency shifter for common frequency control
0 ' / 1 ié
5S) <17 o lons are prepared in entangled stat [9s) = - (19men) + €€ gn)) -
Flswe 61 orT enerey el g O  The energy difference between the two states in this superposition is exactly the isotope shift time

the Planck constant. Therefore, during free evolution for timiese states will acquire a relative

.- 1
Vr) = E

(‘gm.en> + eiqﬁo—iérj;m'r

emGn) )
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IS spectroscopy (future) Manovitz T. et al. PhyRev Lett 123(2019) 203001

, 1 id
lons are prepared in entangled state i) = 7 (|gmen) + € lemgn)) -

O«

O«

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

1 o
(‘gmen> + el@o_léunm?-‘emgn>)

Ur) = ﬁ

Thesuperpositionphaseis estimatedby performinga parity measurement
Two~ Kpulsesare applied eachat the carrierfrequencyof one of the
iIsotopes.The resulting populations will obey the relation

' Reaching ~ 16Hzprecision Dec + Dog — (Deg + Pge) = €08 (G0 + 00T — (o — o))
directlyon IS(!) i

) | @ 570 MHz, relative ~ 18 = €05 (9o + (¥ = ) = (P = 60))

¢CKS LINRGe araaylrt gAftft 2a0AfttGS
0 10 20 3 40 frequency difference, which can be dictated by an RF source, with respect

the isotope shift. Laser phaswise is cancelled since it is common to both
I RRNBaaAay3a UStRao®

O«

)

i

f—570,264,063 (Hz

O«
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Needed relative Current IS Needed

precision compared to  precision mass

IS precision, a factor of precision

roughly: |

a
Q Q
- Ca40 5.51e-10 PTB (Germany)
DNCaZN  3.79¢09 IQOQI (Austria)
NCaET  7.92009 48/8 = 6 ~1e08 ~ 2e09
DNCEEEN 522008
- S84 1.59e08 Weizmann Institute (Israel)
DS®6 65311 RIKENJapan) _
BESEEN  osiew 88/4 = 22 /
_ 7.63e09 Weizmann Institute (Israel)
DOVBEON ~ 647e11 e, NIST(USA)
Dbi72  s.14el1 "e/yp% 176/8 = 22 ~ 1e07 ~5e09
DB o3e1
20
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King Plot, vector space RemindeK
L |
a
L
I. VISUALIZING THE VECTOR SPACE G
In the main text we define the following vectors in the A’ vector space with "0
mi; = (mu{i'ﬂ,mu{l‘qé, mvf' Ai") ) (S1)
2 2 2 2
mé(r*) = ((7’ )AA; /#AA‘I: (r ).4.4’2/#AA’2= (r ).4.45,/#—5.4_45) ) (52)
mi = (1,1,1). (S3) ;
mrv; =
As long as 771_:51‘2 are spanned by mi and mé(r?), the resulting King plot will be linear. In Fig. S1, we illustrate the )
vector space of the various components related to isotope shifts that leads to the nonlinearites. The NP contribution - }:

—_—

=

! e shifh ey >
to IS, anpX;h, may lift the IS vectors from the (:r_ﬁ,_;.\i} mé(r?)) plane, resulting in a nonlinear King plot. Fig. S2 ml/2 — 21 m/_l. + F21 mb’l

illustrates a nonlinear King plot, where the area of the triangle corresponds to the NL of Eq. (6).

NL =

the plane spanned by myi and md (r?) the plane spanned by i and mé(r?)

FIG. S1: Left: A cartoon of the prediction of factorization, Eq. (5) in vector language. All of the isotope shift measurements

(which are here three dimensional vectors @1‘2 lie in the plane that is spanned by myi and mdé{r?). This coplanarity can be
tested by measuring whether mir, -m_ﬁrg and myf are coplanar. Right: In the presence of new physics the isotope shift get a
contribution which can point out of the plane. A new long range force can spoil the coplanarity of nﬁh mi/s and ﬂsz

@’: Berengupdiet? al, PhysRevLett. 120(2018) 091801 Menno Door¢ SSP Conference

Nonlinearity?
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X
3
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3
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1 —
5 I

_UNL = \/Ek(aNL/aok)ng

(squarederror of all measuredvalueg
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- " Othersourceghan new physics Theformularfor the I1Sisan
Nontlinearities o Phy
approximation
e ! 0 O () |
4\ - Only valid at leading order of variation of the nuclear mass
. c = AAj o T .
a l P and charge distribution, expansion needed:
,,.-«*“" c L 00 and™O© O
o - "% b= AA, This breaks linearity (now isotope depended)!
o "j;‘::"{;zAAl [ L fOdz GAy3 GKS&S ydzOf SI NJ SF
o - and with higher precision in the experimental input data,
0KSaS STFSOU Attt R2YAYIGS 0
N N > Effects can be parametrized:
a a a -
a
’ L 0 () O_n
_pr -independ nuclearparam, "O: electronicconst
@) 02.09.2022 Menno Door¢ SSP Conference 59 59 =t




No-mass King analysis Usesthird transitionto removethe
massshift parameters

Twotransitions e.g. i={1,2}are usedto

extractthe massandfield shiftnuclear U
parameters
Thirdtransitionusesnuclearparameters "Q

In theory predictions

Alsothis linearity by itself canbe testedwithout theory
Input

@) 02.09.2022 Menno Doorc SSP Conference
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No-mass King analysis

b™(Counts et al.)

Usesthird transitionto removethe
massshift parameters

’ L O () |l

YeVn

Ytterbium IS
1016 f _
17 globular cluster O-[V] =10mHz
10- otetor 7 VI=100

mgy [keV]

NS s 8 T T 8 e \T o

e = 0IG SSP Conference 61 61 =t-
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Generalized King analysis (GK)

Basicallthe sameasthe no-massanalysisusing
additionaltransitionsto exchangeadditional
electronicand nuclearparametersoy IS
measurementdata

a’ U | @0Q

. iIndepend nuclearparam, "O: electronicconst

I
o«

A A VW A W

Atleastmm (N} yaAidAazya yYySSRSR (G2 FAE LI N YSGSNAEKX
Reaching this relation:
mvy =Kk — fri K|+ feimv] +anxp [ Xk — friXilha, (11)
(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 andIm
0N yaridAzyaX

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



Generalized King analysis (GK)

....................

Ytterbium IS

10—16 r _
17 globular cluster O'[V] — 1OITIHZ

10" e TR
102 1000 1100 102 10° 10

my [keV]

.......... eoee..... _00r¢c SSP Conference

a’ U O _j I wQ

_ i -independ nuclearparam, "O: electronicconst

mvy =Kk — fri K|+ feimv] +anxp [ Xk — friXilha, (11)

SM non}in. = Standard Mode6l 3poi'rnearities
N



Phase sensitiveneasurementfnP the sequence

&

axial detection limit

r, (a.u.)

axial detection

AT

~

r+ (a.u.)

Vi V-|-_Vz V+_VZ

5 S o S time
e = c % = o

gy} "5' = g -

4= Q3 =

'O EB 3 Q 13 (@]

O S O St o S
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H hSmassmeasurement Systematics

1e—11+1.000378141

Ratiomeasurementsnvere doneat
multiple excitatonamplitudes 0 + | Trap 2
o | b l
R?Ei } ’ T | I1 i }
No significantlymeasureable o | '
dependenceon excitation ?5
amplitUde Dtjle—l[)-l—] 0003781[:: 152um N 250&m N 3§am
as Trap 3
With extrapolationto zero R [ + ' }
excitationamplitude . % i | }
dR~ 1ell }

00 01 02 03 04 05

excitationamplitude

Final measured ratio uncertaintylR~ 1lell

Menno Door¢ SSP Conference

06

65

.\\:\\\ :



§

VA

@) 02.09.2022

20-Ne massmeasurement

We measure 20Nel0+ against 12C6+. First direct mass measurement with Pentatrap, what is
different to higher masses?

Lower masses>massto-chargeédoubleticityé¢ A & 2 T 0 Srfqudn& diferetesaie
bigger (inHoDyor for metastablegshere is no difference in axial frequency and sub Hz difference in
cyclotron frequency)

' (Hz) 53792993.89 53772656.43 20337.46
' (tuned) (Hz) 736080.7 736080.7 0(~100 @ same UC
' (H2) 5036.09 5038.38 2.29

The difference iy, might(!) result in different excitation radidue to a norconstant
transfer function from the REenerator output to the trap electrodes over the needed
frequency rangee.g. by nodinear filters and/or switches or static noise resonances

What would the systematics look like?
Menno Door¢ SSP Conference 66 <&



More low massesiscrosscheck

@) 02.09.2022

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

I R S

1.71E11 MIT / DiFilippo/ Pritchard 1995
160 2.00E11 UW/ van Dyke 2006
28Si 1.97E11 FSU Redshaw Myers 2008

Neon mass measurement showed:

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

Systematics are more prominent, better itovestigatewith low masses.
Discrepancy between AME and our result, more comparisons are needed.

Menno Door¢ SSP Conference
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Data AnalysigCanceMethod

position 2
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Tip- EBIT

Massivel®Ho target

] NN NN I | | |
2.5 In-trap laser ablation i I1 o ﬂl
——— Background measurement : : GOH_/ N
20k —— 40, i40A 16+ ! ~N
S I e |
S rTrrrrraorana ! I !
. rrrrnrrirnrtni I I I
s iiiﬂiimmoﬁﬁ i T
THILe i
hd il 1l : : '
5 1.0 1 R | :
3 AL R |
O I RN | |
i i
0.5 | L1 i ' i
CEERL: ! | (
00 |||:|::|||: 1 ] 1 ] 1 ] 1 -
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Charge-to-mass ratio £ (£)
Blue curve: Laser ablation from  ( [target

Orange curve: Background measurement without laser
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Tip- EBIT s
Small holmium targets

A 1 mmdiameterTi-wire

A Targetswith known numberof (|
atomson the surface
Drop-on-demandinkjet printing technique
(group of Ch. Dullmann @ JGU Mainz)

— 200 pm —

15410+ h 1657443+

0-8r 3 ’\’/ 102 atoms

<
\)
T

0.22 0.24 0.26 0.28 0.30
Charge-to-mass ratio £ (£)

<
[an]
T

|,E{’:§’:' |
“-. i.:--/

Lens: ZS200:X300) 100,00

SO
N



Tip- EBIT

Targets for iArap laser desorption

Targettypes:

A o 5 N@hdémandx LINRA Yy (i SR
targets pgto ngsamples
smallesttarget 102 atoms1%Ho

A PLAtarget: tensof pgto mg

A Massivetargets mgsamples
e.g. metallidoil, bulk material

PLA, 30 ug Yi®,
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NN
T



w

BradburyNielsen Gate: design

BN gate Detector

e

NO voltageapplied Z

BN gate Detector

2R@

a

R S

©

]

»

>

POS/NEGroltageapplied

Wolf, R.N. et alNIMA 686, 822012)
Brunner, T. et allIJMS 30997 (2012)

N



BradburyNielsen Gate: performance

1st version: 40 ns pulse width/2ZZD ns jitter

5 ’ \ /
o)
[
L)
wn
&
o]
RS
= TOF spectrum
— tde|ay = 3.66 ,US
o — tde|ay = 3.71 ,US (165H039+) ——T\—V\A(
— tde|ay = 3.84 ”S
— tde|ay = 3.88 ”S
— tde|ay = 3.94 “S
5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0
ToF (ps)

6.1
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BradburyNielsen Gate: performance

MOSFET switch for Bradburiielsen Gate

A Switchbasedon two N-channelMOSFETsvith gatedrivers
A Pulsewidth reducedfrom 40to 20ns
A Nearfuture: FasteMOSFETplacedinsidethe vacuumchamber

300 (-\/\.-/__

250

200

150

Voltage (V)

100

50

=50

—|60 —-40 -20 0 20 40
Time (ns)

newest design ~20 ns pulse width




Measurement of trap frequencies with PENTATRAP A\

O ¢’ A— p UQO Y O Y oxfw
o pTt a . ;
T 2 Y X T 6
! L 1T R Oa ‘
Y Q Yo @6
B 4K
Y ¢ 00 cwQa I II high-Q
mductance
L pB a0 I W
~ - M --
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Determinationof Q-valueof & -decayof 18’/Re T

Zoltan Harman

Q — M [187Re] - M [18708] :M [187O§9+] . [R'l] +lB \ Heidelberg Ll}ﬁli?elssrii;[/slnt!ﬁ\tleigr'?h';[oretical Physics

|

Max-Planck Institute for Nuclear Physics

Paul Indelicato
Directeur de Recherche au CNRS

A multiconfiguration Dira¢iartree-Fockmethod (MCDHF) ,
a fully relativistic approach, and its combination with BrilleWigner manybody perturbation theory are used.

The ground state of the R&ion is a simple Rilke configuration [Kr]4# 'S,
the neutral Re atom is in th&Xg4f145d>6< °S,/, electronic state.

TheOsion and atom have an additional electron compared to their Re counterparts, thus their ground states arditee[KR4d%4f’F ),
and [Xd4f14%5dé6<” 5D, configurations, respectively.

Within the MCDHF scheme, the maglgctron atomic state function is given as a linear combination of configuration state foa¢t@SFs)
gAGK | O02YY2y G2GFt Fy3dzZ I NI Y2YSyildzy oWOST HIOIYSH ThHVa{do@ap 41 q1RW:
constructed agj-coupled Slater determinants of oreectron orbitals, and Bsummarizes all the information needed to fully define the CSF
i.e. the orbital occupation and coupling of sinfld SOG NRY |y 3dzt F NJ Y2YSY i} fucluded dzhe feBeSantatidrSof
the ground state.

The GRASP2018 code package [30] is used.
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