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Abstract. Low counting statistics is one of the most important challenges in modern experiments with ultracold neutrons (UCN). UCN densities
in superthermal sources based on superfluid helium are normally much higher than those after UCN delivery to ex-situ volumes. Therefore,
and due to the vanishing neutron absorption of “He, storage-based experiments performed in-sifu promise significant sensitivity gains. Scalable
measurements offer a promising path to simultaneously address the inefficient use of cold neutron beams as precursors for UCN production in
“He, by recuperating the unused beam fraction, and confront the practical challenges of large-scale UCN infrastructure. We suggest strategies
for the development of modular cryogenic cells, propose a novel approach for in-situ UCN detection, and discuss the ultimate statistical
reach of such a multiplexed experiment for measuring the neutron’s permanent electric dipole moment (EDM). While dedicated research
and development are needed to evaluate the feasibility for many requirements, a neutron EDM measurement with sensitivity well beyond
10728 ¢ cm seems possible. Such an experiment could be pursued at any compatible cold neutron beamline, e.g., at the Institut Laue-Langevin,
or later using the ANNI facility or large beam port (LBP) at the European Spallation Source.
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1. Introduction

Since the very first publication [61] discussing the experimental possibility of trapping neutrons, it has been
recognized that the principal difficulty lies in obtaining large numbers. While confining energy barriers in the range
of ~10~7 eV can be reliably constructed with the aid of material or magnetic reflectors, and gravity, it remains
challenging to bring an appreciable number of neutrons into this “trappable” energy regime of so-called ultracold
neutrons (UCN) [22,28,49]. The possibility of long dwell times, ultimately limited by beta decay with a lifetime
of 7g ~ 878 s [56], represents the principal advantage over beam-based measurements with faster neutrons. Cold
neutron beams offer many more neutrons in comparison to UCN, but interaction times are typically limited by the
neutron velocity and installation size to the range of milliseconds. In consequence of this practical compromise, the
main applications of UCN science have been found in the domain of fundamental physics. The statistical sensitivity
of experiments often scales as a count-rate-limited frequency measurement, i.e., the uncertainty o  (t+/N)~!
depends more strongly on the interaction time ¢ than the number N of particles interrogated.

Yet the low numbers of UCN obtainable today remain the greatest obstacle to improved measurements, despite
enormous progress in the more than 50 years since UCN were first detected in experiments [32,48]. While the time
constants for UCN storage have in some instances already approached 74 [38,44], the improvements in sensitivity
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that can be obtained from counting statistics are, at least in principle, unbounded. Measurement campaigns also
face practical limits, in terms of the running time that can be allotted for systematic studies: improved statistics
enable these to be done more thoroughly and efficiently. We therefore address in this article only the statistical
challenge of reaching higher UCN numbers and densities, since the systematic studies for experiments at higher
precision can only be envisioned in the context of a concrete experimental implementation delivering the required
statistics. We note in passing that, while the UCN statistics needed for routine applications outside of fundamental
physics have not yet been achieved, this provides yet another motivation to develop improved sources [18].

2. UCN production by superthermal conversion of pre-moderated neutrons

Present-day UCN sources already achieve in-situ densities ranging up to 10> UCN/cm? (in the source itself),
with densities up to 40 UCN/cm® (and more typically ~ 1 UCN/cm?) actually delivered to storage experiments
[11,29,31,41,58]. These numbers are the end-product of a lossy multi-step process. Fast neutrons, released from
atomic nuclei with MeV energies, are slowed down by moderation to have mean kinetic energies in the “cold”
(2meV ~ 23K x kg) or “thermal” (25 meV ~ 290 K x kg) ranges, resulting in approximately Maxwellian
distributions at equilibrium. The fraction of UCN in a fully-moderated neutron spectrum scales as T2 with the
moderator temperature 7', implying that the number of UCN in a cold moderator (at fixed energy) is enhanced by
more than two orders of magnitude with respect to a thermal moderator.

A very successful approach to high-flux UCN production is “spectral transformation” of the low-energy tail
from cold neutron sources, notably in the Institut Laue-Langevin’s neutron turbine PF2 [51]. While not increasing
the phase-space density, this type of source does provide strong UCN beams — thus enabling other classes of ex-
periments to operate in “flow-through” mode: i.e., those that can accept shorter dwell-times. Unfortunately, severe
technical challenges accompany the production of very high UCN densities by moderation: very low moderator
temperatures and/or extremely high neutron flux are needed in order to amplify the weak low-energy tail of the
moderated spectrum. In any case the radiological environment of such moderators cannot support human access or
low-background precision experiments in-sifu.

To obtain high stored UCN densities, it is more effective to exploit non-equilibrium “conversion” processes
that can increase phase-space density through dissipation. In such “superthermal” sources [21] cold neutrons can
lose most of their energy and momentum within very few scattering events, with this energy loss “overshooting”
the thermal equilibrium obtainable in large moderators [49]. Resulting excitations of the convertor medium (e.g.,
phonons) are continuously removed by cooling; this mechanism is illustrated for superfluid *He in Fig. 1.

Relatively few materials are suitable UCN convertors, and none offers a perfect compromise between high
production rate and low loss. Superfluid 4He is, however, the only one to fully eliminate losses from neutron
capture (“absorption”). The instantaneous UCN production rate density P (r) can be related to the corresponding
UCN flux ®ycn via kinetic theory, while the maximum achievable in-situ UCN density is proportional to the ratio
between P (r) and the loss rate constant for UCN storage in the convertor. The differential UCN flux at energy E’
that a convertor at temperature 7' can produce, starting from a total neutron flux & that is distributed over energies
E according to a thermalized (Maxwellian) spectrum with temperature Ty, is [45]:

dq)UCN _ d (Zdown(T))

dE’ 4(kp T”)2 z:up(T) + Ecapture + Eg:fﬂ '

(1)

This depends on T through the macroscopic cross-sections Xgown for down-scattering (i.e., for UCN production)
and Xy, for the inverse processes (‘“up-scattering”) where UCN gain energy from the convertor or impurities,
and are subsequently lost. These up-scattering and down-scattering cross-sections are related by the principle of
detailed balance; the quantity (X4own(7")) appearing here is integrated over the thermalized neutron spectrum.
In general, UCN are also lost by the temperature-independent mechanisms of neutron capture with macroscopic

cross-section Xcapture, and beta-decay contributing an effective cross-section E/(Seff).
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Fig. 1. Superthermal UCN production in superfluid “He. The plot (left) overlays the dispersion relations for free neutrons, and for superfluid
4He at zero pressure using data from reference [16]. Neutrons with momentum hk and energy E = H2k2 /(2mp) can scatter inelastically in
the superfluid (schematically illustrated at right), producing elementary excitations (mainly phonons) that carry away energy and momentum

according to the superfluid 4He dispersion relation. Neutrons whose residual energy after this interaction is sufficiently close to zero become

UCN, remaining confined inside the helium vessel: this is especially important for neutrons with (k, E) ~ (0.7 A_l, 1 meV). The maximum

UCN energy is determined by the wall potential, which may be in the range of a few x 100 neV for a judicious choice of materials and/or
application of magnetic fields. Note that the minimum of the neutron dispersion curve is offset from zero by the neutron-optical potential of
superfluid “He, Vage ~ 18.5 neV, which is negligible on the vertical scale of the plot.

Low convertor temperatures are desired, since the populated low-energy states will then act as a reservoir favor-
ing down-scattering of cold neutrons — while higher-energy states, which favor up-scattering, are correspondingly
depopulated. At very low temperatures Xgown is approximately constant, while Xy, typically depends on the con-
vertor’s density of phonon states. Only “*He has an identically-zero capture cross-section, and the phonon density
in its superfluid phase He-II leads to a 7”7 scaling of Zup [17], to be contrasted with T3 in the case of solid conver-

tors. This means that, uniquely for 4He, the denominator in equation (1) can be suppressed until > Gominates.
This occurs for temperatures on the order of 0.5 K: including beta decay, the loss rate at 0.6 K already corresponds
to an effective lifetime of more than 700 s. For sub-Watt heat loads, this temperature regime is readily attainable
by *He refrigeration, i.e., without recourse to dilution cryostats.

Therefore, “He is the only medium suitable for filling vessels for in-situ UCN production in experiments requir-
ing long UCN storage lifetimes. Optimization of such sources relies on confining the cold neutron flux as much as
possible within the convertor volume. The loss of stored UCN, e.g., due to upscattering or absorption on the walls
bounding the convertor medium, must also be minimized. Such considerations are discussed below, in Section 3.

The saturated maximum in-siftu UCN density depends on the convertor temperature, and is given by

p(T) = / d*rP(r)e(T), 2)
Vprod

Vtrap

where the integral extends over the “production volume” Vo4 of the convertor material that is exposed to cold
neutrons. The trapping volume Vi is typically nearly identical with the production volume, but in general may
differ from it if the trapping volume is only partly filled with superfluid, or if the beam intersects only a part of
it. The production rate density P (r) can vary according to spatial variations of the cold neutron flux at different
positions r within the convertor. The UCN are confined within Vi,p and affected by other interactions such as
gravity and magnetic fields that can lead to spatial variations in UCN density — but they are not confined to the
specific region of the convertor where they are produced, unless dividing structures are added for this purpose.
The source’s storage time constant T(7) = (t(E’, T)) g represents an ensemble-average over the spectrum of
UCN energies E’ in the convertor. This storage time constant is the inverse of the total rate constant for loss of
UCN from the source; it also gives the timescale for building up to saturated equilibrium after UCN production
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has begun. In convertor media with very short UCN lifetimes, it can be advantageous to exploit the high peak flux
of a pulsed cold-neutron source, to increase P during the rapid buildup of the saturated UCN density [22]. Some
convertor materials — notably solid deuterium — offer order-of-magnitude larger UCN production cross-sections
than “He, but are strongly limited by neutron capture. While the effective lifetime for UCN in cold superfluid “He
can approach g, in solid deuterium it is unavoidably less by 3—4 orders of magnitude. For a 4He convertor there is
no practical advantage to pulsed operation in terms of the density achieved, as such pulses are typically shorter by
many orders of magnitude than the timescale for source saturation. However, some advantages can still be had by
using the time structure to decorrelate beam-related effects from the much longer timescales that are relevant for
measurements involving UCN storage.

The production rate density at position r in the convertor can be written as the product of the differential neu-
tron flux d®(r, E)/dE, and the macroscopic differential cross-section d X (E, E’)/dE’ for inelastic scattering of
neutrons with energy E into a new energy E’ < V, that can be trapped as UCN in the convertor vessel:

00 do(r,E) (Y  dX(E,E
P(r) = dE . ——— dE/ - ——2 - 3
") /O o /0 5 )

where ¥ has units of inverse length. This expression can be simplified via knowledge of the dynamic structure
factor for the convertor medium. For “He the major contribution to UCN production occurs in a very narrow range
of cold neutron energies E around 1 meV (corresponding to a wavelength of A =~ 8.9 A)[1,2).

Experiments at the Institut Laue—Langevin [8,43] have measured the UCN production rates for the dominant
single-phonon process, as well as higher-order processes involving multiple quasiparticles or multiple scattering.
Using inelastic neutron scattering data, the single-phonon contribution P; to the UCN production rate density has
been derived in reference [42], which result we use to write P; in terms of the differential flux around 8.9 A:

A do

Py~ 4.97(38) x 1078 ———

3
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The remaining contribution from shorter wavelengths is mainly relevant in the range from 4-7.5 A, making an
additional contribution of approximately 0.3 Py overall for the spectrum of a typical cold neutron beam. The scaling

with VC3/ s easily understood in terms of the neutron wavevector k, as the result of uniformly filling a sphere in
momentum space centered on /|k| = 0. From this it can be seen that UCN density is most rapidly gained at the
outer shell of this sphere, i.e., at the high-momentum boundary in phase space where the UCN energy approaches
the trapping potential. This strongly motivates the search for materials with high neutron-optical potential and low
loss, or the use of magnetic field gradients to reduce the loss rate for one spin state at all energies.

Table 1 summarizes the demonstrated or anticipated UCN production rates and saturated densities, for *He con-
vertors at several existing and planned beamlines at the Institut Laue—Langevin (ILL) and the European Spallation
Source (ESS). The differential flux available for UCN-production from the primary beam is very similar at Su-
perSUN and PF1b: the apparent increase at SuperSUN results mainly from concentrating the beam into a 70 mm
aperture to enter the convertor vessel. ANNI will use a high-brilliance moderator, and has been optimized for beam
experiments requiring small or moderate divergence [46]. The ESS Large Beam Port (LBP) will use a moderator
with high integral flux, and extract a very large beam with large solid angle and divergence that could be delivered
into a convertor using focusing optics [64].

The following section discusses some aspects of cold neutron and UCN loss that are relevant for optimizing
in-situ experiments.

3. Optimizing in-beam superthermal UCN production with superfluid *He

In view of equations (2) and (3), the cold neutron flux and UCN lifetime in the convertor should be maximized
in order to achieve high UCN densities. The long build-up times and high in-situ densities that can be achieved,
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Table 1

Summary of UCN production for several existing and prospective cold neutron beamlines at the Institut Laue—Langevin (ILL) and European
Spallation Source (ESS). Differential particle flux at 8.9 A is obtained from measurements or simulations when available, and used together with
equation (4) to estimate single-phonon UCN-production rates Py, assuming Ve = 233 neV (except where otherwise noted). The in-situ densities
p are estimated by extrapolation from numbers measured at SUN-2 without any corrections applied, while the values p700 = Py x 700 s are
intended to give some notion of the scope remaining for future improvements by substantially increasing UCN storage times in the convertor
vessel. Note that not all beams have the same usable area, and that the numbers given for ESS/LBP assume the use of focusing optics [64]

Beamline ‘Zl—f lg g & [cm’2 = A_l] Py [cm’3 s’l] P [cm’3] £700 [cm’3]
ILL/H172b (SUN-2) 1x 108 [23,41] 5.0 220 [58] 3200

ILL/H113 (PF1b) 1.5x 108 [4] 7.5 370 5300

ILL/H523 (SuperSUN) 2.7 x 108 135 330* 17007 [58]
ESS/ANNI (2 MW) 8.4 x 107 [46]% 42 210 2900

ESS/ANNI (5 MW) 2.1 x 108 [46] 11 540 7700

ESS/LBP (2 MW) 1.7 x 10° [60,63]* 84 4100 6.6 x 10%

ESS/LBP (5 MW) 4.2 x 10° [60,63] 209 1.0 x 10% 1.5 x 10°

* The values given for P; and p correspond to the phase I configuration, which uses to a CYTOP-on-nickel convertor vessel rather than
Ve =233 neV [12].

T The storage time constant in SuperSUN phase II will be extended by a 2.1 T magnetic trapping potential together with a CYTOP-on-nickel
material wall, as discussed in Section 3.2 [12,65]. The value of 1700 cm—3 was estimated for polarized UCN with respect to this situation
rather than the reference value Vi, = 233 neV that was used for other values in this column.

5 MW values scaled to 2 MW.

even with moderate cold neutron flux, make superfluid helium a uniquely well-adapted convertor for in-beam UCN
production [21]. Positions far distant from the primary neutron source and moderators favor precision measure-
ments, which rely on low backgrounds and delicate apparatus that may require frequent access. For these reasons,
in what follows we consider only superthermal UCN production with a “He convertor. As discussed below, several
orders of magnitude may yet be gained by performing measurements in-situ and extending the source volume to
fully exhaust those components of a cold neutron beam that can be converted into UCN.

3.1. Delivering cold neutrons into an extended superfluid *He convertor

The differential cold neutron flux in equation (3) can vary in space due to the transverse beam profile, and due to
attenuation in the convertor. Besides scattering and absorption, beam divergence is also an important mechanism
for loss if the beam is not guided within the convertor volume. Guiding was already proposed [41], and later
developed [12,14], for superthermal “He UCN sources by implementing supermirror neutron guides within the
convertor volume. The impact of cold neutron guiding on scalability and sensitivity for in-situ measurements of
the neutron’s permanent electric dipole moment (EDM) is further discussed in Section 7.

Since neutron transport is well modelled as a linear system, we can define a transfer function that adjusts the
spectral weight of a neutron with initial wavevector k as it propagates from position r’ to r. This includes, for
example, the effect of attenuation due to the total cross-section Xy for the conversion medium:

M(r/, r, k) = ’R(r/, r, k)e_s(r/”’k)'):“", o)

where the total arc-length of the neutron’s path from r’ to r is given by s(r/, r, k). The attentuation due to Ty
includes all losses of cold neutrons in the convertor volume, e.g., scattering or absorption by impurities, and beta
decay, in addition to UCN production. The factor R(r’, r, k) accounts for guiding or loss of cold neutrons at the
convertor boundaries, and for the beam evolution in phase space due to purely geometrical effects. For the simple
case of guiding by specular reflections, it includes a product of the reflection probabilities for each wall interaction
that takes place between the point of departure r’, and the point of arrival r. Alternately if there is no guiding,
then this factor should vanish when the physical neutron path exits the convertor volume. While R(r’, r, k) cannot
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be easily parameterized in a general analytical expression, it is straightforward to implement in ray-tracing Monte
Carlo simulations for a given geometry and guiding scenario.

Thus in equation (3) we can use an appropriately-weighted integral expression for the differential cold neutron
flux at any point in the convertor, based on the double-differential flux at the convertor entrance:

2
dq)“ aow. E) _ /d2 ’/dQM ., k)ddq;(zEk), 6)

where the first integral extends over a transverse area A containing the entire beam, at the convertor entrance.

Beam attentuation within the convertor can often be ignored in practice; in this situation the exiting beam still
contains many neutrons that could in principle be used to produce UCN. The mean free path of 8.9 A neutrons in
superfluid “He at low temperatures is Etgtl ~ 16.6 m, as calculated from the transmission data of reference [47].
The 8.9 A flux at the exit of a one-meter-long convertor is thus approximately 94% of its value at the entrance,
meaning that only 6% of the neutrons which are useful for UCN production have been removed from the beam.
While the main part of this 6% was lost by neutron scattering or absorption without conversion into UCN, virtually
the entire beam still remains available for UCN production. One may thus envision an extended source, or multiple
sources, usefully exploiting the same cold neutron beam over a distance on the order of 20 m.

However, such an extended-length convertor must either provide a means of guiding the cold neutrons inside it,
or suffer the losses resulting from a divergent beam exiting the UCN production volume. An upper limit for this type
of divergence loss can be estimated by considering the 8.9 A neutrons propagating close to the critical angle 6, ~
m) x 1.73 mrad/ A of a feeding guide, which we suppose to be characterized by the supermirror parameter m (the
dimensionless factor by which 6, differs from its value for nickel with natural isotopic abundance). Neglecting the
impact of edge effects and neutrons propagating at smaller divergence angles (both of which tend to reduce overall
loss), we can suppose that the fraction of 8.9 A neutrons remaining inside a production volume with (constant)
cross-sectional area Aj, after propagating a distance L along the beam axis is given by the ratio of Aj, to the
projected area Aqy; of the expanding beam:

Ain mL\ ~*
1+40. 0154R— , (7

Aout m

where Riy = /Ain/7 for a circular geometry, or Ri, = +/Ajn/4 for a square.

For long installations designed to exhaust the 8.9 A component, it is advantageous to deliver beams with small
divergence (i.e., low m) and large transverse size. Besides minimizing losses in the absence of guiding, this would
improve the performance of any guiding elements actually implemented. While neutron guides have already been
used in liquid helium for UCN production, their material properties may conflict with experimental requirements
such as the application of high voltage, for example in EDM experiments (see Sections 5 and 7).

An alternative approach would be to keep the convertor vessel relatively short, while illuminating it with a very
intense — albeit diverging — beam. Such a scenario could potentially be implemented with “nested mirror optics”
[24,62] at the ESS LBP, and if the required neutron optics can be realized it may in some instances actually surpass
the total UCN number for a long multicell stack with a guided or collimated beam (see Table 1 above, and Section 7
below). While in this approach the exiting beam would still contain a significant fraction of usable 8.9 A neutrons,
the overall UCN production rate density could be more favorable.

3.2. UCN loss due to extraction and transport: in-situ vs. ex-situ experiments
Highlighting the main limitations for extraction-based measurements, we discuss which of these can be mitigated

or eliminated by implementing in-sifu experiments. Most important for ex-sifu experiments fed by a *“He UCN
convertor are (1) dilution and (2) transport losses, which are completely eliminated for in-sifu experiments.
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Dilution loss results from the re-distribution of the in-situ saturated UCN density psource = Nsource/ Vsources
across the connected volumes of the source (Vsource), €xperiment (Vexpt), and UCN transport system (Vguide). The
number Nexpt and density pexpt of UCN delivered into the experiment’s storage volume are, without yet accounting
for other losses, thus determined from the total number of UCN in the source (Ngource) as

Vexpt and ~p Vsource
P expt ™~ Msource .
Vsource + Vguide + Vexpt Vsource + Vguide + Vexpt

®)

Nexpt ~ Nsource

This typically reduces the maximum achievable ex-situ density by a factor of at least 5 with respect to Psource-
Dilution is not necessarily problematic if the total stored UCN number is more important than a high spatial density,
e.g., for neutron lifetime experiments where a trap with large Vexpt helps limit losses due to wall interactions. It
should also be noted that narrow guides, which favor improved delivery with respect to dilution losses, nevertheless
increase the frequency of wall interactions — thus leading to increased transport losses. This conceptual conflict is
characteristic of the challenges attending extraction-based experiments coupled to superthermal sources optimized
for high UCN density.

Transport losses include leakage through gaps in the UCN guiding system, absorption on the walls of the guides
themselves, upscattering from background gas or some contaminating materials (especially those containing hy-
drogen), beta decay during the transport period, and other processes. A particularly challenging class of extraction-
related losses involves windows, valves, and other transmissive or obstructive elements. Such elements are typi-
cally introduced as a compromise, and required for either the source or the experiment to function properly (e.g.,
UCN-transmitting foils that separate two independent vacua, or baffles in the cryogenic guide sections that prevent
blackbody radiation from warming the convertor vessel). While the negative impacts of these components can be
somewhat reduced by judicious design choices, this is a non-issue in the case of in-situ experiments.

3.3. Achieving long storage times: Wall materials, low temperatures, and magnetic fields

The loss processes discussed in Section 2 remain present in-sifu, with neutron capture presenting one of the
most serious obstacles to achieving long UCN storage time constants. The rare isotope SHe is the only impurity
which can be expected to be present in the bulk of the convertor medium, since all other materials freeze out in
the relevant temperature regime (impurities remaining in the convertor volume are thus properly considered as
boundary effects; see below). However it is a strong neutron absorber, and for this reason a 4He convertor must be
isotopically purified: the UCN loss rate per second is I'sge = 2.4 x 107x s~!, where x is the *He concentration
relative to “He. This purification can be accomplished to the required level either by use of a “superleak” [66] or
the heat-flush technique [5]. 3He has also been proposed as the absorbing medium for in-situ detection [20], an
approach now being developed by the nEDM@SNS collaboration [5]. This evidently requires a carefully chosen
3He density: not so high that the UCN storage time becomes prohibitively short, but also not so low that UCN
cannot be efficiently detected. Concentrations in the range of x ~ 1070 seem to be appropriate for this purpose,
implying a partial lifetime of T3y, = F3_Hle ~ 420 s. However this approach does impose a maximum UCN storage
time constant significantly less than 7g, and in combination with other losses it seems unrealistic to implement UCN
storage time constants much exceeding the range of 200-300 s that is already targeted for ex-situ experiments of
the same type.

All partial lifetimes must be added in reciprocal, to obtain the characteristic storage time constant for UCN in
the convertor:

= (X n-)l - (Z r,.1>1, ©)

i

where each contributing process i adds an independent loss rate constant I'; = tfl in the sum. In order to achieve
T ~ 75 all loss processes not related to beta decay must, therefore, be strongly suppressed to a level well below
rﬁ_ L
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Neutron capture in solid media, particularly at the walls of the convertor vessel, is also a concern. Each neutron
can be expected to reflect from the walls dozens of times per second, implying a number of wall interactions on the
order of 103-10* during a single storage period of several hundred seconds. In order to have a reasonable number
of neutrons remaining to be detected after storage, the probability of loss per reflection should therefore be well
below 10~4. The probability of absorption can be parameterized via the real parameters V and f in a complex
neutron-optical potential U,

. 2mh? h
U=V(1—zf)=m—nzpjbj—zzzpjaju, (10)
J J

where v = Adi{k}/m, is the neutron velocity (now allowing for the possibility that the wavenumber k£ may be
complex). The parameter p; is the volume-averaged number density of scattering centers with bound coherent
scattering length b; and loss cross-section o;. For both neutron-capture and inelastic scattering, o ;v is velocity-
independent for UCN; the cross-sections for inelastic scattering will typically depend on temperature (cf. the
discussion above in Section 2).

The ideal materials for UCN storage would thus have large values for V, with f — 0. However, the pattern
observed in naturally occuring nuclides is that the strongest scatterers (such as '%*Dy) tend to have — or at least
co-occur with other isotopes that have — significant neutron capture cross-sections. With a few exceptions such as
beryllium or diamond that remain somewhat challenging to work with in practice, the materials with the lowest
values of f tend also to have moderately low values of V: on the order of 100 neV. The characteristic energy
dependence of wall losses arising from equation (10) is illustrated in Fig. 2.

The effective potential barrier of a material wall can be enhanced for larger energies by means of multilayer
structures that form artificial crystals in one dimension. High-reflecting stuctures can be obtained, for a narrow
range of momenta perpendicular to the surface, by alternating layers of two or more materials with a high contrast
of neutron-optical potential: i.e., by satisfying the Bragg condition for constructive interference of the reflected
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Fig. 2. Calculated loss probabilities per wall interaction, for UCN confined by the commercial fluoropolymer CYTOP™ (trademark of AGC
Chemicals) and natural nickel walls in a superfluid “4He filled vessel. All neutron energies are referenced to zero in the presence of helium: the
neutron-optical potentials for CYTOP (Veytop & 115 neV, feytop S 2.7 X 1073 [37]) and nickel (VNi =~ 252 neV, fni & 12.5 x 1073
[22]) are thus effectively reduced by V4. ~ 18.5 neV. The resulting cut-off energies for UCN trapping are illustrated by vertical gridlines.
The upper (thick) curves show the loss probability at normal incidence, for reflection from an infinite half-space filled by the indicated material.
Above the effective wall potential, neutrons are transmitted into the material and lost with probability approaching unity. The lower (thin)
curves show the commonly-quoted angle-averaged loss probability f(E), where i(V) = mf when f is defined as in equation (10) [22]. This
quantity is well-defined for UCN energies below each cutoff, and is systematically less than the normal-incidence loss probability for that
material at the same Kinetic energy.
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wave [33]. When the layer thickness is chirped as a function of depth in the mutilayer stack, the high-reflecting
condition applies over a larger range of momenta and neutron “supermirrors” are obtained, as commonly exploited
for guiding cold and thermal neutron beams [34,35]. The same principle applies for UCN, but for the materials
used in supermirrors, the probability of loss per reflection remains at the percent level (or more) for perpendicular
momenta exceeding the critical edge of the high-potential layers. This is due to neutron capture in the layers that
must be traversed, in order for a neutron to reach the depth in the stack where its reflection condition is met.
Therefore, supermirror technology can have an important role when UCN interact only a few times with each
reflecting element (e.g., for guides and polarizers) — but its application in the context of UCN storage, where the
number of surface interactions is much larger, remains limited.

We also note that in some situations it is desirable to eliminate the “supercritical”, or “marginally trapped”,
component of a trapped UCN population —i.e., those neutrons whose kinetic energy exceeds the trapping potential,
but which remain in the trap for significant time. This situation can lead to apparent loss rates with time constants
shorter than the true storage time constant of the trap, which for instance motivates special “cleaning” procedures
in order to avoid significant systematic errors in measurements of the neutron lifetime [38]. While the impact of
supercritical UCN is less severe in most other measurements, certain velocity-dependent effects can nonetheless
be exacerbated by their presence (e.g., reduced UCN polarization, or systematic errors related to the nondynamical
phase shifts mentioned in Section 7), which also confounds the evaluation of a trap’s “true” storage time constant.

The geometry of a material trap also plays a role in determining its UCN storage time constant: more-frequent
wall interactions in smaller containers typically lead to increased loss rates as compared to larger vessels of similar
composition. To leading order, the loss rate due to wall interactions scales as the surface-area-to-volume ratio A of
the confining vessel:

Ty (E) = %ﬁ(E)v(E), (1D
where we write v(E) to highlight the energy-dependence of the neutron velocity, and fi(E) is the angle-averaged
loss probability per wall interaction for a neutron with kinetic energy E as in Fig. 2. While the most favorable A
obtains for a spherical trap (ignoring gravity), practical considerations often impose a different geometry. For ex-
ample, convertor vessels adapted to the geometry of cold neutron beams are typically long and narrow; on the other
hand increasing their transverse dimensions favors longer storage time constants (at the expense of accumulated
density, if exceeding the beam size). The trap geometry is thus an important consideration, when comparing mea-
sured UCN storage time constants to the theoretical maxima for a given material and wall-interaction frequency.

At the present time, the most successful “He-based superthermal UCN sources have exploited wall coatings with
only moderate optical potential, but very low loss. As demonstrated in the prototype source SUN-2 at the Institut
Laue-Langevin, the combination of such a coating, especially as a thin layer over a lossier material with a higher
value of V, is a productive compromise for achieving high in-situ densities. This can be qualitatively understood in
terms of the UCN kinetic energy, which is reduced by the potential of the low-loss layer for those neutrons which
transmit through it and reflect from the high-potential/high-loss layer underneath. Since the loss probability per
wall interaction increases monotonically with kinetic energy (for fixed angle-of-incidence), this effective reduction
in kinetic energy during the wall interaction leads to a correspondingly lower probability of loss. However, as
illustrated in Fig. 3 the probability of neutron loss in this intermediate energy range can become significant, when
the low-loss layer becomes thicker. This is essentially due to the same effect that limits the reflection efficiency
of supermirrors: neutrons must traverse a significant quantity of material in order to reach the interface where
reflection occurs (and then again, to exit the layer). Even for very weakly-absorbing materials, such losses rapidly
accumulate with increased layer thickness.

SUN-2 has demonstrated in-situ UCN densities of 220 cm™3 using a convertor vessel whose surface is coated
with beryllium under a layer of fluorinated grease (Fomblin) [12,58]. Time-of-flight measurements of UCN exiting
the source have also indicated that the energy spectrum of the accumulated UCN is relatively soft (most probable
longitudinal velocity ~3.9 m/s for 200 s accumulation), an observation that is further confirmed by the long storage
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Fig. 3. Impact on UCN loss (absorption and transmission) at normal incidence, of low-potential/low-loss surface layers (CYTOP) and magnetic
field gradients. The potential energy is set to zero in superfluid helium with no magnetic field applied. (a) Without magnetic fields. For very
thin (20 nm) CYTOP layers covering an infinite nickel half-space, the loss probability is substantially reduced over most of the energy range
up to the nickel cutoff. For thicker layers (500 nm), a resonance structure appears for those UCN that can penetrate CYTOP but not nickel.
For these energies the loss inside the CYTOP layer is substantially increased, while low loss is still preserved for the lowest UCN energies.
This illustrates advantages, but also potential pitfalls, from coating a UCN storage volume with multiple layers of differing optical potential
and loss parameter. (b) In the presence of a magnetic field gradient producing a 2 T field at the wall surface, the cutoff energies are shifted by
the 120.6 neV interaction potential (shown for low-field seekers only). Here the infinite half-space underneath the CYTOP coating is highly
absorbing OLiF, and the absorption probabilities are separately shown for the CYTOP layer and this substrate. For a certain energy range,
jointly determined by the layer thickness and magnetic field, low-field seeking UCN can be efficiently absorbed underneath the CYTOP. For
lower UCN energies the loss probability remains low.

times that have been demonstrated via extraction to external measurement volumes [7,11,36,37]. A further soften-
ing of the UCN spectrum is observed when the UCN are held for some time in the source following accumulation
(without further UCN production by the cold neutron beam during this holding period).

Fomblin oil and grease belong to the class of materials with very low loss parameters, but also moderately
low neutron-optical potential (V = 106 neV). Fluoropolymers such as CYTOP provide a similar chemical struc-
ture, in the form of a more robust solid coating with a slightly higher neutron-optical potential (V =~ 115 neV).
Storage measurements in CYTOP-coated vessels over a range of temperatures indicate that this material is very
promising as a UCN convertor coating, with a measured storage time constant of 564 s at 10 K [37]. Because loss
cross-sections typically decrease with temperature due to freezing-out excitations that could upscatter UCN, many
materials exhibit much longer UCN storage time constants at cryogenic temperatures (finally limited by neutron
capture). CYTOP is no exception, and its use at low temperature substantially increases the measured storage time
constant from the room-temperature value of 311 s. Despite such observations, it has often proved challenging
or impossible to demonstrate experimentally the low loss rates predicted for certain materials by equation (10)
[22,49]. Indeed, also for CYTOP the measured value for f exceeds the theoretical prediction of 3 x 1077 by
several orders of magnitude. The origin of such discrepancies merits further investigation.

From the practical point of view, recent work has demonstrated that long storage times (especially at low tem-
perature) can be achieved for a variety of coatings in small cells with few-liter volumes and surface-area-to-volume
ratios on the order of A ~ 50 m~! [36,37,57]. These additional materials, including deuterated polyethylene and
diamond-like carbon prepared with deuterated precursors, are also relevant as coatings for the storage cells of EDM
experiments (see Section 7). A further practical concern in connection with ex-situ measurements, including cryo-
genic storage volumes connected to any type of UCN source, is the accumulation by “freezing-in” of impurities
that increase UCN loss in the storage volume. This effect is discussed in [37], and has been additionally studied at
the SUN-2 prototype source: the loss is gradual, reversible upon warming the storage volume, and can be substan-
tially mitigated by implementing UCN-transmitting vacuum-separation foils in room-temperature guide sections
[7]. While such concerns do not presently limit ex-sifu measurements connected to “He-based UCN sources, the
in-situ concept essentially eliminates them by removing UCN guides (which provide the main connection to room-
temperature reservoirs of gaseous impurities).
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The ILL project SuperSUN [12] is attempting to approach the ultimate limit from beta-decay for in-situ storage
(see also Refs. [25,26,59] and Section 6), by applying magnetic fields in an octupole configuration around the
convertor vessel. This repels low-field seeking (LFS) UCN, which as a result reach the wall either with a much
reduced velocity component perpendicular to it, or not at all [65]. As illustrated in Fig. 3 this effect significantly
reduces the probability of loss; we also note that high-field seeking (HFS) UCN suffer correspondingly increased
loss, and in SuperSUN this mechanism is exploited to produce polarized UCN directly in the source. In reality
several percent of the convertor vessel’s total surface area cannot be completely shielded by magnetic fields, and
for these surfaces it is especially critical to choose low-loss materials.

4. In-situ UCN detection

The effect just described, by which magnetic field gradients at the wall surface increase [reduce] absorption
losses for HFS [LFS] UCN, also provides a novel means of implementing spin-selective detection in-situ. A mag-
netic field gradient can be turned on at the end of an experimental cycle, such that HFS UCN then penetrate
to an absorbing layer with increased probability. The resulting capture products could be detected and read out
by a variety of methods, e.g., current-biased kinetic inductance detectors, cryogenic semiconductor detectors, or
scintillation in the superfluid helium convertor induced by charged capture products that escape through the thin
UCN-reflecting layer above the absorber. Since low-field seeking UCN can always be transformed into high-field
seekers by nuclear magnetic resonance methods, this approach is suitable for selective detection of either spin
component following a spin-precession experiment. This effect can also be demonstrated with cold neutrons at
glancing incidence, and extrapolated to UCN by an appropriate scaling of the momentum components parallel
and perpendicular to a planar sample surface. This is a significant advantage for scalable research and develop-
ment: polarized neutron reflectometry (PNR) is a widespread method, with many public instruments available to
users. Samples and experiments can be iteratively developed using PNR, with very favorable cost and efficiency as
compared to UCN storage experiments.

In addition the layer thickness and magnetic field strength determine a finite range of perpendicular momenta
in which the detection probability differs substantially between the two spin states. This is illustrated in Fig. 4
as a function of UCN energy, in a simplified picture where all wall interactions take place at normal incidence.
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Fig. 4. Estimated efficiencies at normal incidence for spin-selective in-situ detection, based on applied magnetic fields and thin reflecting layers
(20 nm or 500 nm CYTOP) over an absorbing medium (6LiF). Solid curves indicate a 15 mT field strength at the reflector surface, i.e., what
has already been demonstrated for metallic magnetic calorimeters [15]. For the dashed curves this field strength has been increased by an order
of magnitude to illustrate the potential impact of future improvements (the same color schemes apply). Vertical gridlines at 96.5 neV indicate
the wall potential of the reflecting layer, in superfluid helium. (a) Detection efficiency, and polarization contrast ¢, for a single interaction with
the detector. (b) Detection efficiencies for a 200 s counting period in the “large” and “small” cells of Table 2, assuming an isotropic velocity
distribution and detector area coverage of 1073 inside the cell.
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Although the wall-interactions of stored UCN should be averaged over incidence angles, this simplified picture
facilitates comparison with PNR measurements that are more suitable for research and development. Below this
energy range, HFS neutrons do not penetrate easily to the absorber even in the presence of magnetic fields. Above
it, both HFS and LFS neutrons reach the absorber even in the absence of magnetic fields. UCN exceeding the upper
energy threshold will not be efficiently stored during an experimental cycle, and therefore do not contribute to the
measurement; such marginally trapped neutrons may anyway be deliberately filtered out during filling or storage.
The lower threshold for the detected spectrum can be adjusted via the magnetic field strength at the surface of the
reflecting layer, e.g., by adjusting the current in a superconducting microstructure. This enables a limited degree of
energy/momentum selectivity, which may be interesting for studies of systematic errors. For similar purposes one
can envision several detector elements within a single cell, each with different thickness of the reflecting layer.
Figure 5 illustrates how such in-situ detectors could be implemented in the context of a multichamber neutron
EDM measurement. There are clear challenges for introducing magnetic elements in experiments that rely ex-
tremely on the control and minimization of systematic errors related to magnetic fields. These can be substantially
mitigated by the realization that the magnetic field for detection need only be applied after each experimental cycle
is complete: the neutron polarization is then static, and the detector field can be oriented along the bias field of
the experiment to eliminate diabatic transitions between spin states. Concerns related to induced magnetization of
other components can be resolved by magnetic equilibration of the apparatus between experimental cycles, and by
turning the detector field on and off adiabatically. Superconducting microstructures are a promising avenue for cre-
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Fig. 5. General concept of a multichamber in-situ UCN measurement. Left: Cryogenics apparatus based on the 3He refrigeration technology
used for SuperSUN: (a) commercial cryocoolers, (b) vacuum vessel and thermal screens, (c) large-volume liquid-helium reserve at 4 K, (d) the
needle valve for liquid-helium transfer to the 1-K pot, (e) 1-K pot with heat exchanger for pre-cooling of the 3He injection line, (f) superleak
to extract superfluid 4He from the 1-K pot, (g) 3He/*He heat-exchanger to cool the superfluid, and superfluid delivery to the UCN convertor
vessel, (h) pump to help achieve low temperature in the convertor vessel, (i) 4He pumps for the 1-K pot, (j) 3He pumps for cooling the heat
exchanger, (k) polarized cold neutron beam incident on cells in the convertor vessel, (1) attenuated neutron beam exits the multicell stack.
Elements such as magnetic shields or high-voltage that are needed specifically for the neutron EDM have been suppressed for clarity; we focus
here on the possibility for statistical gains. Right top: UCN production within the measurement cells for a neutron EDM experiment. Right
bottom: Three-dimensional artistic view of a multicell stack being illuminated by a beam, the remainder of which passes into a downstream
monitor detector.
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Fig. 6. Illustration of the potential statistical reach enabled by performing a neutron EDM experiment in-situ within a superfluid 4He UCN
convertor. The horizontal gridline shows the 95% confidence limit set by the presently most-precise experiment [3], while the vertical gridline
shows the mean free path of 8.9 A neutrons in superfluid 4He (~ 16.6 m). It is assumed that measurement cells occupy 50% of the in-beam
volume where UCN can be produced, i.e., that successive cells are spaced by a distance equal to their thickness. Each data series starts at
left with a single cell pair, with each further point representing the cumulative addition of one more pair downstream. The corresponding
parameters are given in Table 2. For each labelled pair the upper series (connected points) assumes that all UCN production is from unguided
8.9 A neutrons, while the lower series (unconnected points) assumes perfect guiding of the entire neutron beam throughout the cell stack.
These may be interpreted as limiting cases to illustrate the impact of beam-guiding on the final sensitivity; note that for the case of no guiding,
extending the stack beyond a few meters does not greatly improve the sensitivity.

ating highly tailored field profiles. Further concerns connected with EDM experiments are discussed in Section 7,
and estimates of the ultimate statistical reach for several scenarios are illustrated in Fig. 6.

Alternative approaches that could be applied for multichamber in-sifu measurements include the use of He
mentioned in Section 3.3, or extraction over a short distance within the superfluid to separate magnetic detector el-
ements from the measurement volume. While in-sizu UCN detection is not strictly required for in-situ experiments,
it presents the conceptual advantage of completely eliminating transport and extraction losses. On the other hand,
a detection method must be envisioned that does not spoil the long storage times required to achieve high UCN
densities in the first place. As noted in Section 3.3, concepts involving neutron capture on >He are likely to work
as intended, but impose an undesirably low ceiling on .

We note in passing that this approach also offers a means of smoothly adjusting the in-sifu loss rate for cryogenic
UCN storage volumes. This may be useful for systematic studies in measurements of the neutron lifetime, or for
accurately characterizing the storage properties of bottles with very low loss.

5. Challenges and limitations associated with in-situ experiments

Challenges common to many different types of in-situ experiments include the transport and/or guiding of cold
neutrons through the convertor, in-situ detection of UCN, and balancing UCN accumulation time with measure-
ment time. Cold neutron transport losses may in general be easier to minimize for ex-sifu experiments, due to
decoupling the requirements on the storage vessel that arise from the experiment, from those in the UCN con-
vertor. The guiding requirements may also be affected by any transmissive elements such as confining barriers
for UCN, which could increase the beam divergence through small-angle scattering. In addition to concerns of
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beam attenuation, the guiding requirements are very different for highly-divergent and well-collimated beams; the
practical feasibility of real neutron guides also depends strongly on the needed surface area and quality.

There is also a penalty in duty factor for in-situ storage experiments, as compared to the case where UCN are
extracted and stored in ex-situ volumes. In the latter case UCN production can continue during the measurement,
since the source and measurement volumes are decoupled. While one is forced to compromise between saturated
UCN density and duty factor if the source and experiment have very different storage time constants, in general a
fresh ensemble of UCN can be ready to fill the experiment as soon as the previous holding period has concluded
[12]. On the other hand, once a UCN ensemble is prepared for an in-sifu measurement, UCN production should
typically be stopped during the holding phase by blocking the cold neutron beam. Thus a duty factor of roughly
50% would naively appear reasonable, to the extent that other timescales in the experiment can be neglected.

In fact, this problem is nontrivial to optimize: for a count-rate-limited frequency measurement repeated M times,
the uncertainty now scales as o o (r+/NM)~!. Assuming that each repetition within a fixed total running time
tot = M - (t, + t5) can be divided into a build-up time #, and storage time ¢ > ¢ (and that the time constant t
applies to both build-up and storage of UCN), one can write

ts Ttot 1 1

ooty femT —emMr | 2M 2, (12)

While the balance between #, and ¢ ¢ should be evaluated in detail for each particular experiment’s needs, solving in
general for the minimum of ¢ in the physically relevant range yields ¢ &~ 1.487 and #, ~ 1.347 (or equivalently,
M=~ 0.36ft0t/f).

While we advocate the approach of using multiple experimental cells in parallel within an extended UCN con-
vertor volume, practical challenges for development and commissioning remain. Any undesired effects that scale
unfavorably with overall size (or number of modular units), in such an extended experiment will be difficult to
address via modular prototype units. An example of this phenomenon is the probability for breakdowns in liquid
helium under application of high voltage, relevant in EDM experiments, for which theoretical models propose a
nonlinear dependence on the total surface area at high potential [30]. The experimentally observed frequency of
such undesired breakdowns indicates that such models are not entirely general, but confirms a nonlinear scaling
and further highlights important dependences on the electrode shape [40]. Since cells with zero electric field are
needed to analyze EDM data, it may be possible to run usefully with high voltage disconnected from the “weakest”
cells.

In addition, further requirements in particular experiments may conflict with certain aspects or possibilities that
are advantageous for in-situ UCN production. Prominent examples of this for EDM measurements include the
implementation of uniform magnetic fields (thus, magnetic trapping is not appropriate), high voltage (insulating
materials severely limit the possibilities for cold neutron guiding), and volume comagnetometry (for which only
3He is an option in superfluid “He convertors). Some of these aspects are further discussed in Section 7 below,
but we do not attempt to survey them exhaustively. On the other hand for some experiments the requirements
can reinforce each other, as in the case of magnetic trapping for measurements of the neutron lifetime (see the
following section). In some cases it may be advantageous to use in-sifu production and detection of UCN as a
means of constraining systematic errors, i.e., as complementary to a measurement not based on UCN [54]. For yet
other experiments such as the study of bound states of UCN in Earth’s gravity, some requirements are clear (e.g.,
the confining boundary should be isolated from mechanical vibrations) but further investigation may be required
to fully evaluate their compatibility with an in-situ UCN source. Beyond that cited here and below, we are not
aware of any work extensively considering in-situ UCN measurements; this highlights a need for both conceptual
developments and feasibility studies.

6. Prior efforts towards in-situ experiments

Certain advantages of in-situ experiments with UCN have already been recognized, and have led to at least
three separate experimental efforts based on this principle. A magnetic trap inside a *He UCN convertor was
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used at NIST to measure tg in-situ [25,26,59]. Neutron decay was detected via scintillation light produced by the
resulting electrons in the superfluid. The large deviation of the measured result from the literature value was taken
as a strong indication of unresolved systematic errors, likely connected with *He contamination. The measured
lifetime of UCN in the trap was 707 &£ 20 s, indicating that most loss mechanisms were already highly suppressed
[25].

The CryoEDM experiment [9], which was installed at the Institut Laue—Langevin on the former H53 beamline,
concluded without producing its intended measurement of the neutron EDM. The collaboration nonetheless sup-
plied a great deal of fundamental information on UCN production in superfluid helium, and extensively developed
apparatus for cryogenics and UCN handling. Challenges in the CryoEDM configuration included internal transport
of UCN within the superfluid, from a production region exposed to the cold neutron beam into a separate measure-
ment region of the cryostat. (Thus, in the sense we use here it was not a fully in-situ experiment.) Large cryogenic
infrastructure also presented practical challenges in terms of the turnaround-times for iterative troubleshooting.

The major American project nNEDM @SNS [5] is still in a preparatory phase, and seeks ultimately to measure the
neutron EDM at the level of 4-8 x 10728 ¢ cm (95% confidence level). This is the most ambitious neutron EDM
experiment presently being pursued by a major collaboration, and the only one based on in-situ measurement in a
UCN convertor. That project will employ *He as both comagnetometer and neutron detector, and has in addition
developed a number of innovative concepts requiring extensive research and development for meeting the needs
of a neutron EDM experiment in the cryogenic environment of a “He UCN convertor. Its limitations include that
the two-cell measurement concept does not readily scale, and that spin-precession times are intrinsically limited
by the presence of *He.

7. The neutron permanent electric dipole moment (EDM)

Motivated by the need for beyond-Standard-Model CP-violation to explain the observed cosmological baryon-
antibaryon asymmetry, measurements of the neutron EDM play a key role in modern fundamental particle physics
[13]. They are typically performed with spin-polarized UCN, by precision measurement of their spin-precession
frequency, using Ramsey’s method of separated oscillatory fields in the presence of applied electric and magnetic
fields. The scaling of statistical sensitivity with interaction time 7 is as described in Sections 1 and 5, which
readily explains why neutron EDM measurements almost invariably use UCN. Two measurements are combined
to determine the EDM, and for measurements with stored UCN this gives the statistical uncertainty

h h
o2 — s
2a|E|tVNM 1.78c|E|/TNfio;

where the right-hand limit obtains for # = ¢ when the right-hand side of the expression (12) is minimized. The
electric field | E | reaches a practical limit on the order of several MV/m, while the dimensionless contrast parameter
o by definition cannot exceed unity in magnitude. The remaining parameters are the number of particles N counted
per measurement, the number of measurement repetitions M, and the duration ¢ of a spin-precession cycle. The
limiting regime T ~ 74 has not been approached in neutron EDM experiments: t ~ 200 s is typical at present.
Figure 5 illustrates the modular components for a scalable multichamber EDM measurement at a schematic
level. A polarized cold neutron beam enters the cryogenic cell stack, and produces polarized UCN directly in the
measurement cells. Spin-precession in the presence of applied electric and magnetic fields is followed by in-situ
detection, where polarization analysis is an intrinsic feature of the detector (see Section 4). Besides the prospects
for greatly improved sensitivity (see Fig. 6) the main advantage of this approach is that its principal components
and technologies can be thoroughly developed and tested in small-scale demonstration experiments. For example,
the measurement cells can be prototyped at the single cell level and sequentially tested for: room-temperature
UCN storage, dry cryogenic UCN storage, cryogenic UCN storage with liquid helium, UCN production with
liquid helium, etc. The in-situ detectors can be developed via PNR, then extended to UCN, and later integrated in

(13)
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prototype cells for single-cell demonstrations of UCN production and in-situ detection. The large-scale project of
integrating all components into a functioning system can also follow a staged approach: demonstration experiments
with a smaller number of cells, lower UCN densities, and less performant detectors can be scaled up from modular
units.

As illustrated in Fig. 6, divergence and guiding of the cold neutron beam significantly impacts the achievable
precision for extended multicell stacks. Neutron supermirrors invariably consist of metallic layers, which makes
them unsuitable for coating the insulating walls of a cell between the electrodes. If the cells are rotated to have
the electric field direction perpendicular to the beam axis, then metallic coatings of the electrode surfaces could
potentially be compatible with supermirror guiding of the beam in one dimension. A two-dimensional cell array
could potentially further reduce loss in the unguided dimension.

EDM experiments must also perform extensive studies of systematic errors, to rule out the possibility of a
false EDM signal (or cancellation!) generated by subtle effects arising from CP-conserving sources. The statistical
sensitivity of a concrete experimental implementation is thus important not only for intrinsic sensitivity to a neutron
EDM, but also for concluding — within a reasonable running time — the supplementry studies that are necessary to
establish confidence in the result. It is to be expected that entirely new classes of systematic errors may become
important as the statistical sensitivity of experiments improves, and that new techniques may be needed to constrain
them.

To match the statistical reach of an in-sifu measurement, systematic effects need to be under control at similar
level: d, = 1 x 1072° ¢ cm would correspond to unconstrained magnetic field drifts of 12 aT during one Ramsey
measurement (assuming an applied electric field of at least 7 MV/m). Even when random errors are suppressed by
averaging multiple measurements, and systematic errors connected with drifts and field gradients are suppressed by
combining simultaneous measurements from different cells, this requirement is extremely challenging. Ultimately,
the change of magnetic fields over the entire cell array will need to be at the sub-fT level during the spin-precession
period of several-hundred seconds. Key technical challenges thus include controlling the false-EDM effects related
to neutron motion, cell geometry, and mechanical alignment of inner components — in addition to anything that
may cause distortions of the magnetic field profile. Most technical solutions have not yet been fully demonstrated
at the needed levels, indicating the need for dedicated research and development. The leading-order systematic
effects are expected to be drifts or geometric distortions that correlate with the electric field direction.

Higher-order effects include spatially localized magnetic sources or high-order field gradients; these can arise
respectively from imperfect demagnetization of inner components, or from the applied magnetic field. Such field
profiles cause nondynamical phase shifts that are commonly referred to as “geometric phase” effects [19,39,50]
although in the strictest sense this terminology applies only to the case where particle motion in the applied fields
can be considered as adiabatic [10]. These effects can be mitigated to some extent by keeping the transverse
dimensions of the measurement cells relatively small. The choice of small cell dimensions also helps to minimize
the impact of magnetic field gradients more generally, but can limit the time constant for UCN storage due to the
increased frequency of wall interactions. We further note that the alignment of magnetic field gradients (along the
applied field direction) to Earth’s gravity is minimized for a stack of horizontally-oriented cells, which situation
enables compensating linear field gradients with minimal error. These and other effects are mainly constrained by
comagnetometry in present experiments, which unfortunately cannot be implemented in cryogenic cells without
compromising statistics. Concepts such as solid-state optical or SQUID magnetometers embedded in cell walls
could potentially offer an alternative approach to constrain the same effects, but require further investigation to
assess feasibility in this context.

Demagnetization of glass cells for spin-precession measurements with noble gases has been demonstrated pre-
viously [27]; the application of this technique to larger and more massive UCN cells remains to be demonstrated.
The suppression of ambient magnetic fields with high efficiency [6] and a stability at the ~10 fT level has also
been demonstrated, as well as the reduction of residual fields to a level of 0.1 nT [52,53]. The maximum allowable
global gradient is on the order of 50 pT/m, assuming a magnetic field of 5 uT. This requirement is driven by
geometric phase effects, which we already assume to be suppressed through use of ~5x larger magnetic fields
as compared to present-generation experiments. Efficient shielding for aspect ratios corresponding to the extended



S. Degenkolb et al. / In-situ production and detection of ultracold neutrons 139

Table 2

Parameter values for each of the calculations illustrated in Fig. 6. R is each individual cell’s radius, and L its thickness. Lot is the maximum
length of the cell stack as plotted in Fig. 6, and p is the initial UCN density (before a spin-precession cycle) in the first cell of the stack. For
(a) p is chosen conservatively to match the first result from reference [41] at the ILL, while for (c) it is slightly less than what is anticipated for
SuperSUN phase II. For (b) and (d) we assume an intense diverging beam focused into the cells by nested multimirror optics [63], as indicated
in Table 1 for the ESS LBP. The detector efficiency and polarization contrast are nqer and «, respectively (see Fig. 4). The beam divergence
angles A6 are respectively chosen to match ANNI [46] for (a) and (c), and a nested multimirror extraction [24,62] with m = 5 at the ESS
LBP for (b) and (d). The build-up time and duration of a spin-precession cycle are chosen according to the optimization of equation (12), i.e.,
assuming that the same time-constant T describes both build-up of the initial UCN density and the mean lifetime for UCN storage in each
cell. The number of repetitions to reach 100 days of measurement is calculated assuming continuous-duty measurements, with each full cycle
including 400 s for preparation and UCN counting in addition to #s + #, = 2.827. The strength of the applied electric field is | E|

Fig. 6 data series R [cm] L [cm] Lot [m] P [cm'g] Ndet |E| [MV/m] T [s] o A6 [mrad]
(a) 5 7 18.5 55 1% 7 250 0.85 23
(b) 5 7 3 4100 1% 7 250 0.85 77
(c) 10 7 18.5 1600 50% 8.5 350 0.85 23
(d) 10 7 3 10% 50% 8.5 350 0.85 77

beamline geometry of Fig. 5 has been demonstrated [55], but this must be taken only as a conceptual indication:
the two shielding layers used so far were not sufficient to reduce the ambient field to the required level for an EDM
experiment.

Applied fields with high homogeneity in low-magnetic-field environments have been demonstrated in present-
generation neutron EDM measurements, but not in geometrical configurations appropriate for extended beamlines.
One realistic layout for a possible magnetic shield is similar to the shield described in Ref. [55], i.e., constructed
from an octagonal arrangement of pre-formed and clamped mu-metal sheets. We estimate that in order to achieve
suitably small field gradients it would be necessary to include four additional shielding layers with 10 cm separa-
tion distance, and with an inner bore diameter large enough to ensure at least 30 cm distance to the low-field region.
For such shielding geometries, transverse access holes can be implemented without excessive loss of shielding per-
formance or creation of gradients in the innermost volume. This consideration is important for the implementation
of shielded cryogenic volumes, which require large-diameter access routes for vacuum pumping and fluid transfer.
Sensor readouts, electrical connections, and actuators normally require only smaller access holes. Shielding of
frequencies above 1 Hz can be assisted by the vacuum chamber of the cryostat, which could be fabricated from
aluminium. The applied magnetic field could be generated by a self-shielded double solenoid main coil, with cor-
rection coils and active field feedback, using sensor arrays placed in the isolation vacuum of the cryostat for field
monitoring.

A further advantage of in-situ neutron EDM experiments is that the high dielectric strength of superfluid helium
enables the application of higher electric fields, by up to a factor of 3.5 (and possibly more) with respect to the
2 MV/m range that is more typical for ex-situ experiments in vacuum [40]. The working field strength must be
chosen in a regime where long-duration operation can be stably maintained without breakdowns. This becomes
increasingly challenging not only with higher electric fields, but also with the large caumulative area corresponding
to the electrodes of many cells simultaneously under applied high voltage. Such limitations may favor scenarios
(b) and (d) in Fig. 6 and Table 2, relative to (a) and (c).

8. Concluding remarks

It is notoriously difficult in UCN physics to deliver large gain factors for experimental quantities such as UCN
density, and also in EDM experiments to control and constrain the numerous important sources of systematic
error. While we do not claim that the large statistics gains outlined here can definitely be realized in combination
with correspondingly low systematic errors for in-situ EDM experiments, we do maintain that their potential size
and broad interest motivate extensive feasibility studies. We therefore propose a systematic program of research
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and development, based on modular and scalable cells that can be tested as prototypes in which UCN are both
produced and stored. This approach would also support development and testing of further concepts such as in-
situ UCN detection that are expected to be relevant for a variety of physics measurements, as well as those that
are mainly relevant for specific experiments — such as magnetic shielding, the application of high electric fields,
magnetometry, and comagnetometry in the case of EDM measurements. Future experiments based on this concept
could proceed in a staged approach by gradually increasing the number of cells, thus substantially decoupling the
challenges of scaling up a complete apparatus from those of establishing the essential performance and reliability
of its base components.
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