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Superfluid helium based ultracold neutron source for the PIK reactor
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The PIK reactor at NRC
”
Kurchatov Institute“−PNPI is going to be equipped with a high-flux Ultra Cold

Neutron (UCN) source for fundamental physics researches. The UCN source will use superfluid helium, which

will make possible to achieve the density of UCN 2.2 · 103 cm−3, that has not yet been achieved anywhere in the

world. The UCN source will be installed on the GEK-4 channel, which will make possible to obtain a low value

of heat influx to cryogenic vessels from reactor radiation. The heat removal from the UCN source vessel will be

implemented by using a heat exchanger. The calculated UCN density in the EDM spectrometer chamber at the PIK

is going to be 200 cm−3 , which is 20 times higher than the existing UCN densities in the world. For a new UCN

source based on superfluid helium, an extensive research program has been developed in field of the physics of

fundamental interactions, including the search for a nonzero neutron EDM, precision measurement of the neutron

lifetime, and search for mirror dark matter.
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Introduction

The experiments for investigating the properties of the

neutron itself require the neutrons to be as slow as possible.

When the neutron energy is below a boundary energy of

the substance, the neutron can not penetrate the substance

and it is reflected from the surface, thereby increasing the

residence time of the neutron inside an experimental unit.

The surface reflectivity of the ultra cold neutrons (UCN)

allows storing them in a closed material volume. The UCNs

can be also stored in magnetic traps of a complicated multi-

pole shape by interacting the neutron magnetic moment

with the magnetic field [1].

The fundamental physics applies the UCNs for measuring

the electric dipole moment and the lifetime of the neutron

itself. These studies were started in the 1970s in PNPI in

the WWR-M reactor to be continued in the ILL reactor,

and they were globally the most accurate [2] up to having

new results of searching the electric dipole moment (EDM)

of the neutron in PSI [3] and measuring the lifetime of

the neutron in LANL [4]. These experiments and planned

precision correlation researches of the neutron β-decay are

crucial for the physics of fundamental interactions: they

are correlated to solving the problems of Standard Model

(SM) when describing the CP violation and explaining

cosmological facts (baryon asymmetry of the Universe).

Presently, the interest to measurements of the neutron

lifetime is also large due to the fact that there is divergence

in the results of the UCN storage experiments and the beam

experiments [5,6]. That is why this scientific area (applying
the UCNs for studying the fundamental interactions) is

actively developing now.

The number of the cold neutrons can be increased by

passing the reactor neutrons through a cold retarder. The

low-temperature medium can have a portion of the UCNs

increased in dozens and hundred times. This method has

been already used for producing the UCNs for 50 years.

However, despite the active technological advancement,

there is still no significant progress in increase in the UCN

density for the last 30 years. The thing is that direct and

quite effective methods have been already utilized using

liquid hydrogen and deuterium at the temperature of 20K.

In 1986, the densities of several dozens of UCNs per a cubic

centimeter were obtained at the universal channel source

of the WWR-M reactor in Gatchina [7] and in the ILL

reactor in Grenoble [8]. The PNPI has also investigated the

methods of obtaining the high UCN densities using the solid

deuterium. This method of obtaining the UCNs using the

solid deuterium at the temperature of 4K was introduced

in PSI [9] and LANL [10].
The further progress requires alternative methods of

obtaining the UCNs, for example, using the superfluid

helium at the temperature of 1K. This method is based

on the effect of the UCN accumulation in superfluid helium

due to features of this quantum liquid [11].

1. Project of the UCN source at the PIK
reactor

It is not a new idea of creating the UCN source on

the PIK reactor. Essentially, it is its implementation that

started in the WWR-M reactor already at the beginning

of the 1980s. In this regard, the WWR-M reactor was

equipped with the universal channel for polarized cold and

ultra cold neutrons. The problem was to obtain experience
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in developing the sources of cold and ultra cold neutrons

and to extend the research program. The channel was

provided with a set of plants to investigate the neutron decay

and measure the electric dipole moment of the neutron.

In its essence, it was a prototype of an experimental

complex, which is planned to be realized now in the GEK-3

channel of the PIK reactor. Although, the researches in the

WWR-M reactor have obtained the most important results,

relevance of the set physical problems is still growing. The

new researches in the PIK reactor enable increasing the

measurement accuracy by increasing the neutron efficiency

and developing more advanced plants.

The UCN source based on the superfluid helium had

been already developed for the WWR-M reactor since 2005

to 2010.The reactor was provided with ideal conditions

for obtaining the maximum UCN capacity. On the one

hand, we have a core-adjacent thermal column of the

WWR-M reactor with a channel diameter of 1m. It can

be used to install thick gamma-radiation lead protection,

the graphite retarder, the liquid-deuterium pre-retarder and,

finally, the superfluid helium convertor of the 35 l volume,

therein. On the other hand, in order to realize the project,

the most state-of-the-art cryogenic and vacuum equipment

was purchased and put into operation: the L-280 helium

liquefier of the capacity of 80 l/h, the helium refrigerator

of the capacity of 3000W@20K, and the vacuum helium

vapor pumping system of the capacity of 3 g/s@50Pa.

The Monte-Carlo calculations of the UCN density for this

source show that it is possible to reach the UCN density

of 104 cm−3 [12] in the EDM-spectrometer trap, whereas in

the available UCN sources this density reaches the value of

about 10 cm−3. Thus, it is possible to obtain a gain factor

of 1000 times.

For the next ten years the WWR-M reactor had been

used to fully prove the technology of producing and keeping

the helium in a superfluid state under the constant influx

heat load. For these purposes, the cryogenic body of the

WWR-M reactor was equipped with the full-scale model

of the UCN source, which was subsequently started. The

experiments with the full-scale model of the UCN source

have provided real temperatures of the superfluid helium

under the heat load up to 60W [13], while the design value

of the heat load of the WWR-M reactor is estimated to

be 30W. The full-scale model was operated so as to get real

experience in handling the superfluid helium, and, most

importantly, it has experimentally proven the possibility of

keeping helium in the superfluid phase under the constant

reactor heat influx.

In 2020, it started implementation of a program for cre-

ating the instrument experimental base for the PIK reactor.

One of the main instrument complexes in this program was

a new UCN source designed to make investigations of the

physics of fundamental interactions.

The difference between the sources for the PIK and

WWR-M reactor (shown on Fig. 1 and in Table 1) is exactly
that the UCN source based on superfluid helium can be

placed on the PIK reactor only at the output neutron beam,

Table 1. Main characteristics of the UCN sources on the WWR-

M and PIK reactors

Parameter WWR-M PIK

Reactor power, MW 16 100

Averaged flux of cold

neutrons to HeII, cm−2
· s−1Å−1 3 · 1010 1.1 · 109

UCN density in HeII, cm−3 104 2.1 · 103

Parameters of the lead screen:

temperature, K 300 300

heat release, W 15 000 267

Parameters of the pre-retarder (LD2):
temperature, K 20 20

heat release, W 287 10.7

Parameters of the converter (HeII):
temperature, K 1.2 1

heat release, W 37 3.85

whereas the WWR-M reactor enables installation of the

superfluid helium chamber directly into the thermal column

at the core distance of 40 cm. At the same time, transition

from the thermal column to the output beam directly results

in loss of the initial density of the neutron flux in proportion

to a beam solid angle in relation to 4π.

This beam solid angle factor is about 10−4 at the

3m distance to the neutron source. It is extremely

difficult to compensate this factor. The thermal neutron

flux of the WWR-M reactor is 1014 cm−2
· s−1, while the

respective thermal neutron flux for the PIK reactor —
7 · 1014 cm−2

· s−1. Thus, in transition of the PIK reactor

to the UCN source diagram, the output beam losses four

orders of the value due to the beam solid angle. But it

can compensate only two orders of the value by the high

neutron flux in the PIK reactor.

The UCN output in the source can be increased by

reducing the temperature of superfluid helium, thereby

increasing the neutron lifetime in the UCN source chamber.

Since the total neutron flux to the UCN source chamber

will lower, the total heat release in the PIK project will

be by an order less than in the WWR-M reactor. The

heat influx reduction enables using a cooling diagram of

the UCN source chamber cooling diagram by means of

a heat exchanger, thereby eliminating mixability of the

isotope-clean helium with the natural one. Moreover, the

lower neutron flux in comparison with the WWR-M reactor

flux enables using the stainless steel as a material for

the UCN source chamber, thereby substantially facilitating

manufacturing of and adding the reliability to welded

structures.

The UCN source will be installed on the biggest one of

the available experimental channels of the PIK reactor —
the horizontal experimental GEK-4 channel of the diameter

of 220mm. The optimal arrangement of the GEK-4 channel
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Figure 1. Comparative diagrams of the UCN sources on the WWR-M and PIK reactors.

bottom is on the vertical axis passing through the core

center, as it is shown on Fig. 1. The niche of the

demountable biological protection shall be provided with

a channel of the 1000mm diameter, which follows the

geometry of the vacuum module of the UCN source. The

density of the thermal neutron flux at the channel output is

expected to be at 6.6 · 1010 cm−2
· s−1.

As in the WWR-M reactor project, the nose part of the

UCN source is adjacent to a flange of the GEK-4 channel

of the 3m length. The nose part should include the graphite

retarder, the low-temperature pre-retarder and the superfluid

helium neutron convertor.

The materials of the pre-retarder were considered to

be liquid deuterium and solid methane. The preliminary

calculations have shown that the liquid hydrogen pre-

retarder provides a substantially lower density of the 9 Å
neutron flux in the source at the same heat influxes, and it

will not be further considered. The work of optimization

of the UCN source has included the so-called inverse

diagram of the pre-retarder, which is shown on Fig. 2, b.

This diagram shows the low-temperature pre-retarder as a

reflector designed to return the retarded cold neutrons to

the superfluid helium chamber.

The calculations have provided the averaged densities

of the neutron fluxes within the helium volume and heat

influxes to the main elements of the UCN source. The

calculation results for optimization and selection of the pre-

retarder material are shown in Table 2. Using the solid

methane in the inverse diagram of the pre-retarder provides

for the density of the flux of the 9 Å neutrons, which is

higher by 65% than the liquid-deuterium pre-retarder in

the direct diagram. However, using the solid methane

is undesirable in terms of safety. Clogging the cavities

with solid methane can result in rupture of the structural

elements of the pre-retarder.

The low energy releases in the lead screen allow using

non-water coolants for cooling the structure. It has been

calculated that using the gas helium as the coolant will

increase the density of the flux of 9 Å neutrons in the source

in 1.5 times.
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a b

Figure 2. Direct (a) and inverse (b) diagrams of the UCN source.

Table 2. Calculations for optimization of the UCN source for the PIK reactor

Density of the flux Density of the flux Energy release Energy release Energy release

Pre-retarder of thermal neutrons, of the 9 Å neutrons, in the helium in the chamber of the pre- in the lead

cm−2
· s−1 cm−2

· s−1Å−1 chamber, W retarder, W screen, W

LD2, orto (the direct diagram) 6.6 · 1010 (±2.7%) 1.1 · 109 (±5%) 3.85 (±7%) 10.7 (±4%) 267 (±3%)

LD2, orto (the inverse diagram) 1.31 · 1011 (±2%) 8.7 · 108 (±5%) 4.64 (±4%) 9.3 (±4%) 251 (±2%)

sCH4 (the direct diagram) 3.1 · 108 (±18%) 6.0 · 106 (±20%) 1.83 (±15%) 11.1 (±10%) 260 (±6%)

sCH4 (the inverse diagram) 1.1 · 1011 (±2.4%) 1.5 · 109 (±3%) 5.53 (±5%) 13.7 (±4%) 262 (±3%)

GEK-4
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Figure 3. Diagram of the optimized UCN source. Explanations

are given in the text.

The optimum design of the nose part of the UCN source

for the PIK reactor is shown on Fig. 3. The main elements

of the nose part include:

1. Converter — the vessel with superfluid helium at the

temperature of 1K. The converter chamber is made of the

stainless steel of the 1mm thickness.

2. Heat exchanger — the vessel with the coolant (the
liquid natural helium at the temperature of 1.1K) for

removal of heat from the converter.

3. Pre-retarder — the pre-retarder is selected to be the

liquid deuterium, which substantially increases the number

of the 9 Å neutrons in the superfluid helium.

4. Reflector — the reflector is graphite designed to return

some number of the thermal neutrons back towards the

helium chamber.

5. Protective screen — lead of the 10 cm thickness

designed to protect the UCN source structures against the

gamma quantums.

6. Biological protection — aluminium blocks for pro-

tection against shot-through from the PIK reactor. The

aluminium was selected instead of iron to reduction acti-

vation of the structure, thereby substantially increasing a

repairability degree.

7. Biological protection of the PIK reactor.
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2. Research program on the new UCN
source

The UCNs play a key role in researches of the physics

of fundamental interactions by competing with expensive

researches on particle accelerators. The UCN sources

can be used to implement the extensive research program

for the physics of fundamental interactions. Today, there

are 9 science centers in the world, which plan creating

the experimental plants based on the UCN [8–10,12,14–
18]. The accuracy of these experiments is determined

by the UCN density in the experimental traps. That is

why the creation of the high-intensity sources is prioritized.

Nevertheless, for the last decades the UCN studies have

encountered a problem of the low density of the existing

UCN sources. Presently, the UCN density used in the

experiments is about 2−22 cm−3. Figure 4 shows the

experimentally measured UCN density, which is provided

by the leading UCN sources in the world [19].
The NRC

”
Kurchatov Institute“−PNPI is creating the

high-intensity UCN source for researches of the fundamental

physics. The source based on the PIK reactor will use the

superfluid helium, thereby obtaining the UCN density of

2.2 · 103 cm3, which has never been obtained globally. The

neutron-guide system of the UCN source can support the

studies simultaneously on the five experimental stations.

The initial stage of operation is planned so as to equip the

UCN source with the available PNPI experimental plants

for neutron EDM search and measurement of the lifetime

in the gravitational and magnetic traps [20]. Figure 5 des-

ignates these science stations as UCN1, UCN2 and UCN3,

respectively. These experiments have been simulated during

installation of the UCN source based on the superfluid

helium to the PIK reactor.

The gravitational spectrometer for measurement of the

neutron lifetime (UCN2) is a trap vessel for neutron storage,

which is made of the copper semi-cylinder of the 0.7m

radius and the 2m length, which is longitudinally cut. In
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Figure 5. Research program on the UCN source.

order to measure the contribution of an effective frequency

of surface encounters, the spectrometer uses modification of

the trap geometry — the so-called insert. The low neutron

absorption coefficient of the walls of the trap and the

insert is provided by coating the surfaces with a hydrogen-

free fluorine polymer (fomblin grease UT-18), which has a

low neutron capture section. The internal diameter of the

neutron guide leading to the UCN2 plant is 140mm. The

path to UCN2 includes two aluminium membranes of the

thickness of 100µm and the boundary velocity of 3.2m/s.

One membrane separates the UCN source chamber with the

isotope-clean helium from the neutron-guide system, while

the second one divides the vacuum in the neutron-guide

system and in the measurement volume of the spectrometer.

The chambers and the neutron guides have an 58NiMo

internal deposition with the boundary velocity of 7.8m/s

and the loss factor of 3 · 10−4.

The simulation was made for the plant designed with a

titanium absorber. The developed model specifies the real

geometry of the plant and describes the whole experimental

procedure. The surfaces of the trap, the insert and the

vacuum volume are coated with the polymer fomblin grease

UT-18 with the boundary velocity of 4.85m/s and the loss

factor of 8 · 10−6. The neutron reflections from the neutron

guide walls are chiefly mirrored, and the diffusion reflection

probability is 0.7%. When the UCNs are reflected from

the walls of the trap, the insert and the vacuum volume, the

diffusion reflection probability is 10%. The calculations have

shown that the gain factor in calculation of a plant detector

Technical Physics, 2022, Vol. 67, No. 6
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ter.

(for measurement of the lifetime in the gravitational trap for

the PIK reactor) is at least 16 times in relation to the ILL

reactor experiment.

The plant for neutron EDM search (UCN1) is designed

as a two-chamber magnetic-resonance spectrometer with the

reversible electric field. The spectrometer is characterized

by the two chambers available for UCN storage, which have

a common system of the magnetic fields, and equal electric

fields, which are oppositely directed.

The neutron guide for the EDM spectrometer has the

internal diameter of 140mm, leads straight from the source

to be elevated by 700mm just before the plant entry. Inside

the EDM spectrometer, this neutron guide is divided into

the two neutron guides, which lead to the two chambers for

UCN storage. The source chamber and the neutron guides

have an 58NiMo internal deposition with the boundary

velocity of 7.8m/s and the loss factor of 3 · 10−4 . The

spectrometer traps have the radius of 263mm and the

height of 76mm. The boundary velocity of the oxide

beryllium coating 6.8m/s and the loss factor of 1.2 · 10−4

ensure the neutron storage time at 100 s. The path to

UCN1 includes two aluminium membranes of the thickness

of 100µm and the boundary velocity of 3.2m/s. One

membrane separates the UCN source chamber with the

isotope-clean helium from the neutron-guide system, while

the second one divides the vacuum in the neutron-guide

system and in the spectrometer chambers. We discuss an

option, which has only one membrane installed at the UCN

source output. This case requires very cautious operation

of the neutron-guide system, as discharge of the atmosphere

into the neutron-guide system by any experimental plant will

mean discharge of the atmosphere into the working volume

of the EDM spectrometer.

Presently, the safety is prioritized for the UCN source

as a whole. It means that the chamber of the UCN

source is separated from the spectrometer by two foils.

The calculation results of Fig. 6 show that with the two

aluminium foils the UCN density in the EDM spectrometer

is 200 cm−3. The gain factor is 20 times in relation to the

ILL reactor experiment.

Conclusion

Development of a new technology for UCN production

is necessitated by the fact that currently there is no progress

in increase in the UCN density in the experiments of

the physics of fundamental interactions. The thing is

that currently, direct and quite effective methods have

been utilized using the low-temperature convertors, such

as liquid hydrogen or solid deuterium, and further progress

requires alternative methods of UCN production. The most

promising one of them is a method using the superfluid

helium as the converter of cold neutrons into the ultra cold

ones.

The new generation of the beam technologies with the

high UCN density will allow substantially advancing in

the issues of the fundamental studies. By using them,

it is assumed to improve the accuracy of neutron EDM

measurements by two orders and check predictions of the

super-symmetrical theories, which are one of the options of

SM expansion. Within these theories, the neutron EDM

is predicted to be at the level available for the planned

experiments. At the same time, the super-symmetrical

theories predict the baryon asymmetry of the Universe

at the observed level, which indicates that the proposed

options of the theory can be true.

The new UCN source on the PIK reactor can be installed

on the GEK-4 channel in the area of small heat influxes to

the low-temperature structures of the UCN source. The

optimization has resulted in selecting a diagram of heat

removal from the UCN source chamber by means of the

heat exchanger. The calculated UCN density in the EDM

spectrometer chamber on the PIK reactor is 200 cm−3 at

the UCN density in the closed source chamber equal to

2.1 · 103 cm−3. The gain factor for the UCN density in the

EDM spectrometer chamber is 20 times in comparison with

other sources, which presently exist.

In addition to the experiment for neutron EDM search, it

will be possible to install on the source up to five science

stations for the UCN investigations. Currently, an extensive

program has been developed for the investigations of the

physics of fundamental interactions, including search of the

non-zero neutron EDM and precision measurement of the

neutron lifetime.
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