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Overall design of the experiment

Selected features: 
• Ramsey’s separated oscillatory field method at RT. 

• Double precession chamber.

• Simultaneous spin analysis

• MSR: 

• 4 layer mu-metal + 1 layer RF shield

• Outer dimension: 3.5 m x 3.5 m x 3.5 m

• Inner dimension: 2.4 m x 2.4 m x 2.4 m


• Magnetometry:

• 199Hg comagnetometer (initially we will run without 

it)

• 199Hg external magnetometer inside the HV 

electrode

• Atomic external magnetometers


• Demonstrated UCN density

• Sensitivity goal: δdn ~ 3×10-27 e-cm in one live year 
•

Field cage
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Overall design of the experiment

B0 coil
Vacuum chamber

Selected features: 
• Ramsey’s separated oscillatory field method at RT. 

• Double precession chamber.

• Simultaneous spin analysis

• MSR: 

• 4 layer mu-metal + 1 layer RF shield

• Outer dimension: 3.5 m x 3.5 m x 3.5 m

• Inner dimension: 2.4 m x 2.4 m x 2.4 m


• Magnetometry:

• 199Hg comagnetometer (initially we will run without 

it)

• 199Hg external magnetometer inside the HV 

electrode

• Atomic external magnetometers


• Demonstrated UCN density

• Sensitivity goal: δdn ~ 3×10-27 e-cm in one live year 
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Overall design of the experiment

Precession 
chambers

UCN cell valve

Ground electrode

HV electrode

Selected features: 
• Ramsey’s separated oscillatory field method at RT. 

• Double precession chamber.

• Simultaneous spin analysis

• MSR: 

• 4 layer mu-metal + 1 layer RF shield

• Outer dimension: 3.5 m x 3.5 m x 3.5 m

• Inner dimension: 2.4 m x 2.4 m x 2.4 m


• Magnetometry:

• 199Hg comagnetometer (initially we will run without 

it)

• 199Hg external magnetometer inside the HV 

electrode

• Atomic external magnetometers


• Demonstrated UCN density

• Sensitivity goal: δdn ~ 3×10-27 e-cm in one live year 
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MSR design + design of the support structure
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• Non-magnetic, high density aggregate 
precast foundation blocks, minimize 
transmission of exterior impact vibration


• Stainless steel frame, supports the load 
without deflection. Bolted construction to 
avoid welds that can create magnetic 
domains

 

 

SECTION 1: General Summary 
             

1.1 General Summary 
 

This document provides a detailed technical specification for the room section of the Magnetically 

Shielded Room (MSR) not including the door system.  The document should be read in conjunction 

with the “Design Specification SR0078 DS1” signed on 16th October 2019.  A further technical 

specification will be provided with details of the door system. 

 

The MuRoom® makeup is as follows: 

Layer Thickness (mm) & material External side length (m) Shield 

Layer (kg) 

SF (10 mHz, 

in-situ) 

1 ʹ outer 4mm (2 x 2.0mm): Mumetal® 3.5m x 3.5m x 3.5m 3,363 40 

2 3mm (2 x 1.5mm): Mumetal® 3.0m x 3.0m x 3.0m 1,853 28 

3 3mm (2 x 1.5mm): Mumetal® 2.6m x 2.6m x 2.6m 1,392 13 

4 8 mm: Copper 2.46m x 2.46m x 2.46m 3,636 1 

5 - inner 2mm (2 x 1.0mm): Mumetal® 2.39m x 2.39m x 2.39m 726 7 

Total 10,970 101,920 
NB. The indicated weight estimates are for the shield layers only, including overlaps. Structures and door are not included. Dimensions are +/-40mm 

 

Figure 1: CAD Model of MSR  

3.5 m

• Shielding factor = 105 @ 0.01 Hz

• 4 μ-metal layers + 1 Cu layer

• Outer dimension: 3.5 m x 3.5 m x 3.5 m

• Inner dimension: 2.3 m x 2.3 m x 2.3 m

• To be delivered in August 2021
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Beam line design
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Simultaneous 
Spin Analyzer

Neutron switcher

~2.5 m



Neutron transport and storage test
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North Beamline Layout
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Cell Valve

Measurement corresponds to ~70,000 detected 
UCN @ 2000 Hz GV rate after 180 s when a 
dPS coated cell wall was used with the new 
switcher

Polarizing magnet



Experiment design
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Field cage

MSR

Vacuum chamber

Precession chambers



Magnetic field cage

• Produces magnetic field to cancel the ambient field

• Plan

✓ Assemble

• Characterize the performance

• Dissemble to allow installation of the MSR

• Assemble again.

• Use the field generated by the field cage for MSR 

performance evaluation.
12



Spin-Transport coils
Double Layer Modified Cos !

B0 Coil Design
• Octagon-shaped multi-gap 

solenoid
• Spin-transport coil interface
• Modelled gradient:  !""!# < .1 nT/m

– Specification is < .3 nT/m

Storage 
Cells

Spin-
transport 
Interface

Coil 
Sections
Cur 1
Cur 2

B0 Prototyping—PCB panels with 3D printed connectors
Top View Side View

(U. Kentucky)
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Magnetometers (U. Michigan)
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Up to 13 external magnetometers (inside vacuum) monitor B0, gradients
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Hg-199 as co-magnetometer 
and magnetometers 

(Indiana U, UW)
• nEDM@LANL has two precession 

chambers. 
• Hg atoms are optically pumped in 

the polarizing chamber and then are 
transferred to the precession 
chamber to monitor the magnetic 
field. 

• 5 Hg magnetometers(HgMs) are 
inside the HV electrode.  

• All the pump beams come in from 
the side of MSR. 

• The laser beams for the top 
precession chamber and the 
pumping chambers will raise up to 
7.6 ft and 6.2 ft from the optic table. 

• The HgM cell is currently in 
experimental development.

15



The development of HgM cells
• The long ( 120s) and stable coherence 

time of the cell is required to precisely 
measure the magnetic field 

• The coherence time is dominated by the 
excess of liquid Hg and the quality of the 
wall coating. 

• Form an atomically uniform layer as the 
wall coating with various chemicals.  

~
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Schedule
• Remainder of CY 2020:


• Field cage evaluation


• Continued study of UCN transport and storage


• Testing of UCN spin analyzer


• Fabrication of components for the experiment


• Prepare the area for MSR installation


• CY 2021


• Test precession chambers and UCN valves with UCN on the test port


• MSR installation and characterization


• B0 coil characterization in MSR


• CY 2022


• Install the precession chambers inside the MSR


• Start engineering run/commissioning
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My personal view on future development needs
• Impressive advancement by the PSI collaboration in understanding and 

controlling of systematic effects (in particular those associated with magnetic 
field non-uniformity).


• Great progress on SNS nEDM. 


• To go beyond the experiments that are currently running or being developed, 
we will need stronger sources of neutrons. 


• I would like to see US invest in developing next generation UCN sources.


• Much higher UCN density will make it possible to use different experimental 
approaches (eg. smaller cells).


• Will also benefit other experiments that use UCN

18



Next-generation inverse-geometry spallation-based SF4He UCN source
• Take 1 MW proton beam (@ 800 MeV studied) and 100 W cooling at 1.6K sub-cooled helium technology (e.g. common at LHC, JLab and 

SNS). Question: What is the best UCN source can we build with these accessible technologies?

• Solution: Use 40 L of superfluid helium (He-II) for production volume (high thermal conductivity and heat exchange with separate forced-convection cooling 
line from cooling system can be far away)

• Use optimized “inverse geometry” spallation target design with cold LD2 moderator and thermal D2O pre-moderator. Produces high flux of low-
energy cold neutrons (only long-wavelength 9Å needed for UCN production) with low heating due to fast neutrons and gammas

• Rastered proton beam on ring-shaped target to distribute heat loads to allow edge-water cooling

• Find that can produce 1.8E9 UCN/s in the 40L production volume. Takes into account SF4He T and P to 1 atm (to reduce bubbles that can up-scatter UCNs)

• At 1.6 K, upscattering in SF4He !up≈ 3 s. Need to get UCNs out quick. Optimize extraction geometry for high UCN current (i.e UCN/sec)

• UCN transport can get from 18 cm diameter guide, 5 m away from source delivered UCN current 5E8 UCN/s. (1-passage transport efficiency 28%)

• Use conservative ”no return” approximation for filling external bottle such that UCNs only make 1-passage through extraction system. UCN 
current and density estimates become less sensitive to build-up of frozen contamination and simulation errors.

bismuth filter

tungsten target

He-II fill & 
pressure line

He-II converter
(ID = 36 cm, L = 40 cm)

LD2 moderator

D2O pre-moderator
flowing sub-cooled He-II cooling line 

with heat exchanger

He-II containment foil of 
“horizontal near-foil” geometry

UCN extraction 
guide & heat 

removal conduit 
(ID = 18 cm)

1.3 m

50 cm

vertical column to heat exchanger

hcolumn = 1 m

Rastered
proton beam

UCNs to 
experiment

K.K.H. Leung, G. Muhrer, T. Hügle, T.M. Ito, 
E.M. Lutz, M. Makela, C.L. Morris, R.W. 

Pattie, A. Saunders,  A.R. Young
J. Appl. Phys. 126, 224901 (2019) 

doi:10.1063/1.5109879

Physics model published in:

returning again. Therefore, we only use the single-passage useful
UCN current Ruse for estimating the density. These densities are
not specific to our source design and are valid for any UCN filling
process where this approximation is made, which is particularly rel-
evant for current-optimized sources. The details of this calculation
are described more in Sec. VII F. For scale, most neutron electric
dipole moment experiments have volumes , 20 l and neutron life-
time experiments , 1000 l. It should be noted that the design
leading to the above UCN current and density is in a physics
model stage only. When moving to an engineering design, a reduc-
tion in performance is expected.

II. STRATEGY OF SOURCE EVALUATION AND
OPTIMIZATION

In this section, we describe our strategy for developing and
optimizing the physics model of our source design. We first opti-
mize the CN flux for a given configuration (which includes the
geometry and material choice) that produces the highest PUCN
under the 100W He-II heat load and 1MW proton power con-
straints. This is done by calculating with MCNP (the Monte Carlo
N-Particle transport code developed by Los Alamos National
Laboratory) the track-length weighted, energy-differential CN flux
in the He-II converter, as well as the heating of the He-II converter
and its vessel walls. When the terms “differential CN flux” and
“He-II heat load” are used in this paper, these refer to the quanti-
ties described in this paragraph (i.e., for the latter, it is the com-
bined heat load on the He-II and its vessel).

The differential CN flux used is from the so-called track-
length (“F4”) tallies from MCNP, where the distance neutrons travel
in the He-II volume is summed up and then normalized by
the cell volume and number of protons (i.e., its raw units are
cm=cm3=proton). The number of protons is converted to 100 μA s
and the differential energy flux calculated by dividing by the energy
bin width of the MCNP tally [e.g., to arrive at units of
cm!2 s!1 meV!1 (100 μA)!1]. The He-II heat load is also quoted for
100 μA proton current. The proton energy is fixed at 800MeV in our
study; therefore, 100 μA of proton current corresponds to 80 kW of
proton power. The proton powers quoted are time-averaged values.

From the He-II heat load per proton, the maximum proton
power that can be used for a given configuration is calculated by
scaling this up to the constraints of maximum 100W He-II heat
load. This scaling assumes that the He-II heat load increases

linearly with proton power. In some cases, the proton power
required to reach this constraint exceeds the 1MW limit. In this
case, the lower maximum proton power limit is used instead.

The differential CN flux for a configuration is scaled linearly
to the maximum proton power, and from this PUCN is calculated.
The effects of the pulse structure of the proton beam, typically
. 10Hz at spallation neutron facilities, are assumed to be averaged
over since this is faster than the time-scales for UCN transport as
well as the thermal transport in our large-volume cryogenic system.

The CN-energy-differential, volumetric UCN-production-
rate function per CN flux (e.g., this quantity has units
UCN cm!5 s!2 meV!2) will be referred to as the “UCN produc-
tion function.” This is calculated following Ref. 59 using the mea-
sured dynamic structure factor from neutron time-of-flight
inelastic scattering from Refs. 60 and 61 that covers 0:2–4meV.
This technique has become the standard for calculating UCN pro-
duction rates in He-II.29,41,62 The width of the UCN production
peak from single-phonon scattering at !1meV calculated from
this data has a width of !0:4meV due to the resolution of the
time-of-flight spectrometer used (e.g., Fig. 10). The “true” single-
phonon linewidth has been measured to be !20–50 μeV
(FWHM) at 1meV in our temperature range.63 However, the
use of the broadened single-phonon peak width in the UCN pro-
duction function is valid as long as the CN spectrum is broad, as
is the case here. The UCN production function used is for He-II
at 1:5K (e.g., see Ref. 41). The UCN production function in
Ref. 59 used previously in Ref. 44, which is for He-II at 1:2K,
contains an error in the binning and is thus avoided here.
To reach CN-energy-differential volumetric UCN production rate
dPUCN=V=dECN (e.g., this quantity has units UCN cm!3 s!1 meV!1)
for a given configuration, the UCN production function is folded
with the differential CN flux. Integration of this differential rate over
the CN energy range and multiplication by the 40 l He-II volume
gives PUCN (with units UCN s!1).

The specific strategy for optimizing the geometry of the
Inverse Geometry source design is described in Sec. VI, after the
key components in the physics model have been introduced.

The UCN production rate depends on the choice of a UCN
cutoff energy Ec. UCNs produced with kinetic energy above Ec are
considered to be lost quickly in the system so that they cannot be
transported or stored. When UCNs are produced in He-II,
they fill phase-space with constant density. Therefore, the pro-
duced UCN spectrum is given by dPUCN / v2dv, which can be
expressed in terms of the UCN kinetic energy EUCN as
dPUCN=dEUCN / ffiffiffiffiffiffiffiffiffiffiffi

EUCN
p

dEUCN. The calculations in this paper
assume that a 58Ni coating will be used in the He-II converter
volume and in the guides for UCN reflection. This is a common
coating used for neutron transport and has a potential
U58Ni ¼ 335 neV. Because of the neutron potential of He-II,
UHe!II ¼ 18:5 neV, the cutoff UCN kinetic energy that can be
reflected when they are produced inside the He-II is reduced to
Ec ¼ 316:5 neV.

UCNs gain kinetic energy when they fall in Earth’s gravity;
therefore, the maximum UCN kinetic energy that a surface can
reflect depends on the height at which a UCN is produced and
where the reflection occurs. In order to calculate the behavior of
UCNs for a given configuration, Monte-Carlo based UCN trajectory

TABLE I. The filling of an external spherical UCN bottle with an opening diameter
Dopen = 18 cm matched to the UCN extraction guide diameter. The UCN rate enter-
ing the volume is Ruse = 5 × 10

8 UCN s−1, which is based on the work in this paper.
The UCN rate exiting the bottle is calculated assuming kinetic theory. The “no
return” approximation is used (see text). Vbottle is the volume of the bottle, ρbottle is
the equilibrium UCN density, and τbottle is the buildup time constant. Other parame-
ters used are average UCN speed !v ¼ 7m s!1 (equal to 255 neV kinetic energy),
average wall loss per bounce !μ ¼ 5# 10!4, and the bottle coated with
58Ni. Details about this calculation are given in Sec. VII F.

Vbottle (l) 5 50 500 5 × 103 5 × 104

ρbottle (×10
4 UCN cm−3) 1.12 1.11 1.05 0.80 0.31

τ bottle (s) 0.11 1.1 10 80 315

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 224901 (2019); doi: 10.1063/1.5109879 126, 224901-4

Published under license by AIP Publishing.

Delivered equilibrium UCN density to external bottle:

*58Ni cut-off potential & unpolarized

(Filling time)

• If continue to use 20 L nEDM cell, then ~100x improvement in statistical sensitivity possible
• If reduce cell volume to reduce systematics, then ~10x improvement in sensitivity

*

Example: Next-generation inverse-geometry spallation-based SF4He UCN source
• Take 1 MW proton beam (@ 800 MeV studied) and 100 W cooling at 1.6K sub-cooled helium technology (e.g. 

common at LHC, JLab and SNS).  

• Use 40 L of superfluid helium (He-II) for production volume  

• Optimized “inverse geometry” spallation target design with cold LD2 moderator and thermal D2O pre-moderator.  

• Rastered proton beam on ring-shaped target to distribute heat loads to allow edge-water cooling 

• Find that can produce 1.8E9 UCN/s in the 40L production volume.
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• If reduce cell volume to reduce systematics, then ~10x improvement in sensitivity19

*

Delivered equilibrium UCN density to external bottle:

*58Ni cut-off potential & unpolarized

(Filling time)

returning again. Therefore, we only use the single-passage useful
UCN current Ruse for estimating the density. These densities are
not specific to our source design and are valid for any UCN filling
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time experiments , 1000 l. It should be noted that the design
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in the He-II converter, as well as the heating of the He-II converter
and its vessel walls. When the terms “differential CN flux” and
“He-II heat load” are used in this paper, these refer to the quanti-
ties described in this paragraph (i.e., for the latter, it is the com-
bined heat load on the He-II and its vessel).

The differential CN flux used is from the so-called track-
length (“F4”) tallies from MCNP, where the distance neutrons travel
in the He-II volume is summed up and then normalized by
the cell volume and number of protons (i.e., its raw units are
cm=cm3=proton). The number of protons is converted to 100 μA s
and the differential energy flux calculated by dividing by the energy
bin width of the MCNP tally [e.g., to arrive at units of
cm!2 s!1 meV!1 (100 μA)!1]. The He-II heat load is also quoted for
100 μA proton current. The proton energy is fixed at 800MeV in our
study; therefore, 100 μA of proton current corresponds to 80 kW of
proton power. The proton powers quoted are time-averaged values.

From the He-II heat load per proton, the maximum proton
power that can be used for a given configuration is calculated by
scaling this up to the constraints of maximum 100W He-II heat
load. This scaling assumes that the He-II heat load increases

linearly with proton power. In some cases, the proton power
required to reach this constraint exceeds the 1MW limit. In this
case, the lower maximum proton power limit is used instead.

The differential CN flux for a configuration is scaled linearly
to the maximum proton power, and from this PUCN is calculated.
The effects of the pulse structure of the proton beam, typically
. 10Hz at spallation neutron facilities, are assumed to be averaged
over since this is faster than the time-scales for UCN transport as
well as the thermal transport in our large-volume cryogenic system.

The CN-energy-differential, volumetric UCN-production-
rate function per CN flux (e.g., this quantity has units
UCN cm!5 s!2 meV!2) will be referred to as the “UCN produc-
tion function.” This is calculated following Ref. 59 using the mea-
sured dynamic structure factor from neutron time-of-flight
inelastic scattering from Refs. 60 and 61 that covers 0:2–4meV.
This technique has become the standard for calculating UCN pro-
duction rates in He-II.29,41,62 The width of the UCN production
peak from single-phonon scattering at !1meV calculated from
this data has a width of !0:4meV due to the resolution of the
time-of-flight spectrometer used (e.g., Fig. 10). The “true” single-
phonon linewidth has been measured to be !20–50 μeV
(FWHM) at 1meV in our temperature range.63 However, the
use of the broadened single-phonon peak width in the UCN pro-
duction function is valid as long as the CN spectrum is broad, as
is the case here. The UCN production function used is for He-II
at 1:5K (e.g., see Ref. 41). The UCN production function in
Ref. 59 used previously in Ref. 44, which is for He-II at 1:2K,
contains an error in the binning and is thus avoided here.
To reach CN-energy-differential volumetric UCN production rate
dPUCN=V=dECN (e.g., this quantity has units UCN cm!3 s!1 meV!1)
for a given configuration, the UCN production function is folded
with the differential CN flux. Integration of this differential rate over
the CN energy range and multiplication by the 40 l He-II volume
gives PUCN (with units UCN s!1).

The specific strategy for optimizing the geometry of the
Inverse Geometry source design is described in Sec. VI, after the
key components in the physics model have been introduced.

The UCN production rate depends on the choice of a UCN
cutoff energy Ec. UCNs produced with kinetic energy above Ec are
considered to be lost quickly in the system so that they cannot be
transported or stored. When UCNs are produced in He-II,
they fill phase-space with constant density. Therefore, the pro-
duced UCN spectrum is given by dPUCN / v2dv, which can be
expressed in terms of the UCN kinetic energy EUCN as
dPUCN=dEUCN / ffiffiffiffiffiffiffiffiffiffiffi

EUCN
p

dEUCN. The calculations in this paper
assume that a 58Ni coating will be used in the He-II converter
volume and in the guides for UCN reflection. This is a common
coating used for neutron transport and has a potential
U58Ni ¼ 335 neV. Because of the neutron potential of He-II,
UHe!II ¼ 18:5 neV, the cutoff UCN kinetic energy that can be
reflected when they are produced inside the He-II is reduced to
Ec ¼ 316:5 neV.

UCNs gain kinetic energy when they fall in Earth’s gravity;
therefore, the maximum UCN kinetic energy that a surface can
reflect depends on the height at which a UCN is produced and
where the reflection occurs. In order to calculate the behavior of
UCNs for a given configuration, Monte-Carlo based UCN trajectory

TABLE I. The filling of an external spherical UCN bottle with an opening diameter
Dopen = 18 cm matched to the UCN extraction guide diameter. The UCN rate enter-
ing the volume is Ruse = 5 × 10

8 UCN s−1, which is based on the work in this paper.
The UCN rate exiting the bottle is calculated assuming kinetic theory. The “no
return” approximation is used (see text). Vbottle is the volume of the bottle, ρbottle is
the equilibrium UCN density, and τbottle is the buildup time constant. Other parame-
ters used are average UCN speed !v ¼ 7m s!1 (equal to 255 neV kinetic energy),
average wall loss per bounce !μ ¼ 5# 10!4, and the bottle coated with
58Ni. Details about this calculation are given in Sec. VII F.

Vbottle (l) 5 50 500 5 × 103 5 × 104

ρbottle (×10
4 UCN cm−3) 1.12 1.11 1.05 0.80 0.31

τ bottle (s) 0.11 1.1 10 80 315

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 224901 (2019); doi: 10.1063/1.5109879 126, 224901-4

Published under license by AIP Publishing.


