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The n2EDM apparatus  

16.02.2021nEDM 2021 --- Les Houches / Zoom web
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Johnson-Nyquist noise (JNN) 
originating from thermal motions of 
electrons on conductors (electrodes) 
results in magnetic-field fluctuations.  

Goal: study JNN impact on 
1. Cesium magnetometers (CsM)
2. Ultracold neutrons (UCN) 
3. Mercury co-magnetometers (HgM)

Refs. (1) J. B. Johnson, Phys. Rev. 32, 97 (1928)
(2) H. Nyquist, Phys. Rev. 32, 110 (1928)
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Noise spectrum

16.02.2021nEDM 2021 --- Les Houches / Zoom web
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𝑇𝑇: temperature
𝜎𝜎: conductivity infinite conductor

Ref. T. Varpula and T. Poutanen, 
J. Appl. Phys. 55, 4015 (1984)

𝑎𝑎 = 2.5 cm; 𝜎𝜎 = 3.77 × 107 S/m; 𝑇𝑇 = 20℃

Ref. S. K. Lamoreaux, 
Phys. Rev. A 60, 1717 (1999)

Flattens towards limit at 𝑓𝑓 → 0 static approximation
Valid if fluctuating field frequency is low enough:

(thickness) 𝑎𝑎 < 𝜆𝜆 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

(skin depth)

n2EDM:  𝑓𝑓−1 = Δ𝑡𝑡 ~ 200 s → 𝜆𝜆 ~ 116 cm > 𝑎𝑎 (< 10 cm)
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• Co-magnetometer concept: 𝑓𝑓n/𝑓𝑓Hg
Hg atoms and UCN sample the magnetic field differently  

𝐵𝐵Hg = 𝑩𝑩 = 𝐵𝐵𝑥𝑥 2 + 𝐵𝐵𝑦𝑦
2 + 𝐵𝐵0 + 𝐵𝐵𝑧𝑧 2

𝐵𝐵UCN = |𝑩𝑩|𝜌𝜌𝑈𝑈𝑈𝑈𝑈𝑈(𝑧𝑧) = 𝐵𝐵𝑥𝑥 2 + 𝐵𝐵𝑦𝑦
2

+ 𝐵𝐵0 + 𝐵𝐵𝑧𝑧 2𝜌𝜌𝑈𝑈𝑈𝑈𝑈𝑈(𝑧𝑧)

• Follow the idea of equivalent current dipole

JNN effects on UCN and Hg atoms  
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𝜌𝜌𝑈𝑈𝑈𝑈𝑈𝑈 𝑧𝑧 =
1
𝐻𝐻

1 +
12 𝑧𝑧
𝐻𝐻2 𝑧𝑧

𝑃𝑃𝑥𝑥 = 𝑖𝑖𝑥𝑥∆𝑥𝑥

Refs. (1) T. Varpula and T. Poutanen, J. Appl. Phys. 55, 4015 (1984)
(2) Nenonen, Montonen and Katila, Rev. Sci. Instrum. 67, 2397 (1996)

1. Adiabatic (UCN) and 
non-adiabatic (Hg) sampling 

2. Center-of-mass, 𝑧𝑧 , offset 

UCNHg

𝐵𝐵0
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Finite-element method (FEM)
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𝐼𝐼𝑥𝑥 𝑡𝑡

𝐼𝐼𝑦𝑦 𝑡𝑡

𝐼𝐼𝑧𝑧 𝑡𝑡
Three random Gaussian-distributed white-noise
current time series at 𝒇𝒇 → 𝟎𝟎, with defined variance 

𝑩𝑩 𝒓𝒓, 𝑡𝑡 =
𝜇𝜇0
4𝜋𝜋�

𝑖𝑖=1

𝑛𝑛dip

�
𝛼𝛼=𝑥𝑥,𝑦𝑦,𝑧𝑧

𝐼𝐼𝛼𝛼,𝑖𝑖 𝑡𝑡 d𝒍𝒍 × 𝒓𝒓 − 𝒓𝒓𝒊𝒊′

𝒓𝒓 − 𝒓𝒓𝒊𝒊′
3

Calculate 𝑩𝑩 𝒓𝒓, 𝑡𝑡 in each voxel with the discrete Biot-Savart law 

voxel size  10 × 10 × 5 mm3

single chamber
UCN

Hg

top view of the conductor

side view of the precession chamber 

𝐵𝐵Hg

𝐵𝐵UCN

temporal and three-dimensional spatial dependencies
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Average field sampled by UCN and Hg atoms 
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𝜎𝜎 𝐵𝐵UCN ≈ 𝜎𝜎 𝐵𝐵Hg ~3.8 fT
1. Sense similarly the effect of JNN
2. 3.8 fT < 30 fT (sensitivity requirement of n2EDM)

𝜎𝜎 𝐵𝐵UCN − 𝐵𝐵Hg = 𝜎𝜎JNN~0.1 fT

𝜎𝜎𝑑𝑑𝑛𝑛 = ℏ
2𝐸𝐸
𝛾𝛾n𝜎𝜎JNN = 4 × 10−28𝑒𝑒 ⋅ cm

=

15 kV/cm
(per cycle)

𝜎𝜎𝑑𝑑𝑛𝑛 ∝ 𝑀𝑀−1/2 𝑀𝑀: # cycles

𝐵𝐵Hg = 𝑩𝑩 𝐵𝐵UCN = |𝑩𝑩|𝜌𝜌𝑈𝑈𝑈𝑈𝑈𝑈(𝑧𝑧) 𝑓𝑓n/𝑓𝑓Hg
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JNN effects on Cs magnetometers
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𝐵𝐵𝑖𝑖CsM 𝑑𝑑, 𝛿𝛿𝛿𝛿 = �
0

1/(2𝛿𝛿𝛿𝛿)
ℬ𝑖𝑖 𝑑𝑑,𝑓𝑓 2 d𝑓𝑓

1/2

With FEM,
calculate 𝑩𝑩 𝒓𝒓, 𝑡𝑡
in each voxel 

=one probe period of CsM: 70 ms

1. 0.6 pT < 2.7 pT (sensitivity requirement of n2EDM)
2. Δt = 200 s ≫ 70 ms noise will be averaged out 

voxel size  1 mm3side view of the top electrode + Cs modules

𝐵𝐵Cs ⇐ 𝐵𝐵Hg
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Analytical derivation of spatial properties
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𝑎𝑎

𝑧𝑧

𝑅𝑅

𝑅𝑅

𝐻𝐻

ℎ
𝑰𝑰 𝑥𝑥d𝑠𝑠

𝒌𝒌

Magnetic field at a point

d𝑩𝑩 =
𝜇𝜇0
4𝜋𝜋

𝑰𝑰 𝑥𝑥 d𝑠𝑠 × 𝒌𝒌
𝑑𝑑2

z-component
𝑑𝑑𝐵𝐵𝑧𝑧 𝒓𝒓, 𝑧𝑧 = d𝑩𝑩 ⋅ 𝑒̂𝑒𝒛𝒛

Average over a disk

𝑑𝑑 �𝐵𝐵𝑧𝑧 𝑅𝑅, 𝑧𝑧 ≡ �
𝑆𝑆𝑅𝑅

𝑑𝑑2𝑟𝑟
𝜋𝜋𝑅𝑅2 𝑑𝑑𝐵𝐵𝑧𝑧 𝒓𝒓, 𝑧𝑧

�𝐵𝐵𝑧𝑧 𝑅𝑅, 𝑧𝑧 = �𝑑𝑑 �𝐵𝐵𝑧𝑧 𝑅𝑅, 𝑧𝑧

Variance: �𝐵𝐵𝑧𝑧 𝑅𝑅, 𝑧𝑧 2 = 𝒞𝒞𝒞𝒞
2𝑧𝑧2

ℑ(𝑅𝑅
𝑧𝑧

)

Average over a cylinder

𝑑𝑑 �𝐵𝐵𝑧𝑧 𝑅𝑅,𝐻𝐻, ℎ ≡ �
ℎ

ℎ+𝐻𝐻 d𝑧𝑧
𝐻𝐻
�
𝑆𝑆𝑅𝑅

𝑑𝑑2𝑟𝑟
𝜋𝜋𝑅𝑅2 𝑑𝑑𝐵𝐵𝑧𝑧 𝒓𝒓, 𝑧𝑧

�𝐵𝐵𝑧𝑧 𝑅𝑅,𝐻𝐻,ℎ = �𝑑𝑑 �𝐵𝐵𝑧𝑧 𝑅𝑅,𝐻𝐻,ℎ

Variance: �𝐵𝐵𝑧𝑧 𝑅𝑅,𝐻𝐻,ℎ 2 = 𝒞𝒞
𝜋𝜋2𝑅𝑅2

𝔍𝔍 𝐻𝐻
𝑅𝑅

, ℎ
𝑅𝑅

infinite conductor

N.B. formulae are calculated for a certain frequency bandwidth
𝐼𝐼(𝑥𝑥)𝐼𝐼(𝑥𝑥′) = 4𝜎𝜎𝑘𝑘𝐵𝐵𝑇𝑇∆𝑓𝑓𝑓𝑓(𝑥𝑥 − 𝑥𝑥𝑥) (Nyquist’s theorem)

𝑇𝑇: temperature
𝜎𝜎: conductivity

𝒞𝒞 =
𝜇𝜇0
4𝜋𝜋

2
4𝜎𝜎𝑘𝑘𝐵𝐵𝑇𝑇∆𝑓𝑓𝑓𝑓 Triple integrals were computed with 

Monte Carlo integration.
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• Average over adjacent voxels (R = 10…35 mm)
• Four distances (z = 7.5…22.5 mm)
• 100 random central pieces at one distance

Analytical derivation v.s. FEM --- disk variance  

16.02.2021nEDM 2021 --- Les Houches / Zoom web

black: Nenonen et al., Rev. Sci. Instrum. 67, 2397 (1996)
red: analytical derivation with 30 random MC solutions
colored points: finite-element method 

�𝐵𝐵𝑧𝑧 𝑅𝑅, 𝑧𝑧 2 =
𝒞𝒞𝒞𝒞
2𝑧𝑧2 ℑ

𝑅𝑅
𝑧𝑧 = 𝐵𝐵𝑧𝑧 𝒓𝒓, 𝑧𝑧 2 ℑ

𝑅𝑅
𝑧𝑧

computed with Monte Carlo integration

R

z
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• Consider half of the chamber
• More than 3000 random dipole sets 
• 𝜎𝜎 𝐵𝐵𝑧𝑧 ~ 3.1 fT

Analytical derivation v.s. FEM --- cylinder variance 

16.02.2021nEDM 2021 --- Les Houches / Zoom web

half chamber

For the analytical calculation: 
replace an infinite conductor with a 
finite conductor of R = 40 cm
�𝐵𝐵𝑧𝑧 𝑅𝑅,𝐻𝐻,ℎ 2 = 2.805 ± 0.005 fT
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Conclusion

• We derived analytically the noise amplitudes of a disk and cylinder average, under a certain 
frequency bandwidth. 

• We implemented a finite-element method (FEM) to simulate temporal and three-dimensional spatial 
dependent JNN and studied it’s effects on the n2EDM experiment.

• The Hg co-magnetometers and Cs magnetometers will not be limited by JNN.
• Using a co-magnetometer concept, the JNN effect is negligible for an nEDM search down to a 

sensitivity of  𝜎𝜎𝑑𝑑𝑛𝑛 = 4 × 10−28𝑒𝑒 ⋅ cm (per cycle). 

16.02.2021nEDM 2021 --- Les Houches / Zoom web

arXiv:2102.01658

Thank you for 
your attention!
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White-noise current time series 
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ℬ𝑧𝑧thin 𝑑𝑑,𝑓𝑓 → 0 =
1
8𝜋𝜋

𝜇𝜇0 𝑘𝑘B𝑇𝑇𝑇𝑇𝑇𝑇
𝑑𝑑

1
1 + 𝑑𝑑2/𝑅𝑅2

𝑑𝑑

Ref. S.-K. Lee and M. V. Romalis, 
J. Appl. Phys. 103, 084904 (2008) 

𝑇𝑇: temperature
𝜎𝜎: conductivity 𝑎𝑎 finite conductor

𝑅𝑅

White-noise spectrum at 𝑓𝑓 → 0 for a finite thin disk

dipole current spectral density ℐ (A/ 𝐻𝐻𝐻𝐻)

variance of time series 𝜎𝜎2 𝐼𝐼 𝑡𝑡 = 2ℐ2Δ𝑓𝑓BW=

1/2Δ𝑡𝑡=

200 s
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Variance of a disk-averaged field

16.02.2021nEDM 2021 --- Les Houches / Zoom web

Ref. N. J. Ayres et al., arXiv:2102.01658

u v

X

𝑆𝑆1
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Variance of a cylinder-averaged field

16.02.2021nEDM 2021 --- Les Houches / Zoom web

Ref. N. J. Ayres et al., arXiv:2102.01658

u v

X

𝑆𝑆1
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Monte-Carlo integration

16.02.2021nEDM 2021 --- Les Houches / Zoom web

Ref.: https://en.wikipedia.org/wiki/Monte_Carlo_integration
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• Integrate this formula

• Take N=4e7 points for all points u, v, X
• Infinite plane has 700 times larger radius 

MC-integration for “disk variance” 

16.02.2021nEDM 2021 --- Les Houches / Zoom web

Ref. N. J. Ayres et al., arXiv:2102.01658

u v

X

𝑆𝑆1
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