


E x v killed off beam experiments



Ultra-Cold Neutrons (UCN)

• E<Vc     critical energy for total refelction

• UCN totally reflected for all angles of incidence

nevE 210~
o

A500~ T~1mK h~1m (mgh~E)

B~2 Tesla  (uB~E)

V

Material

Wave fn penetrates material -> wall losses limit storage time



Need for a co-magnetometer





Polarized He3 as:

-Polarizer (partial..beam is polarized
-Magnetometer
-Analyzer
-Detector 



Signal in the SNS nEDM Experiment

• Neutron interaction with 3He is spin dependent

• Interaction is spin dependent, sensitivity to the angle between the neutron and 3He  

Stark dE·E

Zeeman µB·B

B, ±E

keV

7





SNS Facility Floor plan

Shielded Electronics
Apparatus

Earth Field Compensation 
Coils

9Credit: Brad Filippone, and collaborators, a paper submitted soon to JINST:
A New Apparatus for a Cryogenic Measurement of the Neutron Electric Dipole Moment

Chris Swank 



Apparatus Summary
• Magnetic fields

• Helium Transport

• Neutron Transport

• Central Detection

• Systematics

• PULSTAR Systematic 
Study apparatus
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MUMETAL OUTER
LAYER

MUMETAL INNER
LAYER

CRYOSTAT
MECHANICAL
SUPPORT (3X)

SUPPORT FOOT

TRAP DOOR



OVERALL APPARATUS
MAGNET EXTRACTED

SHIELD ROOM
TRAP DOOR OPENING

MAGNET MODULE
LOWERED

CDS MODULE
IN PLACE





14

Commissioning Cryovessel and 
Outer LN Shield



Cryostat
AC Coil

• Spin Dressing 
• 𝜋/2 pulses

Inner 
Magnet 
Volume

Externally 
cooled 
Aluminum 
outer vessel
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~90”

~100”

Magnetic Fields

B0 Coil



Field Monitoring system

Probes

Field Reconstruction via Scalar potential fitting
Simulated Sensitivity
~ 1x10-4 mG/cm on Axis sensitivity
Can get more with 2 Radii of probes
This is sensitivity enough to shim a good T2

Brad Plaster
Alina Aleksandrova
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1

𝑇2
∝

Particle Independent Particle Dependent

𝐵 𝑙𝑥, 𝑙𝑦 , 𝑙𝑧 = න
−𝐿

𝐿

𝐵 𝒙 exp −
𝑖𝜋𝒍 ∙ 𝒙

𝐿𝑖
𝑑𝒙

Computationally fast due to modern FFT algorithms. 

𝑑𝜔 ∝ 𝜔𝐼𝑚 𝑆𝐵 + 𝑩𝑥𝒙
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B0 Coil Optimization   Chris Swank   

• Minimization of conditional density weighted field Fourier coefficients

(                    )1/2

Thus, minimize

neutrons

3He

Neutrons 
(approximate as ballistic),

3He Diffusion limit

B0 Field is not parallel to gravity!

0



Optimization Example

19

B0

B0



Spin Dressing and Critical Dressing

• Spin dressing can be applied so that. 

• For neutrons and 3He α=1.11. And Xc is the critical dressing parameter,

• Dressed with this parameter the two spin species will have the same 
effective precession.  

• With this technique we can set                at the optimum and leave it

• Factor 2 improved sensitivity

Critical Dressing

X

20



Modulated Critical Dressing. 
• Systematic effects can be mitigated by modulation

• Maintain maximum sensitivity by modulating to maximum sensitivity phase. 

Simulated by Ezra Webb

Fast 
oscillations 
can be used 
for diagnostics
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Polarized 3He Source: Atomic Beam Source (ABS) 

Flux Divergence test 
chamber (not 
connected)

Polarizer 
beamline

Cold head

The atomic beam source setup at MIT/Bates

Section view of the vertical 
ABS cold head design.

Nozzles

Syringe array

Permanent quadrupole 
magnet for selecting 
spin state

ABS installed in the test apparatus
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Heat Flush into the measurement cell

• The heat flush can be modeled in different ways. 
• 3He transport determined from convection diffusion

• 1D, phonon velocity determined from heat transport equation

• 3D, phonon transport determined from Navier Stokes
• Required for best accuracy in spin tracking CHANGE TO vph

23
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First heat flush is solved in COMSOL via Navier-Stokes. 

u

Viscosity and density 
are given by 

Temperature derived 
from pressure 

For those interested (cgs):
p=2492.2T⁴  (dyn/cm2),  
ρn=1.7305e-5T⁴ (g/cc) 24



Visualization of COMSOL Navier Stokes Solution. 

Velocity field  (cm/s) Temperature  (K) 

Rectangular mesh data file is imported into c++,
tri-cubic spline built for data interpolation. 

0.455

0.45

0.4525

This example is steady state, time can be included (4D quad-cubic spline, more time to solve)
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Building 2 Non-magnetic Dilution Refrigerators 

Credit: Weijun Yao

Currently Stainless 
Steel heat exchangers
(a little mangetic)

2nd Fridge will be 
German Sivler
(non Magnetic)

Still

Mixing 
Chamber

Design Goal: 

80 mW at 300 mK

26

Chris Swank 



Central Detection System
Highlights 
• 75 kV/cm Electric field

• Cavallo’s Multiplier

• Squid Magnetometer

• 1600 L of super fluid helium

• Light collection

27



Cavallo Refresher: Marie Blatnik

1. Maximize Output Voltage (at least 650 
kV). 

2. E fields < ~100 kV/cm.             

3. Small input voltage VA (50 kV).

4. Restricted Diameter (~30’’) with length 
to spare.

Endeavor to fabricate this design and test 
them in the Caltech dewar.

Cavallo Electrode Simulation Constraints:
2-D Axisymmetric Model:

A electrode 
(“seed” voltage, 

50 kV)

B 
electrode
Transfers 
charge as 
it travels

C electrode:
High Volt 

electrode –
Want 650 kVGround 

Ring for B 
docking

Ground 
Return

Cavallo Electrode Reality:

28



ROOM TEMPERATURE APPARATUS

We can use the PD410 from PI to 
wiggle cryogenically Position [cm]
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SQUID System

Steven Clayton
Young-Jin Kim, LANL

Squid System
Expected SNR≈6
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PULSTAR Systematic Apparatus

Relatively agile apparatus compared to 
SNS nEDM (short turn around time)

Perform Systematic Studies
• Correlation function measurements
• Predictions of Geometric Frequency 

shift
NMR/Spin Dressing pulse optimization
• 𝜋/2 pulses, critical dressing parameters

Cell Storage Studies
• Determine cell quality prior to 

implementation into SNS nEDM 
apparatus. 

• Estimated to reduce time to data 
taking by more than 1 year. 

Solid Deuterium Source

Commissioning
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Overview
• Test bed for SNS nEDM

• Contains many similar systems to nEDM

• Is being constructed at Triangle 
Universities Nuclear Laboratory (TUNL) 
in Durham NC on Duke campus

• Once commissioning is complete, a 
study of the Correlation Function (Barry 
Shift) will be conducted with 3He

• The cryostat will then be moved to the 
PULSTAR reactor on NC State campus, 
where UCN will be placed inside the 
measurement cell with polarized 3He



Comparing SOS to nEDM
Similarities

• Experiments conducted at 0.4K

• Nuclear Magnetic Resonance (NMR)

• Superfluid Helium 

• Polarized 3He

• Ultra-cold Neutrons (UCN)

• LHe scintillation

• Light collection with Silicon 
Photomulitipliers (SiPM)

• Superconducting QUantum
Interference Devices (SQUIDs)

• Critical  spin dressing

• Same size measurement cell

Differences
• No electric field

• Meta-stability optical pumping for 
polarized 3He (SOS) vs Atomic beam 
source (nEDM)

• SQUIDs in vacuum (SOS) vs LHe (nEDM)

• Single measurement cell (SOS) vs 
Two measurement cells (nEDM)

• 1 week to cool (SOS) vs
6 months to cool (nEDM)



SOS Operation

• Measurement cell is filled with 4He at 0.4K

• UCN are delivered from PULSTAR reactor

• Polarized 3He and UCN are placed in 
measurement cell

3𝐻𝑒 + 𝑛 → 𝑇 + 𝑝 + 𝛾

• This is a spin dependent interaction with rate

𝑆 𝑡 =
𝜌𝑈𝐶𝑁𝑉

𝜏3𝐻𝑒
1 − 𝑃𝑛𝑃3𝐻𝑒𝑐𝑜𝑠𝜃𝑛: 3𝐻𝑒(𝑡)

• Orientation of 3He is monitored using SQUIDs.  

• Rate of interaction is monitored through light 
collection.





• Polarizes 3He at 1 mbar using electric RF, 
magnetic field, and laser

• Has three 1 liter dilution volumes for 
dilution down to desired concentration 
of [4He:3He] = 10-9

• Polarized 3He friendly valves - ILL design

• Once 3He is polarized and rarified, 4He 
will be added to increase the pressure 
(0.5 bar) before being transported to the 
measurement cell.  This will overcome 
the LHe vapor pressure.

MEOP - Meta-stability Optical Pumping



Thermalizing gas collsions

Velocity change 
kernel

Ro

R=(x,t,v) R’=(x’,t’,v’)

Direct tranport

Previous scattering

Scattering 
density

( )t dt Probability of scattering 
between t and t+dt



Condition for thermal 
equilibrium

Convolution
Use Fourier transform( ) ( )

t
t t dt



 =  Prob of not scattering 
between t=0 and t

g(x,t,v)

G(x,t,v)



Single
velocity



Same for 1 ,2 and 3 
dimensions

( )s i=







THEORY WITH THERMALIZING COLLISIONS He3

Log |edm|


