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Early history of precision mass spec

 Eugen Goldstein 1886, Wilhelm Wien 1898: Canal (anode) rays

« J.J. Thompson (and F. W. Aston) 1913: Separated 2°Ne, 22Ne

H+
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Early history of mass spec: Nuclear binding energy

F. W. Aston 1919: 4M[H] > M(“He), by 0.7%

E = Mc? — Binding energy: Nuclear fusion can power the Sun!

Fig.l. Diagram of mass spectrograph.

Focuses ions of different energy to same point
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Obtain M[e] from “g-factor measurement” of 4Het

- Hydrogenlike ion: Ratio of electron spin-flip (Zeeman) frequency f, to cyclotron frequency f.

foe /[fe = (Gion/ 2) (€/q) (Mg, /M) use g, from QED theory

« Best current “g-factor” measurement of M[e] uses 12C>*: 2.8 x 10-11, S, Sturm et al, Nature (2014)

Motivation for 4Het* versus C>*:

« Theory: Lower Z: Smaller relativistic, QED, and nuclear size corrections

« Experimental: Lower g: Smaller image-charge and ion-detector shifts

But need M[4He]...
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[HD*, H,* spectroscopy] + [QED theory + Penning trap m.,/m,, m./m,]
Tests Angstrom-range “new force” between p, d, e

M. GERMANN et al.

PHYSICAL REVIEW RESEARCH 3, 1022028 (2021) ms lkevic?]
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high-resolution vibrational spectroscopy of
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Existing precision values for mass *He

700 —
600 —
500 —
400 —
300 —
200 —

(M[4He] - 4.002,603,254) pu

100 —

MPIK 2023 E

Am/m = 1.3 x 10-10
6.6-sigma discrepancy!

U. Washington 2004
(CODATA-2022)

PHYSICAL REVIEW LETTERS 131, 093201 (2023)

Penning-Trap Mass Measurement of Helium-4

S. Sasidharan ,1’2‘3 0. Bezrodnova ,1 S. Rau,l W. Quint ,2 S. Sturm ,1 and K. Blaum'
'Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafie 1, 64291 Darmstadt, Germany
3Heidelberg University, Grabengasse 1, 69117 Heidelberg, Germany

PHYSICAL REVIEW LETTERS week ending

92, NUMBER 22 4 JUNE 2004

Ultraprecise Atomic Mass Measurement of the a Particle and *He

R.S. Van Dyck, Jr, S. L. Zafonte, S. Van Liew, D. B. Pinegar, and P. B. Schwinberg
Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA

Both measurements: 4He2t/12C6+
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Penning Trap: Measures Cyclotron Frequency Ratio (CFR)

SQUID
detector

Q.
FSU Trap
8.5 Tesla
Transferred - /
from MIT I B W m
in 2003 W, = ) Rz _Y40 M
magnet i /// (m/q) a)Cl ql mo
PeTnni:g @ | L
For “atomic mass” in u, need to (ultimately)

- - reference to 12C
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Penning trap: Three normal modes

Uniform B-field Quadrupole Potential 3 Normal Modes

Q Magnetron .. _ Axial
~5 kHz CycII)otron ~700 kHz
wc ~33 MHz

w2 = wy? + 0,2 + 0,2

Relates the “true” cyclotron frequency . to the measurable trap-cyclotron frequency (W,

axial frequency @,, and magnetron frequency ,,.

(Even if electrodes are tilted or deformed elliptically: “Invariance Theorem”, L S Brown and G Gabrielse, PRA 1982)
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Image current detection (and cooling) of Axial Motion

Superconducting

~—1_ o self-resonant

> % e S ji i(rglicgoclr,oom

— T~ = 1|

> :
~ 44 FRT of SQUID signal Measure the phase of a ring-down
= : e of the pulsed axial motion
= Single ion signal
o 34
= |
z 5. 4K thermal noise \ ‘q W
% SQUID technical O'S\ i h 1 g
HOARAANA A A W
@ 1 4 noise 0 "|| \f\ N \ j\-\," \N TAVAVAVAV,V
g »WWMMMNWNWM os] L)ij
o, }‘I
230 240 250 260 270 )
Axial frequency - 688,344 Hz
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Detecting (and cooling) Cyclotron Motion

Tilted, quadrupole, electric field at . = W - W,
couples the axial and cyclotron modes

Cornell, ..Pritchard, PRA 1990

—— Cyclotron
............. Axial

Cyclotron motion = Axial motion
phase coherently

Classical Action

0.4 . 0.6 0.8 1.0
Time

Edmund Myers, PSAS May 2026, Vienna, Austria.



Measuring Trap-Cyclotron Frequency
“"Pulse and Phase Technique” (PnP)

“cool” ion Cyc Drive Pulse Phase Evolution Cyc-Axial Coupling
(~4s) (~5 ms) (Toyoy~ 0.1 to 15 s) (~100 ms)
p p / 4
® | | C ; o |
7 A\ N\ Ve N — V.aaN
]zmagel““‘—)"
N ]
A A ] A m |
% ( :i; EC: SQdL?TD 0 \ J \J | l\j{ \ i \1} [ \f '\ﬁf\/ AAAYAYY
Y N 1| o 11 |
I Axial phase

measurement (4 to 8 s)
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Measuring Trap-Cyclotron Frequency
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B-field variation: Two, Two-Ion Techniques

One ion centered. Both ions in 0.4 mm radius
Second ion “parked” in magnetron orbit,
2 mm radius cyclotron orbit coupled by Coulomb interaction

e
€ 14 mMm =
Rainville,
Thompson,
Pritchard,

Science 2004

Alternating Simultaneous

For M[*He] we only used Alternating
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4He*/D,* and “4He*/H,D+*

Edmund Myers, PSAS May 2026, Vienna, Austria.



Why use molecular ions as references?

With ion pairs with similar m/q but different g (and m)
there are additional systematics:

Initial cyclotron energy

Ion-detector interaction

Image charges in electrodes

Ion-ion interaction

Need molecules to get same g and similar m/q
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Problems with Molecular ions:
Stored Energy and Polarizability Shifts

(Binding energies usually known to sufficient accuracy)

If no Electric Dipole: Stored Ro-vibrational energy (H,*, etc.) | Am = AE/c?

If Electric Dipole: Polarizability shifts the cyclotron frequency (E = V x B causes Stark shift)

Aw/w, = -0, B*/m, Q.,, polarizability transverse to B-field

Edmund Myers, PSAS May 2026, Vienna, Austria.



4He*/D,*

Previous work with H,*

PHYSICAL REVIEW LETTERS 124, 013001 (2020)

Deuteron-to-Proton Mass Ratio from the Cyclotron Frequency Ratio
of Hf to D* with H} in a Resolved Vibrational State

David J. Fink and Edmund G. Myers
Department of Physics, Florida State University, Tallahassee, Florida 32306-4350, USA

PHYSICAL REVIEW LETTERS 127, 243001 (2021)

Deuteron-to-Proton Mass Ratio from Simultaneous Measurement
of the Cyclotron Frequencies of H; and D*

David J. Fink® and Edmund G. Myers
Department of Physics, Florida State University, Tallahassee, Florida 32306-4350, USA

Edmund Myers, PSAS May 2026, Vienna, Austria.
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Tracked spontaneous vibrational decay
v=9 to v=0 over 50 days!



D,* Ro-vibrational energy levels

_ _ _ — — — E1forbidden:
Shift to Het/D,* CFR due v=6
to D,* ro-vibrational energy 2504 _ —_ =
= v=5 spontaneous
o 20l _ _ — — — lifetime (days)
- v=4
= - 61
:‘I]:-’ 150 —;3 - -
E - - - 84
*Qj 10072, —
=
D,* Vibrational spacing J = =~ 155
~ 5 x 10-11 jn mass S I
0d—r — — — = - Inf.
v=0
| | | I I I I I |
0 1 2 3 4 5 6 7 8
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Stark-quenching speeds-up D,* vibrational decay

&

— |

Edmund Myers, PSAS May 2026, Vienna, Austria.

H,*inp.=2mm, B=8.5T:
E=vxB
= E =70 kV/cm

Induces electric dipole:
shortens lifetime of vibrational levels

For D,*, p. = 4.2 mm
= E =79 kV/cm




D,* Ro-vibrational energy levels

v=6 -
2504 _ _ = =
_ v=5 Spontaneous. Estimated quenched
‘o 204— — — — — T~ lifetime (days) lifetime (days), p. = 4mm
~ v=4
— - = - 61 2.2
L 150 —7=3 -
g _
o e - = = 84 4.1
éu 100—V=2
Z,
Y = = = = 7 155 9.8
v=1
= - J.-P. Karr, PRA 2018 (H,*)
%0 T Inf. + Personal Comm. (D,*)
| | | I I I [ [ |
0 1 2 3 4 5 6 7 8
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Stark-Quenching of D,* in O, = 4.2 mm

100 —
M[D,*1/M[*He*]
-100 —
-200 —

-300 —

[fc(4He+)/fc(D2+) - 1.006,396,786] x 10"

H V~5

<
<«

18 days

v

]

| I | I
5 10 15 20
Date in April, 2024
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Used 3 D,*: Modeled rotational energy in v=0

Estimate average rotational energy in v =0 Pre-quench CFRS
v=6 D2+(1)
« Use pre-quench CFR measurements to estimate v, 250 I
- Assume a Boltzmann distribution over N in v, w7 V=
corresponding to parent D, at 300 K © 20— — — — _
~ v=4
- Estimate final rotational distribution — = - D, (2)
in v=0 by modelling cascade from Z 10, T T
a given initial v;,; to v=0 s
N _ —
. Obtained CFR corrections of 9.5, 6.9, 5.1 x 10-12 S =
for D,* = 1, 2, 3 (with 100% uncertainty) § o ¢
50 — 7]\_ D, (3)
v=1
Polarizability shifts < 10-12 o 1L — = { ~ Average of
(Polarizability shifts < ) V=0 Post-quench CFRs
| I I [ I I [ [ I
6o 1 2 3 a4 s e 7 g [(reference)
N
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4Het+/H,D*
- The third D,* died by becoming H,D* ! (D,* + H, — H,D* + D)

Fortunately:

« H,D* has longer lifetime in the trap than D,*! (>160 hours)

« E1 decays to vibrational ground ro-vibrational state!

- Binding energy from Born-Oppenheimer for H;+ + zero-point energy
Pavenello, Adomowicz JCP (2003) Ramanlal, Polyansky, Tennyson, Astron. Astrophys. (2003)

Unfortunately:

« Two ground rotational states, Ortho (proton spin = 1), Para (proton spin

- Significant, state-dependent polarizability

Edmund Myers, PSAS May 2026, Vienna, Austria.
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H,D* Polarizability Shifts as fraction of CFR

Rotational levels of 2004 21 (Shifts are prop. to B?)
H,D* vibrational 202
Groundstate

Notation: Jy,kc

0, Af/f. = -10.8 x 10-11

Tor

M, = +1, AfJf. = -6.0 x 1011

energy level / K
T
I
X
|

M, = 0, Af,/f. = -3.6 x 1011

N S

para ortho

Energies and A-values for polarizability calculation from
J. Tennyson et al, ExoMol Line list, MNRAS 519, 6333 (2023).
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M[“*He] from the three D,* and one H,D*

M[D,*(0,0)/M[*He*] = 1000
1.006 396 785 720 (14)(10)(7) (19) T 1, +\Mass of 4|;|e
Fit Sys Rot Total y 1111 1 M=0 grom |'(|:|2D
D,(1) ® =+1,- epends on
= T . /assumed
M[H,D*(0q0)/M[*He*] = 2 rotational state
I /ﬁ SR S I
1.006 783 656 787 (11)(10)(43) (46) X N ?
Fit Sys Pol Total 3 600 MPIK2023 AR
e _ 1
8 D2+(3) OOO
Assume CODATA-22 values for i D,"(2) | " |
M[p], M[d], M[e] (mainly from MPIK) g 400 H,D
=
Final result: Agrees with MPIK-2023
Combines values from D,*, 20 5-sigma from UW-2006
de-weights contribution from H,D+* C+
UW-2006

M[*He] = 4.002 603254 672(79)
(2 x 10-11)
“Model dependent”
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M[4He] from 4He*/C3*

« (C3*isdifficult to make and isolate in our trap (~day)

« Short C3* lifetime ~ 24 hours (~4 runs) at trap center: we made 11 C3+

 Different g, m

« Closer in m/qg than 4He*/D,*, 4He*/H,D+!

Edmund Myers, PSAS May 2026, Vienna, Austria.



Amplitude-dependent frequency shifts due to Trap Imperfections
and Special Relativity

ve Aw, 1B We 3B ) We We We
i A e r\n = EEQ) (pi + wp?) + §§3 (zgp?n s v A e s 2/)?/)3,1)
Electric | o) = > Cu (%) Palcost) : -
n=z I
Aww”t = %% (= =p2 =) + g% (2" = 42207 + pe — 42200 + 49207 + Prm)
ct < Do 0
A 0 . ‘ ,
_ B —= = 15 (-2 -20)) + Tpgr (7 — 62200 + 30l — 6%, + 12027, + 3p})
Magnetic (v =-)" ﬁv‘n*lanrl(cosﬁ) ~
n
n=0

Aw, 3wy Ca
= S0 (222 - p2 - 2p7)

Wet = 2 We d2
L0 o (g0 62252 4 = 1257, + 6520, + 301
J.K. Thompson, S. Rainville, PhD 2003
: - Aw w?
Special Relativity €. ¢ O
5 Pe
We 2C"’
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Remove main relativistic shift: CFR versus p_°

¢ is proportional to Cyclotron Drive Time T, AR/R = (—1/262)[(,061(.001)2 — (pcgwcg)2] X Tg

Result of extrapolation to zero T2

S o o)
o o o
] ] |

n
o
|

(CFR - 1.000 650 902 000) (10_12)

I I | | I I I
0 50 100 150 200 250 300

(Cyc Drive Time)2 (msz)

CFR (from fit) = f.(C3*)/f.(*He*) = 1.000 650 902 073 3(88)

Uncertainty includes: Statistical, main relativistic shift,
and trap imperfection and ion-ion shifts proportional to o 2

Edmund Myers, PSAS May 2026, Vienna, Austria.



Other Systematic Corrections

TABLE I. Systematic corrections and uncertainties to the

fo(C**)/fe(He™) CFR. Units are 10712,

Source Correction Uncertainty
Initial thermal energy -4.9 0.7
Ion-detector interaction -15.8 1.2
Image charge 5.6 0.1
Trap anharmonicities 0.0 0.4
[on-ion interaction -0.3 <0.1
Average ion position -0.5 0.4
Trap heating -2.1 0.7
Total -17.9 1.7

Edmund Myers, PSAS May 2026, Vienna, Austria.



Initial thermal cyclotron motion affects
radius of cyclotron motion during PnP

N Residual cyc
Initial cyc motion
motion

Pc

Pc-drive Driven cyc
motion

pcz = pc-drive2 + 2 pc-drive pc-init COS(¢init) + pc-init2

Can relate to cyclotron temperature T, and axial temperature T, :

(a)ct pc-in/'t)z/zm = Ec_init = kBTc = (wct/a)z) kB TZ/ 7-z =4.2K

Edmund Myers, PSAS May 2026, Vienna, Austria.



Initial thermal cyclotron motion affects
radius of cyclotron motion during PnP

Initial cyc Residual cyc

) motion
motion 0
C
pc-init :
Phasor diagram
(I)ini (I) J
Pe-drive Driven cyc

motion

pcz = f)c-drive2 + 2 pc-drive pc-init COS(¢init) + [)c-init2

* Obtain P._inie directly by measuring contribution to relativistic noise on f,

Edmund Myers, PSAS May 2026, Vienna, Austria.



Initial cyclotron energy from contribution to Phase Noise
from Relativistic Frequency Noise
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Slope is proportional to <._;,;2>1/2

90+
fg 80 -
g?o—
e
o 50
v 40— a =-8.7814+13
"g 30 — b =2.4973 £+ 0.537
20
| | I I I
15 20 25 30 35
CDT {ms)
« Measure Phase fluctuations for long and short
PnP phase evolution times to get frequency noise

Vary Cyc. Drive Time to separate rel. frequency noise from
B-field variation



Ion-detector interaction

&.0E-7

Ion axial frequency and detector resonance repel each other
** 7 Detector resonance

4.5E-7

.r, (indicated by noise) i Shift to axial frequency:

3.5E-7

= | Axal signa Aw, = (107:/4)(ws — wo)/[(w: — wo)? + (10/2)’]
= n "

o : _ Ion damping rate
. e Detector damping rate on resonance

] 1 [ [ 1 1 [ [ |
1250 150.0 175.0 2000 2250 2500 275.0 2000 2250 2500 750

wo Wy

residual freq shift after
axial freq vs , Subtracting straight line
trap-voltage

80

Try to measure shift
directly:

60

40 |

#xial frequency - 688600 {Hz)
Axial frequency shift (Hz)

20

T T T T T
-6 4 -2 1] 2 4

2.0x107 R‘-"g Voltage Change (1 unit = S00 micro-volts) - Ri;:\mltage Chanq-e2(1 unit = Sogmicro—volts)z ¢
v ) Instead, measure decay rate of axial signal to
Ye(wz) = :(90/2)*/[(ws: —wo)? + (10/2)°]

0 S0 100 150 200
Time {s)
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Final Results for M[4He]

700

5

= ! :

] FSU-2026

0 500 MPIK-2023 FSU-2025

8 4He2+/C6+

o~ 400 4 4He+/D2+ 4He+/C3+

S H,D+

< 300

. 4He2+/C6+

‘O 200 -

v; mo_{ UW-2006
Source Reference ion(s) M [4He] (u)
UW 2006 [20] Cco 4.002 603 254(131(62)
LIONTRAP 2023 [22] Co+ 4.002 603 254 653(48)
FSU 2025 [18] D, HoDt  4.002 603 254 672(79)
This work Cc3t 4.002 603 254 665(36)

Edmund Myers, PSAS May 2026, Vienna, Austria.

4He*/C3* analysis
was completed blind

9 x 1012



[m(p) + m(d) - m(h)] - 5897432000 (pu)

800

600|

400 —

200 4|

}

Washington d, h; Resolving "“He mass puzzle”!
CODATA p

Metrologia 2015

Washington d, h
% MPIK p Washington A,
PRL 2017 MPIK p, MPIK d
Nature 2020

MPIK p, MPIK d
MPIK h, PRA 2025

HD+/3He™* }
SU PRL 2015 HD*/3He* Difference
FSU PRA 2017 HD*/3He 47(51) pu

FSU PRL 2023

O. Bezrodnova et al,

PSAS-2024, Zurich
FSU m, + my - m,, FSU agrees with MPIK PRA 2025

UW m, mg4, m, disagree individually with MPIK

FSU my/m, also agrees with MPIK

Edmund Myers, PSAS May 2026, Vienna, Austria.



MPIK and FSU Light Ion Results 2024

MPIK
. D FSU
unc. x 10-12
8
33_\ 12 S
H C He
9
12
8
3He T

FSU (m, + my - my) from HD*/3He* ("3He puzzle”) agrees with MPIK m,, my, my,

FSU (my - 2m,) from H,*/D* agrees with MPIK m,, my

Edmund Myers, PSAS May 2026, Vienna, Austria.



MPIK and FSU Light Ion Results 2026

MPIK
D -
i 20 unc. x 10-12
8
33 12
H 12C 4He Average MPIK and FSU:
9 M[%He] = 4.002 603 254 661 (29)
9 (7.2 x 10-12)
12
3 8
He T

FSU (m, + my - m,) from HD*/3He* ("*He puzzle”) agrees with MPIK m,, my, m,
FSU (mgy - 2m,,) from H,*/D* agrees with MPIK m,, my

 First direct check of MPIK masses vs 12C

Edmund Myers, PSAS May 2026, Vienna, Austria.



Thank you for your attention!

Edmund Myers, PSAS May 2026, Vienna, Austria.



