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SuperSUN, a new superthermal source of ultracold neutrons (UCN) at the Institut Laue-Langevin,
exploits inelastic scattering of neutrons in isotopically pure superfluid 4He at temperatures below
0.6K. For the first time, continuous operation with an intense broad-spectrum cold neutron beam is
demonstrated over 60 days. We observe continuous UCN extraction rates of 21000 s−1, and storage
in the source with saturated in-situ density 273 cm−3. The high stored density, low-energy UCN
spectrum, and long storage times open new possibilities in fundamental and applied physics.

Introduction—Ultracold neutrons (UCN) provide a
route to high-precision experiments via long holding
times [1–3]. Precision measurements and searches for
new physics are thus possible with relatively small num-
bers of stored UCN, including measurements of the neu-
tron’s permanent electric dipole moment (EDM) [4] and
lifetime [5], angular correlations in β decay [6], bound
states in Earth’s gravity [7, 8], tests of Lorentz invari-
ance [9, 10], searches for axion-like new particles [11],
and limits on the oscillation of neutrons to other neu-
tral particles [12]. Nevertheless, low statistics has been
a longstanding challenge for fundamental UCN science
and a major obstacle to applications. We present the
first full implementation of a nearly 50-year-old concept
to resolve this challenge [13], following many proof-of-
principle demonstrations [14–22].

We distinguish two categories of UCN source: “flux
sources” delivering a high particle current, and “density
sources” characterized by high numbers of stored neu-
trons per unit volume. High densities are achieved by
equilibrating high UCN production rate densities against
low total loss rates. Since production and loss are energy-
dependent, the energy spectrum of stored UCN at satu-
rated equilibrium can vary greatly between sources and
different operating conditions. This also impacts UCN
storage and transfer [23]: because low-energy UCN are
less affected by important loss channels, long time con-
stants are characteristic of soft UCN spectra. Techni-
cal details such as material choices and mechanical tol-
erances strongly impact UCN loss.

Superfluid helium is the only production medium
within which UCN loss can, in principle, be arbitrar-
ily reduced to approach the natural limit imposed by
β decay. The dominant UCN production channel is

“conversion” of a cold neutron with 0.89 nm wavelength,
which transfers nearly its entire energy and momentum
to the superfluid by creating a single phonon. The known
UCN production cross-section and wavelength depen-
dence [17, 24] result in an approximately isotropic dis-
tribution of wavevectors k [25], and a differential energy
spectrum scaling as

√
EdE ∝ |k|2d|k| [13]. Absorption

losses are entirely absent in 4He, while 3He is a strong
neutron absorber. Up-scattering out of the UCN energy
range is negligible at temperatures T ≲ 0.6K [26].

FIG. 1. Diagram of SuperSUN, indicating the main neutron-
handling elements. A 90◦ bend in the horizontal extraction
guide, before the VAT shutter and out of the plane of the
page, displaces the vertical guide leading to the detector out
of the path of the cold neutron beam.

We report initial measurements of superthermal UCN
production from the SuperSUN source at the Institut
Laue-Langevin (ILL) in Grenoble [27]. After briefly de-
scribing the apparatus, we characterize UCN buildup
within the source, loss of UCN during holding (in-situ
storage), and performance in the continuous “open con-
verter” extraction mode. Total UCN production at satu-
ration is 4.5 times that of a prototype source at the ILL
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FIG. 2. Example data for two operating modes. Left (black
data series): UCN accumulate for 1500 s in the closed con-
verter, after which the cold neutron beam is shut off and the
UCN extraction valve opens. The total number of extracted
UCN equals the shaded area under the peak: 3.88×106. Right
(blue data series): a lower, but steady, rate of 2.1× 104 s−1 is
continuously extracted from the converter by fixing the UCN
extraction valve open during beam delivery. After a chosen
interval (600 s) the beam is shut off.

[28, 29], exceeding earlier demonstrations by a factor 14
[19, 21] and achieving the largest UCN density stored and
measured to date.

Apparatus—Figure 1 shows a diagram of SuperSUN.
The cold neutron beamline H523 originates in a liquid
deuterium moderator, and terminates at the UCN source
[29]. Gammas and short-wavelength neutrons are sup-
pressed by a strongly curved guide made of m = 1.2
supermirrors [30]. A final guide section with m = 2.5
and a tapered octagonal cross section [31] adapts the
rectangular guide to the circular cross-section of Super-
SUN’s converter, which is transversely bounded by a 3m
long replica-type guide [32, 33] of 74.4mm inner diame-
ter. The replica guide consists of a laser-cut, rolled, and
laser-welded Ni foil ∼ 150µm thick, with a m = 3 su-
permirror coating on its inner surface consisting of about
600 layers. Cold neutrons enter the converter through
a 1 mm thick beryllium window, at which position the
differential flux at 0.89 nm is 2.7 × 109 cm−2 s−1 nm−1.
Guiding increases the mean cold neutron path length in
helium nearly an order of magnitude, to maximize UCN
production at high density. Neutrons escaping through
the replica foil are absorbed in 0.2 mm of metallic Gd
before reaching the wall of the surrounding superfluid
vessel. The converter volume is filled with superfluid
4He via a packed-alumina superleak [34, 35], reducing
3He contamination. To reduce UCN loss the cylindrical
guide wall is coated with the fluoropolymer CYTOP [36],
with neutron optical potential 115 neV and loss factor

η ≤ (2.7± 0.2)× 10−5 at 10 K [37]. A beryllium-coated
aluminum junction box couples this guide to a vertical
extraction system. A second beryllium window, through
which cold neutrons exit the converter, closes its down-
stream side. The circular extraction aperture is sealed
during UCN accumulation and storage by a diamond-
like carbon (DLC) coated aluminum disk. A linear ac-
tuator lowers this disk valve to release stored UCN for
experiments, the free superfluid helium surface remain-
ing below its range of motion. UCN leaving the helium
can exit the converter through 50mm diameter polished
stainless steel guides, passing two 90◦ bends that incor-
porate Ge windows coated with deuterium-enriched DLC
[38]. These windows reflect UCN while transmitting in-
frared thermal radiation out of the extraction guide, low-
ering the heat load on the converter. To reduce UCN loss,
mechanical gaps are minimized, nominally 0.1mm or less
for all neutron-optical components.

A recirculating 3He evaporation refrigerator absorbs
heat delivered to the converter via mechanical supports,
thermal radiation, and absorption of cold neutrons. Su-
perSUN operates at 0.56K with the beam shut off. The
cold neutron beam adds 20-25 mW heating for nomi-
nal beam flux, increasing the converter temperature by
about 30mK and the (still negligible) loss rate of UCN
via upscattering by 40%. Thermal screens and internal
liquid helium reservoirs are cooled by three cryocoolers
(Sumitomo RDK-415D). Liquid helium is filled from a
dewar into a 100-liter internal reservoir, and cooled to
superfluid by pumping a separate “1 K pot”. A finned
heat exchanger at the bottom of the 3He pumping col-
umn is used to cool purified 4He at the point where it
arrives in the converter. SuperSUN is brought into op-
eration within 8 days and operates continuously for full
reactor cycles, typically 7-9 weeks, with the liquid helium
reservoir refilled weekly.

Characterization—We establish accumulation and
storage properties of the converter, and UCN production
rates for two different operation modes: accumulation
and open converter. Data illustrating these modes are
shown in Fig. 2. After a 60 s background measurement
(background rates are in fact negligible), the cold neutron
beam was opened and UCN accumulated in the converter
for 1500 s with the extraction valve closed. The detected
leakage rate approached 80 s−1 at saturation, due to a
small monitoring hole drilled in the valve disk. The beam
was then shut off, and the extraction valve opened after
a 1 s holding delay. UCN then exited the source, gaining
18.5 neV by leaving the helium, and rising 28.5 cm from
the midline of the converter to the midline of the horizon-
tal extraction guide [39]. After exiting the source UCN
fell 82 cm in a vertical guide, exceeding the normal mo-
mentum needed to enter a DUNya-type 3He-based UCN
detector [40] through a 100 µm aluminum window. The
total number of UCN detected in the 2000 s counting in-
terval was 3.88× 106 without any corrections, within 5%
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FIG. 3. Detected UCN rate during an accumulation-mode
measurement with delayed extraction (i.e., storage without
UCN production). The background and accumulation inter-
vals are as in Fig. 2, followed by an 800 s holding period
with the cold neutron beam shut off and the extraction valve
closed. UCN are then extracted and counted for 2000 s. The
fit functions are defined in Eqs. (1)-(3).

of the design goal [28].

Open converter measurements can be understood as
a limiting case where UCN are produced continuously,
and loss from the converter is dominated by the steady
extraction rate. The detected continuous rate of 2.1 ×
104 s−1 thus equilibrates the (constant) total production
rate in the converter against the depletion resulting from
UCN escaping.

Around 1575 s in Fig. 2 the peak event rate 6.3×104 s−1

includes pileup, where a single detection event represents

FIG. 4. Variation of fit parameters (a) with accumulation
time for fixed th = 0 s, and (b) with holding time for fixed
ta = 1500 s. The fit functions are defined in Eqs. (1)-(3), and
error bars are from unbinned fits.

more than one neutron. We apply pileup corrections, up
to event multiplicity four and totaling less than 10% for
the highest rates, to obtain time constants for accumu-
lation and storage, i.e., for fits to data and throughout
Figs. 3-5. Corrections are not applied to our values for
total UCN output or density, which are therefore conser-
vative. The converter’s 14.2-liter volume gives the satu-
rated UCN density in-situ as 273 cm−3. To our knowl-
edge this is the highest stored UCN density of any mea-
surement to date.
Storage properties of the converter were studied by in-

dependently varying the accumulation and holding inter-
vals, respectively ta and th. The UCN extraction valve
was open only during the counting periods, of duration
tc = 2000 s, and the cold neutron beam was present
only during accumulation. As shown in Fig. 3 for one
example, each phase of the measurement displays a char-
acteristic trend of the detected UCN rate. In each phase,
unbinned data are fit to a probability density model using
maximum-likelihood estimation (MLE). The fit lines for
binned data shown in Fig. 3 are obtained by scaling the
MLE probability densities by the factor N∆t, where N is
the total number of events in that phase and ∆t is the bin
width. Fits are performed setting t = 0 at the beginning
of each measurement phase. We emphasize that these
models are essentially phenomenological: strictly speak-
ing, in each spectrum there is a distinct time constant
for each UCN energy.
A saturation model with one time constant is used for

the accumulation phase,

fa(t; τ1) =
1− e−t/τ1

ta − τ1(1− e−ta/τ1)
, (1)

where the denominator ensures
∫ ta
0

fa(t)dt = 1 and ta is
the duration of accumulation as shown in Fig. 3. For the
holding phase a normalized single-exponential is used,

fh(t; τ2) =
e−t/τ2

τ2
(
1− e−th/τ2

) . (2)

A sum of two exponentials is used for the counting phase:

fc(t; c, τ3, τ4) = c
e−t/τ3

τ3
+ (1− c)

e−t/τ4

τ4
. (3)

Fit parameters follow the semicolons.
Figure 4 shows the impact of varying accumulation

or holding time, by plotting the fit parameters for each
phase (connecting lines are guides for the eye). The UCN
spectrum evolves during all measurement phases, due to
energy dependence of losses. We therefore do not expect
identical ensemble-averaged time constants for accumu-
lation and storage, although the same loss mechanisms
determine both. A trend towards longer time constants
with increasing ta or th also ensues, as the time-averaged
UCN loss probability increases monotonically with en-
ergy. The in-situ spectrum therefore becomes softer over
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time, leading to both lower ensemble-averaged loss rates
and slower extraction to the detector. Note that due to
fixing ta, variation of τ1 is not expected in Fig. 4(b).

FIG. 5. Variation of the total extracted UCN number with
the duration of holding (red, ta = 1500 s) or accumulation
(blue, th = 0 s) in the source. Error bars are smaller than the
data markers. Equations (4)-(5) give the fit functions.

It is instructive to plot total extracted UCN as a func-
tion of the holding or accumulation time, on a common
abscissa, as done in Fig. 5. For both cases the ordinate
represents an integral of the entire counting peak. To
compensate possible drifts of the cold neutron beam in-
tensity, each data point is scaled by the ratio of average
beam intensity during the accumulation phase to the av-
erage beam intensity across the entire data series. This
is a correction of at most a few percent, and typically
much less.

Equations (1) and (3) are adapted for fitting the dis-
crete data of Fig. 5. Representing each data point as
(ti, Ni), the bi-exponential fit function for holding is:

gc(t; c, τ3, τ4) =
fc(t; c, τ3, τ4)

∑
i Ni∑

i fc(ti; c, τ3, τ4)
. (4)

The higher-statistics data of the accumulation series now
require in addition a second time constant that we denote
τ ′1:

ga(t; a, τ1, τ
′
1) =

[afa(t; τ1) + (1−a)fa(t; τ
′
1)]

∑
iNi∑

i[afa(ti; τ1) + (1−a)fa(ti; τ ′1)]
. (5)

Here a is a weight parameter, analogous to c in Eqs. (3)
and (4). Overall normalization in Eqs. (4) and (5) is
fixed by the data. The fit results for storage are c =
0.17 ± 0.02, τ3 = 117 s ± 10 s, and τ4 = 414 s ± 9 s. For
accumulation, we obtain a = 0.42±0.03, τ1 = 131 s±7 s,
and τ ′1 = 410 s± 13 s.

Storage data later in the same reactor cycle gave
c = 0.20 ± 0.03, τ3 = 152 s ± 11 s, and τ4 = 427 s ± 10 s.

Given that the converter was warmed to 1K between
these measurement series, changing internal conditions
such as the superfluid level or concentration of 3He may
be responsible for longer time constants. It is not possi-
ble, on the basis of these phenomenological fit functions,
to distinguish underlying mechanisms.
Our measurements were intentionally performed with-

out a separation foil, and interspersed with repeated
monitoring measurements. These show compounding
losses of ∼ 3% per day in total UCN output. Based
on demonstrations already performed at the SUN-2 pro-
totype source [28, 29], a 0.5µm polypropylene foil is ex-
pected to reduce degradation to negligible levels at the
expense of 10% (static) reduction in total UCN output.
Discussion—UCN produced in 4He have very low en-

ergies [41], and high phase-space density. Apart from
SuperSUN, all full-scale UCN sources to date are flux
sources, with harder UCN spectra [42–44] and more di-
lute phase space. Soft spectra are highly advantageous
in storage experiments, complementing shorter and flow-
through type measurements at flux sources. Extracting
UCN enables external storage experiments, with signifi-
cant gains overcoming polarization and transport losses.
This approach is most advanced for a neutron EDM mea-
surement at SuperSUN (PanEDM), where 250 s measure-
ment duration and a 400 s repetition period enable reach-
ing 75% of the saturated maximum between fills. Sensi-
tivities projected from this performance can be globally
leading [28], and other storage experiments should profit
similarly.
For in-situ storage the full phase-space density of the

source is usable, achieving high statistics not presently
available from any other UCN source or production tech-
nology. We open the door to in-situ measurements with
further gains of an order-of-magnitude or more [45–47],
and novel possibilities such as storage of gravitationally
bound states for fundamental physics and applications.
Summary and outlook—We have reported first UCN

production from the new SuperSUN source at the ILL.
The effective time constants for accumulation are 131 s
and 410 s, while bi-exponential fits give 107− 163 s and
405− 437 s for in-situ UCN storage. Variation of fit pa-
rameters with accumulation or storage intervals is con-
sistent with expected evolution of the UCN spectrum.
The maximum number of UCN stored to date in-situ was
3.88 × 106, giving an uncorrected density of 273 cm−3.
This is the highest ever measured, and enables qualita-
tively and quantitatively new measurements with UCN.
The first use of the source will be supplying UCN to the

PanEDM neutron electric dipole moment experiment. A
second phase for SuperSUN will incorporate a supercon-
ducting octupole magnet, to generate a radial magnetic
gradient with the field reaching 2.1 T at the boundary
surface of the converter. This gives a deeper trap for
low-field seeking UCN, and increased loss for high-field
seekers [48]. Polarized UCN will therefore accumulate in
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the converter, and the extraction system and transport
guides will be modified to preserve UCN polarization.
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R. Gähler, W. Gläser, P. Ageron, J. Astruc, W. Drexel,
G. Gervais, and W. Mampe, A new source of cold and
ultracold neutrons, Physics Letters A 116, 347 (1986).

[43] G. Bison, W. Chen, P.-J. Chiu, M. Daum, C. B. Dooren-
bos, K. Kirch, V. Kletzl, B. Lauss, D. Pais, I. Rienäcker,
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