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PULSTAR systematics studies apparatus summary

• Provide a test bed with one full-sized cell at final 
temperature (0.3 K) with no electric field

• Use external source of ultracold neutrons rather than 
neutron beam from NCSU PULSTAR UCN source (1MW 
reactor + solid D2)

• System will have shorter cooldown and turnaround 
times

• Study how to manipulate the spins of polarized 
ultracold neutron and polarized 3He spins.

• Measure the correlation functions that describe UCN 
and 3He motion, which are used to analytically 
calculate false EDM effects such as  (“geometric 
phase”)
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SNS nEDM

PULSTAR apparatus



Experiment schematic

• Ultracold neutrons from The ”HMI” DR used 
tested in June 2016 to provide 1500mW at 
0.3K (will increase with newly added pumps)

• Polarized 3He produced by a MEOP system

• 3-position “vestibule valve”. Far-left position: 
load in polarized UCNs and polarized 3He

• Far-right: hold UCNs in 3He in cell and study

• Middle: unload depolarized 3He via diffusion 
and differential evaporation to charcoal 
adsorption pump (CP)

• CP isolation double valve system for 
when heating CP for purging

• Scintillation light read out with 
wavelength shifting (WLS) fibers 
with silicon photomultipliers 
(SiPMs)
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Apparatus Design
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Apparatus Design
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Apparatus Design



Experimental Program
To study the various systematic and test spin “gynmastics” of n-3He-superfluid 
4He scheme [Golub & Lamoreaux, Physics Reports 237, 1-62 (1994)]

• Simultaneous π/2 flip of 3He and neutron

• Pseudomagnetic field

• Measurement of 3He correlation functions => allow analytic calculations of 
false EDM systematic effects

• Study techniques for Critical Spin-Dressing

• 3He imaging

• Measurement cell deuterated plastic coating ultracold neutron storage 
properties and 3He T1 and T2 before installation in full SNS nEDM apparatus

7



Simultaneous π/2 flip of 3He and n

Chu & Peng, NIM A 795 (2015): off-resonance 
simultaneous π/2 pulse for two species only exists 
if ratio x = B0/B1< 1.4

• Two species have different: 𝛾3 = 20.37894 Hz/mG , 𝛾n = 18.32472 Hz/mG , 𝛾3 / 𝛾n = 1.112
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Solution for x = 17 , B0 = 10mG, 𝜔0,3 = 203.7Hz
𝜔0,n = 183.2Hz, 𝜔π/2 = 191.5Hz, Tπ/2 = 166 ms

Video removed
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Simultaneous π/2 flip of 3He and n

Solution for x = 17
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Solution for x = 4

Most important is reproducibility and knowledge of angle 𝛥𝜙n-3 (next slide)
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Tπ/2 𝛥𝜙n-3



Scintillation signal from n-3He capture

Light from 𝛽-decay & 3He abs

net decaying signal from UCN loss

magnetic precession
polarizations From EDM!
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𝜙0 needs to be measured separately and fixed 
otherwise 𝜎𝜔 from fit increases by ~1.5x



Systematic effects
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Extracted frequency from one cell: Determine B0 from precession of 3He 
comagnetometer with SQUIDs (i.e. measure 𝛾3B0) 

so can determine dn . 𝜎𝜔 ∼ 3 µHz per cycle.

What if the average field seen by the 3He is different 
to that seen by neutron? i.e. B0,3 ≠ B0,n

Not possible to detect UCNs’ NMR signal (𝜌UCN < 1000 cm-3, 3He:4He = 10-10, 𝜌3 = 1012 cm-3 ) so 
no knowledge of B0,n is possible.



Systematic effects
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Extracted frequency from one cell:

Pseudomagnetic effect

What can cause B0,3 ≠ B0,n? 

Determine B0 from precession of 3He 
comagnetometer with SQUIDs (i.e. measure 𝛾3B0) 

so can determine dn . 𝜎𝜔 ∼ 3 µHz per cycle.

What if the average field seen by the 3He is different 
to that seen by neutron? i.e. B0,3 ≠ B0,n

Not possible to detect UCNs’ NMR signal (𝜌UCN < 1000 cm-3, 3He:4He = 10-10, 𝜌3 = 1012 cm-3 ) so 
no knowledge of B0,n is possible.

Neutron optical potential in a medium ∝
𝛴 𝜌(bcoherent+bincoherent s∙I) s = neutron spin

I = nuclei spin

𝛥f = 660 µHz 𝛥f average = 03

5% π/2 pulse inaccuracy → 𝛥f = 33 µHz

3He average position different 

effective mass

Gravitational offset 𝛥h ≈ 1 mm . Only a 
problem if there’s a spurious B0 field gradient 
in vertical direction

Study both in PULSTAR apparatus!
Scan 𝜌3 with MEOP + introduce gradient 

fields with additional coils

3He+n:
Produces effective potential like 

magnetic field:



Double cell systematic effect cancellation
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Ground electrodes

± 350kV HV electrode

2x cells

B0

Simultaneously measure with 2x cells with opposite 
E-field but same B0 and take frequency difference:

This cancels out most systematics and drifts.

• For pseudomagnetic effect, if 𝜌3 the same in both cells and π/2 pulse similar then  

• If spurious magnetic fields product a non-constant B0 within each cell but same or 
horizontally symmetric B0 in both cells:

→ subtraction cancels

→ subtraction cancels&

• If spurious magnetic fields produce different B0 within each cell and/or not-symmetric 
between two cells: use SQUID signal for:             &           to correct              &

→ cancels at low orders

⨀⨀⨀⨀⨀⨀⨀⨀⨀⨀⨀⨀⨀

⨂⨂⨂⨂⨂⨂⨂⨂⨂⨂⨂⨂⨂



False EDM from interaction B0 
gradient & E x v motional field
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Subtraction between two cells fails if frequency shift 
changes with E-direction

Pendlebury PRA A 70, 032102 (2004)

Assume a B0 field gradient along axis of cylindrical cell → produces a radial field



False EDM from interaction B0 gradient 
& E x v motional field example
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Pendlebury et al, PRA A 70, 032102 (2004)

E into (⨂) into page
E out (⨀) of page

• On average particle population are 50% in each clockwise/counter-clockwise 

• E⨂, E x v field adds with B-radial for clockwise motion → clock-wise rotating B field

𝛿𝜔vE



False EDM from interaction B0 gradient 
& E x v motional field example
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Pendlebury et al, PRA A 70, 032102 (2004)

E into (⨂) into page
E out (⨀) of page

• On average particle population are 50% in each clockwise/counter-clockwise 

• E⨂, E x v field adds with B-radial for clockwise motion → clock-wise rotating B field

• E⨀, E x v field adds with B-radial for counter-clockwise motion → counter clock-wise field 

𝛿𝜔vE



False EDM from interaction B0 gradient 
& E x v motional field example
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Pendlebury et al, PRA A 70, 032102 (2004)

E into (⨂) into page
E out (⨀) of page

• On average particle population are 50% in each clockwise/counter-clockwise 

• E⨂, E x v field adds with B-radial for clockwise motion → clock-wise rotating B field

• E⨀, E x v field adds with B-radial for counter-clockwise motion → counter clock-wise field 

• Occurs for both 3He and UCN but different in size in general due v differences and motion 
difference: 3He has with mean-free-path 𝜆 = 0.77 (0.45K/T)15/2 [cm], while UCNs are ballistic)

• Must be controlled for 10-28 e.cm level experiments

𝛿𝜔vE



T1 and T2 measurements → 𝛿𝜔vE
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The density matrix contains orientation of spin:

Time evolution governed by:

Power spectrum of position autocorrelation function

The 3He polarization relaxation 
times are derived from the 
same density matrix as 𝛿𝜔vE:

where

For a linear gradients

→ measure T1 and T2 times without E-field and known added B gradients in PULSTAR to 
derive [Sr(𝜔0)], which can then be used predict size of 𝛿𝜔vE . 
→ Do this for full-sized measurement cells with same wall conditions (the actual final cells).

Lamoreaux & R. Golub, PRA 71, 032104 (2005)

Pignol & Roccia PRA 85, 042105 (2012)

R. Golub et al. PRA 92, 062123 (2015)
Chris Swank, PhD thesis



Critical spin-dressing
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• Spin-dressing involves application of a transverse RF-field, which produces an 
effective (high frequency limit 𝜔dress≫𝛾B0):

0th order Bessel function

• “Critical dressing”                         occurs when:

• For fdress = 2 kHz (c.f. 𝛾3B0 ≈ 𝛾nB0 ≈ 200Hz ) need Bdress = 0.812 G

Chu et al. PRC 84, 022501 (2011): 
demonstrated for 3He gas room 
temperature gas, higher fields
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Critical dress-spin mode
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EDM signal changes with time as 1st

harmonic.

Dressed Spin Signal

+θ0 -θ0

+θ0 -θ0

3He

Consider ideal case
• No decay/depolarization
• Set critical dressing exactly at |E| = 0
• Sit in frame where 3He spin is fixed

neutron

If |E|θ0 but EDM = 0, then detection rate is the same for +θ0 and -θ0
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Dressed Spin Signal

+θ0 -θ0

+θ0 -θ0

3He

Consider ideal case
• No decay/depolarization
• Set critical dressing exactly at |E| = 0
• Sit in frame where 3He spin is fixed

neutron

If |E|θ0 but EDM = 0, then detection rate is the same for +θ0 and -θ0

15

• Sit at at angle 𝜃0 ≈ 45deg (shown in rotating frame of 3He)

time

From EDM signal

time

Switch between these two angles
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Dilution Refrigerator

Dilution Refrigerator we have and was cooled 
recently (June) to check cooling power. 
Adding turbopumps for more cooling
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New Aluminum non-magnetic cryostat to have 
more space and better magnetic conditions. 
Manufacturer will ship in 1-2 weeks. 

Fibers not shown

Cryostat



23Fibers not shown

Cryostat

Clamp mechanism for detachable thermal link 
with cryocooler

Cryocooler creates vibration and magnetic noise

UI meeting – Nov, 2015

9

Cryocooler clamp first test

•All components (clamp 

and support) in house. 

•Studied forced applied 

and the contact area 

using pressure sensitive 

film 

•Assembled and first 

cooldown of clamp 

without the support 

structure (to probe T-

distribution along the 

assembly) was on 8/21, 

found need to improve  

placement of T-sensors 

•With improvement, 

Thermal Resistance at 

4.2K: 5K/W  

Braids  

for 

testing 

made  

in house

Pressure sensitive film

Clamp assemblyFirst test assembly
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3He removal system

ILL College 3 talk, Sept 17 2013
26

2 mm 

SEM 

Radius of curvature < 10 nm

Silicon surface

Superfluid

• Principle of operation – radius of curvature/ 

Gibbs Free Energy

Tuesday, September 24, 13

3He removal system: Charcoal pump + 
thermal isolation double valve + film pinner.

Relies on diffusion and differential evaporation

ILL College 3 talk, Sept 17 2013
26

2 mm 

SEM 

Radius of curvature < 10 nm

Silicon surface

Superfluid

• Principle of operation – radius of curvature/ 

Gibbs Free Energy

Tuesday, September 24, 13
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Charcoal Pump Isolation System
Non-magnetic double valve design actuated by rope at 
room temperature.
- Could not have direct line
- Lower rope to close bottom valve first, wait for pump out 

volume between valves, and then lower rope more to 
close top valve. 

- Pumped volume provides thermal isolation when 
purging Charcoal pump valve when is heated to ~10K 

Gas heat switch for cooling and 
heating charcoal pump
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3-position vestibule valve

3-position valve
PEEK valve body

Kapton 
bellow

4He filling from buffer volume, 
cooling to DR & 3He removal lineUCN guide

Polarized 3He input line not shown

Kapton Origami Bellows: Have 
now increased diameter to 0.7” 
and length to 4”

Testing leakage through valve

cell

Kent Leung on behalf of the collaboration

Reduce heat load and 

saturation of charcoal pumps:

The SNS nEDM experiment PULSTAR apparatus: full-sized cell & no E-field

multi-layer magnetic shell: serves as cosθ 

B
0
 coils, correction foils for field uniformity, 

and RF coil for dressed spins 

The PULSTAR systematics test 

apparatus of the SNS nEDM experiment

• Polarized UCNs produced via super-thermal down-conversion of 

a polarized CN beam in superfluid helium inside two EDM cells. 

• HV electrode (350kV producing a 50kV/cm field) sandwiched in 

between two UCN cells, with ground electrodes outside (E-field 

opposite in the two cells).

• Novel use of polarized 3He (~10-10) in superfluid 4He as co-

magnetometer in Golub & Lamoreaux double-resonance scheme:

S
ch

em
at

ic

e.g. Kapton bellows

Shift due to EDM:

Observe absolute 3He precession with 

SQUIDs or can dress-sp in so 

precession frequency the same.

3He has a negligible EDM. Can 

observe difference in precession 

frequencies between the 2 species for 

EDM signal.

3He(n,p)3T (Q = 764keV) has:

superfluid film-cutters

• Will use the sD2 
UCN 

source at the recently 

u p g r a d e d 2 M W 

PULSTAR reactor at 

North Carolina  State 

University, Raleigh, NC, 

USA.

• UCN storage and depolarization (3He and UCN) for studies to 

optimize cell fabrication.

• Observe scintillation light from relative 3He-UCN precession

• Develop techniques for NMR imaging of 3He.

Experimental design (still in development)

Apply π/2 pulse and measure scintillation light:

Gyromagnetic ratios:

• Demonstrate the concept of dressing the spins with ~3kHz RF-

field (minimizes systematic shifts from static fields and increases 

sensitivities):

• Study the geometric phase systematic, which comes from interaction 

between             field and B-field gradients and is linear in E.

• Different for 3He and n due to difference in motion (ballistic vs 

diffusive regimes). Can vary effect on 3He with temperature. Test 

analytic description:

• Study the 3He pseudo-magnetic field caused by scattering length 

difference:                                                    Occurs when imperfect 

pi/2 pulse. Cancelled out by having 2-cells with opposing E-field.

• Vopt = 165neV, measured f~5x10-5 with 

UCNs. Aimed for storage time ~200s

• UV transmitting acrylic plates coated with 

deutera ted po lys tyrene (dPS) and 

deuterated tetraphenyl butadiene (dTPB). 

Coating shifts 80nm scintillatied light to 

430nm for PMTs. Guiding along plates and 

light guides. Need to be superfluid tight.

Develop non-magnetic 

cryogenic components:

• Will be installed at the Spallation Neutron Source, Oak Ridge 

National Lab., USA with planned sensitivity

current rerouting to cancel 

effects of holes

• Use of superconducting magnetic shields for high field uniformity.

• Complexity and long cooling cycle of full nEDM apparatus makes 

these measurements difficult and time consuming

exploring 3D printed ABS plastic, electrode less 

copper plating, laser etch away with robot arm
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3-position vestibule valve

3-position valve
PEEK valve body

Kapton 
bellow

4He filling from buffer 
volume, cooling to DR & 
3He removal line

UCN guide

Polarized 3He input line not shown

cell

Tracking	depolarized	3He	

9	

Pessimistic kinetic theory shows need to 
move valve from far left (filling 3He) 
and far right (close cell) within 1sec

Bellows tested and shown can handle this
speed for >1000 cycles at room temperature



Measurement cell production

28

What is a permanent neutron electric 

dipole moment (nEDM)?

• If fundamental particles have a permanent EDM, 

then it violates time-reversal (T) symmetry and the 

combined charge conjugation and parity (CP) 

symmetries.

• We currently can not explain why there is more 

matter than anti-matter remaining after The Big Bang!

• Search for neutron EDM dn by performing Nuclear Magnetic Resonance of 

a “gas” of Ultracold Neutrons (UCNs have v ≾ 7 m/s, E ≾ 250 neV, “T” ~ 3 

mK → can confine in material traps for ~ 100s):

Presenter: Kent Leung. NCSU Physics faculty: Robert Golub, David Haase, Paul Huffman, and Albert Young (Experimental Nuclear Physics)

The search for a permanent neutron electric dipole moment
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• CP-violation is required for reactions with matter and 

anti-matter to be different.

What we observe in the 

current Universe:

• CP-violation is a necessary condition for baryogenesis

• neutron EDM promising path of new CP-violation because of “strong CP-

problem”: d
n
 should be large naturally. Probing physics at scale > 10-100 TeV

Baker (2006)
199Hg comagnetometer

SNS nEDM
3He-superfluid 4He
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Start  with 

polarized UCNs

B0

apply ! / 2 pulse

E &

measure  

Experiment landscape:

Statistical sensitivity of a 

measurement:

The Spallation Neutron Source (SNS) nEDM 

experiment @ Oak Ridge National Lab

        = precession frequency 

difference with E-field in 

opposite direction relative to 

B0 field, since:

Front-end systems

(Lawrence Berkeley)

Linac

(Los Alamos 

& Jefferson)

Accumulator Ring

(Brookhaven)

Target (Oak 

Ridge)

Instrument 

Systems 

(Argonne & 

Oak Ridge)

Fundamental Neutron 

Physics Beam Line + 

External Building 2

Polarized UCN & polarized 3He in superfluid 4He at 0.3 - 0.5K scheme

Superfluid 4He provides:

- production of UCNs in the cell

- insulation against high-voltage break down

- a scintillation medium of VUV light (80 nm) for 3H & 1H (760 keV)

Polarized 3He provides:

- magnetometry of same space as UCNs

- in-situ live-detection of neutron spins from n + 3He -> 3H + 1H reaction

Shield house

Central Volume 

(Los Alamos)

Magnet Coil 

package

(Caltech)

3He services 

cryostat (UIUC)

SiPMs

optical 

fibers HV 

variable 

capacitor

3He lines

HV 

electrode

measurement 

cells

ground 

electrode
V1 piston 

valve and 

actuator

G10 volume filled with 

1600 L of superfluid helium

Central Volume (2x polarized cold 

neutron beams into the page)

Some parameters of interest:

- measurement cells (w.r.t neutron beam): 7.5cm (W) x 10cm (H) x 40cm (L) 

- B0 = 30 mGauss (~100Hz precession) & average gradient < 10-8 Gauss/cm

- Ultra-dilute 3He (3He:4He ~ 10-10) hyper-polarized to 99% via atomic beam

- 50kV/cm E-field in cell, ~ 400kV on HV electrode, achieved with amplification

- 2x non-magnetic dilution refrigerators and plastics & composite cryogenics

Measurement cell 

production @ 

NCSU.

(Deuterated 

fluorescent plastic 

coating and robotic 

gluing facilities)

The NCSU PULSTAR Systematics Test Bed

• Use external solid D2-based ultracold neutron source at 1MW PULSTAR 

reactor on campus, constructed in collaboration with Nuclear Engineering 

Dept. (Ekaterina Korobkina & Ayman Hawari)

• A neutron is electrically neutral but is made from 

composite charged quarks. A permanent EDM is 

caused by asymmetry distribution of these charges.

• Perform UCN storage and depolarization (3He and UCN) times to optimize 

cell fabrication for final experiment. Currently measurements made at LANL.

• Observe scintillation light from relative 3He-UCN precession for first time.

• Study the geometric phase systematic, which comes from interaction 

between                field and B-field gradients. Causes a false frequency shift 

linear in E (i.e. produces a false EDM signal). Different for 3He and n due to 

difference in motion (ballistic vs diffusive regimes)

• Our group has developed theory for geometric shift for both regimes and for 

diffuse or specular wall reflections based on correlation functions. Test theory 

by measuring 3He T1 time, which is given by correlation functions:

• Make key tests and systematic studies of SNS nEDM experiment. 

Complexity and long cooling times of full apparatus makes these 

measurements difficult & time consuming (2 months vs 1 week of cooling).

• Systematics Test Bed apparatus is to contain 1x full-sized measurement 

cell, B-fields, but no E-field. 

3 m

Three position valve: (1) filling with UCNs and 3He, (2) 

close cell for measurements, (3) removing depolarized 3He

Fill cell with UCNs 

from external source

Photomultiplier tubes 

& light guides

Both source and apparatus commissioning in 2016

• Scan superfluid helium temperature to strong affect 3He diffusion to test 

theory over 2 orders of magnitude mean-free-path:

Example of UCN 

storage data of 

N C S U c e l l s 

u s i n g L o s 

Alamos National 

Lab UCN source 

in 2015-2016:

Measurement cell production facilities at NCSU

Example of a cell being produced. 
Under UV lamp showing the florescent 
properties of the TPB-doped 
deuterated plastic coating



PULSTAR UCN source
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nEDM TRC Review – Sep 1-2, 2015
7

• first try at locating infrastructure and components around the 

cryostat to verify ports location on the cryostat top 

•  Final view of the dewar top (right) 

Cryostat dewar update

What is a permanent neutron electric 

dipole moment (nEDM)?

• If fundamental particles have a permanent EDM, 

then it violates time-reversal (T) symmetry and the 

combined charge conjugation and parity (CP) 

symmetries.

• We currently can not explain why there is more 

matter than anti-matter remaining after The Big Bang!

• Search for neutron EDM dn by performing Nuclear Magnetic Resonance of 

a “gas” of Ultracold Neutrons (UCNs have v ≾ 7 m/s, E ≾ 250 neV, “T” ~ 3 

mK → can confine in material traps for ~ 100s):

Presenter: Kent Leung. NCSU Physics faculty: Robert Golub, David Haase, Paul Huffman, and Albert Young (Experimental Nuclear Physics)

The search for a permanent neutron electric dipole moment
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• CP-violation is required for reactions with matter and 

anti-matter to be different.

What we observe in the 

current Universe:

• CP-violation is a necessary condition for baryogenesis

• neutron EDM promising path of new CP-violation because of “strong CP-

problem”: d
n
 should be large naturally. Probing physics at scale > 10-100 TeV

Baker (2006)
199Hg comagnetometer
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Experiment landscape:

Statistical sensitivity of a 

measurement:

The Spallation Neutron Source (SNS) nEDM 

experiment @ Oak Ridge National Lab

        = precession frequency 

difference with E-field in 

opposite direction relative to 

B0 field, since:

Front-end systems

(Lawrence Berkeley)

Linac

(Los Alamos 

& Jefferson)

Accumulator Ring

(Brookhaven)

Target (Oak 

Ridge)

Instrument 

Systems 

(Argonne & 

Oak Ridge)

Fundamental Neutron 

Physics Beam Line + 

External Building 2

Polarized UCN & polarized 3He in superfluid 4He at 0.3 - 0.5K scheme

Superfluid 4He provides:

- production of UCNs in the cell

- insulation against high-voltage break down

- a scintillation medium of VUV light (80 nm) for 3H & 1H (760 keV)

Polarized 3He provides:

- magnetometry of same space as UCNs

- in-situ live-detection of neutron spins from n + 3He -> 3H + 1H reaction

Shield house

Central Volume 

(Los Alamos)

Magnet Coil 

package

(Caltech)

3He services 

cryostat (UIUC)

SiPMs

optical 

fibers HV 

variable 

capacitor

3He lines

HV 

electrode

measurement 

cells

ground 

electrode
V1 piston 

valve and 

actuator

G10 volume filled with 

1600 L of superfluid helium

Central Volume (2x polarized cold 

neutron beams into the page)

Some parameters of interest:

- measurement cells (w.r.t neutron beam): 7.5cm (W) x 10cm (H) x 40cm (L) 

- B0 = 30 mGauss (~100Hz precession) & average gradient < 10-8 Gauss/cm

- Ultra-dilute 3He (3He:4He ~ 10-10) hyper-polarized to 99% via atomic beam

- 50kV/cm E-field in cell, ~ 400kV on HV electrode, achieved with amplification

- 2x non-magnetic dilution refrigerators and plastics & composite cryogenics

Measurement cell 

production @ 

NCSU.

(Deuterated 

fluorescent plastic 

coating and robotic 

gluing facilities)

The NCSU PULSTAR Systematics Test Bed

1 MW

D20

CH4

UCN Guide

SD2 

Source

• Use external solid D2-based ultracold neutron source at 1MW PULSTAR 

reactor on campus, constructed in collaboration with Nuclear Engineering 

Dept. (Ekaterina Korobkina & Ayman Hawari)

• A neutron is electrically neutral but is made from 

composite charged quarks. A permanent EDM is 

caused by asymmetry distribution of these charges.

• Perform UCN storage and depolarization (3He and UCN) times to optimize 

cell fabrication for final experiment. Currently measurements made at LANL.

• Observe scintillation light from relative 3He-UCN precession for first time.

• Study the geometric phase systematic, which comes from interaction 

between                field and B-field gradients. Causes a false frequency shift 

linear in E (i.e. produces a false EDM signal). Different for 3He and n due to 

difference in motion (ballistic vs diffusive regimes)

• Our group has developed theory for geometric shift for both regimes and for 

diffuse or specular wall reflections based on correlation functions. Test theory 

by measuring 3He T1 time, which is given by correlation functions:

• Make key tests and systematic studies of SNS nEDM experiment. 

Complexity and long cooling times of full apparatus makes these 

measurements difficult & time consuming (2 months vs 1 week of cooling).

• Systematics Test Bed apparatus is to contain 1x full-sized measurement 

cell, B-fields, but no E-field. 

3 m

Three position valve: (1) filling with UCNs and 3He, (2) 

close cell for measurements, (3) removing depolarized 3He

Fill cell with UCNs 

from external source

Photomultiplier tubes 

& light guides

Both source and apparatus commissioning in 2016

• Scan superfluid helium temperature to strong affect 3He diffusion to test 

theory over 2 orders of magnitude mean-free-path:

Example of UCN 

storage data of 

N C S U c e l l s 

u s i n g L o s 

Alamos National 

Lab UCN source 

in 2015-2016:

What is a permanent neutron electric 

dipole moment (nEDM)?

• If fundamental particles have a permanent EDM, 

then it violates time-reversal (T) symmetry and the 

combined charge conjugation and parity (CP) 

symmetries.

• We currently can not explain why there is more 

matter than anti-matter remaining after The Big Bang!

• Search for neutron EDM dn by performing Nuclear Magnetic Resonance of 

a “gas” of Ultracold Neutrons (UCNs have v ≾ 7 m/s, E ≾ 250 neV, “T” ~ 3 

mK → can confine in material traps for ~ 100s):

Presenter: Kent Leung. NCSU Physics faculty: Robert Golub, David Haase, Paul Huffman, and Albert Young (Experimental Nuclear Physics)

The search for a permanent neutron electric dipole moment

+

-

d μ
T

+

-

d

μ

+

-

d

μ

C

P

magnetic 

moment of a 

charged particle

• CP-violation is required for reactions with matter and 

anti-matter to be different.

What we observe in the 

current Universe:

• CP-violation is a necessary condition for baryogenesis

• neutron EDM promising path of new CP-violation because of “strong CP-

problem”: d
n
 should be large naturally. Probing physics at scale > 10-100 TeV

Baker (2006)
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Experiment landscape:

Statistical sensitivity of a 

measurement:

The Spallation Neutron Source (SNS) nEDM 

experiment @ Oak Ridge National Lab

        = precession frequency 

difference with E-field in 

opposite direction relative to 

B0 field, since:

Front-end systems

(Lawrence Berkeley)

Linac

(Los Alamos 

& Jefferson)

Accumulator Ring

(Brookhaven)

Target (Oak 

Ridge)

Instrument 

Systems 

(Argonne & 

Oak Ridge)

Fundamental Neutron 

Physics Beam Line + 

External Building 2

Polarized UCN & polarized 3He in superfluid 4He at 0.3 - 0.5K scheme

Superfluid 4He provides:

- production of UCNs in the cell

- insulation against high-voltage break down

- a scintillation medium of VUV light (80 nm) for 3H & 1H (760 keV)

Polarized 3He provides:

- magnetometry of same space as UCNs

- in-situ live-detection of neutron spins from n + 3He -> 3H + 1H reaction

Shield house

Central Volume 

(Los Alamos)

Magnet Coil 

package

(Caltech)

3He services 

cryostat (UIUC)

SiPMs

optical 

fibers HV 

variable 

capacitor

3He lines

HV 

electrode

measurement 

cells

ground 

electrode
V1 piston 

valve and 

actuator

G10 volume filled with 

1600 L of superfluid helium

Central Volume (2x polarized cold 

neutron beams into the page)

Some parameters of interest:

- measurement cells (w.r.t neutron beam): 7.5cm (W) x 10cm (H) x 40cm (L) 

- B0 = 30 mGauss (~100Hz precession) & average gradient < 10-8 Gauss/cm

- Ultra-dilute 3He (3He:4He ~ 10-10) hyper-polarized to 99% via atomic beam

- 50kV/cm E-field in cell, ~ 400kV on HV electrode, achieved with amplification

- 2x non-magnetic dilution refrigerators and plastics & composite cryogenics

Measurement cell 

production @ 

NCSU.

(Deuterated 

fluorescent plastic 

coating and robotic 

gluing facilities)

The NCSU PULSTAR Systematics Test Bed

• Use external solid D2-based ultracold neutron source at 1MW PULSTAR 

reactor on campus, constructed in collaboration with Nuclear Engineering 

Dept. (Ekaterina Korobkina & Ayman Hawari)

• A neutron is electrically neutral but is made from 

composite charged quarks. A permanent EDM is 

caused by asymmetry distribution of these charges.

• Perform UCN storage and depolarization (3He and UCN) times to optimize 

cell fabrication for final experiment. Currently measurements made at LANL.

• Observe scintillation light from relative 3He-UCN precession for first time.

• Study the geometric phase systematic, which comes from interaction 

between                field and B-field gradients. Causes a false frequency shift 

linear in E (i.e. produces a false EDM signal). Different for 3He and n due to 

difference in motion (ballistic vs diffusive regimes)

• Our group has developed theory for geometric shift for both regimes and for 

diffuse or specular wall reflections based on correlation functions. Test theory 

by measuring 3He T1 time, which is given by correlation functions:

• Make key tests and systematic studies of SNS nEDM experiment. 

Complexity and long cooling times of full apparatus makes these 

measurements difficult & time consuming (2 months vs 1 week of cooling).

• Systematics Test Bed apparatus is to contain 1x full-sized measurement 

cell, B-fields, but no E-field. 

3 m

Three position valve: (1) filling with UCNs and 3He, (2) 

close cell for measurements, (3) removing depolarized 3He

Fill cell with UCNs 

from external source

Photomultiplier tubes 

& light guides

Both source and apparatus commissioning in 2016

• Scan superfluid helium temperature to strong affect 3He diffusion to test 

theory over 2 orders of magnitude mean-free-path:

Example of UCN 

storage data of 

N C S U c e l l s 

u s i n g L o s 

Alamos National 

Lab UCN source 

in 2015-2016:

@ NCSU’s 1MW PULSTAR Reactor

D2O tank
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What is a permanent neutron electric 

dipole moment (nEDM)?

• If fundamental particles have a permanent EDM, 

then it violates time-reversal (T) symmetry and the 

combined charge conjugation and parity (CP) 

symmetries.

• We currently can not explain why there is more 

matter than anti-matter remaining after The Big Bang!

• Search for neutron EDM dn by performing Nuclear Magnetic Resonance of 

a “gas” of Ultracold Neutrons (UCNs have v ≾ 7 m/s, E ≾ 250 neV, “T” ~ 3 

mK → can confine in material traps for ~ 100s):

Presenter: Kent Leung. NCSU Physics faculty: Robert Golub, David Haase, Paul Huffman, and Albert Young (Experimental Nuclear Physics)
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• CP-violation is required for reactions with matter and 

anti-matter to be different.

What we observe in the 

current Universe:

• CP-violation is a necessary condition for baryogenesis

• neutron EDM promising path of new CP-violation because of “strong CP-

problem”: d
n

 should be large naturally. Probing physics at scale > 10-100 TeV

Baker (2006)
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Experiment landscape:

Statistical sensitivity of a 

measurement:

The Spallation Neutron Source (SNS) nEDM 

experiment @ Oak Ridge National Lab

        = precession frequency 

difference with E-field in 

opposite direction relative to 

B0 field, since:

Front-end systems

(Lawrence Berkeley)

Linac

(Los Alamos 

& Jefferson)

Accumulator Ring

(Brookhaven)

Target (Oak 

Ridge)

Instrument 

Systems 

(Argonne & 

Oak Ridge)

Fundamental Neutron 

Physics Beam Line + 

External Building 2

Polarized UCN & polarized 3He in superfluid 4He at 0.3 - 0.5K scheme

Superfluid 4He provides:

- production of UCNs in the cell

- insulation against high-voltage break down

- a scintillation medium of VUV light (80 nm) for 3H & 1H (760 keV)

Polarized 3He provides:

- magnetometry of same space as UCNs

- in-situ live-detection of neutron spins from n + 3He -> 3H + 1H reaction

Shield house

Central Volume 

(Los Alamos)

Magnet Coil 

package

(Caltech)

3He services 

cryostat (UIUC)

SiPMs

optical 

fibersHV 

variable 

capacitor

3He lines

HV 

electrode

measurement 

cells

ground 

electrode
V1 piston 

valve and 

actuator

G10 volume filled with 

1600 L of superfluid helium

Central Volume (2x polarized cold 

neutron beams into the page)

Some parameters of interest:

- measurement cells (w.r.t neutron beam): 7.5cm (W) x 10cm (H) x 40cm (L) 

- B0 = 30 mGauss (~100Hz precession) & average gradient < 10-8 Gauss/cm

- Ultra-dilute 3He (3He:4He ~ 10-10) hyper-polarized to 99% via atomic beam

- 50kV/cm E-field in cell, ~ 400kV on HV electrode, achieved with amplification

- 2x non-magnetic dilution refrigerators and plastics & composite cryogenics

Measurement cell 

production @ 

NCSU.

(Deuterated 

fluorescent plastic 

coating and robotic 

gluing facilities)

The NCSU PULSTAR Systematics Test Bed

1 MW

D20

CH4

UCN Guide

SD2 

Source

• Use external solid D2-based ultracold neutron source at 1MW PULSTAR 

reactor on campus, constructed in collaboration with Nuclear Engineering 

Dept. (Ekaterina Korobkina & Ayman Hawari)

• A neutron is electrically neutral but is made from 

composite charged quarks. A permanent EDM is 

caused by asymmetry distribution of these charges.

• Perform UCN storage and depolarization (3He and UCN) times to optimize 

cell fabrication for final experiment. Currently measurements made at LANL.

• Observe scintillation light from relative 3He-UCN precession for first time.

• Study the geometric phase systematic, which comes from interaction 

between                field and B-field gradients. Causes a false frequency shift 

linear in E (i.e. produces a false EDM signal). Different for 3He and n due to 

difference in motion (ballistic vs diffusive regimes)

• Our group has developed theory for geometric shift for both regimes and for 

diffuse or specular wall reflections based on correlation functions. Test theory 

by measuring 3He T1 time, which is given by correlation functions:

• Make key tests and systematic studies of SNS nEDM experiment. 

Complexity and long cooling times of full apparatus makes these 

measurements difficult & time consuming (2 months vs 1 week of cooling).

• Systematics Test Bed apparatus is to contain 1x full-sized measurement 

cell, B-fields, but no E-field. 

3 m

Three position valve: (1) filling with UCNs and 3He, (2) 

close cell for measurements, (3) removing depolarized 3He

Fill cell with UCNs 

from external source

Photomultiplier tubes 

& light guides

Both source and apparatus commissioning in 2016

• Scan superfluid helium temperature to strong affect 3He diffusion to test 

theory over 2 orders of magnitude mean-free-path:

Example of UCN 

storage data of 

NCSU cells 

using Los 

Alamos National 

Lab UCN source 

in 2015-2016:

Methane and solid D2 insert

Outside of core, condensed Flammable 
gasses and grown sD2 crystals this year

International UCN Workshop, Mainz, 2016

SD2 growing test 1, no heaters, D-inlet 5.4K

21
International UCN Workshop, Mainz, 2016

SD2 growing test 1, no heaters, D-inlet 5.4K

21

International UCN Workshop, Mainz, 2016

SD2 growing test 1, no heaters, D-inlet 5.4K

21

1 cm
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nEDM TRC Review – Sep 1-2, 2015
20

Development of MEOP system

• Keopsys 10W, 1083nm fiber laser 

• NI VirtualBench 

• LabVIEW programmable 

• Kalmus 110C RF Amplifier 

• SR7230 Lock-in Amplifier 

• Discharge polarimeters (Thorlabs) 

• Custom glassware 

• Custom Laser-safe enclosure

We constructed a compact 
collimator/beam-expander package, 
which should allow us to shine the 
laser evenly across the face of our 
cell.

We have assembled a 
compact polarimeter 
which should simplify 
detection of 3He 
polarization. The 
design is based on 
that of J.Maxwell at 
MIT.

nEDM TRC Review – Sep 1-2, 2015
20

Development of MEOP system

• Keopsys 10W, 1083nm fiber laser 

• NI VirtualBench 

• LabVIEW programmable 

• Kalmus 110C RF Amplifier 

• SR7230 Lock-in Amplifier 

• Discharge polarimeters (Thorlabs) 

• Custom glassware 

• Custom Laser-safe enclosure

We constructed a compact 
collimator/beam-expander package, 
which should allow us to shine the 
laser evenly across the face of our 
cell.

We have assembled a 
compact polarimeter 
which should simplify 
detection of 3He 
polarization. The 
design is based on 
that of J.Maxwell at 
MIT.

10W fiber laser
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