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LANL nEDM: concept
• A neutron EDM experiment with a goal sensitivity of δdn ~ O(10-27) e-cm 

based on the proven room temperature Ramsey’s separated oscillatory field 
method could take advantage of the existing LANL SD2 UCN source.


• nEDM measurement technology for δdn ~ O(10-27) e-cm already exists. The 
systematic uncertainty of the recent PSI results was 2×10-27 e-cm.


• The successfully upgraded LANL UCN source has been shown to provide 
the UCN density required for an nEDM experiment with δdn ~ O(10-27) e-cm.


• Such an experiment could provide a venue for the US nEDM community to 
obtain physics results, albeit less sensitive, in a shorter time scale while 
development for the nEDM@SNS experiment continues.
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nEDM measurement principle
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BE

ν
ν = 2µnB ± 2dnE( ) h
Δν = 4dnE h

δdn = h
δΔν
4E

For B ~ 1 μT, ν = 30 Hz.
For E = 10 kV/cm and dn = 3×10-27 e-cm, Δν=0.03 μHz. 



6

Ramsey method of separated oscillatory fields
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Baker et al, NIMA 736, 184 (2014) (arXiv:1305.7336)



Los Alamos Neutron Science Center (LANSCE)
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LANL UCN Experimental Area (2018)
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LANL UCN Experimental Area (2022)
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LANL UCN Experimental Area (2022)
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LANL UCN source
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T. M. ITO et al. PHYSICAL REVIEW C 97, 012501(R) (2018)

FIG. 1. The layout of the LANL UCN facility. Part of the
biological shield is removed in this figure to show the UCN source
and guides.

Further improvement on the sensitivity of experiments to the
nEDM, currently attempted by many efforts worldwide, has
been hindered by the lack of sufficiently strong sources of
UCN, although it has been shown through various efforts
that the necessary control for known systematic effects at the
necessary level is likely to be achievable. An estimate [34]
indicated that an upgrade of the LANL UCN source would
provide a sufficient UCN density for an nEDM experiment
with a sensitivity of σ (dn) ∼ 3 × 10−27 e cm, which formed
the basis of the source upgrade reported here.

The basic design of the source, which was unchanged
through the upgrade, is as follows. Spallation neutrons pro-
duced by a pulsed 800-MeV proton beam striking a tungsten
target were moderated by beryllium and graphite moderators
at ambient temperature and further cooled by a cold moderator
that consisted of cooled polyethylene beads. The cold neutrons
were converted to UCN by downscattering in an SD2 crystal
at 5 K. UCN were directed upward 1 m along a vertical guide
coated with 58Ni, to compensate for the 100-neV boost that
UCN receive when leaving the SD2, and then 6 m along
a horizontal guide made of stainless steel (and coated with
nickel phosphorus for the upgraded source) before exiting the
biological shield. At the bottom of the vertical UCN guide was
a butterfly valve that remained closed when there was no proton
beam pulse striking the spallation target, to keep the UCN from
returning to the SD2 where they would be absorbed.

When in production, the peak proton current from the
accelerator was typically 12 mA, delivered in bursts of 10
pulses each 625-µs long at 20 Hz, with a gap between bursts of
5 s. The total charge delivered per burst was ∼45 µC in 0.45 s.
The time averaged current delivered to the target was ∼9 µA.

Details of the design and performance of the LANL UCN
source before the upgrade are described in Ref. [31]. Figures 1

BeGraphite

He-cooled 
W spallation 
target

Cooled 
polyethylene
moderator

SD2

Butterfly
valve

58Ni coated 
guide

FIG. 2. Cutaway view of the source. The entire assembly is
surrounded by the biological shield as shown in Fig. 1.

and 2 show the layout of the LANL UCN facility and the details
of the source after the upgrade.

Because of the budgetary and schedule constraints, the
scope of the UCN source upgrade work was limited to replacing
the so-called “cryogenic insert” and the horizontal UCN guide.
The cryogenic insert is the cryostat that houses the 58Ni-coated
vertical guide, the bottom of which is the SD2 volume separated
from the rest of the vertical guide by the butterfly valve, and the
cold moderator volume. The scope of the upgrade work also
included installing an additional new UCN guide, which guides
UCN to a location envisioned for the new nEDM experiment
(see Fig. 1).

The design of the new cryogenic insert was optimized to
maximize the stored UCN density in the nEDM cell at the
envisioned location of the experiment. The optimization vari-
ables were the geometry of the cryogenic insert, including the
SD2 volume, the cold moderator, and the vertical and horizontal
UCN guides, as well as the material and temperature of the cold
moderator. Considerations were given to both the specific UCN
production in the SD2 volume and the UCN transport from the
SD2 volume to the experiment. The specific UCN production
PUCN, the number of UCN produced per unit incident proton
beam charge per unit volume in the SD2, is given by

PUCN = ρSD2

∫
#CN(E)σUCN(E)dE, (1)

where ρSD2 is the number density of D2 molecules, #CN(E) is
the cold neutron flux in the volume element under considera-
tion (per unit incident proton beam charge) at energy E, and
σUCN(E) is the UCN production cross section per deuterium
(D2) molecule for cold neutrons at energy E. σUCN(E) was
taken from Ref. [35]. #CN(E) was evaluated using MCNP6

012501-2

Spallation neutrons 
from W target  
K.E. ~ 2 MeV 

Thermal neutrons in 
Be and graphite 
moderator   
K.E. ~ 25 meV 

Cold neutrons in 
polyethylene cold 
moderator   
K.E. ~ 6 meV 

Ultracold neutrons in 
SD2 converter   
K.E. ~ 100 neV

An upgrade of the UCN source (FY14-17) more 
than quadrupled the UCN output by:  
1. increasing the average beam current 
2. replacing the UCN source insert with one 

optimized for CN moderation and UCN 
transport.  

[Ito et al. PRC 97, 012501(R) (2018).] 
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UCN density measured at the exit fo the 
biological shield using vanadium foil
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UCN density measurement based on vanadium activation
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UCNs

Vanadium foil

Ge 
detector

51V + n → 52V → 52Cr + β + γ (1.4 MeV) 

R= 1
4
vAρ

• Detecting the 1.4 MeV gammas with a Ge 
detector determines the  UCN capture rate 
by the vanadium foil.


• The Ge detector can be calibrated (for the 
efficiency and solid angle product) by 
placing a calibrated 60Co source at the 
location of the vanadium foil.


• UCN density can be determined from:
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Polarized UCN density in a dummy  nEDM cell on the West Beamline

Polarized UCN density (E < 170 neV) at t=0

• 12 UCN/cc from the fill and dump 

measurement (was 2.5 UCN/cc before the 
source upgrade )


• 36 UCN/cc from vanadium foil activation 
measurement


The difference can be attributed to loss in 
the switcher and the finite detection 
efficiency.

Polarizing 
magnet (6 T)

Switcher
To UCN 
source

UCN detector

Cell valve

Cell  
(20 liters)

Vanadium foil
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Estimated statistical sensitivity of an nEDM experiment

Parameters Values

E(kV/cm) 12.0
N(per cell) 39,100

Tfree (s) 180

Tduty (s) 300

α 0.8
σ/day/cell (10-26 e-cm) 5.7

σ/day (10-26 e-cm)

(for double cell)

4.0

σ/year (10-27 e-cm)

(for double cell)

2.1

90% C.L./year (10-27 e-cm)

(for double cell)

3.4

This estimate is based on 
the following:


• The estimate for E, Tfree, Tduty, 
and α is based on what has been 
achieved by other experiments.


• The estimate for N is based on 
the actual detected number of 
UCN from our fill and dump 
measurement at a holding time 
of 180 s. Further improvements 
are expected (new switcher and 
new detector).

* “year” = 365 live days. In 
practice, it will take 5 calendar 
years to achieve this with 50% 
data taking efficiency

14



Neutron transport and storage test
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North Beamline Layout

Ga
te

 V
alv

e

To UCN Source

To West Beamline

North PPM GV North Wye GV

Cell Valve

Measurement corresponds to ~60,000 detected 
UCN @ 2000 Hz GV rate after 180 s when a 
dPS coated cell wall was used with the new 
switcher

Polarizing magnet

D.-T. Wong, M.T. Hassan, J.F. Burdine et al. Nuclear Inst. and Methods in Physics Research, A 1050 (2023) 168105

Fig. 12. UCN storage measurement run condition 4: Rotary Switcher, dPS coated
PMMA cell wall, with PM window. Points with error bars represent data and curves
represent fits. The B = 1.25 T, B = 2.5 T and B = 3.75 T fits are suppressed due to
overlap with the B = 5 T curve. Fit results are described in Table 2.

Let dN0_dv be the UCN velocity spectrum upstream of the PM, and
dN1_dv be the UCN velocity spectrum downstream of the PM. As the
starting point, for simplicity, assume the following functional forms:
dN0
dv

◊ v� (3)

dN1
dv

= 1
2
dN0
dv

�

fh + fl
�

(4)

where � is a free parameter of the model. Eq. (3) is a functional form
for the velocity distribution of the UCN as a result of the transport from
the source to the location of the experiment, as utilized in Ref. [16].
fh and fl are the fraction of high-field seekers and low-field seekers
transmitted through the PM, respectively. The normalization of fh and
fl is chosen such that fh = 1 and fl = 1 corresponds to the completely
unpolarized case.

In the situation with no window present in the center of the PM,
the PM passes all the high field seeking neutrons with vfl > 0, where
vfl is the longitudinal velocity along the axis of the UCN guide. The PM
passes low field seeking neutrons for vfl > 0 only if 1

2mn
�

vfl
�2 > �nB,

where �n is the neutron magnetic moment (�n = 60 neV/T) [25]. Let vcfl
be the critical longitudinal velocity that fulfills this requirement, given
by vcfl =

˘

2�nB_mn.
There is another factor that contributes to the transmission of UCN

through the PM. If there is a spin-depolarizing region upstream of the
PM (for example, we have gate valves made of stainless steel) and if
the population of low-field seekers exceeds that of high-field seekers in
the region upstream of the PM, which in turn is caused by low-field
seekers being reflected by the PM potential (resulting in low fl), there
is a chance for low-field seekers to be spin-flipped and pass through the
PM as high-field seekers. We can rewrite Eq. (4) as
dN1
dv

= 1
2
dN0
dv

⌅

fh + fl + �
�

fh * fl
�⇧

(5)

where � is a free parameter (constrained to the range [0, 1]) that
describes this spin-flipping effect.

We now describe expressions for fh and fl . For the no-window case
we set fh = 1_2, a value corresponding to the situation in which half
of the UCN are directed upstream and half are directed downstream.
Strictly speaking, this holds only when the system has no loss. This
condition is reasonably well met for the measurement of storage times
(described in Section 3.1) but is not at all met for the measurement
of spin dependent UCN transmission (described in Section 3.2) because
in the latter case, all the transmitted neutrons are eventually detected.
Nevertheless, this formalism is still valid because the backward flowing
neutrons do not come into the picture and because there is an overall
normalization constant C. It should be considered to be a choice of
convention to set fh = 1_2 for no window case.

fl is a function of velocity that is dependent on the angular distri-
bution of the UCN upstream of the PM and the strength of the PM field.
For an isotropic angular distribution, the fraction of low field seekers
allowed through the PM is

fl =
2⇡ î ✓c

0 d✓ sin ✓
4⇡ = 1

2
�

1 * cos ✓c
�

(6)

= 1
2

H

1 *
vcfl
v

I

for v > vcfl (7)

The limits of integration in the numerator were determined using the
requirement cos ✓ > vflc_v for low-field seeking neutrons.

As UCN are transported from the source to the experiment through
the guide system, the angular distribution becomes more forward di-
rected. For a completely forward directed population of low-field seek-
ers, we have fl = 1_2 for v > vcfl and fl = 0 otherwise. The angular
distribution is likely to be somewhere in between. We write a more
general expression for fl with a free parameter characterizing the
angular distribution of low field seeking neutrons

fl = 1
2

H

1 * k

Hvcfl
v

II

for v > vcfl (8)

where as k approaches 0, the UCN velocity distribution becomes for-
ward directed, and as k approaches 1 the angular distribution becomes
isotropic.

We now describe a set of equations that can be used to fit UCN
storage curves in a precession cell

N(t) =  
vhigh

vlow
dv

dN1
dv

e*
t

⌧(v® , Ñ�) (9)

1
⌧(v®, Ñ�) = 1

⌧�
+ Av®

4 Vol Ñ� (10)

Ñ� = 2�
L

V cell

K(v®) sin
*1

0

K(v®)
V cell

11_2
*
0

V cell

K(v®) * 1
11_2M

(11)

dN1
dv

= C
2 v�

⌧ 1
2 + fl + �

⇠ 1
2 * fl

⇡�

(12)

fl =
h

n

l

n

j

1
2

0

1 * k
0

vcfl
v
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for v > vcfl where vcfl =
˘

2�NB_mN

0 otherwise

(13)

with free parameters C, � (velocity-independent loss per bounce within
the precession cell), � (upstream depolarization probability), � (velocity
distribution), and k (angular distribution). N (without any subscripts)
refers to the number of detected neutrons.

The lower integration limit of Eq. (9), vlow, is obtained from the
gravitational potential U , the minimum energy of UCN required to
enter a precession cell located above beam height. The velocity of UCN
that have entered the cell, v®, is related to v by v® =

˘

v2 * 2U_mn.
The term in the upper integration limit, vhigh, is the velocity equivalent
of min(V cell + U , V guide), which is the maximum UCN energy from the
input spectrum that is containable by either the transport guide (with
neutron optical potential V guide) or the precession cell (with neutron
optical potential V cell). Eq. (10) describes the decay time of a stored
UCN, which consists of the free neutron lifetime ⌧� with a velocity-
dependent loss per bounce within the precession cell, where we assume
that neutron velocity within the cell is isotropic. A is the inner surface
area of the precession cell, and Vol is the volume of the precession cell.
Eq. (11), which describes loss per bounce, is taken from Eq. 2.70 in
Ref. [2], where K(v®) is the kinetic energy of the neutron in the cell. We
assume that the UCN spectrum is not affected by the transport between
the exit of the PM and the UCN precession cell. Therefore dN1_dv also
represents the input UCN velocity spectrum of UCN in the guide that
arrive at the cell.

The holding curve formalism described by Eqs. (9)–(13) can also
be modified to account for the presence of the Al window in the PM

6

Wong et al., NIMA 1050, 168105 (2023)



Apparatus Overview
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


• 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
Field cage

B0 coil

Precession 
chambers and 
electrodes
Vacuum 
chamber

UCN switcher

Figure 2: Engineering model of the nEDM experiment

• UCN precession chambers in which to perform nEDM experiment. They consist of elec-
trodes and insulating walls to confine UCN.

• UCN transport system. This includes UCN switchers, UCN cell valves, and UCN guides.

• B0 coil to generate a uniform and stable magnetic field of 1 µT.

• Atomic and nuclear magnetometers to monitor the uniformity and stability of the magnetic
field at the location of the precession chambers.

The tasks of procuring or fabricating the above mentioned hardware components were to be
followed by:

• Assembly and installation of all the hardware components in Area B.

• Commissioning of the nEDM experiment, to be followed by data taking to demonstrate the
statistical sensitivity.

Major tasks and their interdependencies are shown in Fig. 4. The main schedule drivers were:

• MSR procurement, which consists of (1) design specification development by the project
team, (2) bidding and contract signing, (3) engineering design by the vendor, (4) fabrica-
tion of parts by the vendor, (5) assembly and installation in Area B by the vendor, and (6)
acceptance test.
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UCN transport (LANL, Indiana)

19

Simultaneous 
Spin Analyzer

Neutron switcher

~2.5 m

UCN transport and analysis system
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UCN transport (LANL, Indiana)
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Simultaneous 
Spin Analyzer

Neutron switcher

~2.5 m



UCN transport and analysis system
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UCN transport (LANL, Indiana)
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Simultaneous 
Spin Analyzer

Neutron switcher

~2.5 m

UCN transport
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Switchers being installed



Vacuum chamber and internal design

21Vacuum chamber

Precession chambers

UCN valves

Non-magnetic vacuum chamber
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Electrodes and precession chamber

22

HV

Ground

Ground

Precession chamber walls: dPS coated PMMA

Electrodes: NiMo coated aluminum -> DLC coated aluminum

Ground electrode

50 cm

10 cm



Assembly of the cells, valves, …
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Figure 16: Top left: UCN valve box. Right:UCN valve with the actuator. Bottom right: UCN
valve, ground electrode, and insulating cell wall assembled.

of the coated components back to Los Alamos experienced a significant delay due to various
reasons, resulting in a significant delay in the assembly of the UCN valves.

• There were some fitment issues with the valve components, which were only revealed after
the NiMo coated components were delivered. Adjustments and remaking of some of the
components were necessary, resulting in an additional delay.

As a result of these issues, as of writing, the work to assemble the UCN valves, precession chamber,
and electrodes is still ongoing. Photographs of the UCN valves being assembled are shown in
Fig. 16.

Experiment—Summary
We made a significant progress towards the original goal of developing an nEDM experiment with
a daily statistical sensitivity of �dn = 4 ⇥ 10�26 e·cm/day. A large MSR with a shielding factor of
105 and residual fields of . 0.5 nT was assembled and installed in TA-53 Area B. The performance
of the North Beamline in Area B was shown to provide a su�cient stored, polarized UCN density.
Two UCN switchers, which form an essential part of the UCN transport system, were installed
on the North Beamline. The B0 coil system, a coil system to provide the uniform holding field

18

UCN valves
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• Valve box similar to a gate valve 
• Slides between transport section 

and valve plug 
• Valve plug closes on a linkage 
• Components have been 

fabricated and test fit



Magnetically shielded room
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Magnetically shielded room (LANL, Indiana U.)
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4 µ-metal + 1 Cu layers

2.3 m

3.5 m Design performance



y-coil

y

zx

Field cage characterization
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Installation of MSR in progress
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Layer 1, outer and inner cladding, lighting, pneumatic system for door have been 
installed (mid January 2022)
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Figure 7: Measured shielding factors compared to simulated values

Frequency Shielding factor Shielding factor Shielding factor
(Hz) (measured) (corrected for geometry) (simulated)

0.01 2.82 ⇥ 104 1.55 ⇥ 105 1.00 ⇥ 105

0.1 4.55 ⇥ 104 2.50 ⇥ 105 1.00 ⇥ 105

1 1.91 ⇥ 104 1.05 ⇥ 105 1.00 ⇥ 106

10 7.72 ⇥ 104 4.25 ⇥ 105 1.00 ⇥ 107

100 1.16 ⇥ 104 4.64 ⇥ 105 1.00 ⇥ 107

Table 2: Measured shielding factors for frequencies of 0.01, 0.1, 1, 10, and 100 Hz compared to
those simulated. The measured shielding factors had to be corrected for the size of the field cage.

Point x (cm) y (cm) z (cm) Absolute Field (nT) Specified (nT)

1 �40 �39 23 0.64 < 1
2 0 �39 23 0.51 < 1
3 40 �39 23 0.45 < 1
4 �40 39 �23 0.52 < 1
5 0 39 �23 0.41 < 1
6 40 39 �23 0.93 < 1

Table 3: Measured residual fields inside the MSR
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Residual field inside the MSR
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those simulated. The measured shielding factors had to be corrected for the size of the field cage.
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B0 coil design (U. Kentucky)
• Octagon-shaped multi-gap solenoid


• Spin-transport coil interface


• Modelled gradient: 


• Specifications:  inside each 

cell (the difference between the cells < 10 pT)

∂Bz

∂z
< 0.1 nT/m

∂Bz

∂z
< 0.3 nT/m

28

Outer  
Sections  

Outer  
Sections  

Inner  
Sections  

Coil Height: 
2.13

Coil Width: 
2.3 m

Panel Width: 
0.95 m

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

B0 coil design

27



B0 coil system

28
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Bo coil and the frame Bo coil sitting inside the MSR 

Figure 8: Schematics showing the design of the B0 coil system.

to be removed and reassembled quickly and reliably, allowing the vacuum chamber to be installed
and removed whenever necessary.

An extensive design work was performed using COMSOL to optimize the design of the coil
system. The design is shown in Fig. 8. To confirm the adequacy of this design, both in terms of
magnetic field uniformity and in terms of mechanics, a 1/7-scale prototype was constructed and
then a 1/2-scale prototype was constructed. The 1/2-scale prototype was tested in a small MSR at
LANL (see Fig. 9). After the confirmation that the 1/2-scale prototype performed as expected in
the small MSR at LANL, the components of the full scale B0 coil system were fabricated and were
installed in the nEDM MSR at LANL (see Fig. 10).

We made a measurement of the magnetic field generated by the full scale B0 coil inside the
MSR. Because of the issues developed with the degaussing loop contacts, we were not able to
fully degauss the MSR. Nevertheless, we were able to demonstrate that the field generated by the
B0 coil system met the requirements.

Experiment—UCN transport, detection and spin analysis
One advantage that our LANL nEDM has over our competitors is the fact that we have a proven,
stored, polarized UCN density necessary for �dn = 2.1 ⇥ 10�27 e·cm. Our sensitivity estimate was
based on the measurement done on the West Beamline [9] (see Fig. 3) prior to the writing of the
proposal for this LDRD project. In this measurement, we detected 39,000 UCN from a 20-liter
prototype nEDM cell after a holding time of 180 s. This led to a per-day one-standard-deviation
statistical sensitivity of �dn = 4.0⇥10�26 e· cm/day, which gives �dn = 2.1⇥10�27 e·cm in one live-
year (or 5 calendar years assuming 50% data taking e�ciency and nominal LANSCE accelerator
operation schedule). See Table 4. To confirm that the North Beamline, where the LANL nEDM
experiment is located, gives at least the same UCN density, as soon as the project started, we
performed a similar experiment. This time, we used deuterated polystyrene coated PMMA as the
material for the side wall of the prototype chamber to make the experiment even more realistic. We
detected about 60,000 UCN after a holding time of 180 s, surpassing the number assumed in the
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B0 coil system
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Figure 9: Photographs of the 1/2 scale B0 coil system. Left panel: 1/2 scale B0 coil system
assembled outside the small MSR. Middle panel: 1/2 scale B0 coil system installed inside the
small MSR. Right panel: fluxgate magnetometers inside the 1/2 scale B0 system used to map the
magnetic field.

Figure 10: Photographs of the full scale B0 coil system. Left panel: the full scale B0 coil system
installed inside the LANL nEDM MSR. Right panel: the full scale B0 coil system installed inside
the LANL nEDM MSR with Amara Palamure, a graduate student from the University of Kentucky.
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B0 field measurement

• Gradient goal for CY22:


• 10 nT/m for 200 s T2*


(Ultimate goal: 0.1 nT/m)
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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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OPMs: optically pumped alkali (Cs, Rb) magnetometers

QuSpin                             TwinLeaf

Nuclear spin magnetometers: Hg, 3He (UM/Twinleaf)
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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.
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Vacuum chamber installed in the MSR
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Vacuum chamber installed in the MSR
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Status and plans
• MSR was delivered in January 2022. It meets basic performance 

requirements. More detailed characterization is necessary.


• Precession chambers and UCN valves were assembled. 


• Engineering run started in December 2022.


• UCN transport and storage


• Spin transport


• Characterization and improvements of the apparatus will continue this year. 
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