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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 20Ne, 22Ne 
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Early history of mass spec: Nuclear binding energy 

F. W. Aston 1919:    4M[H] > M(4He),   by 0.7%  
 
E = Mc2    →   Binding energy:    Nuclear fusion can power the Sun!   

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

•  Hydrogenlike ion: Ratio of electron spin-flip (Zeeman) frequency fsf  to  cyclotron frequency fc                  
 
 
                      fsf /fc = (gion/2) (e/q)(mion/me)         use gion from  QED theory 
 
 
•  Best current “g-factor” measurement of M[e] uses 12C5+:  2.8 x 10-11,  S. Sturm et al, Nature (2014)  

Motivation for 4He+ versus C5+: 
  
•  Theory:   Lower Z:  Smaller relativistic, QED, and nuclear size corrections 

•  Experimental:  Lower q:  Smaller image-charge and ion-detector shifts  
 
 
But need M[4He]... 
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[HD+, H2
+ spectroscopy]  +  [QED theory +  Penning trap me/mp , me/md] 

Tests Angstrom-range “new force” between p, d, e  
 

Limits on p-d coupling parameter vs range 
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Existing precision values for mass 4He  

MPIK 2023 

U. Washington 2004 
(CODATA-2022) 

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

Both measurements:  4He2+/12C6+ 
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Penning Trap: Measures Cyclotron Frequency Ratio (CFR) 
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For “atomic mass” in u, need to (ultimately)  
reference to 12C 

FSU Trap 
8.5 Tesla 
 
Transferred 
from MIT 
in 2003 
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Penning trap: Three normal modes 

ωc

+

Uniform B-field Quadrupole Potential 3 Normal Modes 

                         ωc
2  =  ωct

2  +  ωz
2  +  ωm

2  
 
Relates the “true” cyclotron frequency ωc to the measurable trap-cyclotron frequency ωct,   

axial frequency ωz, and magnetron frequency ωm. 
              
(Even if electrodes are tilted or deformed elliptically:  “Invariance Theorem”, L S Brown and G Gabrielse, PRA 1982)   

Magnetron
~5 kHz 

Trap- 
Cyclotron 
~33 MHz 

 Axial 
~700 kHz 
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Image current detection (and cooling) of  Axial Motion 

Superconducting 
self-resonant 
inductor 
(Q ~ 34,000) 

Measure the phase of a ring-down 
 of the pulsed axial motion 

FFT2 of SQUID signal 

Axial frequency – 688,344 Hz 
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Detecting (and cooling) Cyclotron Motion 

Tilted, quadrupole, electric field at    ωCC  =  ωCT −		ωZ  
couples the axial and cyclotron modes 

Cornell, ..Pritchard, PRA 1990 

Cyclotron motion  è  Axial motion 
phase coherently 
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Measuring Trap-Cyclotron Frequency 

“cool” ion 
(~4 s)

Cyc Drive Pulse 
(~5 ms)

Phase Evolution 
(Tevol ~ 0.1 to 15 s) 

Cyc-Axial Coupling 
(~100 ms)

Axial phase 
measurement (4 to 8 s)

“Pulse and Phase Technique” (PnP) 
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One ion centered. 
Second ion “parked” in 
2 mm radius cyclotron orbit 

Both ions in 0.4 mm radius 
magnetron orbit, 
coupled by Coulomb interaction 

ç 14 mm   è 

B-field variation: Two, Two-Ion Techniques 

Alternating Simultaneous 

Rainville, 
Thompson,  
Pritchard, 
Science 2004 

For M[4He] we only used Alternating 
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Molecular beam injector 
for in-trap ion making 

 
 
 
 
 
 
 
 
 
 
 
 

Reduce gas load into trap volume 
by injecting a pulsed, 
pre-collimated molecular beam 

Hydrogen and helium are  
poorly cryo-pumped 

     
Pulsed valve 

Molecular beam 
     D2 or 4He 

Field emission point 
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4He+/D2
+  and  4He+/H2D+ 
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Why use molecular ions as references? 

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

•  Initial cyclotron energy 

•  Ion-detector interaction 

•  Image charges in electrodes  
 
•  Ion-ion interaction 

 
Need molecules to get same q 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 (H2

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

Δωc/ωc			=			−αXX	B2/m,										αXX		polarizability transverse to B-field  

Δm			=			ΔE/c2 
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4He+/D2
+ 

Previous work with H2
+ 

Tracked spontaneous vibrational decay  
v=9 to v=0 over 50 days! 
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D2
+ Ro-vibrational energy levels 

E1 forbidden: 
 
 
spontaneous 
lifetime (days) 
 
   61 
 
 
   84 
 
 
  155

 
 
   Inf. 

Shift to He+/D2
+ CFR due  

to D2
+ ro-vibrational energy  

D2
+ Vibrational spacing 

 ~ 5 x 10-11 in mass 
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Stark-quenching speeds-up D2
+ vibrational decay 

2 mm 

H2
+ in ρc = 2 mm,  B = 8.5 T : 

   E = v x B 
è E = 70 kV/cm 

Induces electric dipole: 
shortens lifetime of vibrational levels 

For D2
+,  ρc = 4.2 mm 

è E = 79 kV/cm 
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D2
+ Ro-vibrational energy levels 

 
 
 
Spontaneous.          Estimated quenched 
lifetime (days)         lifetime (days), ρc = 4mm  
 
   61                              2.2      
 
 
   84                              4.1 
 
 
  155                             9.8

 
 
   Inf. 

J.-P. Karr, PRA 2018 (H2
+)  

+ Personal Comm. (D2
+)        
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Stark-Quenching of D2
+ in ρc = 4.2 mm 

18 days 

V ~ 5 

V = 0 (probably) 
unknown N 

M[D2
+]/M[4He+] 
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Used 3 D2
+:  Modeled rotational energy in v=0 

       

Estimate average rotational energy in v =0 
 

•  Use pre-quench CFR measurements to estimate vinit  

•  Assume a Boltzmann distribution over N in vinit, 
    corresponding to parent D2 at 300 K 
 
•  Estimate final rotational distribution 
     in v=0 by modelling cascade from  
     a given initial vinit to v=0  
 
•  Obtained CFR corrections of 9.5, 6.9, 5.1 x 10-12 
     for D2

+ = 1, 2, 3 (with 100% uncertainty) 
 
 
 
(Polarizability shifts < 10-12) 

 
                

Pre-quench CFRS 
 of 3 D2

+ 

Average of  
Post-quench CFRs 
 (reference) 
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4He+/H2D+ 

•  The third D2
+ died by becoming H2D+ !        (D2

+ + H2 → H2D+ + D)  
 

Fortunately: 
 
•  H2D+  has longer lifetime in the trap than D2

+!      (>160 hours) 

•  E1 decays to vibrational ground ro-vibrational state! 
 
•  Binding energy from Born-Oppenheimer for H3

+  +  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 = 0) 

•  Significant, state-dependent polarizability 
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H2D+ Polarizability Shifts as fraction of CFR 
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MJ = 0,  Δfc/fc   =  -10.8 x 10-11	
 
MJ = ±1, Δfc/fc  =   -6.0 x 10-11	

MJ = 0, Δfc/fc  = -3.6 x 10-11	

(Shifts are prop. to B2) 

Energies and A-values for polarizability calculation from  
J. Tennyson et al, ExoMol Line list, MNRAS 519, 6333 (2023). 

Rotational levels of 
H2D+ vibrational  
Groundstate 
 
Notation: JKaKc 
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M[4He] from the three D2
+ and one H2D+ 
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Final result: 
Combines values from D2

+, 
de-weights contribution from H2D+ 

Assume CODATA-22 values for  
M[p], M[d], M[e] (mainly from MPIK) 

Mass of 4He  
from H2D+  
depends on  
assumed 
rotational state  

M[4He] = 4.002 603254 672(79)    
(2 x 10-11)   

M[D2
+(0,0)/M[4He+] = 

 
1.006 396 785 720 (14)(10)(7) (19) 
                             Fit  Sys Rot  Total 
 
 
M[H2D+(000)/M[4He+] = 
 
1.006 783 656 787 (11)(10)(43) (46) 
                             Fit  Sys Pol  Total 

Agrees with MPIK-2023  
5-sigma from UW-2006  

“Model dependent” 
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M[4He] from 4He+/C3+ 

•  C3+ is difficult to make and isolate in our trap  (~day) 

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

•  Different q, m 

•  Closer in m/q than 4He+/D2
+, 4He+/H2D+! 
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Amplitude-dependent frequency shifts due to Trap Imperfections 
and Special Relativity 

Electric 

Magnetic 

Special Relativity 

J.K. Thompson, S. Rainville, PhD 2003 
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Remove main relativistic shift: CFR versus ρc
2 

Result of extrapolation to zero Td
2 

CFR (from fit)  = fc(C3+)/fc(4He+) = 1.000 650 902 073 3(88) 
   
Uncertainty includes: Statistical, main relativistic shift,  
                                and trap imperfection and ion-ion shifts  proportional  to ρc 2  

ρc is proportional to Cyclotron Drive Time Td 
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Other Systematic Corrections 
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Initial thermal cyclotron motion affects 
radius of cyclotron motion during PnP 

φinit φ Phasor diagram 

ρc
2   =  ρc-drive

2   +  2 ρc-drive ρc-init cos(φinit)  +   ρc-init
2	

ρc-init 

ρc-drive 

ρc 
Initial cyc 
motion 

Driven cyc 
motion 

Residual cyc 
motion 

Can relate to cyclotron temperature Tc and axial temperature Tz : 
 
(ωct ρc-init)2/2m   =   Ec_init  =   kBTc   = (ωct/ωz) kB Tz,       Tz = 4.2 K 
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Initial thermal cyclotron motion affects 
radius of cyclotron motion during PnP 

φinit φ Phasor diagram 

ρc
2   =  ρc-drive

2   +  2 ρc-drive ρc-init cos(φinit)  +   ρc-init
2	

	
	
•  Obtain	ρc-init directly by measuring contribution to relativistic noise on fc 

ρc-init 

ρc-drive 

ρc 
Initial cyc 
motion 

Driven cyc 
motion 

Residual cyc 
motion 
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Initial cyclotron energy from contribution to Phase Noise 
from Relativistic Frequency Noise 

Slope is proportional to <ρc-init
2>1/2 

•  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  
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Ion-detector interaction 

Axial signal  
from ion 

Detector resonance 
(indicated by noise) 

Ion axial frequency and detector resonance repel each other 

Shift to axial frequency: 

Ion damping rate  
on resonance Detector damping rate 

Try to measure shift  
directly: 

Instead, measure decay rate of axial signal to 

                                                

axial freq vs 
trap-voltage 

residual freq shift  after 
subtracting straight line 



Edmund Myers, PSAS May 2026, Vienna, Austria.

Final Results for M[4He] 

4He+/C3+ analysis  
was completed blind 

4He2+/C6+ 

4He+/D2
+  

H2D+ 

4He2+/C6+ 
4He+/C3+ 

 
             

     
    9 x 10-12 
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mp + md – mh (2024) 

FSU PRL 2015 
FSU PRA 2017 

Washington d, h; 
CODATA p 
Metrologia 2015 

Washington d, h 
MPIK p 
PRL 2017  

Washington h, 
MPIK p, MPIK d 
Nature 2020 

FSU PRL 2023 

HD+/3He+ 
HD+/3He+ 

HD+/3He+ 

MPIK p, MPIK d 
MPIK h, PRA 2025 

Difference 
47(51) pu 

Resolving “3He mass puzzle”! 

O. Bezrodnova et al,  
PSAS-2024, Zurich 
PRA 2025 

•  UW mp, md, mh disagree individually with MPIK 

•  FSU mp + md – mh  FSU agrees with MPIK 

•  FSU md/mp also agrees with MPIK 
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MPIK and FSU Light Ion Results 2024 

             D 
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•  FSU (mp + md – mh)  from HD+/3He+ (”3He puzzle”) agrees with MPIK mp, md, mh  
 
•  FSU (md - 2mp) from H2

+/D+ agrees with MPIK mp, md 
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MPIK and FSU Light Ion Results 2026 
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•  FSU (mp + md – mh)  from HD+/3He+ (”3He puzzle”) agrees with MPIK mp, md, mh  

•  FSU (md - 2mp) from H2
+/D+ agrees with MPIK mp, md 

•  First direct check of MPIK masses vs 12C 
 

Average MPIK and FSU:   
M[4He] = 4.002 603 254 661 (29) 
        (7.2 x 10-12) 
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Thank you for your attention! 


