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Abstract

The neutron electric dipole moment (nEDM) experiment that is currently being developed at Los Alamos National Laboratory
(LANL) will use ultracold neutrons (UCN) and Ramsey’s method of separated oscillatory fields to search for a nEDM. In this
paper, we present measurements of UCN storage and UCN transport during the commissioning of a new beamline at the LANL
UCN source and demonstrate a sufficient number of stored polarized UCN to achieve a statistical uncertainty of δdn = 2×10−27 e·cm
in 5 calendar years of running. We also present an analytical model describing data that provides a simple parameterization of the
input UCN energy spectrum on the new beamline.
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1. Introduction

Ultracold neutrons (UCN) [1, 2] are neutrons of sufficiently
low kinetic energy (≲340 neV) that they can be confined in ma-
terial or magnetic bottles. UCN are playing increasingly im-
portant roles in the studies of fundamental physical interactions
(for recent reviews, see e.g. Refs. [3, 4]).

One particularly important class of experiments performed
using UCN is the search for a nonzero electric dipole moment
of the neutron (nEDM) (see e.g. Refs. [5, 6]), which probes
new sources of time reversal symmetry violation [7, 8, 9] and
may give clues to the puzzle of the matter-antimatter asymme-
try in the universe [10, 11]. Modern nEDM experiments are
performed almost exclusively using UCN (an alternative is pro-
posed in Ref. [12]). The current upper limit has been set by
an experiment performed at the Paul Scherrer Institute [6] and
there are several efforts worldwide aimed at searching for the
nEDM with improved sensitivity [13].

At the Los Alamos National Laboratory (LANL), a solid
deuterium (SD2) based superthermal UCN source coupled to
a spallation target has been providing UCN to experiments for
the last 20 years (see Fig. 1). The UCN source has recently been
upgraded to host a new nEDM experiment that will use Ram-
sey’s method of separated oscillatory fields [14] to search for
the nEDM with an uncertainty goal of δdn = 2×10−27 e ·cm. In
this upgrade, the cryogenic insert, which houses the SD2 con-
verter as well as the cold neutron moderator, was replaced with
an improved design. The upgrade produced a factor of four in-
crease in UCN density [15].
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With the upgrade, a new UCN beamline (called the North
Beamline) was constructed for the new nEDM experiment (see
Fig. 1). As part of the commissioning of the North Beamline
and development of the new nEDM experiment, we performed
a series of UCN transport and storage measurements using a
prototype nEDM precession cell.

In the envisioned nEDM experiment, a “measurement cycle”,
which consists of the following steps, will be repeated many
times over the course of the experiment: 1) UCN are loaded
into the precession cell(s), 2) UCN are let precess freely for a
duration Tfp, 3) UCN are unloaded from the precession cell(s)
to be detected and to have their final spin state analyzed. The
statistical uncertainty of each such measurement is given by

σdn =
ℏ

2αETfp
√

N
, (1)

where ℏ is Planck’s constant, α is a factor describing the spin
contrast of a Ramsey fringe, N is the number of the detected
UCN, and E is the strength of the applied electric field. N is
affected by UCN density at the location of the experiment, a
result of UCN source performance and UCN transport. Both N
and Tfp depend on the UCN storage property of the precession
cell (i.e. how the number of stored UCN depends on the time
over which UCN are stored in the precession cell), which is
in turn affected by the input UCN energy spectrum as well as
the wall loss properties of the cell. The operating condition
(i.e. how long to load the cell, how long to store the UCN,
and how long to unload the cell, etc) is optimized to minimize
the uncertainty of the experiment. Therefore our measurements
were focused on characterizing the UCN density and energy
spectrum at the location of the experiment, as well as the UCN
storage property of the precession cell.
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In this paper, we describe the measurements performed,
present the results and analysis, and demonstrate an analytical
model to quantify the collected data.
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Figure 1: Schematic of the experimental area at the LANL UCN facility

2. Description of experimental setup

The schematic diagram of the experimental setup mounted
on the North Beamline is shown in Fig. 2. There were two gate
valves (GV) located on the beamline, with a 6.35 mm-diameter
“monitor port” located in between. UCN that traveled through
the monitor port were counted with a 10B coated ZnS:Ag de-
tector [16]. The rate of UCN through the monitor port is pro-
portional to the UCN density in the guides (in the case of an
isotropic distribution, the rate R through the monitor port hole
with an area A and the UCN density ρ are related via R = 1

4 v̄ρA,
where v̄ is the average UCN speed, i.e. v̄ =

∫
v f (v)dv, with f

describing the UCN velocity distribution). Hence, the rate of
the monitor detector gives the approximate density of the UCN
in the guide.

A 5-T, horizontal warm bore, superconducting magnet by
American Magnetics Inc. was used as a polarizing magnet
(PM). The strong magnetic field from the PM interacts with the
neutron magnetic moment creating a potential given by −µ⃗n · B⃗,
where µ⃗n is the neutron magnetic moment and B⃗ is the mag-
netic field. The PM field is effectively a UCN spin filter, act-
ing as a potential barrier that rejects low-field seeking UCN be-
low 300 neV and a potential well that passes high-field seeking
UCN. For the measurements described in this paper, we varied
|B⃗| for the purpose of obtaining information on the UCN spec-
trum.

A 0.1-mm thick Al97 Mg3 alloy foil (similar in tensile
strength to 6061-T6), termed the “PM window”, is located in
the beamline at the center of the PM field region. This is used

to separate the UCN source vacuum from the measurement ap-
paratus vacuum, as the source vacuum can be routinely filled
with D2 gas (e.g. while D2 is being drawn from a storage tank
to be frozen or while SD2 is being reconditioned). The mag-
netic potential of the PM overwhelms the neutron optical po-
tential of the window (54 neV). The effect of the window on
the transmission of UCN is discussed in detail in section 4.

A UCN switcher was located downstream of the PM. The
switcher directed UCN from the source to the cell (fill mode)
or from the cell to a UCN spin analyzer and detector (count-
ing mode). In the counting mode, UCN were sent to a “drop-
detector” located below beam height. Two types of switchers
were utilized for the measurements described in this paper. The
first one was termed the “prototype switcher,” and the second,
which will be used for the eventual LANL nEDM experiment,
was termed the “rotary switcher.”

The prototype switcher contains a guide segment that can be
set to a straight-through position to fill the cell, or angled down-
ward to send UCN from the cell to the drop detector. The rotary
switcher has a cylindrical housing and four evenly spaced guide
ports. These guide ports could be connected by either a straight
guide section or 90◦ bend sections. The drop detector was lo-
cated on a port with a 90◦ bent guide. All guide sections inside
were mounted on a rotating turntable and actuated by a Parker
CM232DX servo-motor. An image of the rotary switcher as
well as a schematic of the guide segments within it are shown
in Fig. 3.

All guide sections downstream of the PM had a 50-µm-thick
electroless nickel phosphorus (NiP) coating. NiP has a high
neutron optical potential of 213(5) neV, a low spin-flip proba-
bility per bounce of 3.6(5) × 10−6, and a low UCN loss prob-
ability per bounce of 1.3(1) × 10−4 [17, 18]. To adiabatically
transport neutron spins, the guides downstream of the PM were
kept under a ∼1-mT magnetic field produced by coils.

On both the monitor and the drop-detector, 10B coated
ZnS:Ag scintillator films were used for UCN detection [16].
UCN were captured on the top layer of 10B, and reaction prod-
ucts (4He and/or 7Li) from the 10B(n, α)7Li neutron capture re-
action were detected in the ZnS:Ag layer. The resulting scintil-
lation light was then detected by a photomultiplier tube (PMT).
The photocathode diameters of the drop-detector and monitor
detector PMTs were 76.2 mm and 28.6 mm, respectively.

A neutron spin analyzer that consisted of a 10 layer polarizer
made of iron and silicon was located immediately above the
drop detector (see Ref. [19] for layer structure details). When
magnetized with a 10-mT field from permanent magnets, the
multi-layer polarizer preferentially transmitted high-field seek-
ing UCN and rejected low-field seeking UCN with an analyzing
power of 99.3+0.7

−2.4% [19]. [Note that it is not clear if the neutron
energy spectrum under which Ref. [19] is consistent with our
neutron spectrum. Reference [20] quotes an analyzing power
of 95% for a different but similar analyzing foil for an energy
range of 90 neV to 330 neV, which includes the energy range
of the UCN at the analyzing foil for the experiment reported in
Sec. 4. The main conclusion of the results reported here does
not depend on the exact value of the analyzing power. We use
the value reported by Ref. [19].] Additionally, an adiabatic fast
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Figure 2: Layout of the North Beamline. Two types of switchers were tested, see Sec. 2 for description

passage (AFP) spin flipper coil, located upstream of the spin
analyzer, was used to provide the option of spin flipping UCN
[21]. A schematic of the analyzer system is illustrated in Fig. 4

UCN were stored in a prototype nEDM precession chamber
(hereafter simply referred to as “the cell”). The cell was a cylin-
der with an inner diameter of 50 cm and a height of 10 cm, giv-
ing a total volume of 19.6 L. Several different configurations for
the cell were used in the measurements for this paper and are
discussed in further detail in section 3.1. The bottom of the cell
was located approximately 10 cm above beamline guide height.

3. Measurements

3.1. Measurement of UCN storage time
A UCN storage lifetime measurement was performed using

a “fill-and-dump” method. The steps were: (1) The North Wye
GV was opened while the North PM GV was kept closed for
100 s to “preload” the UCN to build up UCN density behind the
GV. (2) The North PM GV was opened, allowing UCN to pass
through the PM and the switcher into the cell. This filling pe-
riod was 50 s. (3) The cell valve and North PM GV were closed
to stop the flow of UCN into the precession cell. (4) The cell
valve was kept closed for some “holding time” to store UCN.
(5) The switcher moved from the fill mode to count mode in
preparation to empty the cell. (6) The cell valve was opened to
allow UCN to flow to the drop detector. This counting period
lasted for 100 s. Note that for these of measurements, the UCN
final spin was not measured. See Fig. 5 for the drop detector
UCN count rate for one such run.

Two different types of cell side walls were tested: (i) NiP
coated Al and (ii) deuterated polystyrene (dPS) coated
poly(methyl methacrylate) (PMMA). In both cases, the top and
bottom surfaces of the cell were NiP coated Al. In the final
nEDM experiment the dPS-coated PMMA cell side wall will
be used in combination with top and bottom plates made of Al
coated with a diamond-like carbon (DLC), which will be used
as ground and high voltage electrodes. A photograph of the
prototype cell is shown in Fig. 6. We used NiP coating, instead
of DLC, for the reason that it was easier to obtain. However,
given that DLC has a higher neutron optical potential [22] than
NiP and also given that the loss parameter we obtained for NiP
was similar to that measured for DLC (see Sec. 4), a cell made
of a dPS-coated PMMA side wall and the NiP coated plates
provides conditions sufficiently close to the final nEDM exper-
iment.

The seals between the side wall and the top and bottom plates
were provided by an O-ring. To ensure that the storage time
was not affected by upscattering of UCN from residual gas, we
made sure that the storage volume had a vacuum of 10−5 Torr or
better. A high voltage was not applied to the high voltage elec-
trode (although it was possible when the side wall was the one
made of dPS-coated PMMA), as it was not essential for the pur-
pose of the measurement. As a result, the cell was placed in the
atmosphere (as shown in Fig. 6) as opposed to in an insulating
vacuum.

Fill-and-dump holding time scans were repeated for holding
times of 30 to 300 seconds. Holding time scans were repeated
with PM strengths of 0 T, 1.25 T, 2.5 T, 3.75 T and 5 T. An
overview of UCN hold-time run conditions is summarized in
Tab. 1. It should be noted that for run condition 1, the UCN
source was run continuously and the GV was simply opened
and closed between fill-and-dump measurements. To avoid de-
livering beam to the target unnecessarily, run conditions 2 – 4
switched to a mode where the beam was on only during preload
and filling periods.

3.2. Measurement of spin dependent UCN transmission rate
as a function of PM field

Direct “flow-through” measurements of UCN transmission
through the PM were taken to provide information on the in-
coming UCN energy spectrum. During these measurements,
the magnetic field of the PM was slowly decreased from 5 T to
0 T or increased from 0 T to 5 T, depending on the operating
condition of the PM. 28 min are needed to ramp from 4.11 T to
5 T, and 44 min to ramp from 0 T to 4.11 T, a total of 28 min.
UCN were transported from a continuous source to the drop de-
tector, while the AFP spin flipper state was toggled every 67 s.
The period of 67 s (= 0.015 Hz) was chosen to ensure suffi-
ciently frequent toggling between the two spin states while pro-
viding a long enough period for each segment of measurement
needed for accurate analysis. These measurements were per-
formed with the Al window installed in the PM region. Analy-
sis of this data is presented in Sec. 4.3.

4. Data Analysis and Modeling

4.1. Data processing and normalization
In order to generate a reliable UCN storage time curve, it is

necessary to subtract background and normalize UCN counts to
correct for variations in UCN source intensity.

3



Test port

To UCN source

To spin flipper,
spin analyzer, and
UCN detector

To prototype storage chamber
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Table 1: Switcher, cell wall, and PM window conditions for measurements

# Run Condition Storage Curve

1 Prototype switcher, NiP coated Al cell wall, no PM window Fig. 9
2 Prototype switcher, NiP coated Al cell wall, with PM window Fig. 10
3 Rotary switcher, NiP coated Al cell wall, with PM window Fig. 11
4 Rotary switcher, dPS coated PMMA cell wall, with PM window Fig. 12
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Figure 4: Schematic of the adiabatic fast passage (AFP) spin flipper, spin ana-
lyzer, and UCN drop detector
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Figure 5: UCN count rate during the “fill-and-dump” measurement sequence
for one run. Preload: 0 s to 100 s. Filling period: 100 s to 150 s. Holding period:
150 s to 330 s. Counting period: 330 s to 430 s.
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Figure 6: A photograph of a prototype precession cell (pictured here with NiP-
coated Al cell walls)
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Figure 7: An illustration of a preload fit used for normalization under run con-
ditions 2 – 4, as described in section 4.1. Data in this figure is obtained from
an upstream monitor located on the “West Beamline”. UCN density is built up
behind a stainless steel gate valve for 100 s. The gate valve is then opened to
allow UCN to fill the precession cell on the north beamline, causing a dip on
the upstream monitor rate

A monitor upstream of the PM located on the “West Beam-
line” (see Fig. 1) was used to normalize the number of UCN
measured by the drop detector during the counting period. The
monitor was chosen for normalization because the UCN source
performance was characterized via West Beamline monitor be-
fore the addition of the North beamline. The West beamline
monitor measured a UCN count rate of ∼ 2000 UCN/s (North
PM GV closed) when beam and source parameters were op-
timally tuned. This monitor rate corresponded to a density
of 184(32) UCN/cm3 at the exit of the biological shield (see
Ref. [15]).

The UCN rate measured in the West Beamline monitor as a
function of time during the preload, R(t), was fit to the form of
an exponential, R(t) = C(1− exp[−(t− t0)/τ]) to determine free
parameters C, t0, and τ for conditions 2 – 4 in Tab. 1. The scal-
ing factor to obtain a normalized UCN count is then given by
2000/R(100), the rate at the end of the preload period. An ex-
ample of a preload fit utilized for normalization is illustrated in
Fig. 7. For run condition 1, R was taken to be the average value
of the West Beamline monitor rate during the preload period
because the beam was not turned off during the measurement
run. The PMT background rate for each data set was fitted and
subtracted from the UCN counting period.

During analysis, it was discovered that some portion of UCN
storage runs had a small leakage of UCN during the storage
period, a result of the cell valve not fully closing. Typically, in
a leak-less run, UCN remaining in the guide system after the
filling period drained into the drop-detector in the first ∼ 20 s of
the holding period. This “guide-dump” count of UCN could be
fit with a single decaying exponential and typically exhibited
a decay time on the order of one or two seconds. However,
with a leak, a double exponential function was observed with a
secondary decay on the order of ∼ 50 s.

The leak-corrected count of UCN, Ncc, was obtained from
the uncorrected count of UCN, Nc, with

Ncc = Nc +

∫ t2

t1
dt

∫ t3

t2
dt′ f (t)g(t′)e−(t′−t)/τ (2)

where, as illustrated in Fig. 8, t1 is the start of the holding pe-
riod, t2 is the start of the counting period, and t3 is the end of the
counting period. Nc is obtained from the UCN counted during
the counting period with background subtracted. The number
of leaked UCN at a given time, f (t), was obtained by fitting
the guide dump on leak-free runs, and then subtracting the fit
from runs with leaks. The rate of UCN detected at time t dur-
ing the counting period from the cell dump, g(t), is normalized
such that

∫
g(t)dt = 1. The exponential term approximates the

decay of stored UCN, where τ is the effective decay constant
determined by fitting to the uncorrected storage curve.

The size of the leak correction varied. It was smaller for
shorter holding time runs (< 2% of counted UCN for storage
times less than 50 s), and was larger for longer hold runs (up
to 10% of counted UCN for storage times of 300 s). The un-
certainty of the leak correction was less than 5% of the leak
correction itself, as determined by taking into consideration all
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fitting and statistical uncertainties, making a negligible contri-
bution to total measurement uncertainty. The normalized UCN
counts thus obtained are plotted in Fig. 9 – 12.

counts / sec

leak cell dump  

where

Figure 8: Visualization of parameters used for leak correction of UCN storage
in Eq. (2), as referred to in section 4.1
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Figure 9: UCN storage measurement run condition 1: Prototype switcher, NiP
coated Al cell wall, no PM window. Points with error bars represent data and
curves represent fits. The B = 3.75 T fit is suppressed due to overlap with the
B = 5 T curve. Fit results are described in Tab. 2.

4.2. UCN storage curves in prototype precession cells

In this section we introduce an analytical model to fit UCN
lifetime storage curves in the cell, with parameters that describe
properties of the UCN storage vessel, physical parameters of
the neutron velocity spectrum upstream of the PM, and the ef-
fect of the PM on the spectrum. This model can be used to
quickly obtain physical information from UCN storage curves
without the need to create a comprehensive Monte Carlo simu-
lation of a system, which can be labor intensive and computa-
tionally costly.

It is a common practice to fit UCN storage lifetime measure-
ments to single-exponential curves, which is only correct for
a population of UCN with a single velocity and a single an-
gle of incidence. However, both the velocity and angle have
continuous distributions. Double exponential curves are often
used to very approximately represent decay curves made of a
two-component population including a super-barrier fraction.
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Figure 10: UCN storage measurement run condition 2: Prototype switcher, NiP
coated Al cell wall, with PM Window. Points with error bars represent data and
curves represent fits. The 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 Tab. 2.
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Figure 11: UCN storage measurement run condition 3: Rotary Switcher, NiP
coated Al cell wall, with PM window. Points with error bars represent data and
curves represent fits. The B = 2.5 T fit is suppressed due to overlap with the
B = 5 T curve. Fit results are described in Tab. 2.
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Figure 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 = 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 Tab. 2
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In cases where the UCN velocity spectrum affects the perfor-
mance of the experiment, such as an nEDM experiment, a more
sophisticated approach is in order.

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 follow-
ing functional forms:

dN0

dv
∝ vγ (3)

dN1

dv
=

1
2

dN0

dv
( fh + fℓ) (4)

where γ is a free parameter of the model. Equation (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. [15]. 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
v∥ > 0, where v∥ is the longitudinal velocity along the axis
of the UCN guide. The PM passes low field seeking neutrons
for v∥ > 0 only if 1

2 mn
(
v∥

)2 > µnB, where µn is the neutron
magnetic moment (µn = 60 neV/T) [23]. Let vc

∥
be the criti-

cal longitudinal velocity that fulfills this requirement, given by
vc
∥
=

√
2µnB/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 ex-
ceeds 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 + β ( fh − fℓ)

]
(5)

where β is a free parameter (constrained to the range [0, 1]) that
effectively 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
Sec. 3.1) but is not at all met for the measurement of spin de-
pendent UCN transmission (described in Sec. 3.2) because in
the latter case, all the transmitted neutrons are eventually de-
tected. 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
distribution 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 =
2π

∫ θc
0 dθ sin θ

4π
=

1
2

(1 − cos θc) (6)

=
1
2

(
1 −

vc
∥

v

)
for v > vc

∥
(7)

The limits of integration in the numerator were determined us-
ing the requirement cos θ > v∥c/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 directed. For a completely forward directed pop-
ulation of low-field seekers, we have fℓ = 1/2 for v > vc

∥
and

fℓ = 0 otherwise. The angular distribution is likely to be some-
where 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

(
1 − k

(vc
∥

v

))
for v > vc

∥
(8)

where as k approaches 0, the UCN velocity distribution be-
comes forward directed, and as k approaches 1 the angular dis-
tribution 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
τ(v′ ,µ̄) (9)

1
τ(v′, µ̄)

=
1
τβ
+

Av′

4 Vol
µ̄ (10)

µ̄ = 2µ

 Vcell

K(v′)
sin−1

(
K(v′)
Vcell

)1/2

−

(
Vcell

K(v′)
− 1

)1/2 (11)

dN1

dv
=

C
2

vγ
[
1
2
+ fℓ + β

(
1
2
− fℓ

)]
(12)

fℓ =


1
2

(
1 − k

(
vc
∥

v

))
for v > vc

∥
where vc

∥
=

√
2µN B/mN

0 otherwise
(13)

with free parameters C, µ (velocity-independent loss per
bounce within the precession cell), β (upstream depolarization
probability), γ (velocity distribution), and k (angular distribu-
tion). N (without any subscripts) refers to the number of de-
tected neutrons.

The lower integration limit of Eq. (9), vlow, is obtained from
the potential U, the minimum energy of UCN required to en-
ter a precession cell located above beam height. The veloc-
ity of UCN that have entered the cell, v′, is related to v by

7



v′ =
√

v2 − 2U/mn. The term in the upper integration limit,
vhigh, is the velocity equivalent of min(Vcell + U, Vguide), which
is the maximum UCN energy from the input spectrum that is
containable by either the transport guide (with neutron opti-
cal potential Vguide) or the precession cell (with neutron opti-
cal potential Vcell). Equation (10) describes the decay time of a
stored UCN, which consists of the the free neutron lifetime τβ
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. Equation (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. Note
that 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 region. We maintain the base form of Eq. (5), but
now must alter our expressions for fℓ and fh to account for the
step potential represented by the window, which for Al we ap-
proximate to be 54 neV [2]. Low-field seekers must now have
a high enough velocity to overcome both the PM field potential
and the Al window step potential.

High-field seekers must also have a high enough velocity to
overcome the window step potential, but receive the benefit of
being accelerated by the PM field. When the energy increase
from the PM field is greater than the neutron optical potential
of the window, high-field seekers of any velocity are transmitted
through the window.

To describe UCN storage curves with an Al window in the
PM region, Eqs. 12 and 13 become

dN1

dv
=

C
2

vγ
[
fh + fℓ + β ( fh − fℓ)

]
(14)

fℓ =


1
2

(
1 − k

vc
∥

v

)
for v > vc

∥
where 1

2 m
(
vc
∥

)2
= VAl

F + µB

0 otherwise
(15)

fh =



1
2

(
1 − k

vc
∥

v

)
for v > vc

∥
where 1

2 m
(
vc
∥

)2
= VAl

F − µB

and VAl
F > µB

0 for v ≤ vc
∥

where 1
2 m

(
vc
∥

)2
= VAl

F − µB
and VAl

F > µB
1
2 for VAl

F ≤ µB
(16)

This formalism enables a fit of both no-window and with-
window UCN storage curves using the same set of free param-
eters.

4.2.1. Multi-parameter fits of UCN storage curves
Multi-parameter least square minimization fits were per-

formed using the LMFIT Python library [24]. The results are

presented in Tab. 2. Data points were weighted using the ver-
tical error bars during the fitting process. For measurements
with no window in the PM region, we fit Eqs. (9) – (13), and
for the measurements with a window present we fit Eqs. (9) –
(11) and (14) – (16). It should be noted that the bottom of the
prototype cell was located 10 cm above beam height. There-
fore for NiP-coated Al wall run conditions we used an integra-
tion limits vlow and vhigh as determined by U = 10 neV and
Vguide = 213 neV [18]. For dPS-coated PMMA wall run condi-
tions we used U = 10 neV and Vcell = 160 neV.

For run condition 4, we used a single effective loss per
bounce parameter µ even though the cell was made of two dif-
ferent materials (i.e. dPS-coated cell wall with NiP electrodes).
The reason for this was because the data did not have the sensi-
tivity to resolve two separate µ values. This also applies to the
simultaneous fit for data from run conditions 3 and 4.

4.3. Spin dependent UCN rate as a function of the polarizing
magnet field

A flow-through measurement as described in section 3.2 was
taken to obtain information on the input UCN spectrum. The
switcher was set to channel polarized UCN from the PM di-
rectly into the spin analyzer and detector. For the duration of
the measurement, the strength of the PM was slowly decreased
from 5 T to 0 T and the spin flipper was toggled on and off
at regular intervals (as per section 3.2). The Al window was
present in the PM region for this measurement.

The flow-through measurement provides two curves describ-
ing neutron rate for each spin state as a function of the PM field
strength (see Fig. 13). These curves can be fit using the formal-
ism described in section 4.2.1 with modification to account for
finite efficiency of the spin analyzer and spin flipper

Dividing Eq. 14 into expressions for low-field seekers and
high-field seekers

dN1,ℓ

dv
=

C
2

vγ fℓ =
1
2

vγ fℓD (17)

dN1,h

dv
=

C
2

vγ
[
fh + β ( fh − fℓ)

]
=

1
2

vγ fhD (18)

where fℓD = fℓ and fhD = fh + β ( fh − fℓ) describe the fraction
of low-field seekers and high-field seekers downstream of the
PM, respectively.

For spin analyzing power ϵA, when the spin flipper is off,
there is some fraction of low-field seekers that are transmitted
by the analyzing foil. Assuming that there is a negligible chance
of depolarization downstream of the PM, the spectrum of the
detected UCN with the spin flipper off is given by

dNoff

dv
=

C
2

vγ
[
ϵA fhD + (1 − ϵA) fℓD

]
(19)

When the spin flipper is on, for spin flipping efficiency ϵS ,
the spectrum of the detected UCN is
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Table 2: Multi-parameter fits of UCN storage curves. Refer to Tab. 1 for run condition details.

Run 1 2 3 4 3 & 4

C/103 2(1) 3(1) 5(3) 5(3) 4(1) 7(2)
γ 3.0(3) 2.5(2) 2.5(3) 2.7(2) 2.6(2)
β 0.30(2) 0.8(2) 0.6(3) 0.8(2) 0.77(17)
k 0.3(1) 0.6(1) 0.7(1) 0.5(1) 0.6(1)
µ/10−4 2.0(1) 2.6(2) 3.5(4) 3.1(2) 3.4(2)
Corr(C, γ) −1 −0.94 −0.96 −0.96 −0.97 −0.96
Corr(C, β) −0.2 −0.32 −0.4 −0.5 −0.49 −0.53
Corr(C, k) −0.7 −0.14 −0.14 0.02 −0.16 −0.12
Corr(C, µ) 0.9 0.85 0.77 0.79 0.78 0.76
Corr(γ, β) −0.2 0.01 0.15 0.27 0.23
Corr(γ, k) 0.71 0.44 0.37 0.22 0.41
Corr(γ, µ) −0.97 −0.92 −0.84 −0.83 −0.82
Corr(β, k) −0.33 −0.86 −0.81 −0.83 −0.72
Corr(β, µ) 0.21 0.14 0.16 −0.03 0.01
Corr(k, µ) −0.6 −0.56 −0.63 −0.41 −0.57
Corr(C3,C4) 1

dNon

dv
=

C
2

vγ
[
ϵA ϵS fℓD + ϵA(1 − ϵS ) fhD

+ (1 − ϵA)ϵS fhD + (1 − ϵA)(1 − ϵA) fℓD
]

(20)

In the above equation, the first term describes low-field seek-
ers downstream of the PM that are successfully spin flipped to
high-field seekers and allowed through the spin analyzer. The
second term is the fraction of high-field seekers that were not
flipped and allowed through the spin analyzer. The third term is
the fraction of high-field seekers that were flipped to low-field
seekers, but allowed through to the detector due to finite analyz-
ing power of the foil. The fourth term is the fraction of low-field
seekers that were not spin flipped, but allowed through the spin
analyzer due to finite analyzing power.

Following Ref. [19], we assume a spin analyzing power of
ϵA = 0.99 for UCN in the energy range of the LANL nEDM
experiment and a magnetized iron foil spin analyzer.

Spin flipping efficiency ϵS can be estimated as follows. With
UCN in a flow-through mode from the source to the detector
and with the PM at 5 T, when the spin flipper was turned on,
detected UCN rate was reduced to 12% compared to when the
spin flipper was off, which corresponds to the ratio of Eq. (20)
to Eq. (19). Assuming negligible depolarization downstream of
the PM, this means fℓD = 0 and fhD = 1/2. Letting ϵA = 0.99
and solving for ϵS yields a spin flipping efficiency of ϵS = 0.89.

The spin-flipper-off and spin-flipper-on curves were fit using
an integral of dNoff/dv and dNon/dv, respectively, with limits
of integration from 0 m/s to 7.58 m/s (the velocity equivalent
of UCN in a 5 T field). This fit is shown in Fig. 13, with the fit
parameters from Tab. 3.

5. Discussion

As measured in run condition 4, Fig. 12, a storage time of
180 s in a single cell yields a UCN count of ∼ 60, 000 UCN,

0 1 2 3 4 5
B [Tesla]

200

400
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800

1000

1200

1400

N
1(

B)
 [U

CN
/s

]

PM ramp curve fit

Flipper On Fit
Flipper Off Fit
Flipper On
Flipper Off

Figure 13: A measurement of neutron transmission from the source to the drop-
detector with the B field of the PM decreasing from 5 T to 0 T over the course of
72 minutes, with the spin flipper toggling on and off. This generates two curves
that are describable using Eqs. (19) and (20), which share the same set of free
parameters as Eqs. (9) – (11) and (14) – (16). The results of a simultaneous fit
of these PM ramping curves are listed in Tab. 3
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Table 3: Multi-parameter fit of a PM ramp

Run condition γ β k

With Al window, UCN-flow through mode 1.0(1) 0.00(5) 0.30(2)

well in excess of the number required to reach the desired sta-
tistical uncertainty. In Ref. [15], α = 0.8, E = 12 kV/cm,
Tfp =180 s, N = 39, 000 for each cell, and Tcycle = 300 s
were assumed to arrive at an estimated statistical uncertainty
of σdn = 4.0 × 10−26e · cm per day with a double cell geometry.
With an assumed data taking efficiency of 50% (for experiment
down time, calibration and systematic studies) and the nomi-
nal LANSCE accelerator running schedule, this corresponds to
a statistical uncertainty of σdn = 2.1 × 10−27e · cm in 5 calen-
dar years. The number of stored polarized UCN observed was
about 50% larger than what was reported in a similar measure-
ment performed on the West Beamline [15]. We attribute the
improvement to the better switcher transmission in spite of the
longer transport distance.

In the envisioned LANL nEDM experiment, two precession
chambers will need to be filled. We expect that the achiev-
able stored UCN density in the precession chambers will be
minimally affected by going from one cell, as was done in this
commissioning experiment, to two cells. The ultimate achiev-
able density in a that is made of several sections is given by
ρ = P/(ΣiVi/τi), where P is the UCN production rate, Vi is the
volume of a section in which UCN has a lifetime τi. The vol-
ume of the system is dominated by the volume of the guide that
transports UCN from the source to the experiment. As a result,
we estimate the reduction in the achievable density due to the
additional volume of the second cell and the associated guide
to be up to 10%.

Additionally, we have demonstrated the utility of a UCN stor-
age curve model. Varying the strength of the PM for UCN stor-
age curves allowed the properties of a continuous UCN input
energy spectrum on the North Beamline to be obtained. Im-
portantly, the model describes both window-in and window-out
storage with the same input parameters. The model is able to
describe the unintuitive feature of the window-in run condition
curves, where as the PM field increases in strength, the normal-
ized counts increase. This behavior was the primary motivation
for the introduction of the free parameter β during analysis. For
small β (closer to 0) the model predicts that the number of UCN
decreases as PM strength increases, but for larger β, low field
seekers are spin-flipped and may pass through the PM region as
a high field seeker, resulting in the behavior observed in Fig. 10
– 12.

We can draw a number of observations from the results of
the UCN storage curves fits depicted in Tab. 2. First, the value
of C in run conditions 3 and 4 is larger than the value in run
condition 2, showing that the new rotary switcher transports a
larger number of UCN than the old prototype switcher. Sec-
ond, k (ranging from 0.3(1) to 0.7(1)) across all run conditions
indicates that the angular distribution of the input UCN velocity
spectrum on the beamline is relatively forward directed. Third,
β is ∼ 0.7 for run conditions with the Al window and is ∼ 0.3 for

the run condition without the window. This is consistent with
the idea that the presence of the Al window reduces the number
of low-field seeking UCN that pass the PM region, resulting in
an increased chance for a low-field seeker to see a depolarizing
region upstream of the PM and an effectively larger β. Com-
paratively, in the no window case, more low-field seekers pass
the PM region, lowering the chance for a low-field seeker to be
spin-flipped and giving a smaller value for β.

In some cases there are rather large correlations among pa-
rameters as seen in Tab. 2. The largest parameter correla-
tions for fits across all run conditions are Corr(C, γ) ∼ −1,
Corr(γ, µ) ∼ −0.9, and Corr(C, µ) ∼ 0.8. Special care was taken
in the least-squares fitting process to choose initial parameter
guesses for γ and µ that were based on previous measurements
along the West Beamline (see Ref. [15, 18]) because of these
correlations. As a result, we obtained γ ∼ 3 and µ ∼ 3 × 10−4

across all run conditions, where γ was constrained to the range
[1, 5] and µ was constrained to the range [10−3, 10−5] during fit-
ting. These values are consistent with previously measured val-
ues of µ = 1.4(2)×10−4 (Ref. [18]) and γ = 2.9(0.6) (Ref. [15]).

It can be seen in Fig. 9 that the storage curve model repro-
duces the storage curves at each PM field strengths for config-
urations without a window. For configurations with a window
in the PM region (Fig. 10 – 12), the holding curve model repro-
duces the storage curves for holding times less than 200 s. For
longer holding times (> 200 s) in run conditions with the PM
window, the holding curve model overpredicts the number of
UCN. This is especially apparent in Fig. 10, for holding times
of 500 s for B = 3.75 T and B = 2.5 T, as well as the B = 0 T
and B = 1.25 T curves for holding times greater than 200 s.

The statistical and leak correction uncertainties for longer
holding time data points are too small to attribute the overpre-
diction purely to weighting of the data points during the fitting
process. In addition, the model is able to describe the behav-
ior of the curves in run condition 1 for all PM field strengths.
We postulate that there is an additional mechanism caused by
the presence of the window that preferentially selects for higher
energy UCN to enter the precession cell. Higher energy UCN
experience more wall collisions within the precession cell and
have a higher loss per bounce, increasing the chance to be lost
during the storage period.

One possible mechanism is bulk scattering of UCN within
the PM window caused by nonuniformities within the win-
dow material. The magnetic field accelerates high-field seeking
UCN through the Al window. If the window scatters the UCN,
then a fraction of the longitudinal velocity (i.e. along the direc-
tion of the beamline) results in a transverse velocity component.
Lower energy UCN may lose enough longitudinal velocity and
become trapped in the the PM field potential well, a process less
likely for higher energy UCN.

Lastly, we have shown that elements of the holding curve
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model may be adapted to a UCN flow-through measurement
through a PM with an Al window, while the PM slowly ramps
up or down. We observe that the model is able to reproduce the
major features of the data (Fig. 13). As the B field increases,
low-field seekers are reflected by the potential well of the PM.
Conversely, the fraction of high field seekers allowed past the
Al window slowly increases with the strength of the B field, un-
til the strength of the B field reaches a threshold where all high-
field seekers are accelerated past the window region. The pa-
rameters of the model, presented in Tab. 3, indicate a forward-
directed angular distribution (k = 0.30(2)) consistent with the
holding curve fits in Tab. 2. The estimate of β = 0 is also con-
sistent with what we expect, because UCN in a flow-through
measurement with no preload period have less opportunity to
be spin-flipped upstream of the PM.

The precision for γ in Tab. 3 is limited due the change in the
UCN energy spectrum during the course of the flow-through
measurement. During the 72 min period required to ramp down
the PM, the continuous use of the UCN source causes heating
and a corresponding change in the input energy spectrum [25].
Note that the measurement depicted in Fig. 13 was a PM ramp
down sequence, where the field was decreased from 5 T to 0 T.
Since there is no time dependence for γ, the model is less de-
scriptive of the data obtained near the end of the ramp (1 T to
0 T).

6. Conclusion

We have demonstrated successful instrumentation of a pro-
totype precession cell, single-channel spin analyzer, spin flip-
per, UCN detector, and rotary switcher for UCN transport in
preparation for the LANL nEDM experiment. Approximately
60,000 UCN, sufficient to obtain a statistical uncertainty of
δdn = 2 × 10−27 e · cm for the nEDM have been stored in a
prototype cell with dPS-coated PMMA walls and NiP-coated
Al electrode plates. An analytical model has been developed
that describes various properties of the UCN exiting the PM
that affect the performance of experiments that use UCN. These
properties include depolarization in the beamline upstream of
the PM, the UCN velocity spectrum, and the angular distribu-
tion of the UCN. We have successfully applied this model to the
analysis of a series of UCN storage curves taken with prototype
precession cells of the LANL nEDM experiment and data on
UCN transmission through the PM. The extracted UCN veloc-
ity spectrum can be used to analyze and optimize the perfor-
mance of the LANL nEDM experiment.
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lik, D. Rebreyend, I. Rienäcker, D. Ries, S. Roccia, G. Rogel,
D. Rozpedzik, A. Schnabel, P. Schmidt-Wellenburg, N. Severijns,
D. Shiers, R. Tavakoli Dinani, J. A. Thorne, R. Virot, J. Voigt, A. Weis,
E. Wursten, G. Wyszynski, J. Zejma, J. Zenner, G. Zsigmond, Measure-
ment of the permanent electric dipole moment of the neutron, Phys. Rev.
Lett. 124 (2020) 081803. URL: https://link.aps.org/doi/10.

1103/PhysRevLett.124.081803. doi:10.1103/PhysRevLett.124.
081803.

[7] M. Pospelov, A. Ritz, Electric dipole moments as probes of
new physics, Annals of Physics 318 (2005) 119–169. URL:
https://www.sciencedirect.com/science/article/pii/

S0003491605000539. doi:https://doi.org/10.1016/j.aop.
2005.04.002, special Issue.

[8] J. Engel, M. J. Ramsey-Musolf, U. van Kolck, Electric dipole
moments of nucleons, nuclei, and atoms: The standard model and
beyond, Progress in Particle and Nuclear Physics 71 (2013) 21–74.
URL: https://www.sciencedirect.com/science/article/pii/
S0146641013000227. doi:https://doi.org/10.1016/j.ppnp.
2013.03.003, fundamental Symmetries in the Era of the LHC.

[9] T. Chupp, M. Ramsey-Musolf, Electric dipole moments: A global anal-
ysis, Phys. Rev. C 91 (2015) 035502. URL: https://link.aps.

org/doi/10.1103/PhysRevC.91.035502. doi:10.1103/PhysRevC.
91.035502.

[10] V. Cirigliano, Y. Li, S. Profumo, M. J. Ramsey-Musolf, Mssm baryo-
genesis and electric dipole moments: an update on the phenomenology,
Journal of High Energy Physics 2010 (2010) 2. URL: https://doi.
org/10.1007/JHEP01(2010)002. doi:10.1007/JHEP01(2010)002.

[11] D. E. Morrissey, M. J. Ramsey-Musolf, Electroweak baryo-
genesis, New Journal of Physics 14 (2012) 125003. URL:
https://doi.org/10.1088/1367-2630/14/12/125003.
doi:10.1088/1367-2630/14/12/125003.

[12] F. M. Piegsa, New concept for a neutron electric dipole moment search
using a pulsed beam, Phys. Rev. C 88 (2013) 045502. URL: https://
link.aps.org/doi/10.1103/PhysRevC.88.045502. doi:10.1103/
PhysRevC.88.045502.

11

http://dx.doi.org/10.1103/RevModPhys.83.1111
http://dx.doi.org/10.1103/RevModPhys.83.1111
http://dx.doi.org/10.1088/0954-3899/41/11/114007
https://link.aps.org/doi/10.1103/PhysRevLett.97.131801
https://link.aps.org/doi/10.1103/PhysRevLett.97.131801
http://dx.doi.org/10.1103/PhysRevLett.97.131801
https://link.aps.org/doi/10.1103/PhysRevLett.124.081803
https://link.aps.org/doi/10.1103/PhysRevLett.124.081803
http://dx.doi.org/10.1103/PhysRevLett.124.081803
http://dx.doi.org/10.1103/PhysRevLett.124.081803
https://www.sciencedirect.com/science/article/pii/S0003491605000539
https://www.sciencedirect.com/science/article/pii/S0003491605000539
http://dx.doi.org/https://doi.org/10.1016/j.aop.2005.04.002
http://dx.doi.org/https://doi.org/10.1016/j.aop.2005.04.002
https://www.sciencedirect.com/science/article/pii/S0146641013000227
https://www.sciencedirect.com/science/article/pii/S0146641013000227
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2013.03.003
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2013.03.003
https://link.aps.org/doi/10.1103/PhysRevC.91.035502
https://link.aps.org/doi/10.1103/PhysRevC.91.035502
http://dx.doi.org/10.1103/PhysRevC.91.035502
http://dx.doi.org/10.1103/PhysRevC.91.035502
https://doi.org/10.1007/JHEP01(2010)002
https://doi.org/10.1007/JHEP01(2010)002
http://dx.doi.org/10.1007/JHEP01(2010)002
https://doi.org/10.1088/1367-2630/14/12/125003
http://dx.doi.org/10.1088/1367-2630/14/12/125003
https://link.aps.org/doi/10.1103/PhysRevC.88.045502
https://link.aps.org/doi/10.1103/PhysRevC.88.045502
http://dx.doi.org/10.1103/PhysRevC.88.045502
http://dx.doi.org/10.1103/PhysRevC.88.045502


[13] R. Alarcon, J. Alexander, V. Anastassopoulos, T. Aoki, R. Baartman,
S. Baeßler, L. Bartoszek, D. H. Beck, F. Bedeschi, R. Berger, M. Berz,
H. L. Bethlem, T. Bhattacharya, M. Blaskiewicz, T. Blum, T. Bowcock,
A. Borschevsky, K. Brown, D. Budker, S. Burdin, B. C. Casey, G. Casse,
G. Cantatore, L. Cheng, T. Chupp, V. Cianciolo, V. Cirigliano, S. M.
Clayton, C. Crawford, B. P. Das, H. Davoudiasl, J. de Vries, D. DeMille,
D. Denisov, M. V. Diwan, J. M. Doyle, J. Engel, G. Fanourakis, R. Fatemi,
B. W. Filippone, V. V. Flambaum, T. Fleig, N. Fomin, W. Fischer,
G. Gabrielse, R. F. G. Ruiz, A. Gardikiotis, C. Gatti, A. Geraci, J. Good-
ing, B. Golub, P. Graham, F. Gray, W. C. Griffith, S. Haciomeroglu,
G. Gwinner, S. Hoekstra, G. H. Hoffstaetter, H. Huang, N. R. Hutzler,
M. Incagli, T. M. Ito, T. Izubuchi, A. M. Jayich, H. Jeong, D. Kaplan,
M. Karuza, D. Kawall, O. Kim, I. Koop, W. Korsch, E. Korobkina,
V. Lebedev, J. Lee, S. Lee, R. Lehnert, K. K. H. Leung, C.-Y. Liu,
J. Long, A. Lusiani, W. J. Marciano, M. Maroudas, A. Matlashov, N. Mat-
sumoto, R. Mawhorter, F. Meot, E. Mereghetti, J. P. Miller, W. M. Morse,
J. Mott, Z. Omarov, L. A. Orozco, C. M. O’Shaughnessy, C. Ozben,
S. Park, R. W. Pattie, A. N. Petrov, G. M. Piacentino, B. R. Plaster,
B. Podobedov, M. Poelker, D. Pocanic, V. S. Prasannaa, J. Price, M. J.
Ramsey-Musolf, D. Raparia, S. Rajendran, M. Reece, A. Reid, S. Res-
cia, A. Ritz, B. L. Roberts, M. S. Safronova, Y. Sakemi, P. Schmidt-
Wellenburg, A. Shindler, Y. K. Semertzidis, A. Silenko, J. T. Singh,
L. V. Skripnikov, A. Soni, E. Stephenson, R. Suleiman, A. Sunaga,
M. Syphers, S. Syritsyn, M. R. Tarbutt, P. Thoerngren, R. G. E. Tim-
mermans, V. Tishchenko, A. V. Titov, N. Tsoupas, S. Tzamarias, A. Var-
iola, G. Venanzoni, E. Vilella, J. Vossebeld, P. Winter, E. Won, A. Zelen-
ski, T. Zelevinsky, Y. Zhou, K. Zioutas, Electric dipole moments and the
search for new physics, 2022. URL: https://arxiv.org/abs/2203.
08103. doi:10.48550/ARXIV.2203.08103.

[14] N. F. Ramsey, A Molecular Beam Resonance Method with Separated
Oscillating Fields, Physical Review 78 (1950) 695–699. doi:10.1103/
PhysRev.78.695, publisher: American Physical Society.

[15] T. M. Ito, E. R. Adamek, N. B. Callahan, J. H. Choi, S. M. Clay-
ton, C. Cude-Woods, S. Currie, X. Ding, D. E. Fellers, P. Geltenbort,
S. K. Lamoreaux, C. Y. Liu, S. MacDonald, M. Makela, C. L. Mor-
ris, R. W. Pattie Jr., J. C. Ramsey, D. J. Salvat, A. Saunders, E. I.
Sharapov, S. Sjue, A. P. Sprow, Z. Tang, H. L. Weaver, W. Wei, A. R.
Young, Performance of the upgraded ultracold neutron source at Los
Alamos National Laboratory and its implication for a possible neutron
electric dipole moment experiment, Physical Review C 97 (2018) 012501.
doi:10.1103/PhysRevC.97.012501.

[16] Z. Wang, C. Morris, Multi-layer boron thin-film detectors for neutrons,
Nuclear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment 652 (2011)
323–325. doi:10.1016/j.nima.2011.01.138.

[17] Z. Tang, E. Adamek, A. Brandt, N. Callahan, S. Clayton, S. Currie,
T. Ito, M. Makela, Y. Masuda, C. Morris, R. Pattie, J. Ramsey, D. Salvat,
A. Saunders, A. Young, Measurement of spin-flip probabilities for ultra-
cold neutrons interacting with nickel phosphorus coated surfaces, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 827 (2016) 32–38.
doi:10.1016/j.nima.2016.04.098.

[18] R. W. Pattie Jr, E. Adamek, T. Brenner, A. Brandt, L. J. Broussard, N. B.
Callahan, S. M. Clayton, C. Cude-Woods, S. A. Currie, P. Geltonbort,
T. Ito, T. Lauer, C. Y. Liu, J. Majewski, M. Makela, Y. Masuda, C. L.
Morris, J. C. Ramsey, D. Salvat, A. Saunders, J. Schroffenegger, Z. Tang,
W. Wei, Z. Wang, E. Watkins, A. R. Young, B. A. Zeck, Evaluation of
commercial nickel-phosphorus coating for ultracold neutron guides using
a pinhole bottling method, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Asso-
ciated Equipment 872 (2017) 64–73. doi:10.1016/j.nima.2017.07.
051.

[19] T. S. Zechlau, Ultra-Cold Neutron Transport and Spin Manipulation Sys-
tem for the Measurement of the Neutron Electric Dipole Moment, Disser-
tation, Technische Universität München, München, 2016.

[20] S. Afach, G. Ban, G. Bison, K. Bodek, Z. Chowdhuri, M. Daum, M. Fertl,
B. Franke, P. Geltenbort, Z. D. Grujić, L. Hayen, V. Hélaine, R. Henneck,
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