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A high-intensity ultracold neutron source (UCN) is being created at the NRC ,,Kurchatov Institute®— PNPL It is
going to be placed at the PIK reactor, for scientific research in the field of physics of fundamental interactions. The
UCN source will use superfluid helium, which will make it possible to achieve a UCN density of 2.2 - 10* cm ™. To
achieve these parameters, the commercial helium used as a converter has been purified from the helium-3 isotope
by 3 orders of magnitude. Due to this it became possible to increase the neutron storage time in helium from 3.1
to 38.6 s. The helium was purified using a superleak filter made of pressed Al,O3; powder. As a result of this work,

43 m® of isotopically pure “He was produced and stored
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Introduction

Ultracold neutrons (UCN) are used to study the physics
of fundamental interactions. Because of their small en-
ergy — about 10~7eV — these neutrons have a unique
feature — they can be stored in enclosed material and/or
magnetic traps [1,2]. This feature enables to study the
properties of the neutron itself. Currently, experiments are
being conducted using UCN to search for the electric dipole
moment (EDM) of a neutron [3] and measure the lifetime
of a free neutron [4].

The accuracy of experiments using UCN largely depends
on the power of sources of this type of neutrons. For
over half a century of the experiments with UCN, many
different UCN sources have been provided, which made
it possible to increase the neutron density by 8 orders
of magnitude [5]. The main method of producing high
UCN fluxes was the use of a low-temperature converter:
beryllium at 20K, liquid hydrogen or deuterium at 20K,
solid deuterium at 5K.

Today high UCN densities may be realized with the
use of solid deuterium [6-7] or superfluid helium [8-10].
Solid deuterium is used primarily in the so-called spallation
neutron sources, mainly because of the possibility of
deuterium cooling in the absence of heat influx from the
neutron beam. UCN source based on superfluid helium
is good for stationary neutron sources, where large UCN
densities can be generated in a constant neutron flux in the
absence of absorption in superfluid helium.

In 2020, it started implementation of a program for
creating the instrument experimental base for the PIK

reactor [11]. The PIK reactor is one of the world’s most
powerful high-current neutron sources. Maximum design
thermal capacity of the reactor is 100 MW. A project to
create a high-flow UCN source based on superfluid helium
has been proposed and is currently being implemented at
this stationary reactor [12-14].

Although superfluid helium is transparent to UCN,
nevertheless, there are mechanisms in the source that
lead to losses o neutrons. In general, the storage time
of UCN in the source chamber can be estimated as
TU_CIN = T4I_{i +1, ' + 1+ 1!, where T4I_{i — losses in
superfluid helium due to the excitation of phonons and
rotons, 7, ! — losses due to interaction with the walls of
the source chamber, 7,,"! — losses due to the lifetime of
free neutrons, 7,7 ! — losses during neutron absorption by
impurities contained in superfluid helium.

According to [15], to estimate the influence of possible
interactions at a temperature below 1.95K the dependence
b = BT, may be used where B ~ 7.6 - 1073 s 'K~7 —
double-phonon scattering coefficient. Thus , at T =1.1K
Ty = 68s.

Losses when interacting with the walls of the source
chamber can be estimated as 7, = 77/§, where 7; is the time
between two impacts, and § = 3 - 10~ is the probability of
UCN losses when interacting with the wall of the source
chamber with sprayed *®Ni. For our UCN source chamber
configuration we getr,, = 0.032/3 - 10~% = 107s.

Determination of the lifetime of a free neutron is still
the subject of a number of experiments, including those
planned for PIK reactor. However, according to PDG this
value makes 1, = (878.4 +0.5) s [16].
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The only source of neutron absorption in the superfluid
helium is helium-3 isotope which is naturally found in
commercial A helium. Despite the fact that the share
of isotope’He in commercial helium is very small —
about 107® percents, UCN absorption cross-section
by helium-3 is very high. The thing is that the cross
section of any nuclear reaction caused by sufficiently
slow neutrons is inversely proportional to their velocity
(this ratio is called the ,law 1/v “). Thus, for UCN
0abs(UCN) = (5300 barn - 2200 m/s)/6 m/s=1.94-10° barn,
where 5300barn — absorption cross-section for thermal
neutrons, and 2200 and 6 m/s — velocities of thermal and
ultracold neutrons, respectively.

Thus, absorption losses in *He may be estimated as
7, = Noaps(UCN)v(UCN), where N = 2.5 - 10%®R3pge —
nuclear concentration of *He in the chamber, [m~3], and
Rspge — share of helium-3 in the mixture (absolute). Hence
we have: 7, =3.4sat R=10"%; 1, = 344s at R=10"1¢;
Ta = 34000s at R = 10712,

Summarizing all of the above, we have the following
estimate of the lifetime of UCN in the UCN source
chamber:

o Tycn = 3s for R=1078;

e TycN = 35s for R=10"19;

e Tycn = 40s for R= 1012

It becomes obvious that it is impossible to use natural he-
lium for fabrication of UCN, since the presence of helium-3
isotope in it leads to the loss of most of the neutrons. For
the effective operation of UCN source, commercial helium
shall be purified from *He by 2—4 orders of magnitude
from the initial value. Further purification of helium does
not make much practical sense, since the losses associated
with heating the UCN in helium at a temperature of 1.1K
are prevailing.

1. Superleak filter

Commercial helium on the market contains two isotopes:
*He and “He. These two isotopes have extremely low
boiling points at atmospheric pressure: 3.19K for *He
and 4.22K for “He. In general, in the liquid phase, they
manifest themselves as ordinary liquids with low viscosity,
but at a temperature of 2.17K, the liquid “He undergoes
a transition to the so-called superfluid state. It is worth
noting that helium-3 is also capable of transitioning to a
superfluid state, but for it the thermophysical parameters of
the transition are more difficult to achieve: at a pressure
of 34kPa transition occurs at a temperature below 2.6 mK.
Thus, at temperatures of 1-2K, only helium-4 isotope is in
the superfluid state, while helium-3 is in the normal state.
The method of isotopic purification of helium using a so-
called superleak filter (superleak) [17] is based on this fact.

The superleak filter is a steel cylinder with pressed
ultrafine aluminum oxide powder with a fraction of 50 nm.
At the same time, the filter turns out to be so dense that it
passes only the superfluid component of helium through

Figure 1. Pressing of one layer of Al,Os.

itselft Thus, by installing a filter in front of a certain
container and directing helium flux at a temperature of
1—-2K through it, we can fill the container exclusively with
isotopically pure helium-4 (IPH).

The superleak filter was made by layer-by-layer pressing
of small portions of powder inside a thick-walled cylindrical
stainless steel case (12X18H10T) with an outer diameter of
22mm and a height of 79 mm. The pressing of powder in
thin layers (height 2—3 mm), combined with a step-by-step
density control in the layer was aimed at ensuring uniformity
of the filter density in height. Here, the filter diameter was
8 mm.

A typical operation for pressing a single layer is as
follows: the mass and height of the clogged filter are
measured, the filter is placed on a pallet and filled with
powder Al,Os3, the powder is pressed by a hydraulic press
with a force of three tons (Fig. 1), the measurement is
performed the weight and height of the filter after pressing.

This cycle is repeated until the case is completely filled
with powder. As a result of fabrication of the superleak
filter, 24 operations were performed to press aluminum
oxide powder into it. The average density of aluminum
oxide layers in the superleak filter was (2.39 + 0.08) g/cm?.
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Figure 2. Schematic diagram of the setup (comments in the text).

2. Process system for buildup
and storage of IPH-4

A schematic diagram and a photo of the experimental
setup for the production time of IPH are shown in Fig .2, 3,
respectively. A two-liter container / with a superleak filter 2
installed using an indium seal is placed inside the helium
bath of the cryostat 3. The helium bath 3 is surrounded by
a heat shield 4 filled with liquid nitrogen. The radiative heat
flow to liquid helium from the warm cryostat lid is reduced
due to the multilayer thermal insulation 5. Control and
measuring devices (instrumentation) consisting of helium
NbTi level gauge AMI and CERNOX CX-1030-AA thermal
sensor —6 and 7 were introduced into the cryostat tank and
bath, respectively. In addition to sensors, a heater is installed
in the tank — TBO resistor with a resistance of 100 2. Liqg-
uid helium is supplied and vapor is discharged using a cryo-
genic pipeline 8. Two turbomolecular pumps are connected
to the cryostat: for pumping out the vacuum casing of the
cryostat and for pumping out working helium volumes 70.
The temperature of liquid helium declines from 4.2 to 1.3K
due to pumping of helium vapor using vacuum pump
system EDWARDS HV30000 with a total capacity of 3 g/s.
RD-10 receivers with a volume of 10 m? each are connected
to the system for collection and storage of IPH 2. Before
starting operation, the receiver is pumped out to a pressure
of 0.2Pa. The scheme below also shows basic manual
valves: V1, V2, V3, V4 and pressure sensors P1, P2, P3, P4.

In general, the point is that the pre-pumped tank /7 is
located in a bath with superfluid helium 3 and is filled
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with isotopically pure helium-4 through the superleak filter.
Further this helium may be evaporated and directed to
receivers RD-10.

Further in the text, the tank with an isotopic
purehelium-4 [ will be called SOURCE, and the cryostat
bath 3 — HEX.

3. Obtaining of IPH

3.1. Preparation

Previously, the receivers RD-10, SOURCE, HEX
and communicating pipelines are pumped out to
P2 = P3 = 0.2Pa using a turbomolecular pump /0. The
vacuum case of cryostat is pumped out to P4 = 0.02 Pa.
Next, liquid nitrogen is poured into the nitrogen screen and
maintained at a maximum level throughout the experiment,
which cools the cryostat’s heat shield to 80K. After
pumping out of HEX/SOURCE is stopped (having closed
V1/V2) 301 of pure helium is poured into HEX tank.

3.2. Filling of receivers up to P = 90Pa

When the helium vapor pumping system is turned on /1,
the temperature of helium in HEX tank decreases to 1.3K.
When crossing A-point (at T =2.71K) a component of
the superfluid helium starts to emerge in HEX. The
superfluid helium, passing through the superleak, enters a
highly pumped tank with a pressure below the pressure of
saturated helium vapor. As a result, this helium instantly
evaporates and its vapors cool the thermal sensor, which is
located directly at the outlet of the superleak filter. This
is detected by the temperature sensor in SOURCE tank—
decline from 80 to 2—4 K. After 40 min, the temperature
in HEX is detected at 1.23K, and the level gauge shows
an increase in the level of liquid helium in SOURCE. The
pressure in SOURCE at this time is P2 = 90Pa, which
corresponds to the pressure of saturated helium vapor
at 1.21K. Thus, at the moment when pressure in the
receivers is compared with pressure of saturated vapor at the
current temperature of helium, the process of accumulation
of liquid helium in SOURCE begins.

3.3. Filling of receivers up to P = 52.5kPa

According to theoretical concepts, confirmed by numer-
ous experiments, the flow of helium through a superleak
filter is possible under the influence of a temperature
gradient (thermomechanical effect). At small gradients, the
filter performance is described by the linear dependence
of the mass flow on the released power m= %, where
m — mass flow, Q — released power, T — temperature
of liquid helium, S — its entropy at a temperature of T.
When a certain critical value Q is reached, depending
on the individual characteristics of the filter, a subcritical
(turbulent) mode occurs. At the same time, there is an
increase in the flow rate m with higher Q, associated
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Figure 3. SOURCE vessel (in the left) and cryostat for obtaining IPH (in the right).

with the achievement of a critical velocity of the superfluid
component in the filter pores.

After liquid helium began to appear in SOURCE, a
heating power of 1—12.5W is applied to the heater in
the tank. Under the influence of thermomechanical effect,
helium flows from HEX to SOURCE, where, due to
the same thermal load, it evaporates and fills the RD-
10 receivers. In our case helium flux doesn’t depend on
the amount of heat load — thus we are dealing with a
supercritical superleak operation. The helium flux through
this filter was 1.25 g/s, which, with a filter diameter of § mm,
corresponds to a specific flow of 2.5g/(cm?s).

The system operation schedule during the first launch and
the operating time of the first IPH are shown in Fig. 4. The
readings from the level gauges are limited by the sensor
length — 35cm.

According to the Langmuir model, the gas flow
during condensation is determined by the expression
Geon = \/%%Akl where P — pressure above the liquid
surface, A — surface area of helium, T — temperature of
helium, M — molar mass of helium, N5, k, R — physical
constants. The vaporized gas flow is Ggy, =TI - Qneater,

where r is the heat of helium evaporation, and Q is the
power on the heater. To fill the receivers, it is necessary
that Gg, > Geon, Otherwise the reverse process occurs —
condensation of helium from the receivers into SOURCE.
When the receivers are filled, the pressure P2 in the system
rises, and for further evaporation of helium, it is necessary
to increase the power on the heater. Heat is removed from
the SOURCE through a limited surface area in the HEX,
where this heat is removed by pumping out helium vapor.
Accordingly, an increase in the heater power leads to a
rise in the temperature of helium in the SOURCE. At a
certain power, the temperature rises above A- point, which
leads to ,closure of the” superleak filter — there is no

superfluid component in helium. In our case it occurred
at Q= 12.5W and P = 52.5kPa.

3.4. Filling of receivers up to P = 107.5kPa

When pressure in the receivers reached P = 52.5kPa,
it was impossible to simultaneously supply helium from
HEX to the SOURCE and vaporize this helium from the
SOURCE to the receivers. In this regard, it was decided to
switch to a two-stage mode of filling the receivers:

Technical Physics, 2025, Vol. 70, No. 6
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Figure 4. First IPH in receiver RD-10.
1) receivers RD-10 are isolated from the SOURCE Mass Spectrometer (Thermo Scientific, USA). The

by closing V4. Helium from HEX is poured into the
SOURCE by means of thermomechanical effect at low Q
on the heater;

2) V4 opens and the heater power rises to Q = 12.5W.
Helium starts to evaporate from SOURCE into receivers.
Helium temperature in the SOURCE rises higher than
271K — superleak filter ,closes, helium from HEX
doesn’t go to the SOURCE;

3) return to the first clause: the gate V4 closes and the
heater thermal load reduces. Temperature in the SOURCE
decreases below A-point, the superleak filter,,opens®, and
helium from HEX goes to the SOURCE.

As a result of nine such iterations, the receivers were
filled with isotopically pure helium to a pressure of
P3 = 107.5kPa. The total number of IPH makes 43 m?>.
The last 4 iterations (filling/evaporation of helium to/from
SOURCE) are shown in Fig. 5.

In our case, it was not possible to replenish helium HEX
during filling of the receivers. For filling, standard helium
liquefier Linde L-280 is used operating at a pressure of
0.12MPa, while a pressure of saturated helium vapor of
the order of P2 =200Pa is maintained during filling of
the receivers in HEX. Thus, after helium in HEX ran out,
we stopped work, closed the receivers and started over:
we pumped out the SOURCE and HEX, poured helium
into HEX. To get 43 m? of IPH we required 6 iterations. In
total 1761 of liquid helium was poured into HEX.

4. Analysis of helium obtained during
operation

IPH was analyzed in the FSBI ,llyichev Pacific
Oceanological Institute” using HELIX SFT Static Vacuum

Technical Physics, 2025, Vol. 70, No. 6

dependences of current of the Faraday detector (FD) and
current of the electron multiplier (EM) were registered
during measurement of samples of commercial helium (CH)
and IPH (Fig. 6). The numbers on the graph show the ratio
of peaks R34 = *He/*He, taking into account the efficiency
of detecting EM ions *He &= 0.82. For commercial
helium the isotope ratio Ry = 1.52-107% (0 =6.5%)
was obtained which corresponded to the atmospheric ratio
Ra = (*He/*He)/ (*He/*He)am = 0.011.

The total averaging curve of several peaks (thick line)
and the current scan (thin light line) are shown for the
IPH (Fig. 6, right). To improve sensitivity, the IPH sample
was increased by an order of magnitude in volume, and to
measure low ion counting rates *He, the integration time
was 67s with a very long total sample analysis time —
more than 240 min. Each of these parameters and minimal
background and very long static operation time are provided
by the unique characteristics of our MS. A further increase
in the size of IPH sample leads to a complete overlap of
3He™ peak with the center of mass 3.016 u by the left edge
of the growing combined peak (HD" + Hj) and loss of
resolution.

The ion current *He™ = 9292 - 58 ~ 539000 fA due to
an overload of FD at a current of more than 50,000 fA was
estimated by repeated measurement of 1/58 of the fraction
of helium contained in the mass analyzer.

The time course of the measurement of 3He ultrapure
helium (Fig. 7) shows that almost all *He recorded in
MS occurs in the flow during measurement, and the
probable value of current *He in IPH sample at the time
of admission in MS is ~ 10-107%fA, and isotopic ratio
R34 = 107°/539000/0.82 = 2.26 - 10~!1 (5 times lower
than the current of the averaged signal *He = 50 - 107° fA
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Figure 6. Analysis of helium on mass-spectrometer HELIX SFT (in the left — CH, in the rights — IPH).

in Fig. 6, which corresponds to the value R3s = 1.1 - 10719).
Our mass spectrometry method for measuring low isotopic
ratios of helium will be described in more detail in a
separate article, which is being prepared for publication.

Thus, the content of 3He in purified helium is 2 - 1011,
which gives 7, = 1718 s, which is significantly higher than
the storage time of a free neutron. The lifetime of UCN, in
its turn, will reach 7ycn = 38.6s.

Conclusion

A new source of UCN for the PIK reactor based on
superfluid helium required the development of technology
and the creation of a complex for purifying commercial

helium from isotope impurities *He. The technology used
the feature of the flow of only superfluid component of
helium through a superleak filter made of pressed powder
Al,O3. Helium was purified at a temperature of 1.3K —
significantly higher temperature 2.6 mK, at which *He starts
to transform into superfluid phase.

A superfluid filter made of pressed powder Al,O3; showed
a high degree of purification of commercial helium from
helium-3 isotope. It was used to prepare and pump 43 m> of
isotope-pure “He. The analysis of helium from the receivers
on a mass spectrometer showed that the value of *He was
reduced by 3 orders of magnitude: from 107 to 2- 10~!1.
The lifetime of neutrons in purified helium is estimated
at 39s, while in commercial helium this value does not
exceed 3s.

Technical Physics, 2025, Vol. 70, No. 6
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Figure 7. Time measurement of *He IPH.

This isotopically purified “He will be used for a new
source of UCN based on superfluid helium in PIK reactor.
The isotopic purity of helium will significantly increase the
lifetime of a neutron in the source and achieve record UCN
densities in experimental facilities up to 200 cm™—3.

A superleak filter manufactured using our technology and
helium isotopic purification system will be included in the
technological complex of UCN source at PIK reactor to
replenish the supply of “He in the future.
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