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(J» The n2EDM apparatus

oM 4_@ P : LLo i o 1.4 ﬂ #P :Johnson—Nyquist noise (JNN)
' fﬁ’ R fil ﬁ F: [ + originating from thermal motions of

: - e P ﬁ " electrons on conductors (electrodes)

" ] results in magnetic-field fluctuations.

ground ! i
electrode

12 ot Goal: study JNN impact on

4 1. Cestum magnetometers (CsM)

12 Qm 2. Ultracold neutrons (UCN)

v 3. Mercury co-magnetometers (HgM)

HV
electrode

ground
electrode

Refs. (1) J. B. Johnson, Phys. Rev. 32, 97 (1928)
(2) H. Nyquist, Phys. Rev. 32, 110 (1928)
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Noise spectrum
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B,(d,f) = %:MO GnB U R(p.a,a.f)e‘z"dpdpl
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Ref. T. Varpula and T. Poutanen,
d J. Appl. Phys. 55,4015 (1984)

infinite conductor

T: temperature
l o conductivity
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a=25cm;o=377%x107S/m; T = 20°C

103F

Q101

: , 1 .
(thickness) a < 1 = p— (skin depth)

Flattens towards limit at f — 0 == static approximation
Valid if fluctuating field frequency is low enough:

n2EDM: f~1=At~200s—> A~116cm > a (< 10 cm)

Ref. S. K. Lamoreaux,
Phys. Rev. A 60, 1717 (1999)
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== JNN effects on UCN and Hg atoms

* Co-magnetometer concept: fn,/ fug 1.  Adiabatic (UCN) and

Hg atoms and UCN sample the magnetic field differently non-adiabatic (Hg) sampling
2.  Center-of-mass, (z), offset

(Bug) = (B)| = J(Bx>2 +(B))" +(Bo + B,)?

(Bycn) = (|Blpycn (2)) = <J(Bx)2 + (By)z + (Bo + B,)?pucn(2) > pucn(z) = %(1 + %EZ)Z>

* Follow the idea of equivalent current dipole

Ax
Ay Zz

P, = i, Ax

BO ‘ dipole representation

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

top view of the conductor 1,(t)
VA

Iy (t) Three random Gaussian-distributed white-noise
I(0) current time series at f — 0, with defined variance
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temporal and three-dimensional spatial dependencies
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side view of the precession chamber
' voxel size 10 X 10 X 5 mm?3

Ground electrode

~— ___» Calculate B(r, t) in each voxel with the discrete Biot-Savart law

& : .
ip ,
chamber z=0 _Ho Ia,i(t)dl X (T - ri)
, Br.O=42) ). T (Bug)
W i=1 a=x,y,z |T - ri| Heg

* EiE (Bycn)

[HV electrode

12 cm
w2
—
=
U]
(S
o

80 cm
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(= Average field sampled by UCN and Hg atoms

(Bug) = I(B)] (Bucn) = (IBlpycn (2)) folfug

200:— Entries: 3450 — 200 Entries: 3450 _: 140F Entries: 3450 -

F Mean: 0.013 (fT) N Mean: 0.015 (fT) ] 120:_ Mean: 0.002 (fT)
C Std Dev: 3.777 (T) | ] L Std Dev: 3.781 (fT) | C Std Dev: 0.097 (fT) | ]
150F . 1501 . 100k ]
5 [ 1 = C i =5 Sof— —
< 100F 1 < 100F 4 5 % ]
L ] L - 60 ]
50F . 50k . 40 E
C ] r ] 20F 3
0_| L L P T T N T R |_ 0-| L1l PRI T (N T T N L1 |_ r 1 il | e N

720 -10 0 10 20 220 -10 0 10 20 =102 00 02 04

<Byg>—By (IT) <Buen>-By (1) <Bycn>—<Bpg> (IT)

o o({Bycn) — (Bug)) = ojnn~0.1 {T
B ~ B ~3.8

O'(< UCN)) . 0(( Hg)) O-dn — iVnU]NN =4 % 10_283 . cm
1. Sense similarly the effect of JNN Zﬁ (per cycle)
2. 3.8fT < 30 fT (sensitivity requirement of n2ZEDM) 15 kV/em

0q, X M~Y%  M:#cycles
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side view of the top electrode + Cs modules

Cs module . .
CsM
o
z
. A .
3cm
[Ground electrode |

; 80 cm |

one probe period of CsM: 70 ms

BEM(d, s ={
(d, 8t) jo

1/(268t) 1/2

Bi(d»f)zdf}

1. 0.6 pT < 2.7 pT (sensitivity requirement of n2EDM)
2. At = 200s > 70 ms = noise will be averaged out
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(== JNN effects on Cs magnetometers

voxel size 1 mm?3

With FEM,
calculate B(r,t)

CsM

B

(d, 70 ms) (pT)

= = < =
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in each voxel

(BCS) <= (BHg)

5 10 15 20 25
d (cm)
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Magnetic field at a point

_ Mo I(x)ds x k
dB = 41 d?

Zz-component
dB,(r,z) =dB - &,

Analytical derivation of spatial properties

Average over a disk

2

dB,(R, 2) f dr
yZ) = —
d Sk R2

B,(R,z) = jdEZ(R,Z)

Variance: (B, (R, z)?) = n

2z2

dB,(r,z)

3

Average over a cylinder

h+H dz

dB (R,H,h)zj i
d A R2

B,(R,H,h) = j dB,(R,H,h)

¢ CV(H h)
anZ‘S R’R

Variance: (EZ (R, H, h)z) =

N.B. formulae are calculated for a certain frequency bandwidth
(I(x)I(x")) = 40kgTAfS6(x — x") (Nyquist’s theorem)

A

k
l é5§7l (x ) infinite conductor
a

T

S
&
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Triple integrals were computed with

Ho\?
— ) 4okgTAfa
(4”) Monte Carlo integration.

T: temperature
o: conductivity

A
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(5= Analytical derivation v.s. FEM --- disk variance

* Average over adjacent voxels (R = 10...35 mm) 1.0p ]

* Four distances (z =7.5...22.5 mm) . 09 3

* 100 random central pieces at one distance : ]

w V.oor -]

z o [ ]

A v 07' ]

~ [Ground electrode ~—~ [ ]
N’l\? 06_ —_

= f ]
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electroae
80 cm 2Rz

R black: Nenonen et al., Rev. Sci. Instrum. 67, 2397 (1996)

— R
(B, (R, Z)Z) = C_T[z R <_> = (B, (r, Z)Z) R (_> red: analytical derivation with 30 random MC solutions
2z z z colored points: finite-element method

computed with Monte Carlo integration
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()= Analytical derivation v.s. FEM --- cylinder variance

* Consider half of the chamber For the analytical calculation:
* More than 3000 random dipole sets replace an infinite conductor with a
« 0d({B,)) ~3.1(T finite conductor of R =40 cm

(B,(R, H,h)?) = 2.805 + 0.005 fT

F ] z
B Entries: 3450 ] A
400__ Mean: —0.017 (fT) ] _ | Ground electrode
C Std Dev: 3.060 (fT)| ]
300:— ]
3 _
® 200F J] 8 7=0
100~ . half chamber
0:| [ B (A T T T N TR T A TR S B | |- N HV electrode
=20 -10 0 10 20 . 80 cm

<B_> (fT)
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(13 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 n2ZEDM 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 o, = 4 X 107%%e - cm (per cycle).

Cornell University

arXiv.org > nucl-ex > arXiv:2102.01658 arXiV : 2 1 02 . 0 1 65 8

Nuclear Experiment
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((I-{=» White-noise current time series

White-noise spectrum at f — 0 for a finite thin disk

d
/ R .
Bthin g f-0) = .Ud kgToa 1 ai e , I temperaj[u.re
- ) \ 81 d 1+ d? / R? T finite conductor o. COI’ldU.CtIVIty

v

dipole current spectral density 7 (A/VHZz)

variance of time series a2(1(t)) = 27 2

1/2At Ref. S.-K. Lee and M. V. Romalis,
[ J. Appl. Phys. 103, 084904 (2008)
200 s
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«({J» Variance of a disk-averaged field

_ Cr_ (R _ 2 4 2 2 2
. (e = 55 (%) 20 = 3¢t [ P [P [
u—X

— (Buro)
= (BZ(D,z)Q)j(

v— X
) (§2|u—X|2+1)3/2 (§2|U—X|2+1)3/2-
) | (15) (17)

SRV R

e ve s,
L

Ref. N. J. Ayres et al., arXiv:2102.01658
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«=(={}» Variance of a cylinder-averaged field

= C H h 1
() =z (o) 0 A0 [ e f

{ n+¢)(u-X) B
o XP [ XP o+ 40?2

C(u-—X) .
|u—X|2 (lu_Xlg +C2)1/2

He oy S,
(+0 (v =X) i
o XP[jo-XP+(+07]”

2C('U—Xi b
o - XI* (Jv - X" +¢2)

Ref. N. J. Ayres et al., arXiv:2102.01658
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(={J» Monte-Carlo integration

The problem Monte Carlo integration addresses the computation of a multidimensional definite integral

Izﬁﬂﬂﬁ

where Q, a subset of R™, has volume

V:/di
Q

The naive Monte Carlo approach is to sample points uniformly on Q:[4] given N uniform samples,

X1, . Xy €Q,

/| can be approximated by

N
I~ Qy =V 3 f(x0) = Vi)
i—1

This is because the law of large numbers ensures that

lim QN =1

N—oo Ref.: https://en.wikipedia.org/wiki/Monte Carlo_integration
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(== MC-integration for “disk variance”

* Integrate this formula J(R/z) is an integration over three two-dimensional vec-
tors calculated as

J(¢) = 335*/ dQ'zL/ dgt.'/dQX
T Sy Sy
u—X

(£2u—X2—|—1)3/2 | (g?\v—X\2+1)

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

v—X

3/2°
(17)

» Take N=4¢7 points for all points u, v, X
* Infinite plane has 700 times larger radius

@51

1SN,
I~Qn =V f(x)=V(f) X
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