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• Motivation for Permanent EDM Searches 

• Short History and Present Status 

• New Experiment at Spallation Neutron Source (nEDM@SNS) 

• Conclusions
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 One Motivation for EDM Searches
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Baryon Asymmetry of the Universe (BAU) ➝ today: 

Sakharov: Three Conditions: 

• Baryon number violation 

• Violation of C and CP symmetries 

• Departure from thermodynamic equilibrium 
                                             A. Sakharov; JETP Lett, 5, 24 (1967) Andrei Sahkarov

We live in a matter dominated Universe: 
ϕp̄

ϕp
∼ 10−4

Note: Standard EW baryogenesis assumes a 1st order phase transition, 
but Higgs boson too heavy → need add’l EW-scale scalar field + strong 
(Higgs) Yukawa couplings or other models ….… 

M. Aguilar et al., PRL 117, 091103 (2016)

Leptogenesis?
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 Present Baryon Asymmetry of the Universe
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Fig. 1 Primordial abundances of light nuclei, 4He, D, 3He and 7Li,
shown as a function of the baryon-to-photon ratio η, as predicted by
standard Big-Bang nucleosynthesis (BBN). Bands show 95% of C.L.
The results of the experimental observation are in the yellow bands and
the vertical lines denote the measure of the cosmic baryon density from
CMB (thin band labelled by CMB) and the so-called concordance range
for the BBN including the D and the 4He (wide vertical band). Both
with 95% of C.L. Figure taken from Ref. [2]

The prediction of the baryon density obtained by the
standard model of BBN can be compared with a com-
pletely independent determination of η from the Cosmic
Microwave Background (CMB) angular power spectrum [6].
The most recent analysis of the Planck data [7] gives a value
η = (6.12 ± 0.04)× 10−10 [2] perfectly consistent with the
value obtained from the observed primordial abundances and
standard model of BBN.

Independent of the particle physics theory responsible for
the baryon asymmetry in the universe, a set of criteria, the
Sakharov conditions [8], need to be satisfied by the responsi-
ble interaction: baryon number violation; C- and CP- viola-
tion; Universe out of thermal equilibrium to avoid the thermal
average washing out the net baryon asymmetry.

2 Baryogenesis scenarios and CP-violation

The analysis of the 3 Sakharov conditions compared with
the observed asymmetry between matter and antimatter, can

shed some light on the baryogenesis mechanisms. In order to
satisfy the last condition, i.e. to stay out of thermal equilib-
rium, Sakharov imagined that baryogenesis would start after
the Big Bang, when most reactions would take place out of
thermal equilibrium and at a temperature not much below the
Planck scale [11].

An example of BSM theories providing baryon num-
ber violation combined with possible new sources of CP-
violation are Grand Unified Theories (GUT) [10]. While
GUT theories could in principle provide the necessary CP-
violation with some extra heavy-particles they have to face
a few difficulties. The first one is that all the GUT theories,
consistent with the current values of the SM parameters, have
to rely on inflation to remove relics of particles generated at
the GUT scale. As a result though any baryon asymmetry
would be washed out as well and the temperature would be
too low to restart any GUT process generating again a baryon
asymmetry [11].

Another challenge for GUT scenarios is the fact that any
mechanism generating a baryon asymmetry has to compete
with the anomalous baryon number violation in the SM [12].
Analogously to what happens in QCD with the topologi-
cal charge and the tunneling probability between topological
sectors, in the SM the baryon number is violated with a prob-
ability proportional to ∼ exp (−4π/αW ), where αW is the
weak coupling [12,13]. While at a relatively low tempera-
ture the probability to all practical purposes vanishes, at high
temperature, around and above ∼ 100 GeV, the anomalous
baryon violation can compensate any baryon violation [14]2.

Another possibility is to actually make use of the anoma-
lous baryon number violation to generate a baryon asymme-
try. The mechanism to be out of equilibrium at the electro-
weak scale is provided by a first-order weak phase transition
at the electro-weak scale, ∼ 100 GeV. The main mecha-
nism for electroweak baryogenesis is that after the Big Bang
no baryon asymmetry is generated at temperatures above
100 GeV. When the temperature reaches the electroweak
scale the SU (2)L × U (1)Y SM symmetry is broken spon-
taneously generating a non zero expectation value for the
Higgs field. The requirement of having a first order elec-
troweak phase transition, implies that bubbles, or regions,
would form, where the expectation value of the Higgs field
is non-zero. A non-zero net baryon number is generated at the
boundaries of these regions where the CP- and C-violating
interaction convert 3 baryons (anti-baryons) in 3 antileptons
(leptons), preserving though B-L. These baryon number vio-
lating transitions are mediated by so-called sphaleron field
configurations, just as instanton configurations are respon-

2 We note that even if there is the possibility of an anomalous baryon
number violation at high temperature, the difference between baryon
and lepton number, B-L, is not violated by the baryon anomaly and thus
B-L is conserved.
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η = (nb − nb̄
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Standard Model (CKM) estimate: ηSM ≲ 10−20

☛ SM estimate too small  ➡ new sources of CP needed

A. Shindler, Eur. Phys. J. A (2021) 57:128
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−0.3 × 10−10 (WMAP CMB)
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 How Can Searches for Permanent EDMs Contribute ?
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Sensitivity to New Particles
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Simple estimate of sensitivity to new physics (SUSY):

dimensional analysis, under SU(2)L × U(1) gauge invariance:

Quark EDM dd ~ e ⋅
α
4π

⋅ md (MeV )
Λ2 (TeV 2 )

⋅sin(φCP )

loop factor CP breaking scale CP phase

Assuming sin(ΦCP) ~ 1:

☛   dn ~ dd ~ 2·10-26 e·cm ⬌ Λ ~ 3.4 TeV 
                dd ~ 3·10-28 e·cm ⬌ Λ ~ 28 TeV

de Rujula et al., Nucl. Phys. B 357, 311 (1991) 
T. Chupp, S. Gardner, and Z._L., Project X,  arxiv.org/pdf/1306.5009 
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From Experiment to Theory
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History of Neutron EDM Searches
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Upper nEDM Limits
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J. M. Pendlebury: 
“nEDM has killed more theories than any other single experiment.”

Most recent SM estimate for nEDM: 

             (1 − 6) × 10−32e ⋅ cm
C.-Y. Seng, Phys. Rev. C 91, 025502 
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General Idea of Modern EDM Searches
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Sensitivity to EDMs
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�E ·�T = ~
�T = Tm

�E = ~ · 2⇡�⌫
} ☛ �⌫ =

1

2⇡Tm

Fundamental (q.m.) limit:

Tm = time for one measurement
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~
4E0Tm
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(α imperfections, inefficiencies, backgrounds)

It’s all about measuring 

small phases 
δϕ = δν ⋅ Tm
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Where are we now? Best Limit on nEDM
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Ultra-cold Neutrons (UCN) in a 
storage cell (at T ~ 300 K):

    |dn| < 1.8×10-26 e·cm    (90% C.L.)                   

Paul Scherrer Institute 
(Villigen, Switzerland)

• Volume ~ 6.63 l 
• Tm = 180 s (per cycle) 
• N ≈ 11.4 × 104 (per cycle) 
• E0 = 11 kV/cm

ρUCN ~ 2/cm3

resulting in the observed CP violation in K- and B-meson
decays, and the θ̄QCD coefficient of the still-unobserved
CP-violating term of the QCD Lagrangian [3]. Both are too
small to account for the observed baryon asymmetry of
the Universe [4], which requires CP violation as one of
three essential ingredients [5]. Furthermore, many theories
beyond the SM naturally have large CP-violating phases
[6] that would result in an observable neutron EDM
(nEDM). In combination with the limits from searches
for the electron [7] and 199Hg [8] EDM, the limit on the
nEDM confirms and complements stringent constraints
upon many theoretical models [9]. In particular, the nEDM
alone stringently limits θ̄QCD. This unnaturally small upper
limit on θ̄QCD is known as the strong CP problem; it gave
rise to searches for a Goldstone boson, the axion [10,11],
which is also an attractive candidate to solve the dark
matter mystery [12].
An overview of the spectrometer used for the measure-

ment is shown in Fig. 1, while a detailed technical
description of the apparatus (upgraded from that used
for the previous best limit [13–15]) and of data taking
may be found in Ref. [16]. A total of 54 068 individual
measurement cycles, during 2015 and 2016, were used to
determine the change in the Larmor precession frequency
of the neutron:

fn ¼
1

πℏ
jμnB⃗0 þ dnE⃗j; ð1Þ

correlated with the change of polarity of the electric field
jE⃗j ¼ 11 kV=cm, where μn is the magnetic dipole moment
and B⃗0 a collinear magnetic field (jB⃗0j ¼ 1036 nT). For
this purpose, we used Ramsey’s method of separate
oscillating fields [17].
In each cycle, ultracold neutrons (UCNs) from the Paul

Scherrer Institute’s UCN source [18,19] were polarized by

transmission through a 5 T superconducting solenoid; spin
flipper 1 (SF1) then allowed the selection of the initial spin
state (up or down). The switch directed the incoming
neutrons to the cylindrical precession chamber situated
1.2 m above the beam line. The precession chamber (radius
R ¼ 23.5 cm, height H ¼ 12 cm) was made of diamond-
like-carbon-coated [20,21] aluminum electrodes and a
deuterated-polystyrene-coated [22] insulator ring milled
from bulk polystyrene. After 28 s, an equilibrium density of
up to 2 UCN=cm3 inside the precession chamber was
attained, and a UCN shutter in the bottom electrode was
closed to confine the UCN for a total of 188 s. A small
valve was opened for 2 s to release a sample of polarized
199Hg vapor, that was used as a comagnetometer (HgM).
A first low-frequency (LF) pulse of 2 s duration and
frequency jμHgB0j=ðπℏÞ ≈ 7.8 Hz tipped the 199Hg spin
by π=2. Ramsey’s technique was then applied to the
neutrons, with an LF pulse (also of tLF ¼ 2 s duration)
at a frequency of jμnB0j=ðπℏÞ ≈ 30.2 Hz tipping the UCN
spins by π=2. After a period of T ¼ 180 s of free pre-
cession, a second neutron LF pulse, in phase with the first,
was applied. During data taking, the LF pulses were
alternated between four frequencies in the steep regions
of the central Ramsey fringe.
Immediately after the second neutron LF pulse, the UCN

shutter in the bottom electrode was opened. The switch was
also moved to the “empty” position connecting the pre-
cession chamber with the UCN detection system [23,24],
which counted both spin states simultaneously in separate
detectors. The state of the spin flippers (SF2a and SF2b)
above each detector was alternated every fourth cycle,
with one of them being off while the other was on, to
average over detection, spin flipper, and spin analyzer
efficiencies. For each cycle i, we recorded an asymmetry
value between the number of spin-up (Nu;i) and spin-down
neutrons (Nd;i): Ai ¼ ðNu;i − Nd;iÞ=ðNu;i þ Nd;iÞ. On aver-
age, Nu þ Nd ¼ 11400 neutrons were counted per cycle.
In addition, for each cycle we obtained a frequency fHg;i

from the analysis of the mercury precession signal, as well
as 15 frequencies fCs;i from cesium magnetometers (CsM)
positioned above and below the chamber.
There are 22 base configurations of the magnetic field

within the dataset. Each base configuration was defined
by a full degaussing of the four-layer magnetic shield and
an ensuing magnetic-field optimization using all CsM
described in detail in Ref. [25]. This procedure was
essential to maintain a high visibility, which was measured
to be ᾱ ¼ 0.76 on average. A base configuration was kept
for a duration of up to a month, during which only the
currents of two saddle coils on the vacuum tank, above and
below the chamber, were changed to adjust the vertical
gradient in a range of approximately %25 pT=cm [26].
Within a base configuration, all cycles with the same
applied magnetic gradients were grouped in one sequence.
The analyzed dataset consists of 99 sequences. The voltage

FIG. 1. Scheme of the spectrometer used to search for an
nEDM. A nonzero signal manifests as a shift of the magnetic
resonance frequency of polarized UCNs in a magnetic field B0

when exposed to an electric field of strength E.

PHYSICAL REVIEW LETTERS 124, 081803 (2020)

081803-2

dominating systematic uncertainties:  
• higher order B-field gradients - 1.0×10-27 e·cm 
• uncompensated B-field gradient drifts - 0.75×10-27 e·cm 
• ….

    dn = (0.0 ± 1.1stat ± 0.2sys)×10-26 e·cm  

C. Abel et al., PRL 124, 081803 (2020) 

Note: Previous best value: |dn| < 2.9×10-26 e·cm    (90% C.L.)

C. A. Baker et al., PRL 97, 131801 (2006)

It took 14 years to improve nEDM limit by ~40%!!
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How Can We Improve Limit on nEDM ?
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❖ more neutrons ⇒ produce “ultra-cold” neutrons in target 

❖ longer measuring times (limited by neutron lifetime: ~880 s) 

❖ higher electric fields 

❖ more uniform and stable magnetic fields 

❖ monitor  magnetic field stability in target ⇒ co-magnetometer
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Physics concept: R. Golub and S. K. Lamoreaux, Phys. Rep. 237, 1 (1994)

13

SNS: Most powerful accelerator-driven  
neutron source in the world
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model: J. Ramsey

“super-mirror” polarizer

~ 40 m of “super-mirror” neutron guide

nEDM

New Building for 
 nEDM@SNS (EB2)

Neutron Transport

8.9 Å neutrons  
from FNPB

14

Neutrons produced in spallation target
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Beamline for Neutrons
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Deposit (sputter) coatings e.g. float glass: “grow crystal”  = “super-mirror”  

 100’s of Ni/Ti layers with varying thickness ➜ additional Bragg reflection 
Magnetic super-mirrors:

VM =
2⇥�2n0

m
b = µB

Magnetic potential: 

n± = 1� n0�2

2⇥
(a± b)

Spin-dependent index of 
refraction:

➩ Polarize neutrons 
(e.g. Fe/Ti coating)

Material VF [neV]

Ni58 335

Ti -48

Multilayer supermirrors: Characterized by m= _____θmirror

θNi

References:

V. F. Turchin, At. Energy 22, 1967.
F. Mezei, Novel polarized neutron devices: supermirror and spin component amplifier, Communications on
Physics 1, 81, 1976.
F. Mezei, P. A. Dagleish, Corrigendum and first experimental evidence on neutron supermirrors,
Communications on Physics 2, 41, 1977.
J. B. Hayter, H. A. Mook, Discrete Thin-Film Multilayer Design for X-Ray and Neutron Supermirrors, J.
Appl. Cryst. 22, 35, 19892, 35, 1989.
O. Schaerpf, Physica B 156&157 631, 639 (1989)

From Swiss Neutronics

1.73 mrad/Å

re
fle

ct
iv

ity

100’s of Bragg diffraction peaks 
⇒ extents (nearly) continuous reflectivity 
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neutrons
neutrons

nEDM Magnetic Shielding Requirements 

• 2 layer μ-metal magnetic shielding  
  enclosure 
• presently being assembled at  

IMEDCO

access door at the bottom

m
odel: J. Ram

sey (O
RN

L)

Outer shielding: 
• Field compensation coils (not shown) 
• Magnetic shielding enclosure 

• 4.1 m × 4.1 m × 6.1 m (inner dim.) 
• 2 × 3 mm μ-metal layers, 40 cm 

separation 
• residual field < 10 nT 
• gradient < 2 nT/m in central 1 m3 

• SF 100 @ 0.01 Hz 

Inner shielding: 
• Superconducting Pb 
• SF ~1000 

16
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nEDM Outer Magnetic Shielding 

17

Interior dimensions: 4.1 m × 4.1 m × 6.1 m
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Why 8.9 Å Neutrons ?
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• 8.9 Å (12 K or 0.95 meV) 
neutrons can scatter in liquid 
helium to near rest by emission 
of a single phonon.

• Upscattering (by 12 K phonon 
absorption) 

~ Population of 12 K phonons
~ e–12 K/Tbath

12

Superthermal Production of UCN
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Interaction of neutrons with superfluid 4He:

R. Golub and J.M. Pendlebury; Phys. Lett. 53A, (1975), Phys. Lett. 62A (1977) 

8.9 Å ( at 12 K)

• neutrons lose “all” energy (completely  
   inelastic collision) 
 ➛ one phonon excitation ➩Tfinal < 1 mK  
    (“super-thermal process”)  
• up-scattering strongly Boltzmann          
   suppressed: e-12K/TLHe (for TLHe < 1 K)

THe < 2.17K The neutrons are now “ultra-cold”: 
• En ~ 300 neV 
• v ~ 4 m/s 
• λ ~ 500 Å

Gravitational Interaction:  VG = mn·g·h ≈ 103 neV/m ·h 
Magnetic Interaction:        VM = -μn·B  ≈  60 neV/T · B 
Strong Interaction:             scattering length > 0 for certain 
materials

UCNs can be trapped gravitationally, in magnetic fields, or in 
boxes.

8.9 Å
 neu

tro
n

ultra-cold neutron phonon
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The Central Experimental Region

19

Measurement Cells
22

Measurement Cells

Electric Field

Expected UCN production 

rate: 

• 0.31 UCN/cm3/s 

• Vcell = 3,000 cm3 (each) 

B0

Target Cells (7.5 cm × 10 cm × 40 cm) 
d-coated PMMA (Acrylic)

• δB(t) ≤ 8 nG per cycle 
• ⟨∂Bz/∂z⟩< 50 nGauss/cm  
   at 30 mGauss  

• E = 75 kV/cm 

• apply π/2 pulse → 

E

3He

3He

~1600 l of SF 4He at ~350 mK

pol. 8.9 Å neutrons 

Electric Field    
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Basic Concept of Experiment: Free Precession
Take advantage of the strong spin-dependent cross section:


 store polarized UCNs in a box and add polarized 3He  
  n + 3He++ → p + t +764 keV  

  detect scintillation light in SFLHe (4He2*)

  modulation of scintillation  
 light: ~0.3 Hz/mG 

  spin dressing (ωn = ω3He) 

E-Field

B-Field

×
×

×
×

×
×

SiPMs

SQUIDs

G. Greene: “The reason for the existence of helium is  
                      to measure the neutron EDM”

Wavelength Shifter

Free precession 
mode

20

ρ3He ≈ 1010ρn
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… or Use Critical Spin Dressing

21

New concept:  

• Apply non-resonant magnetic RF field in x(or y) direction:  

• Look at time-averaged component of spin along B0-direction: 

 

• Effective magnetic moment along B0-direction:   

• Applying this to polarized neutrons and 3He: → relative precession 
frequency 
                      

• Eliminate effect of magnetic field B0 if        

                                                                             

                                                            “Critical Spin Dressing”

< cos(θ(t)) >T =
1
T ∫ dt ⋅ cos(γ(Brf /ωr)sin(ωrf t)) = J0(x), x = γ(Brf /ωrf)

γeff = γJ0(x)

ωrel = (γeff
n − γeff

3He) ⋅ B0

(γeff
3He − γeff

n ) = γnJ0(xn) − γ3HeJ0(x3He) = 0

Bx(t) = Brf ⋅ cos(ωrf t)

γ 
[r

ad
/s

/m
G

]

5

x = γ·Brf/ωrf

x=xc

☞ Improved sensitivity to EDM

15

10

20

1 2

Critical Spin 
Dressing
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Many known (and yet unknown) Systematic Effects 

22
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Example of Important Systematic Effect: Geometric Phase

23

x

yz

B0r

B0z

B0r

vxy

Bm Bm

E

B↓↓ B↓↓

B0r

B0z

B0r

vxy

Bm Bm

E

B↑↓ B↑↓

Induced false EDM due to magnetic field gradients and special relativity

B-field with radial gradient

(Δϕ↑↑ − Δϕ↑↓) = γnR
∂B0z

∂z
|Bm |

|ωr |
(ω2

0 − ω2
r )

⋅ T

v × E → linear in E !!

• Relativistic effect for particles with v ~ 4 m/s 

• Effect doesn’t cancel for vxy ↔ −vxy 

• Effect is linear in E → causes false EDM signal 

• Need uniform B-field (here |∇B| < 3 ppm/cm (<100 nG/cm @ 30 
mG) 

E

vxy

B0

R

Geometric Phase  
→false EDM signal
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Systematics and Operational Studies (SOS) @ Pulstar
Perform systematic studies relevant for nEDM@SNS at the 
NCSU Pulstar reactor

• UCNs from Pulstar 
• polarized 3He from MEOP source 
• one measurement cell only 
• no electric field 
• smaller size than nEDM@SNS ➞ faster thermal cycling 
• study spin dressing 
• study control of initial phase between n-3He spins 
• study geometric phase 
• characterize production measurement cells 
•  ………..

24
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Systematics and Operational Studies (SOS) @ Pulstar

Dewar comissioning with 
cryocooler and DR  was 
completed in 2019 (WP 3.5.03)

Requirements: 
• T2 at least 700 s 
• 3He polarization ≳70% 
• UCN density 1-10 n/cm3 
•SQUID noise level  0.2-0.25 fT/√Hz (3He concentration x=10-10, 
 SNR=20, 1 run) 
•  Tcell ≳ 300 mK (during operation) 
•  10 ppm stability and noise on power supply for spin dressing 

Dewar commissioning with cryocooler and DR finished 

NCSU Lab

25slide credit: E. Korobkina
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Data Analysis and Simulations

M. Behzadipour, B. Plaster
Preparing to handle non-uniform B-fields

Mock Data Challenge at full sensitivity 
(input dn = -3.3e-27

Developing spin-manipulation techniques 
(first test at PULSTAR). C. Swank

Learning to use GPUs for spin tracking

slide credit: V. Cianciolo

26
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Lower 77K Shield

Lower Outer Vacuum Vessel

Inner Magnet Volume (IMV)

Magnet cryocooler

Cryogenic Field Monitor

Final Components

Assembly of final “hoops”.27
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 Some Features of the nEDM@SNS Experiment

• Large number of trapped UCNs 
• down-scattering of 0.89 Å neutrons via photons in SF4He 
• store neutrons in LHe target cells 

• Use two cells with E-fields in opposing directions 
• two measurements at the same time ➞ better systematics 

• LHe as a HV insulator 
• higher electric fields 

• mu-metal magnetic shield enclosure + superconducting shield 
• reduction of magnetic field variation 

• Stable B0 field using superconducting magnet  
• Use of 3He co-magnetometer  

• correct for systematic effects due to changing B-fields 
• Variation of LHe temperature to study v x E systematics 

• study and minimize geometric phase 
• Precession frequency measurements via two techniques 

• Critical spin dressing 
• free spin precession 
• compare methods ➞ different systematic effects

σd =
ℏ

2 |E |Tm mN

Goal:  
• |dn| ≲ 2.9× 10-28 e-cm @ 90% C.L. (spin dressing) 
• |dn| ≲ 5.7 × 10-28 e-cm @ 90% C.L. (free precession) 
                       (300 live-days each)

• E → electric field 
• Tm → time per cycle 
•  → # of cycles ✕ # of neutrons per cycle 
• no background 
• stable B- and E-fields

mN

Basic sensitivity equation:

28
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 Working Parameters
Quantity Definition Value

PUCN UCN production rate 0.31 UCN/cc/s
N0 Number of UCNs in each cell at t=0 4.5×105

Vcell Measurement cell volume 3000 cc
τ3 UCN-3He absorption  time 500 s
τcell UCN-wall absorption time 2000 s
|E| Electric field 75 kV/cm
TM Measurement time 1000 s
Tf Cold neutron fill time 1000 s
Td Dead time between cycles 400 s
P3 3He initial polarization 0.98
Pn UCN initial polarization 0.98
τP 3He & UCN depolarization time 20,000
ε3 Detection efficiency for UCN-3He capture 0.93
εβ Detection efficiency for β-decay 0.5
RB Non β-decay background rate 5 Hz

Spin Dressing: |dn| ≲ 2.9 × 10-28 e-cm @ 90% C.L. (300 live-days) 
Spin Dressing: |dn| ≲ 5.7 × 10-28 e-cm @ 90% C.L. (300 live-days)

29
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 Human Readable Sensitivity of Next Generation EDM Searches

30

+

−

• Scale Neutron to size of Earth: charge separation: 40 nm 

(human hair: ~ 40 μm) 

• Precession rate in E-field: 1 rev. in 17.6 years (75 kV/cm) 
or same precession in B-field: B ~ 7.5·10-16 T  (BEarth = 5·10-5 T) 

• Energy splitting in E-field (75 kV/cm): 2.25·10-23 eV

If dn = 10-28 e·cm:
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 Summary and Timeline

• Timeline:  
• Timeline is budget driven 

• start date late 2027 

• Construction of subsystems is well under way 
•New experimental hall (EB2) and neutron guide are “shovel ready” subsystems 
•all other subsystems are well into construction phase 
•no known showstoppers yet

Exciting times are ahead of us! Thanks.

31

More details: J. Inst. , 14, P11017 (2019), “A new cryogenic apparatus to search for the neutron electric dipole moment”

• Other experiments:  
• PSI, ILL, TRIUMF, LANL, …:  ≳Δdn ~ 10-27 e·cm 

• start dates > 2025 (my guess)
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 The HV System

Cavallo multiplier

1600-L composite 
vessel

Optical fibers for 
light collection

3He/4He 
feedline

Measurement cells

Neutron 
beam

HV electrode

SQUID 
magnetometers

Ground 
electrodes

LANL

Three development stages: 
• Small-Scale HV System (IU, LANL): study dielectric 

strength of SF4He as a function of pressure and 
temperature (finished) 

• Medium-Scale HV System (LANL): electrode tests ➞ 
shape, surface, material (SS, PMMA), stability (finished) 

• Half-Scale HV System (LANL): electrode tests ➞ size 
(scalability), surface, stability, material (in construction) 

• Full-Scale HV System

33

Goal: E-field: 75 kV/cm ➞ ~635 kV !!
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 Cavallo HV Multiplier

• Achievable potential is limited by

1. Capacitance between C and B in initial position. Total charge loaded 

onto B is

• QB0 = −CAB0 VA−CBC0 VC 

2. Stray capacitance to B when contacting C. Charge remaining on B is

• QB1 = CAB1 (VC−VA) + CBG1 VC 

Maximum possible VC potential is when QB0 = QB1

VC
max =

CAB
0 −CAB

1

CBC
0 +CAB

1 +CBG
1 VA

○ Measurement 
—  Calculation

S.M.Clayton et al. JINST 13 P05017 (2018) 

Cavallo high voltage multiplier
Room temperature demonstrator

slide credit: T. Ito

LANL

details: talk by M
arie Blatnik 

Challenge: E > 75 kV/cm for a gap size of ~10 cm ➞ ~635 kV!! 

Cryogenic test  
in preparation

COMSOL geometry

34
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Measurement Cell Electrodes HV electrode

Ground 
electrodes

PMMA electrode with Cu 
implantation for MSHV. 
 E> 85 kV/cm achieved. MSHV system

12 cm

HV E-field R&D using Medium Scale HV Test System at LANL

• MSHV main features: 
• 6 liter LHe volume cooled by a 3He fridge 
• Electrode size ~ 12 cm in diameter (~1/5 

scale) 
• Electric field: up to 100 kV/cm in 1 cm gap 
• Lowest temperature ~ 0.4 K 
• Pressure: variable between SVP and 1 atm 

• Main findings: 
• Stable electric field ≳ 75 kV/cm at 0.4 K for 

a wide range of pressures with and 
without PMMA cell inserted between 
electrodes. 

• Leakage current ≲ 1 pA at 40 kV voltage 
difference with and without PMMA cell 
inserted between electrodes.

!31

Ito et al., Rev. Sci. Instrum. 87, 045113 (2016).Cu ion implanted PMMA 
electrodes with a mockup cell.

slide credit: T. Ito

• Ultimate goal: 
–  ECell > 75 kV/cm


• Material requirements:

– Conductive coating on PMMA to match the CTE to the measurement cells and 

to keep magnetic Johnson noise and eddy current heating low

– 100 Ω/☐ < σ < 108 Ω/☐ 


• Current design: 
– PMMA with ion implanted Cu or GeCu coating


• Challenge: 

– Understanding how breakdown depends on various parameters, including: 

electrode surface condition, electrode area & gap size,  LHe pressure & 
temperature 


– Finding suitable materials that meet all the requirements

• Development status:  

– Demonstrated stable E>85 kV/cm in the MSHV system with coated PMMA 
electrodes (~1/5 scale) 

– Data-based area scaling method developed, allowing us to predict the 
performance of the full scale system


– Currently commissioning the HSHV system, to confirm the scaling and test the 
electrode design and candidate materials with a ½ scale prototype


• Risks: 
– Coated PMMA electrode surfaces not performing as well as electropolished SS

– Coated PMMA electrode surface changing its properties for each thermal 

cycling

details: talk by N
guyen Phan 

35
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HV Electrode Testing

!33

CV

3He pot

1K pot

4K LHe 
bath

Vacuum jacket
77 K shield

4 K shield

Half scale HV test apparatus at LANL

A half-scale electrode system is 
immersed in 40 liter LHe volume 
cooled to 0.4 K. HV performance test 
will be performed with 200 kV direct 
HV feed. The cryostat is currently 
being commissioned.

HSHV electrodes

 34

Ball terminator

1/2-scale 
measurement cell 
electrodes 

Uniform field electrodes

HSHV electrodes

 34

Ball terminator

1/2-scale 
measurement cell 
electrodes 

Uniform field electrodes

1/2 scale measurement  
cell electrodes

LANL 
Lab

details: talk by G
rant Riley 

T. Ito

36
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Magnet Package

OVC
LN2 Shield

Inner Magnet Volume (IMV)

LN2 Tank

Metal Free  Zone 
for HV electrodes 

and 
measurement 

 cells

LN2 shield  successfully cooled to 88K @ CIT
slide credit: B. Filippone

8.9 Å neutrons

37


