
Journal of Neutron Research 24 (2022) 111–121 111
DOI 10.3233/JNR-220013
IOS Press

Concept and strategy of SuperSUN: A new
ultracold neutron converter

Estelle Chanel a,∗, Simon Baudoin a, Marie-Hélène Baurand a, Nadir Belkhier a, Eric Bourgeat-Lami a,
Skyler Degenkolb a,b, Maurits van der Grinten c, Michael Jentschel a, Victorien Joyet a,
Michael Kreuz a, Eddy Lelièvre-Berna a, Julio Lucas d, Xavier Tonon a and Oliver Zimmer a

a Institut Laue–Langevin, CS 20156, 38042 Grenoble Cedex 9, France
b Physikalisches Institut, Universität Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, Germany
c Particle Physics Department, STFC Rutherford Appleton Laboratory, UK
d Elytt Energy S.L, 2ºB, Calle de Orense, 11, 28020 Madrid, Spain

Abstract. A new source of ultracold neutrons (UCNs), developed at the Institut Laue-Langevin (ILL) and named SuperSUN, is currently being
commissioned. Its operational principle is the conversion of cold neutrons, delivered by ILL’s existing beam H523, to UCNs in a vessel filled
with superfluid helium-4, wherein the neutron’s energy and momentum are transferred by inelastic scattering to phonons in the superfluid. The
inverse Boltzmann-suppressed process is negligible at temperatures below 0.6 K, enabling long storage times and high in-situ UCN densities
as demonstrated at the ILL for two prototype sources. These two prototypes are installed at secondary beams behind crystal monochromators,
whereas a primary beam with a white cold spectrum illuminates the SuperSUN conversion volume. This provides not only higher intensity
around the wavelength 0.89 nm where the dominant single-phonon process for UCN production takes place, but also a contribution to UCN
production by multi-phonon processes. In the first phase of the project, material walls will trap the UCNs, while in the second phase an octupole
magnet will generate a 2.1 T magnetic field at the edge of the conversion volume. For low-field-seeking UCNs, this field increases the trapping
potential and reduces wall losses so that the accumulated UCNs are spin-polarized as a result. SuperSUN aims to deliver the highest possible
UCN densities to external storage experiments, the first of which will be the PanEDM experiment measuring the neutron’s permanent electric
dipole moment.
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1. Introduction

In 1959 Zeldovich described the possibility to store neutrons in a material container, exploiting the neutron
optical potential of its walls [41]. Storable neutrons typically have a kinetic energy EUCN � 350 neV and are
referred to as ultracold neutrons (UCNs). Zeldovich estimated the production of UCNs from a source in thermal
equilibrium and obtained a value of 5 × 107 stored under the most favorable assumptions in traps on the scale
of 1 m3. Ten years later, research groups at Dubna [23] and Garching [37] independently observed UCNs for the
first time. While Zeldovich thought about neutron moderation and also estimated the UCN content of a neutron
spectrum thermalized in liquid helium, Golub and Pendlebury proposed in 1975 the alternative concept of su-
perthermal UCN sources based on the conversion of cold neutrons to UCN through single scattering events [13].
For the case of a superfluid helium converter [14], in the dominant process a neutron of energy E within a narrow
range around E0 = 1.03 meV loses almost its entire energy by emission of a single phonon. Inelastic scattering of
more energetic neutrons, involving multiple phonons, contributes to UCN production on a lower level [5,19]. The
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rate constant for scattering events that increase the neutron energy, usually referred to as up-scattering, exhibits a
strong dependence on the helium temperature, T , which for T < 1 K is given by [11,12]:

τ−1
up � (T [K])7

100 s
, (1)

where τup is the loss time constant for up-scattering. Hence, below 0.73 K the time scale for up-scattering exceeds
the neutron beta decay lifetime, τβ ≈ 880 s, and below 0.6 K it becomes negligible for most purposes. While τβ

ultimately limits the storage lifetime τ of a trapped ensemble of UCNs, the total loss rate constant still contains
further contributions due to UCN interactions with the walls (τwall) and neutron absorption by 3He impurities
(τ3He), along with possible contributions due to other processes, i.e.

τ−1(E, T ) = τβ
−1 + τup

−1(T ) + τwall
−1(E) + τ3He

−1 + · · · . (2)

Suppression of wall losses requires a tight vessel, typically made of, or coated with, a weakly absorbing material
with a large neutron optical potential. Suppression of neutron absorption by 3He, down to a level that can typically
be neglected in the presence of wall interactions, is possible by using a superleak [40] or the heat flush technique
[25] to remove this strongly absorbing isotope from the 4He (which does not absorb neutrons at all).

The saturated density, to which one can accumulate UCNs in the closed converter, is proportional to the time
constant τ and the UCN production rate density P :

ρUCN = Pτ, (3)

where P = PI + PII contains the aforementioned contributions due to single-phonon (PI) and multi-phonon
or multiple-scattering (PII) processes. Each term is proportional to the cold-neutron flux inducing the respective
process. For single-phonon UCN production occurring for neutrons around λ∗ = 0.89 nm,

PI = 4.97(38) nm/cm × 10−9φ∗, with φ∗ = dφ

dλ

∣
∣
∣
∣
λ∗

. (4)

The numerical factor assumes a trapping potential V = VBe − VHe = 233(2) neV as given by the difference of
the neutron optical potentials of the wall (Be is frequently taken as a reference) and superfluid He [31]. For other
potentials, one can estimate the UCN production using the proportionality P ∝ V 3/2, which is due to the phase
space available for the UCNs.

There are various ways to exploit UCN production in a superfluid-helium converter. One obtains the highest
UCN production rates by placing the converter in-pile in the high-flux region close to the core of a nuclear reactor
or a spallation target [24,33]. A difficulty in this approach is that the large heat load requires a powerful cryo-
genic plant, even for source operation above 1 K where up-scattering dominates UCN losses [35]. An interesting
alternative, already pointed out in [14], places the converter at the end of a neutron guide. Located in-beam far
away from the hot zone of a primary source, the UCN production rate in this approach is much lower than in-pile,
but the low heat load makes temperatures below 0.6 K achievable, thus removing up-scattering as a limitation.
By also suppressing the neutron absorption and wall losses with respect to the neutron lifetime, one can achieve
competitive UCN densities in a source that can feed an experiment in close proximity and, hence, with limited
UCN transport losses. Further implementations of the in-beam concept even place experiments in-situ, immersed
in the superfluid-helium bath of the converter [3,7,16,38].

The new ILL instrument SuperSUN is the result of a development effort to offer the user community an in-beam
accumulation-type UCN source, feeding external experiments via a UCN extraction guide at room temperature.
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2. The SUN-1 and SUN-2 accumulation-type UCN source prototypes

In preparation for the project SuperSUN, the development of a first prototype (now called SUN-1) was launched
at Munich in 2004 [42,43], and after 2007 continued at the ILL [27,45]. A second prototype, SUN-2, was con-
structed at the ILL and is currently used for tests of concepts and development of tools and components for UCN
physics. Key features of both devices are a short (<40 cm) vertical guide section for UCN extraction, and a cold
UCN valve above the converter, enabling accumulation and release of the UCNs to an experiment (or detector) at
room temperature. In contrast to an earlier attempt to extract UCNs in the horizontal plane [18], this method of
operation requires neither a UCN transmitting window in the converter vessel, nor significant gaps between the
converter and the guide, thus avoiding associated UCN losses.

Modest cooling power is needed to maintain the converter below 0.7 K: 0.6 K was achieved with the SUN-2
heat exchanger with an applied heat load of 60 mW and a 3He flow rate of 35 g/h [21]. The cooling method
employs pumping on a 3He bath in contact with one side of a finned copper heat-exchanger, the other side of
which is immersed in the isotopically pure superfluid 4He of the UCN converter. The cold-head of a commercial
Gifford–McMahon cryocooler precools the gas in a closed 3He circuit, using a spiral heat-exchanger between its
two stages [32]. A 4He evaporation stage (called “1-K pot”), also operated in a closed circuit, serves for liquefaction
and further precooling of the 3He. The cryostat of SUN-1 is designed to liquefy 4He from a gas bottle, without
requiring an external supply of liquid helium. The main part of the liquefied helium then fills the converter through
the 1-K pot (see reference [27] for more details). SUN-2 is equipped with a large (14 L) 1-K pot which can be
filled by siphoning liquid helium from a dewar. This, along with a generally improved design involving a second
cold-head for cooling thermal screens, reduced the time for cool-down and preparation of the converter from one
week (SUN-1) to less than three days. In both devices, a superleak connected to the 1-K pot purifies the helium
for the converter from 3He (see reference [43] for the procedure used to produce the superleaks employed in both
source prototypes).

The compactness of the sources is noteworthy since this makes them a flexible tool for application in physics
experiments. The possibility to transport them between neutron beams with different characteristics has been ex-
ploited to perform measurements at ILL’s cold neutron beam facility PF1B. SUN-1 was used there to measure UCN
production in pressurized superfluid helium, resolving single- and multi-phonon processes by using a neutron ve-
locity selector in the incident cold beam [30]. SUN-2 was used similarly in a measurement of UCN production and
up-scattering in superfluid helium in the temperature range 1.1 K < T < 2.4 K [22].

Each source prototype is currently located at a separate secondary beam produced by diffraction using an in-
dependent crystal monochromator. These are made of pyrolytic graphite and intercalated potassium layers, with
different lattice constants, to obtain two different diffracting angles for the two devices [6]. Mounted on a common
goniometer, they can be rotated to deviate the full area (8 × 8 cm2) of a common direct beam (H172) to feed
either SUN-1 or SUN-2 with 0.89 nm neutrons. The differential fluxes at this wavelength at the entrances of both
sources were measured to be (coincidentally) identical, φ∗ = (1.0 ± 0.2) × 109 cm−2s−1nm−1 [15,27]. As this is
a factor 5 lower than the un-deviated 0.89 nm flux in H172, one concludes that a high-performance UCN source
for the user community should be placed in a direct beam. For SUN-1, the saturated UCN density was measured
to be 55 cm−3, and the UCN storage time constant of the closed converter was estimated to be 43 ± 1 s [43]. For
SUN-2, 220 UCNs cm−3 were achieved, with an estimated storage time constant around 200 s.1 These numbers
are summarized in Table 1, to facilitate comparison with the expected performance of SuperSUN.

3. SuperSUN design principles

Building on prior experience with the SUN prototype sources, SuperSUN was launched as an instrument project
within the ILL’s upgrade program “Endurance”. In contrast to the prototypes, SuperSUN exploits the direct cold

1A spectrum measurement is currently under analysis, and will be the subject of a separate publication.
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Table 1

Comparison of SUN-1, SUN-2, and SuperSUN with respect to their incoming cold neutron flux, converter volume, (expected) saturated UCN
density, and storage time constant. For SuperSUN the stated flux corresponds to the capture-weighted flux for the entire beam, integrated over
all wavelengths. The wavelength range around 0.89 nm for production of UCNs up to 250 neV corresponds to 0.7% of the total beam current

UCN source 0.89 nm differential particle flux Integral capture flux Volume [L] Density [cm−3] Storage time constant [s]

SUN-1 1 × 109 n/(cm2 s nm) 5 55 43 ± 1

SUN-2 1 × 109 n/(cm2 s nm) 3.8 220 ≈200

SuperSUN phase I 2 × 1010 n/(cm2 s) 14 330 �200

neutron beam from the H523 beamline, previously used for CryoEDM [38]. Eliminating the losses due to beam
monochromatization results in a higher intensity at 0.89 nm, and the presence of shorter-wavelength neutrons that
increase the UCN yield via multi-phonon processes. A 30% relative increase was measured using an earlier version
of the beamline that feeds the SuperSUN instrument position [5]. Such large gains cannot be expected for a long
converter where the short-wavelength component will be rapidly attenuated by scattering. For our geometry, this
component will mainly be present in the first meter of the converter vessel and a simple estimate suggests a ≈10%
contribution due to these processes.

The H523 beamline is composed of m = 1.2 guide elements forming a curvature radius of 800 m that suppresses
short-wavelength neutrons and gamma rays from the delivered beam. It is extended by a set of rectangular and
octagonal tapered guide elements [9] that convert the 120 × 60 mm2 rectangular guide of H523 to match the
cylindrical geometry of SuperSUN. Within this set, a section of 15 cm is removable in order to provide space for
additional component options such as a bismuth filter [2]. The final section of the octagonal guide, which exits
the casemate, is also removable for (dis)mounting the SuperSUN conversion volume and to perform time-of-flight
measurements with the converter cryostat in place. The capture-weighted neutron flux at the end of the octagonal
guide was measured to be φH523 = 2 × 1010 n/(cm2s) by a gold foil activation in 2020. Simulations show that
the integrated flux, in the wavelength range around 0.89 nm that is relevant for producing UCNs with energy less
than 250 neV, represents 0.7% of the total beam current. Time-of-flight measurements are expected to confirm this
value [8].

The SuperSUN phase I apparatus includes a UCN extraction system, the cryogenic cooling system, and the con-
version volume with the “UCN box” that connects these elements together, as represented in Fig. 1. As motivated
in the introduction, a design goal of SuperSUN is to cool its superfluid-helium converter down to 0.6 K to suppress
the up-scattering losses (see Eq. (1) and Eq. (2)). The converter guide is 3 meters long with a diameter of 75 mm,
leading to a volume of 14 liters intersected by the beam (compared to 5 and 3.8 liters in the prototypes SUN-1
and SUN-2, respectively). The longer converter vessel of SuperSUN increases the total number of UCNs that can
be produced and accumulated. The associated cost of UCN density is expected to stay marginal: since the mean
free path of 0.89 nm neutrons is about 17 m in superfluid 4He below 1 K [36], at the exit of the converter this
beam component is attenuated by only about 17%. It is not presently known to what extent additional extraction
losses may result from the extended converter volume, which is longer by approximately a factor of 3 in compar-
ison to the first prototype source, SUN-1. Simulations and test experiments have indicated that the main impact
could be a longer time-constant for filling the experiment, but this must be experimentally confirmed during source
commissioning.

The cylindrical wall of the conversion volume guides the cold neutron beam to prevent loss of neutrons that
can be converted into UCNs. Its second functionality is to store the produced UCNs to build up density before
releasing them. The circular neutron guide, produced by S-DH GmbH [29], is made of Ni by the replica technique
[28,34], and its inner surface is coated with a NiMo/Ti m = 3 supermirror. This coating produces a critical
angle which is larger than the angles occurring due to beam divergence for most neutrons, thus generating some
safety margin with respect to imperfections of alignment, or mirror waviness. Thus, as many cold neutrons as
possible spend as long as possible in liquid helium to maximize their chance of scattering to produce UCNs. The
requirements for UCN storage are different from but compatible with those for cold neutrons: the high effective
potential of the supermirror is supplemented with a thick (multiple micron) layer of CYTOP™, a perfluorinated
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Fig. 1. (Color online) Sketch of SuperSUN with (a) the 100-L liquid helium bath, (b) the needle valve, (c) the 1-K pot, (d) the 4He superleak,
(e) the 3He pumping column, (f) the 3He impedance, (g) the 3He/4He heat exchanger, (h) the UCN box, (i) the conversion volume at 0.6 K,
(j) the two beryllium windows, (k) the UCN extraction system, (l) the UCN valve, (m) the superconducting magnet in a separate liquid helium
bath: for SuperSUN phase II this replaces part of the phase I 4-K screen, see description at the end of Section 3, (n) the 4-K cryostat. The cold
neutron beam is represented by a green arrow labeled CN.

polymer coating from ACG Chemicals [1], for which recent experiments at the ILL have demonstrated a large
time constant for UCN storage: 564 ± 7 s at low temperatures T < 15 K and 311 ± 9 s at room temperature.
The neutron-optical potential of CYTOP was measured to be 115.2 ± 0.2 neV [26], and this represents only a
small perturbation for cold neutrons with respect to the large effective potential of the supermirror. These layers
together have a minimum thickness of a few hundredths of a millimeter, dominated by the CYTOP layer. The
circular neutron guide interfaces with the aforementioned UCN box, a non-vacuum-tight, non-polished, aluminum
chamber coated with diamond-like-carbon (DLC), or beryllium. The rough surface of the UCN box is expected
to help localize UCNs near the extraction system, while reflections inside the cylindrical neutron guide will be
nearly specular. This should help UCNs to more easily reach the extraction system from the most distant end of the
conversion volume. Two beryllium windows define the ends of the accumulation volume, constraining the UCNs in
the longitudinal direction while transmitting the cold neutron beam. They are placed at 20 cm from the beginning
of the liquid helium volume on the upstream side (which thus does not contribute to the source’s UCN output),
and on the downstream end of the UCN box. The circular neutron guide is placed in a slightly larger (76.5 mm
inner diameter) superfluid-helium tight stainless-steel pipe that is sealed on one end with an aluminum window for
passage of the incident cold neutron beam, and on the other end by an aluminum vessel that surrounds the UCN
box.

The first element of the UCN extraction system is a UCN valve situated a few cm above the superfluid helium,
which can release neutrons from the conversion volume into an extraction guide made of stainless-steel. For the
phase II configuration, this guide will be modified to incorporate non-depolarizing wall coatings, and magnetic
fields will be added to maintain adiabatic transport of the neutron polarization. The extraction guide consists of a
short vertical section with 47 mm inner diameter, followed by two 90° bends connected by a 30 cm long horizontal
section and continued by a final straight guide, all with a nominal inner diameter of 50 mm. To reduce the heat load
due to thermal radiation guided by the high-reflectivity surfaces of the guide from its warm end into the converter,
each bend includes two DLC-coated germanium disks that have a high transmission for thermal radiation and a
high neutron optical potential. A black velvet layer that absorbs 98% of the infrared spectrum is placed behind each
germanium disk, on the thermally-anchored copper flanges to absorb the thermal radiation. This concept has been
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proven successful in the single-bend UCN extraction system of SUN-2, for which simulations show a reduction of
thermal radiative power by about 75%, and a neutron transmission of 92% as compared to a smooth elbow geometry
[20]. A thin polypropylene foil possessing a neutron optical potential of ≈−10 neV and a high UCN transmission
can be placed at the end of the extraction system, to separate the vacuum of the connected experiment from the
strongly temperature-dependent, and typically higher, vapor pressure of the converter helium. In addition, this foil
prevents residual gas impurities from entering and freezing out in the colder sections of the extraction guide. In
previous experiments at SUN-2 without a foil, a degradation of the source output of 3% per day was observed in
the best case, even with large turbo-molecular pumping power connected to the warm end of the extraction guide
and a vacuum pressure below 10−6 mbar [4]. From the reduced degradation observed with the foil installed, it can
be concluded that any outgassing of the foil is less problematic than the residual gas already contaminating the
vacuum. For SuperSUN, the vacuum on the source side of the foil is pumped in common with the liquid helium
conversion volume, and the pumping ports are not visible to UCNs. The guide volume is evacuated via unavoidable
small mechanical gaps, e.g., where the extraction guide enters the conversion volume, and at the beryllium windows
of the converter. The vacuum on the experimental (warm) side is maintained by the experiment’s pumping system,
which typically already must compensate other – significantly larger – sources of outgassing. The foil location
at room temperature avoids freezing of gas components onto the foil surface, the accumulation of which could
reduce UCN transmission over time. We intend to use thin foils approximately 0.4 µm thick, supported by a laser-
cut stainless-steel grid. A 0.4 µm thick foil reduces the overall UCN transmission through the extraction guide by
8%, with an additional 2–3% reduction due to the supporting grid, as derived from continuous-flow transmission
measurements in different configurations (no grid and no foil, grid but no foil, both foil and grid) at SUN-2 [4].
These thin foils, being not commercially available, are produced at the ILL. Commercially available 4 µm thick
foils can be used with an associated cost in UCN yield, as a short-term compromise.

The cryogenic system of SuperSUN is shown in Figs 1 and 2. It was designed to prepare the ultra-pure
superfluid-4He converter and maintain it at 0.6 K during its operation as a UCN source. As a major difference
compared to the source prototypes, it features a 100-L vessel that can be filled with liquid helium from a dewar,
while maintaining the converter at its base temperature. As in the source prototypes this vessel fills a smaller 1-K
pot (of 5 L volume in SuperSUN), with flow restricted by a cold needle valve, to precool and liquefy the circulated
3He gas and to provide superfluid 4He to the converter vessel. A superleak connected to this pot and made of fine
alumina powder (see recipe for manufacture in [40]) retains the 3He when supplying the superfluid helium to the
converter. The Joule–Thomson thermal expansion of the 3He is performed after a fixed impedance placed at the
entrance to the 3He/4He heat-exchanger. The heat-exchanger was machined from a single piece of ultra-pure cop-
per by electro-erosion. It provides finned surfaces on the order of 0.37 m2 on the 3He side and 0.26 m2 on the 4He
side to conduct the heat flow through a cylindrical shell separating the two baths. A thermal analysis of this type of
device can be found in reference [17]. A picture of the inner body of the heat-exchanger is shown in Fig. 3. The 4He
volume of the heat exchanger is connected to the converter volume by a pipe of total length 367 mm and 48 mm
inner diameter, and a bellows of about 100 mm length, which are visible in Fig. 2. Two layers of thermal screens
cooled by cryocoolers protect the coldest parts of the cryostat from thermal radiation. A gas purifier based on a
cold trap operating at T < 10 K, inserted in the 3He closed-loop, will avoid blockages in the feeding capillaries in
the cryostat due to freeze-out of gas impurities, notably hydrogen.2

The entire cryostat, except for its two cylindrical turrets, is enclosed in a massive shielding structure whose pur-
pose is radiological protection of the surrounding zones. The main structural element is a lead casemate supported
by a stainless-steel frame. It is covered on its inner surfaces by B4C-loaded rubber mats for the absorption of cold
and thermal neutrons. The cryostat itself also includes internal neutron-shielding elements, mainly to reduce the
activation of components for which access and convenient handling should remain possible. A B4C aperture at the
end of the octagonal guide admits as many neutrons as possible to the converter vessel, while capturing those that
would miss the converter and potentially activate indium seals or other components in close proximity. The aperture
diameter also preserves some margin to account for possible small misalignment with respect to the feeding guide.

2This is not implemented in the current setup, which employs a standard cold trap cooled with liquid nitrogen.
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Fig. 2. Pictures of SuperSUN with the same labeling as in Fig. 1: (a) the 100 L liquid helium bath, (b) the needle valve, (c) the 1-K pot, (d) the
superleak, (e) the 3He pumping column, (f) the 3He impedance, (g) the 3He/4He heat exchanger, (i) the superfluid conversion volume, (i')
vacuum vessel containing the thermally screened conversion volume, (k) the UCN extraction system, (n) the 4-K cryostat. Credit top photo:
Ecliptique – Laurent Thion.

To avoid adding a heat load on the converter volume from the energy deposited in the B4C by neutron capture, this
aperture is not mounted directly on the converter vessel but thermally anchored to the 4-K screen at a few mm dis-
tance. During the initial neutron test in 2021, a very restrictive aperture with a diameter of 20 mm was used, while
in normal operation it will be much closer to the 75 mm diameter of the converter guide. Two layers of 0.1 mm
thick gadolinium foils will be wrapped around the replica guide inside the superfluid containment vessel to reduce
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Fig. 3. Left: picture of the 3He/4He heat exchanger, credit: Ecliptique – Laurent Thion. Middle: picture of a cut through a mockup of the
octupole superconducting magnet. Right: picture of the beam-dump.

neutron-activation of the vessel itself, as well as other cryostat components around it. These neutron-absorbing lay-
ers unavoidably introduce an additional heat load on the coldest stage of the cryogenic system. The choice of Gd
as a neutron absorber, rather than the 10B4C-coated aluminum foils (combined with thick B4C-enriched epoxy on
the 4-K screen) that were used for initial testing, is dictated by two considerations. These are the smaller distance
between the converter volume and the 4-K stage (in anticipation of the phase II configuration described below),
and the relatively lower fraction of energy deposited locally by daughter products following neutron capture on
Gd: this is considered as the main contribution to the difference in heat load. This approach nevertheless represents
a conceptual departure from the design of the prototype sources, the implementation of which must be validated
under real running conditions.

A beamstop is installed at the end of the beamline, to absorb any remaining neutrons and attenuate capture
gamma rays; a picture of it is shown in Fig. 3. A 7.7 mm thick sintered boron carbide disk (with natural isotopic
abundance) forms an end-cap, at the downstream end of a tube formed by rolled sheets of borated aluminum (4.5%
of 10B, 3 mm minimum thickness). These dimensions are appropriate for absorbing the entire cold neutron beam
that could be transported by the guide. This neutron shielding is surrounded by a 30 mm thick cylinder of lead
with a 25 mm thick rear wall, in order to attenuate gamma rays produced by the neutron capture. Concentric holes
of 11.5 mm diameter in the center of the boron disk and 20 mm diameter in the lead allow a small fraction of
the neutron beam to reach a monitor detector outside the cryostat, but inside the lead shielding. Additional layers
of B4C-loaded rubber behind the beam monitor absorb any remaining neutrons. This configuration fulfills the
radiological safety criteria.

In its second phase, SuperSUN will be equipped with a superconducting octupole + solenoid magnet immersed
in a liquid helium bath at 4.2 K as part of a dedicated cryostat (see Figs 1 and 3). The octupole magnet will generate
a magnetic field with a radial gradient, reaching a value of 2.1 T at the cylindrical inner surface of the conversion
volume, which enhances the trapping potential for low-field-seeking neutrons by 126 neV, thus repelling them from
the wall. This will reduce not only the fraction of trapped UCNs hitting the material walls but also the energy and
wall collision rate of those that do. As a result of the increased depth of the potential well and a longer UCN storage
lifetime, large gains in UCN density can be expected. In addition, SuperSUN will become an intrinsically polarized
UCN source without the need to polarize the incident cold neutrons [44]. To avoid non-adiabatic transport of the
neutron polarization, which would lead to the loss of UCNs, a weak longitudinal field will be generated by a thin-
layered solenoid between the converter and the octupole magnet. Moreover, the extraction system will be modified
to avoid losses due to depolarization in the stainless steel guides.

4. Status and outlook

SuperSUN was designed based on the prototypes SUN-1 and SUN-2, to convert the cold neutrons from the
H523 beamline into UCNs using superfluid helium at temperatures below 0.6 K. The main improvements from the
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prototypes are (1) the use of an undeflected, primary cold neutron beam, (2) a more efficient heat exchanger, (3) a
larger conversion volume including a m = 3 supermirror, and in its phase II configuration (4) the superconducting
magnet around the conversion volume.

SuperSUN in its phase I configuration was fully assembled at its H523 beam position in 2021 and cold neutrons
were delivered into the running cryostat with a B4C aperture blocking all but 8% of the beam. Prior to this test, a
stable base temperature of 0.46 K was achieved on the 4He-side of the heat exchanger in an offline configuration
without heat loads from the extraction system or the conversion volume. However, the lowest converter tempera-
ture that could be achieved in the full configuration was 0.97 K. Since the flow-limiting fixed impedance of the 3He
cooling circuit had not yet been optimized, the cryostats were warmed up with the goal of changing it to deliver
higher cooling power and reach lower converter temperatures. However, during the warm-up process, an uncon-
trolled pressure difference resulted in damage to the converter vessel, which is being addressed by the addition of
passive equalization valves. Due to this event, the neutron commissioning of the source was postponed to the next
reactor cycle of the ILL (currently planned in early 2023). For the phase I configuration of SuperSUN, a density
of 330 cm−3 and a storage time constant of 200 s (i.e., equal to or better than the values obtained for SUN-2) are
expected [39]. These numbers are compared with those obtained for SUN-1 and SUN-2 in Table 1.

Lower temperatures were subsequently achieved after identifying and repairing a superfluid leak in the UCN
extraction system and conversion volume. Tests were performed with the conversion volume disconnected, and the
extraction system sealed at the UCN box entrance (but still in thermal contact), which corresponds to a “worse”
situation than the tests with the SUN-2 heat exchanger mentioned in Section 2. They demonstrated a temperature
of 0.60 K with a heat load of 100 mW applied at the bottom of the conversion volume. We expect that this will be
sufficient to maintain a temperature of 0.6 K in the presence of all heat loads in the running configuration.

The superconducting octupole magnet for SuperSUN phase II is currently under construction in Spain by Elytt
Energy [10]. A picture of a mock-up coil set, sectioned to inspect the winding pattern, is shown in Fig. 3. Quench
training of the final coil set is presently planned to take place at CERN in summer 2022. This would enable the
start of the commissioning of SuperSUN phase II, at earliest, in 2024.

SuperSUN’s first user PanEDM [39] aims to measure the permanent electric dipole moment of the neutron.
This requires the delivery of as high as possible a UCN density into the PanEDM storage cells, followed by a
measurement period on the order of 200–300 seconds. Optimizing the duty-factor of the source is nontrivial:
waiting for full source saturation reduces the overall time-averaged rate of data collection, since the measurement
period will be short in comparison to the timescale for complete source saturation. On the other hand, a sufficient
UCN density must be built up before a measurement can begin. We expect that the full turnaround time between
successive measurements will be on the order of 400 seconds, implying that a new population of UCNs can be
built up in the source while PanEDM is still measuring with UCNs from the previous filling cycle.

This type of in-beam source could be implemented at the European Spallation Source, exploiting a bright cold
beam with large cross-section. One could envision a converter vessel and beam with significantly larger diameter,
which in addition to increasing the total rate of UCN production would reduce the impact of wall losses for both
UCNs and cold neutrons, and reduce the impact of dilution losses for UCN extraction to an external volume.
Provided that losses due to up-scattering and absorption on 3He are controlled to the needed levels, the reduction
of wall losses becomes the principal means by which longer UCN storage lifetimes can be achieved. With a larger
diameter, there is also more space for the superconducting magnet which could have, for example, a higher number
of poles in order to increase the saturated UCN density by providing access to a larger phase-space volume for low-
field-seekers [44]. The cost for these benefits is a larger cold mass and volume, with corresponding challenges to
reduce the impinging heat load and supply the necessary cooling power.
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