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Towards ppt … an Outline

1

Part I: An improved proton mass 

• Motivation of mp

• Introduction of the experiment

Some highlight: A new ultra-harmonic Penning trap

• Frequency detection methods

• Measurement process

• Measurement results

• Benefit of a new value of the proton mass 

Part II: What’s next?

• Towards most precise mass measurements (<10-11)

Reduction of dominant uncertainties

• Next measurement campaigns
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Motivation
The Proton’s Atomic Mass…

• is a fundamental property of one of the basic building blocks of matter.
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In December 1917, Rutherford to Bohr:

“I am detecting and counting the lighter atoms set in motion by α particles and the results, I think, throw a good 
deal of light on the character and distribution of forces near the nucleus.” [Stuewer, Roger H. (1986). “Rutherford’s 

satellite model of the nucleus,” Historical Studies in the Physical Sciences 16, 321-352.] 

100 years ago …

Gas of nitrogen

α α α α
Scintillator !! Observation of long

range scintillations as
those by hydrogen 

atoms !!

Bismuth 214
(α-source)

Publication two years later:

Rutherford found it …

… difficult to avoid the conclusion that these long-range atoms arising from the collision of alpha particles with 
nitrogen are not nitrogen atoms but probably charged atoms of hydrogen, … we must conclude that the nitrogen 

atom is disintegrated under the intense forces developed in close collision with a swift α particle, and that the 
hydrogen atom which is liberated formed a constituent part of the nitrogen nucleus.
[Rutherford, Ernest (1919). “Collision of α particles with light atoms, IV: An anomalous effect in

nitrogen,” Philosophical Magazine 37, 581-587]
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Rutherfords idea:     14N + 4He → 13C +4He + 1H

In 1925 Patrick Blacket: 

After study 23000 photos with 420000 tracks of alpha particles … 

→ He found 8 events with alpha-nitrogen disintegration

BUT emerging two and NOT three tracks

Blackets idea:     14N + 4He → 17O + 1H
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But the story went on …

Rutherfords idea:     14N + 4He → 13C +4He + 1H

In 1925 Patrick Blacket: 

After study 23000 photos with 420000 tracks of alpha particles … 

→ He found 8 events with alpha-nitrogen disintegration

BUT emerging two and NOT three tracks

Blackets idea:     14N + 4He → 17O + 1H



Motivation
The Proton’s Atomic Mass…

• is a fundamental property of one of the basic building blocks of matter.

• is an important input parameter for hydrogen spectroscopy and thus 
impacts the value of the Rydberg constant.

• is needed for a precision CPT test.
[S. Ulmer et al., Nature 524, 196 (2015)]

• can help to understand the discrepancies between light atomic mass
measurements
[E. Myers et al., PRL 114, 013003 (2015)]
[S.L. Zafonte and R.S. Van Dyck, Metrologia 52, 280 (2015)]
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Basic Measurement Principle
Direct measurement of the atomic mass of the proton:

mp =
1

6

𝑣c(
12C6+)

𝑣c p
m 12C6+

3

p 12C6+

δm/m(12C6+)<8∙10-14

𝑣c(p) =
1

2𝜋

e

mp
B 𝑣c(

12C6+) =
1

2𝜋

6e

m 12C6+
B

R ≡
𝑣c(

12C6+)

𝑣c p
Particular challenge: mp /m(12C6+) is not a mass doublet nor a q/m doublet!
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• Measurement of cyclotron frequency:
 Homogeneous & static magnetic field

Our Experimental Tool

• Cyclotron frequency via the invariance theorem: 

[L.S. Brown & G. Gabrielse, PRA 25, 2423 (1982)]

• Penning trap:

p

222

  νvvv zc

Proton:

𝑣c ~ 57.384MHz

𝑣+ ~ 57.379MHz

𝑣z ~ 740 kHz

𝑣− ~ 4.8 kHz

 Electrostatic quadrupole potential for trapping

B = 3.8 T

UUC2 ~ -8 V

UUC1 ~ -9 V

UR ~ -10 V

ULC1 ~ -9 V

ULC2 ~ -8 V

4

10mm

  vvvv zc
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A New Ultra-Harmonic Trap
Ideal world: 

𝑈 𝑧 =
1

2
𝑈𝑟 𝐶0+ 𝐶2

𝑧2

𝑑𝑐ℎ𝑎𝑟
2
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𝑈 𝑧 =
1

2
𝑈𝑟 𝐶0+ 𝐶2

𝑧2

𝑑𝑐ℎ𝑎𝑟
2

+ 𝐶4
𝑧4

𝑑𝑐ℎ𝑎𝑟
4

+ 𝐶6
𝑧6

𝑑𝑐ℎ𝑎𝑟
6

+ 𝐶8
𝑧8

𝑑𝑐ℎ𝑎𝑟
8

+ 𝐶10
𝑧10

𝑑𝑐ℎ𝑎𝑟
10

+⋯ =
1

2
𝑈𝑟 

𝑖=0,2,…

∞

𝐶𝑖
𝑧𝑖

𝑑𝑐ℎ𝑎𝑟
𝑖

Real world: 

UC ~ -9 V

UR ~ -10 V

UC ~ -9 V

Degrees of freedom: lR, lC, UC

5

So far: 

νz indep. of Uc (orthogonal)

Optimized parameters: 

C4=C6=0 (compensated)

A New Ultra-Harmonic Trap
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𝑑𝑐ℎ𝑎𝑟
8

+ 𝐶10
𝑧10

𝑑𝑐ℎ𝑎𝑟
10

+⋯ =
1

2
𝑈𝑟 

𝑖=0,2,…

∞

𝐶𝑖
𝑧𝑖

𝑑𝑐ℎ𝑎𝑟
𝑖

Real world: 

Degrees of freedom: lR, lC1, UC1, lC2, UC2

5

New trap (additional pair of correction electrodes) 

νz indep. of same scaling of
UC1 and UC2

(combined orthogonality)

Optimized parameters: 

C4=C6=C8=C10=0 (compensated) UC2 ~ -8 V

UC1 ~ -9 V

UR ~ -10 V

UC1 ~ -9 V

UC2 ~ -8 V

A New Ultra-Harmonic Trap
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6

new
experiment

our former
experiment

C4 0.07(1.27)∙10-6 0(1)∙10-5

C6 -4.0(4.3) ∙10-6 -1.6(1) ∙10-2

C8 9.2(61.0) ∙10-5 -

C10 0.0105(38) -

Study shifts of axial frequency due to magnetron bursts:
∆𝜈𝑧
𝜈𝑧

= −
3

2

𝐶4

𝑑𝑐ℎ𝑎𝑟
2 𝐶2

𝑟−
2 +

15

8

𝐶6

𝑑𝑐ℎ𝑎𝑟
4 𝐶2

𝑟−
4 −

35

8

𝐶8

𝑑𝑐ℎ𝑎𝑟
6 𝐶2

𝑟−
6 +⋯

Optimization of the electric potential in a running experiment:

DOFs:    UC1 and UC2 → Optimize:   C4=C6=0

Our former bound-electron
g-factor experiment (me)

MIT/FSU Trap (hyperbolic)
[S. Rainville Ph.D. Thesis]

C6 a factor of  
4000 smaller

A New Ultra-Harmonic Trap - Performance
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It seems that a 7 electrode cylindrical trap is more harmonic than 
existing hyperbolic traps (at least for z0/rtrap≤0.4)
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The Setup

• stable 3.8 T magnetic field
• cryogenic temperatures (4.2 K)
• closed trap chamber

mEBIS
• vacuum (within trap chamber):

p < 10-16 mbar

 Storage times: ~ months

2
.3

0
 m

3.8 T
magnet

trap
chamber

LN2

liquid

helium

Experimental conditions:

cryogenic
electronic

section

Magnet and cryostat from former bound-electron g-factor experiment:
BS-QED tests: g(28Si13+)      [S. Sturm et al., PRL 107, 2 (2011)]

g(28Si11+)      [A. Wagner et al., PRL 110, 033003 (2013)]

g(40,48Ca17+) [F. Köhler-Langes et al., Nature Comm. 10246 (2016)]

Electron mass: g(12C5+)        [S. Sturm et al., Nature 506, 467-470 (2014)]
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Some Pictures
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Some Pictures
mEBIS for insitu ion production:
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𝐅𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲 𝐃𝐞𝐭𝐞𝐜𝐭𝐢𝐨𝐧
T𝐞𝐜𝐡𝐧𝐢𝐪𝐮𝐞𝐬
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Eigenfrequency Detection
Measurement of induced image currents (~ fA) on trap electrodes

superconducting
tank circuit

A

ultra low noise 
cryogenic amplifiers

fourier transformation

excited ion
→ peak signal

thermalized ion (Tz ~ 4K)
→ dip signal

en = 400 pV/√Hz
in ≤ 10 fA/ √Hz
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Eigenfrequency Detection II
Radial motions can be detected via 
sideband coupling at e.g. vrf ~ v+-vz. 
Then, axial dip splits into a double dip:

𝑣+ = 𝑣rf − 𝑣z + 𝑣l + 𝑣r
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-
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)


l

Phase-sensitive measurement 
of v+ via PnA-method:

• Rapid measurement time (~10 s instead of ~ 3 min for double dip) 
 Reduction of impact of B-field fluctuations

• Small radial kinetic energies during phase evolution
 Small magnetic and relativistic shifts

S. Sturm et al., PRL 107, 143004 (2011)
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𝐌𝐞𝐚𝐬𝐮𝐫𝐞𝐦𝐞𝐧𝐭 𝐂𝐲𝐜𝐥𝐞
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Two Tuned Detection Systems

 Two independent superconducting axial resonators!

To guarantee identical position use the exactly same 
electric field configuration!

p
Axial

*Resonator fine tuned with a varactor diode

12C6+

Axial*

𝑣z =
1

2𝜋

𝑞

𝑚

𝐶2

𝑑char
2 𝑈𝑟

@Ur=-9.812V:
vz(p)       = 740kHz
vz(

12C6+) = 525kHz

p
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Masurement Cycle

(II) νc(
12C6+) in MT

Both ions at the same time within the trap chamber

(I)   vc(p) in MT

Time between v+ measurements: LESS THAN 3 MINUTES
 Reduction of impact of magnetic field fluctuations compared to 

former measurements

Measurement trap
(MT)

Storage
trap 2 (ST2)

Storage
trap 1 (ST1)

p 12C6+

12

R ≡
𝑣c(

12C6+)

𝑣c p
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 Each cycle (48min) gives a frequency ratio R with δR/R=1.8∙10-10
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Results

[1] PRL 73, 1481 (1994). [2] Ph.D. thesis, Stockholm University (1997).
[3] AIP Conf. Proc. 457, 101 (1999). [4] Phys. Scr. 66, 201 (2002). [5] PRA 78, 2514 (2008).

mp =
1

6
𝑅𝑓𝑖𝑛𝑎𝑙m

12C6+

mp = 1.007 276 466 583 15 29 𝑢
𝛿mp

mp
= 3.2 ∙ 10−11

[PRL  119, 033001 (2017)]

→ Improvement by a factor of 3

(stat) (syst)
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3He3He

14

THD

𝐏𝐮𝐳𝐳𝐥𝐞 𝐨𝐟 𝐥𝐢𝐠𝐡𝐭 𝐚𝐭𝐨𝐦𝐢𝐜 𝐦𝐚𝐬𝐬𝐞𝐬

C

HD

R.S. Van Dyck et al. @ UW E. Myers et al. @ FSU

+ Binding Energy [4]

[3] PRL 114, 013003 (2015)

[2] Metrologia 52, 280 (2015)

[1] AIP Conf. Proc. 457, 101 (1999)

[4] Yan et al, PRA 67, 062504 (2003)

[3]

[2]

4σ deviation

HD
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He3

14

3He

THD

C

HD

R.S. Van Dyck et al. @ UW E. Myers et al. @ FSU

+ Binding Energy [4]

[3] PRL 114, 013003 (2015)

[2] Metrologia 52, 280 (2015)

[1] PRL 119, 033001 (2017)

[4] Yan et al, PRA 67, 062504 (2003)

[3]

[2]

2.5 σ deviation

HD

𝐏𝐮𝐳𝐳𝐥𝐞 𝐨𝐟 𝐥𝐢𝐠𝐡𝐭 𝐚𝐭𝐨𝐦𝐢𝐜 𝐦𝐚𝐬𝐬𝐞𝐬
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𝐖𝐡𝐚𝐭′𝐬 𝐧𝐞𝐱𝐭?
How to beat dominant uncertainties?
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Systematic Shifts and Limitations
in Our Proton Measurement

15

Magnetic inhomogeneity:

B(z)=B0+B1z+B2z2+…
<B>=B0+B2<z0

2>/2

B2=-0.27(2)T/m2

B1=0.92(1)mT/m

 Superconducting
B1/B2-shim coils

[PRL  119, 033001 (2017)]
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Cryogenic
electronic

section

Trap
chamber



Systematic Shifts and Limitations
in Our Proton Measurement

Image charge:

 recent measurement

campaign and

new simulations

15

Special relativity:

dominated by
thermal energy in
the proton‘s cyclotron
mode
 cooling via cyclotron

resonator

Magnetic inhomogeneity:

B(z)=B0+B1z+B2z2+…
<B>=B0+B2<z0

2>/2

B2=-0.27(2)T/m2

B1=0.92(1)mT/m

 Superconducting
B1/B2-shim coils
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Improving Statistics

(II)   vc(
28Si13+) and νc(

12C6+)

!SIMULTANEOUS! measurements of cyclotron frequencies:

(I)   vc(
28Si13+) and vc(p)

)Si(

)p(
13281 


c

cR




)C(

)p(
612

2

1




c

c

R

R





)Si(

)C(
1328

612

2 




c

cR




 Cancelation of the impact of common mode magnetic field fluctuations

measurement trap
(MT)

reference trap
(RT)

storage
trap 2 (ST2)

storage
trap 1 (ST1)

p 12C6+28Si13+

16

Statistics limited by magnetic field fluctuations

 Introduce an additional trap with a third, single and highly-charged ion
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𝐍𝐞𝐱𝐭 𝐌𝐞𝐚𝐬𝐮𝐫𝐞𝐦𝐞𝐧𝐭
Campaigns
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The Mass of the Neutron

[E.G. Kessler et al. PLA 255, 221-229 (1999)]

17

Apply proton measurement scheme to the deuteron

→ Extract the neutron mass: 

𝑚n = 𝑚d −𝑚p + Τ𝐸γ 𝑐2

Τ𝐸γ 𝑐2 = 2.388 170 07 42 × 10−3u

[https://www.ill.eu/instruments-support/ „PN3-GAMS“]

Improved binding energy
needed, currently
measured at the ILL
in France
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 Reduce dominant systematic uncertainties
(B2, Image charge shift)

 Reference Trap

Summary

 Experimental setup
New seven electrode Penning trap

 Dedicated frequency detection techniques / Measurement process

 First results on the atomic mass of the proton
(3-fold improvement and 3σ deviation)

19

First phase:  A new value of the proton mass

 The mass of deuterium / neutron

Second phase:

Next measurement campaigns:
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Thank you for your attention! Questions?


