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CP	
  viola5on	
  
•  Sakharov	
  condi5ons	
  for	
  baryogenesis	
  in	
  the	
  early	
  universe:	
  

–  Baryon	
  number	
  viola5on	
  
–  C	
  and	
  CP	
  symmetry	
  viola5on	
  
–  Interac5ons	
  out	
  of	
  thermal	
  equilibrium	
  

•  Experimental	
  evidence	
  of	
  Standard	
  Model	
  CP	
  viola5on	
  comes	
  from	
  K/B	
  
meson	
  decay.	
  

•  However,	
  it	
  is	
  not	
  enough	
  to	
  explain	
  the	
  baryon	
  asymmetry	
  that	
  we	
  see	
  
today.	
  

	
  

	
   	
  SM	
  expected:	
  	
  ~10-­‐18 	
   	
   	
   	
   	
  Observed:	
  	
  ~10-­‐10	
  

•  Mo5va5on	
  for	
  search	
  of	
  Beyond	
  the	
  Standard	
  Model	
  mechanisms	
  for	
  
CP	
  viola5on.	
  

nB � nB

n�
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nEDM	
  experiments	
  
•  Electric	
  dipole	
  moment	
  violates	
  both	
  P	
  and	
  T	
  symmetries	
  
•  Great	
  plaTorm	
  for	
  BSM	
  physics	
  

–  SM	
  contribu5on	
  (CKM	
  δ)	
  to	
  EDM	
  is	
  small.	
  (dn	
  ~	
  10-­‐32	
  e*cm)	
  
	
  

•  	
   neutron	
  electric	
  dipole	
  moment	
  
	
  

–  Beam	
  experiments	
  (systema5cs	
  from	
  v	
  x	
  E)	
  
–  Ultracold	
  Neutron	
  (UCN)	
  experiments	
  

•  Vn	
  <	
  8	
  m/s	
  
•  Stored	
  in	
  bo]les	
  (<v>	
  =	
  0)	
  
•  Room	
  Temperature	
  
•  Cryogenic	
  experiment	
  
	
  

–  	
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Figure 1. History of the sensitivity of neutron EDM searches, compared with some theoretical
suggestions as to the magnitude. The use of stored ultracold neutrons (UCN) eliminated the
motional magnetic field effect that was a limiting systematic for neutron beam experiments, as
described in the text. The points marked with * are the anticipated limits from experiments
presently under development or proposed, and will be discussed in this paper.

Emboldened by these ideas, Smith, Purcell and Ramsey performed an experimental test of
this hypothesis with a neutron beam magnetic resonance where a shift in the neutron Larmor
frequency was sought when an electric field, in addition to a magnetic field, was applied,

ω± = γB0 ± 2ednE/h̄, (2)

where ± refers to the relative orientation of the applied magnetic B0 and electric E fields
(parallel or antiparallel), the factor of 2 comes from the energy difference between the two
spin states, and h̄ (Planck’s constant) converts the energy ednE to a frequency. dn is almost
always specified in the units e cm, where e is the absolute value of the electron charge.

This first experimental test, performed at Oak Ridge in 1950 however not reported until
1957 [3], produced a null result, but became of interest when the question of parity violation in
weak interactions was brought to the forefront of physics in the mid-to-late 1950s. At the time
of the original suggestion of parity violation in the weak interactions [4], the (unpublished)
1950 result for the neutron EDM was the best existing limit on parity violation. Parity
symmetry violation was discovered in beta decay shortly afterward [5], and it was pointed out
by Landau that the existence of a non-zero EDM of an elementary particle would also violate
T and CP conservation, because, as was well known, the results of any combined operations
of C (charge conjugation) together with P and T (time reversal) must satisfy CPT = 1 for
fundamental interactions to preserve Lorentz invariance. Ramsey argued that the question of
the existence of a neutron EDM was therefore still open [6], although this possibility was not
taken too seriously until a CP non-invariant process, implying a time-reversal T non-invariance,
was observed in the decay of the neutral K0 particle.

This discovery, made in 1964, brought the neutron EDM question to the forefront of
fundamental physics, where it remains. Shown in figure 1 is a history of neutron EDM limits
together with some theoretical model predictions that have been tested, or remain to be tested
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• Goal:	
  
– δdn	
  ~	
  2-­‐3	
  ×	
  10-­‐28	
  e⋅cm	
  

• Key	
  features:	
  
– Experiment	
  performed	
  in	
  He	
  II	
  
– Superthermal	
  produc5on	
  of	
  UCN	
  in	
  situ	
  	
  
– Higher	
  electric	
  field	
  is	
  achievable	
  in	
  LHe	
  
– Longer	
  UCN	
  storage	
  5me	
  at	
  cryogenic	
  
temperatures	
  

– 3He	
  co-­‐magnetometer	
  
– 3He	
  as	
  neutron	
  spin	
  analyzer	
  
– Use	
  of	
  LHe	
  scin5lla5on	
  as	
  method	
  for	
  
detec5on	
  

– Two	
  methods	
  of	
  measurement:	
  
• Free	
  precession	
  
• Spin	
  dressing	
  

	
  
	
   Golub	
  &	
  Lamoreaux,	
  Phys.	
  Rep.	
  237,	
  1	
  (94)	
  

SNS	
  nEDM	
  Experiment	
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8.9	
  Å	
  n
eutron

	
  beam	
  

Central	
  LHe	
  volume	
  (400	
  mK,	
  1500	
  liters)	
  

3He	
  services	
  
Magne5cally	
  
shielded	
  house	
  

Magnet	
  and	
  shielding	
  package	
  



Superthermal	
  produc8on	
  of	
  UCN	
  	
  
	
  

•  Downsca]ering	
  of	
  8.9	
  Å	
  
neutrons	
  in	
  superfluid	
  4He.	
  

•  Upsca]ering	
  process	
  is	
  
suppressed	
  at	
  0.4	
  K.	
  

•  Achievable	
  density	
  at	
  SNS	
  
FNPB	
  =>	
  ~150	
  UCN/c.c.	
  

	
  

	
  
	
  

Superthermal production of UCN

• 8.9 Å cold neutrons get down-
scattered in superfluid 4He by 
exciting elementary excitation 

• Up-scattering process is 
suppressed by a large 
Boltzmann factor 
- exp(-E/kT), where  

E/k = 12 K and T = 0.4 K 

• There is no nuclear absorption

9

R. Golub and J. M. Pendlebury, Phys. Lett. A 62, 337 (1977)

R.	
  Golub	
  and	
  J.	
  M.	
  Pendlebury,	
  Phys.	
  Le].	
  A	
  62,	
  337	
  (1977)	
  
5	
  



3He	
  co-­‐magnetometer	
  and	
  spin-­‐analyzer	
  

•  3He	
  has	
  small	
  EDM	
  ~10-­‐32	
  e*cm.	
  
•  Only	
  co-­‐magnetometer	
  that	
  will	
  work	
  at	
  0.4	
  K	
  
•  Long	
  spin	
  relaxa5on	
  5me.	
  
•  Large	
  contrast	
  of	
  spin	
  dependent	
  neutron	
  capture	
  cross	
  sec5on	
  

for	
  3He.	
  	
  

•  Gyromagne5c	
  ra5os	
  
•  Varying	
  3He	
  velocity	
  gives	
  handle	
  on	
  systema5c	
  errors	
  from	
  

geometric	
  phase	
  effect.	
  (K.	
  K.	
  Leung	
  Talk	
  at	
  11:30)	
  
	
  

	
  

�3He/�n = 1.1

�"" ⇠ 10000 barns �"# < 100 barns (KEn = 25.3 meV)
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3He atomic beam source

43

3He Atomic Beam Source!
(P=99.6±0.25%, flux=1014 atoms/s)!

Brief description available in 
S. Eckel, et al. PRA 85, 032124 (2012)

3He gas is delivered to 
a nozzle held at 1.4 K 
cooled by a cryocooler

1 m long quadrupole-spin-state 
selector constructed from NdFeB 
permanent magnets (filed at pole 
surface 7.5 kG)

3He	
  services	
  
•  3He	
  atomic	
  beam	
  source	
  (P	
  =	
  99.6+/-­‐0.25%,	
  	
  

	
  flux=	
  1014	
  atoms)	
  
•  Heat	
  flush	
  method	
  to	
  control	
  flow	
  of	
  3He	
  
•  Recently	
  observed	
  heat	
  flush	
  signal	
  with	
  x(3He)=10-­‐6	
  

2 
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1	
  m	
  long	
  quadrupole	
  spin-­‐state	
  
selector	
  constructed	
  from	
  NdFeB	
  
permanent	
  magnets	
  



Detec8on	
  Method	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  generates	
  80	
  nm	
  UV	
  scin5lla5on	
  light	
  in	
  

LHe.	
  
•  UV	
  light	
  is	
  then	
  downconverted	
  by	
  dTPB	
  wavelength	
  shiuer.	
  
•  Blue	
  light	
  is	
  then	
  further	
  converted	
  to	
  green	
  light	
  using	
  

wavelength	
  shiuing	
  fiber.	
  
•  Green	
  light	
  is	
  then	
  detected	
  using	
  SiPM.	
  
•  Recent	
  test	
  with	
  eTPB	
  coa5ng	
  has	
  measured	
  38	
  PE	
  using	
  

alpha	
  source	
  =>	
  >13	
  PE	
  projected	
  yield	
  
	
  	
  

	
  

(n,3 He)"# ! p + T

LHe as detector
• Reaction productions of n+3He→p+t generate UV scintillation 

light (80 nm) in LHe 

- Ionizing radiation in helium produces excited helium dimers. 

!

- LHe scintillation is generated when excited helium dimers 
decays to the unbound ground level. 

• The UV light will be down-converted by a wavelength shifter 
and detected by PMTs.

27

� 

He+ + e→ He3
+( )snawball + e−( )bubble →He2

* +He

8	
  



Measurement	
  Methods:	
  Free	
  Precession	
  

Free precession method

28

neutron
3He

Change in magnetic field due to the rotating 
magnetization of 3He by SQUID magnetometers

Pickup coils

Measurement cell filled with SF 4He

⊗ B

A dilute admixture of polarized 3He atoms is introduced to the bath of SF 4He 
(x = N3/N4 ~ 10-10 or  ρ3He ~ 1012/cc) as comagnetometer

Signature of EDM appears as a shift in ω3-ωn corresponding to 
the reversal of E with respect to B with no change in ω3

•  π/2	
  rota5on	
  to	
  start	
  free	
  precession	
  of	
  neutron	
  and	
  3He	
  .	
  
•  SQUID	
  magnetometers	
  are	
  used	
  to	
  read	
  out	
  the	
  precession	
  

frequency	
  of	
  3He.	
  
•  Current	
  SQUID	
  sensi5vity	
  at	
  1	
  fT.	
  
•  Signature	
  of	
  EDM	
  appears	
  as	
  a	
  shiu	
  in	
  ω3–ωn	
  corresponding	
  to	
  

the	
  reversal	
  of	
  E	
  with	
  respect	
  to	
  B.	
  
	
  

dn =
~
2E

[(!"
s � !#

s )�
(�3 � �n)

�3
(!"

3 � !#
3)]
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Free	
  Precession	
  Signal	
  Signals

29
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Spin	
  Dressing	
  

Spin dressing

• The spin is initially pointing along the z-axis 

• A strong non-resonant alternating field is applied. 

!

• The spin starts to precess in the y-z plane with a frequency 

!

• The angle θ is given by: 

!

• The time average of the z component of the spin is 

!

!

• The effective gryomagnetic ratio

32

z

x

yBrf

spin

Bx (t) = Brf sinω rft

ω (t) = !θ(t) = γ Bx (t)

θ(t) = γ Brf ω rf( )cosω rft

cosθ(t) T =
1
T

dt cos γ Brf ω rf( )cosω rft⎡⎣ ⎤⎦∫
= J0 (γ Brf ω rf ) ≡ J0 (x)

γ eff = γ 0J0 (x)

Measured with 
cold neutrons

Muscat et al., PRL 58, 2047 (1987)

cf. Measurements with 3He 
• Esler et al., PRC 76, 051302 (2007) 
• Chu et al., PRC 84, 022501 (2011). 
• Eckel et al., PRA 85, 032124 (2012)

C. Cohen-Tannoudji and S. Haroche, J. Physique 30, 153 (1969).

x = γ Brf /ω rf

γ e
ff
/γ

•  Apply	
  non-­‐resonant	
  RF	
  field	
  in	
  x	
  direc5on	
  
	
  
•  Precession	
  frequency	
  in	
  y-­‐z	
  plane	
  is:	
  
	
  
•  The	
  angle	
  θ	
  with	
  respect	
  to	
  z	
  axis	
  is:	
  
	
  
•  The	
  5me	
  averaged	
  z	
  component	
  of	
  spin	
  is:	
  

•  The	
  effec5ve	
  gyromagne5c	
  ra5o	
  becomes:	
  
	
  

	
  

	
  
	
  

B
x

(t) = Brf cos(!rft)

!(t) = ✓̇(t) = �B
x

(t)

✓(t) = ��(Brf/!rf) sin(!rft)

hcos ✓(t)iT =

1

T

Z
dt cos[��(Brf/!rf) sin(!rft)] = J0(x) x = �(Brf/!rf)

C.	
  Cohen-­‐Tanoudji	
  and	
  S.	
  Haroche,	
  J.	
  Physique	
  30,	
  153	
  (1969).	
  
R.	
  Golub	
  and	
  	
  S.	
  K.	
  Lamoreaux,	
  Phys.	
  Rep.	
  237,	
  1	
  (1994)	
  
	
  

�e↵ = �0J0(x)
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Cri8cal	
  spin	
  dressing	
  Critical spin dressing
• Relative precession 

!

!

• The effect of B field can be 
eliminated if 

!

• This means 

!

• Solution: “critical dressing”

33

5

−5

−10

−15

X

γ (rad/s/mG)

neutrons

3He

X =Xc

X=γnBrf/ωrf

1 2

ω rel = γ n
eff − γ 3

eff( )B0;   γ i
eff = J0 (xi )γ i;

xi = γ i Brf ω rf ;   i = UCN, 3He

γ nJ0 (xn )− γ 3J0 (x3) = 0

α J0 (α xc ) = J0 (xc );   α = γ 3 γ n = x3 xn

xc ≈1.19,   J0 (xc ) = 0.65
12	
  



Detec8on	
  of	
  nEDM	
  with	
  dressed	
  spin	
  method	
  

•  In	
  the	
  presence	
  of	
  nEDM:	
  

•  At	
  cri5cal	
  dressing:	
  

•  Modulate	
  the	
  dressing	
  field	
  around	
  xc	
  

•  Scin5lla5on	
  rate	
  
–  Without	
  nEDM:	
  
–  With	
  nEDM:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

•  Apply	
  feedback	
  to	
  dressing	
  parameter	
  to	
  zero	
  first	
  harmonic;	
  
then	
  this	
  feedback	
  vs.	
  E-­‐field	
  direc5on	
  is	
  the	
  EDM	
  signal.	
  	
  

!rel = (�e↵
n � �

e↵
3 )B0 + 2ednEJ0(x)/~

✓n3 = !relt = 2ednEJ0(xc)t/~
!rel = 2ednEJ0(xc)/~

x(t) = xc + ✏ cos!mt+ kdnE

�✓ ⇠ (✏/!m) sin!mt+ kdnEt = �✓0 + kdnEt

S / (�✓0)
2

S / (�✓0)
2 + 2�✓0kdnEt

Increasing	
  with	
  t	
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Magne8c	
  shielding	
  

•  Shield	
  house	
  requirements:	
  
–  Gradients:	
  <	
  10-­‐7	
  G/cm	
  over	
  1m	
  central	
  volume	
  
–  Shielding	
  Factors:	
  >	
  150	
  @	
  1	
  Hz,	
  >10000	
  @	
  10-­‐10000	
  Hz	
  

•  Cryogenic	
  magnet	
  package:	
  
–  Superconduc5ng	
  B0	
  coil	
  
–  Metglas	
  (ferromagne5c)	
  B0	
  flux	
  return	
  
–  Superconduc5ng	
  shield/field	
  shaper	
  	
  
–  Dressed	
  spin	
  coil	
  

•  Current	
  1/3	
  scale	
  prototype	
  is	
  opera5onal	
  
•  Procuring	
  full	
  scale	
  magnet	
  package.	
  

14	
  



High	
  Voltage	
  System	
  

•  Design	
  goal	
  70	
  kV/cm	
  =>	
  600	
  kV	
  between	
  electrodes	
  
•  Minimum	
  leakage	
  current	
  between	
  the	
  electrodes	
  	
  
•  Electrodes	
  made	
  of	
  PMMA	
  coated	
  with	
  conduc5ve	
  material	
  	
  
•  Resistant	
  to	
  thermal	
  cycling	
  and	
  sparking	
  
•  Minimal	
  ac5va5on	
  due	
  to	
  exposure	
  to	
  neutron	
  beam	
  	
  
•  Non-­‐magne5c	
  	
  
•  Fabrica5on	
  technique	
  scalable	
  to	
  large	
  (10x40x80	
  cm3)	
  

complicated	
  3D	
  shape	
  	
  
•  Current	
  efforts:	
  

–  R&D	
  with	
  Medium	
  Scale	
  High	
  Voltage	
  System	
  
–  Design	
  of	
  Half	
  Scale	
  High	
  Voltage	
  System	
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MSHV	
  
Purpose 
• To study breakdown field dependence on 

• Temperature 
• Pressure 
• Gap size 
• Electrode material 
• Presence of dielectric object 

Features 
• 6 liter LHe volume cooled by a 3He fridge 
• Electrode size ~ 12 cm in diameter 
• Electric field: up to 100 kV/cm in 1 cm 

gap 
• Gap size: adjustable 
• Lowest temperature ~ 0.4 K 
• Pressure: variable between SVP and 1 

atm 
• Turn around time ~ 2 weeks

6

77K#shield#

Central#Volume#

Electrodes#

HV#feedthroughs#

CV#heat#
exchanger#

3He#pot#

1#K#pot#

LN2#reservoir#4#K#LHe#bath#

EvaporaBon#valve#

Medium Scale High Voltage (MSHV) 
Test Apparatus
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Purpose	
  
•  To	
  study	
  breakdown	
  field	
  dependence	
  on	
  

•  Temperature	
  
•  Pressure	
  
•  Gap	
  size	
  
•  Electrode	
  material	
  
•  Presence	
  of	
  dielectric	
  object	
  

Features	
  
•  6	
  L	
  LHe	
  volume	
  cooled	
  by	
  a	
  3He	
  fridge	
  
•  Electrode	
  size	
  ~	
  12	
  cm	
  in	
  diameter	
  
•  Electric	
  field:	
  up	
  to	
  100	
  kV/cm	
  in	
  1	
  cm	
  gap	
  
•  Gap	
  size:	
  adjustable	
  
•  Lowest	
  temperature	
  ~	
  0.4	
  K	
  
•  Pressure:	
  variable	
  between	
  SVP	
  and	
  1	
  atm	
  
•  Turn	
  around	
  5me	
  ~	
  2	
  weeks	
  
	
  
Key	
  Results	
  
•  EBD	
  >	
  105	
  kV/cm	
  in	
  1	
  cm	
  gap	
  for	
  EP	
  SS	
  electrodes	
  
•  EBD	
  >	
  85	
  kV/cm	
  in	
  1	
  cm	
  gap	
  for	
  Cu	
  implanted	
  PMMA	
  

electrodes	
  
•  EBD	
  >	
  80	
  kV/cm	
  in	
  1	
  cm	
  gap	
  for	
  EP	
  SS	
  electrodes	
  with	
  

PMMA	
  insert	
  
•  Leakage	
  current	
  ≤	
  2	
  pA	
  at	
  40	
  kV	
  with	
  PMMA	
  insert	
  

	
  
	
  



UCN	
  Storage	
  measurements	
  

•  Goal	
  is	
  to	
  use	
  exis5ng	
  LANL	
  UCN	
  source	
  to	
  test	
  
prototype	
  cells.	
  

•  Measured	
  UCN	
  storage	
  5me	
  of	
  a	
  new	
  prototype	
  
measurement	
  cell	
  at	
  different	
  temperatures.	
  	
  

•  Temperature	
  dependence	
  allows	
  extrapola5on	
  
down	
  to	
  0.4	
  K.	
  

•  Also	
  measured	
  the	
  storage	
  curve	
  with	
  
contamina5on	
  frozen	
  on	
  cell	
  wall	
  during	
  cooling.	
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Cell$produc=on$@$NCSU$(cont.)$
•  Glue$flat$plates$together$to$make$

measurement$cell.$
•  Use$deuterated$“MC$bond”$acrylic$

cement:$5mL$dkace=c$acid$+$15mL$dk
MMA$+$80mL$of$dkdichloromethane$

•  Previously$had$suspected$problems$
with$glue$seeping$into$box$and$
a?acking$coa=ng$

•  Now$use$Asymtek$S820$robo=c$
dispenser$for$gluing$of$long$edges.$
(Machine$can$jet$spray$coa=ng$as$well$
but$found$not$as$good$as$swing$
coa=ng.)$

•  “Bead$coat”$inner$edges$of$closed$cell$
aser$gluing.$

•  3He$depolariza=on$tests$in$smaller$
cells$performed$at$UIUC$and$at$Duke.$

4$

glue

no glue

Robo$c&dispenser$press on plate

groove for 
catching 

glue

glue

coating

Glued$cell$under$UV$lamp$
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Kent Leung, UCN workshop Mainz Germany (2016-04-11) 

PRELIMINARY

f-factor of coating 
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•  If you prefer, at 23K double exponential decay fit gives:
     (1130 ± 70)*exp[-t/(97 ± 13)s] + (1090± 80)*exp[-t/(580 ± 30)s] in 3L cell.
•  Design spec of SNS nEDM experiment = fwalls ~ 0.8E-5. So we’re close!
•  Better f-factor than Be coatings at low temperatures! [but (250neV/160neV)3/2 ≈ 2]
•  Still progress to be made here….
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fwalls with temperature for MC UCN spectrum 

and GV monitor detector normalization 
Include UCN spectrum scan and UCN 
guide drain peak integral normalization 

systematics errors
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•  ~2E-­‐5	
  for	
  loss	
  factor,	
  goal	
  for	
  the	
  

final	
  experiment	
  is	
  0.8E-­‐5	
  
	
  
•  Contamina5on	
  run	
  shows	
  that	
  cell	
  

must	
  be	
  ac5vely	
  pumped	
  during	
  
cool	
  down.	
  



Summary	
  

Significant	
  progress	
  in	
  
•  3He	
  heat	
  flush	
  studies	
  
•  Light	
  collec5on	
  of	
  80	
  nm	
  light	
  
•  Cryogenic	
  magnet	
  package	
  design	
  and	
  opera5on	
  
•  Tests	
  of	
  high	
  voltage	
  electrodes	
  
•  UCN	
  storage	
  5me	
  of	
  prototype	
  measurement	
  cells	
  

	
  
What	
  is	
  next?	
  
•  Collabora5on	
  is	
  moving	
  toward	
  a	
  large	
  scale	
  integra5on	
  

phase.	
  
•  Scheduled	
  for	
  commissioning	
  data	
  at	
  end	
  of	
  2021.	
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Leakage current requirements

16

Effects Limit Comments

Magnetic field 
generated by leakage 
currents

1 nA 50 pA without comagnetometer

Heating due to leakage 
current affecting 3He 
distribution, coupled 
with B-field gradient

1 pA

In order for this effect to mimic EDM 
signal, leakage current location need to 
be dependent on the E field direction, and 
the leakage current to be flowing on the 
inner wall 

Voltage reduction due 
to leakage current 100 pA 100 pA current in each cell changes the 

HV by 10% over 6 hours


