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Ramsey precession

How is the nEDM measured? The relevant Hamiltonian is:

Hext = 2µBB +2dnE = h̄ωL

Ramsey's method is used to detect the frequency in the last
equation

ωRF=  ω L  

+ +

E B
BRF	=	sin(ωRF	t)

+

E B

+ +

E B
B	RF=	sin(ωRF	t)

+

E B

t
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Estimating the nEDM

From the Hamiltonian, we use two opposite directions of E :

h̄ω1 = 2µBB1 +2dnE

h̄ω2 = 2µBB2−2dnE

h̄ (ω1−ω2) = 2µB (B1−B2) +4dnE

It is easy to get the nEDM if B1 = B2. Can this be achieved?
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Magnetometers in the experiment

Vacuum chamber of the nEDM (neutron electric dipole
moment) measurement experiment

Coils surrounding

the vacuum chamber

Magnetometers surrounding

the precession chamber

Cross-section of the vacuum chamber
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Required magnetic �eld stability

Our goal is to detect an nEDM of the order 10−28e · cm.

Since the magnetic �eld's leading term in the energy formula:

h̄ω = 2µBB +2dnE ,

dn ≈ 10−28e · cm,

µBB ≈ dnE ⇒ ∆B ≈ 10−16T

Over a year, with 10000 measurements:

∆Bstat =
√
10000×10−16=10−14T

What about systematics?
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False nEDM and geometric phase

Linearly correlated systematic e�ects include:

~B =
~E ×~v
c2

This could produce a frequency shift in ωL that is linearly
dependent on the electric �eld

With a gradient in the magnetic �eld due to ∇ ·~B = 0, a
false EDM shows up

~Bxy =−∂B0z

∂z

~r

2
+
~E ×~v
c2

∆ω ∝ B2
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(
∂B0z

∂z

~r

2

)2
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Main design units

Cs Cell

Optical Fibers

Lens

Polariser

(Quarter wave-plate)

To a photo-diode

Coils for RF pulse

Sensor components:
� Caesium cell (magnetic �eld moments)
� Laser beam (that pumps the moments)
� Photo-diode (that receives the modulated laser beam)
� Radio frequency magnetic �eld (that drives the moments)
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Response of Cs atoms to a magnetic �eld

A magnetic moment M is associated with an ensemble of
atomic spins

M

This moment precesses in a magnetic �eld according to
Bloch's equation

ωL = 2πνL = γ

∣∣∣~B∣∣∣
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Dark states - laser pumping

circularly 
polarized 
light

atom transmitted light

dark
state

Zeeman sublevels

fluorescence
attenuated 
light
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Laser modulation

circularly 
polarized 

light

spin-
polarized

atoms

transmitted 
light

high intensity

low intensity

less intensity

Laser intensity depends on the orientation of the spin

In other words, the transmitted intensity is proportional to the
projection of the laser on the atoms
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Single laser magnetometer's operation

π

2
pulse stimulates precession around the applied magnetic �eld

Photo-diode reads a typical FID (Free Induction Decay),
whose frequency is linearly proportional to the magnetic �eld

Pulse
Cs cell

and modulated
signal to

a photo-diode FID

Laser beam to a photo-diode

B

stable spin
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Multi-laser magnetometer's operation

The laser is modulated according to the projection of the
magnetic moment of the spins
Multiple laser beams allow us to follow the motion of the spins
in 3D

Pulse

FID
Laser beam to a photo-diode

B

stable spin

La
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r b
ea

m
 to

 a
 p
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to
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FID
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Analytical model for FID time dependence

Simulated with Bloch equation, with 1 MHz sampling rate
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2-Level spin FID (Free Induction Decay) general equation

f (t) = c +a · exp
(
− t

τ1

)
+A · exp

(
− t

τ2

)
cos(ωt + φ)

c ,a,τ1,A,τ2,ω,φ are parameters to be determined
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Vector magnetometer's FIDs

Fitting the equations simultaneosly with some shared parameters:

fx (t) = cx +ax · exp
(
− t

τ1

)
+Ax · exp

(
− t

τ2

)
cos(ωt + φx)

fy (t) = cy +ay · exp
(
− t

τ1

)
+Ay · exp

(
− t

τ2

)
cos(ωt + φy )

fz (t) = cz +az · exp
(
− t

τ1

)
+Az · exp

(
− t

τ2

)
cos(ωt + φz)

Parameters to estimate:
cx ,cy ,cz ,ax ,ay ,az ,τ1,Ax ,Ay ,Az ,τ2,ω,φx ,φy ,φz
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Modi�ed Levenberg-Marquardt �tting algorithm

Data

Calculate

χ2
Calculate

Gradients, J

Algorithm Variables

λ

β

β+δ

Find parameters shift δ

Calculate

χ2

χ2 smaller?

Constraints

fulfilled?

λmax	reached?

Yes

Yes

λ:=λ·λinc

λ:=λ/λdec

No

No

Update

No No

Yes
End

Fitting time achieved: 

10-15 ms
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Extracting the magnetic �eld's direction

,

Ai · exp
(
− t

τ2

)
cos(ωt + φi )

i ≡ x ,y ,z .

Bθ = arccos

(√
A2
x
cos2 φx+A2

y
cos2 φy+A2

z
cos2 φz−A2

z√
A2
x
cos2 φx+A2

y
cos2 φy+A2

z
cos2 φz

)
;

Bφ = arctan
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A2
x
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y
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z
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y√
A2
x
cos2 φx+A2

y
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z
cos2 φz−A2

x

)
.

~B ∝ (Ax cosφx ,Ay cosφy ,Az cosφz)× (Ax sinφx ,Ay sinφy ,Az sinφz)
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Extracting the magnetic �eld's direction

points from numertical simulation, curves from analytrical model
green: cross product, red: plane projection
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points from numertical simulation, curves from analytrical model
green: cross product, red: plane projection
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Find the lowest allowed sampling rate

Frequency estimation deviation as a function of the down-sampling
factor
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Accurate magnetometers necessary to �nd an nEDM

Cs vector magnetometry is an idea that is based on having
more than one laser on a Cs magnetometer

The idea of Cs vector magnetometery looks feasible from
our initial results and error estimation
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Final experimental setup

Cs Magnetometer

Experiemental Event

Cs Magnetometer Cs Magnetometer Cs Magnetometer

Analog-Digital converters (ADCs)

k1

FPGA

Data down-sample and filter

Data acquisiton and analysis,

data fitting in a computer

Bx	,	By	,	Bz

k2 k3 k1 k2 k3 k1 k2 k3 k1 k2 k3

Outlook

Apply the analysis on some real data

Develop the devices for the measurement
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