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Simulation of the ultracold neutron source at the reactor PIK
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The paper presents the simulation of a complex of reserch with ultracold neutrons at the reactor PIK (Gatchina,
Russia). The complex is being built on the basis of a high-intensity source of ultracold neutrons at the channel

GEK-4. A Monte Carlo model has been developed, which includes a source, a neutron guide system and an

experimental setup for search for the electric dipole moment of a neutron, taking into account their real location in

the main hall of the reactor. Using the developed computer model the density of ultracold neutrons in the setup

was obtained, which is 200 cm−3 . It is 50 times higher than at the source at the Institut Laue-Langevin (Grenoble,
France). This density will allow to achieve a sensitivity of measurements in the experiment of 1 · 10−27 e· cm/year.
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Introduction

NRC
”
Kurchatov Institute“−PNPI is creating a complex

for research with ultracold neutrons (UCN) using the PIK

reactor [1]. The complex is based on a high-intensity

UCN source where superfluid helium is used. Neutrons

of very low energies (∼ 10−7 eV), called ultracold, are

unique because they can be stored in material and magnetic

traps [2–4]. This provides wide methodical opportunities

for precision experiments and study of fundamental physical

issues. The condition for neutron reflection from a trap wall

is vn < vb, where vn is the velocity vector projection onto

the normal to the surface, vb is the boundary velocity of

the wall material. Another important property of UCN is

their exposure to the gravitational field of the Earth and

movement along parabolic trajectories, the maximum lifting

height being limited by their energy. The possibility of

neutron storage in reservoirs was indicated by Ya.B. Zel-

dovich [5], and the first experiment for UCN extraction

from a reactor was carried out in 1968 at Joint Institute

for Nuclear Research (Dubna, Russia) [6]. UCN are being

currently widely used for basic research: for search of the

neutron electric dipole moment (EDM), for measurement

of neutron lifetime, for measurement of neutron decay

asymmetries etc. Accuracy of such experiments is limited

by statistics, therefore it is vital to develop new high-intensity

UCN sources [7].

The neutron EDM search experiment is related to the

general problem of the theory of elementary particles:

an adequate description of processes taking place with a

violation of the CP- and T-symmetry. EDM value in con-

temporary theoretical models arises in the first order in the

weak interaction and is approximately 10−26−10−28 e · cm.

The neutron EDM search was initiated in the 1950 [8].
The subsequent measurement history can be found in

Particle Data Group [9]. The best experimental limitation

on the neutron value at present is |dn| < 1.8 · 10−26 e · cm
(90% C.L.) [10]. Measurements on the PIK reactor

will be performed using a differential magnetic resonance

spectrometer with two UCN storage chambers [11]. A

Monte-Carlo-model of the experiment on the PIK reactor

has been developed to obtain the absolute value of UCN

density in the EDM spectrometer.

1. UCN sources based on superfluid
helium

The main element of the source is a chamber filled with

superfluid helium at the temperature of 1K, which converts

cold neutrons into UCN. The source is located on the beam

of the GEK-4 channel. Ultracold neutrons originate in

helium from cold neutrons having the wavelength of 9 Å.

Neutrons, whose velocity exceeds the boundary velocity

of the chamber wall coating, pass through the wall, while

UCNs are accumulated up to a density determined by

the time of storage in the chamber, and can be delivered

via a neutron guide into an experimental setup. Storage

time is determined by superfluid helium temperature and

coefficient of losses at neutron collisions with the walls.

Time of neutron storage in superfluid helium increases as

temperature decreases, and is 100 s at the temperature of

1K [12].
The results of calculations of achievable UCN density

in a closed chamber are given below. The chamber

has internal coating of 58NiMo with the boundary ve-

locity of 7.8m/s and loss coefficient of 3 · 10−4 . When

8(λ = 9 Å) = 1 · 109 cm−2s−1Å−1, rate of UCN generation

in superfluid helium is 100 cm−3s−1. The source chamber

volume is 35 l. The diameter of the liquid helium supply

pipeline is 1 cm. Heat gains from superfluid helium are
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Figure 1. Trend of UCN accumulation in a closed chamber of

a source at different superfluid helium temperatures. The loss

coefficient for chamber wall coating is equal to 3 · 10−4.
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Figure 2. UCN density in the closed chamber of the source

depending on superfluid helium temperature in the source cham-

ber. Loss coefficient for chamber wall deposition: squares — 0,

triangles — 1 · 10−4, circles — 3 · 10−4 . The dashed line shows

the UCN density achievable in case of no losses upon collisions

with the walls and in superfluid helium.

withdrawn via a heat exchanger. The trend of UCN accu-

mulation in the source chamber at different temperatures

is shown in Fig. 1. The statistical uncertainties in the

calculations are less than 0.5% and so are omitted from

the figures. The UCN density in the steady-state condition

depending on temperature for different loss coefficients

is shown in Fig. 2. The UCN density in the closed

chamber of the source at the temperature of 1K and the

loss coefficient for chamber wall deposition of 3 · 10−4 is

3.5 · 103 cm−3.

2. Test bench

Manufacture of a UCN source requires the appropriate

quality of its components. UCN density in the experiment

will be the higher, the better the neutron storage in the

source chamber and the better the pass-through capacity of

the neutron guide system. Testing of the source structural

elements is performed using a dedicated test bench (Fig. 3),
which can be used on the existing UCN sources. The

bench can be used for testing of UCN storage in the source

chamber (Fig. 3, a), or for testing of passage through the

neutron guide system from the source to the experimental

setup (Fig. 3, b). Thereat, a neutron guide system can

comprise such elements as turns, branching tees, membrane

units etc. A Monte-−Carlo model of the bench has

been developed for calculations in different bench operation

modes.

Turbulator 1 for cut-off of abovebarrier neutrons in the

spectrum [13] is installed at the bench inlet. The turbulator

is a chamber where two neutron guides are inserted from

different sides so as to prevent direct transit of neutrons

from one neutron guide to the other one. Thus, neutrons

passing through it make several collisions, and abovebarrier

neutrons are most probably screened out. The turbulator is

made of stainless steel with the boundary velocity of 6.2m/s

and loss coefficient of 3 · 10−4 . The Maxwell spectrum

was enacted at the turbulator inlet. After the turbulator,

neutrons enter the neutron guide with a gate 2. The neutron

guide diameter is 138mm, the gate diameter is 137mm.

After the neutron guide, neutrons enter storage chamber

� 1 3. The chamber and the neutron guide are deposited

with NiMo having the boundary speed of 6.55m/s and loss

coefficient of 3 · 10−4 [14]. A neutron guide, going to the

UCN detector of storage chamber � 1 4, is connected to

the chamber bottom. The diameter of the chamber outlet

hole is 11mm. Then either a plugged adapter (Fig. 3, a) or

1 2 3 5 6 7 8

a

b

4 9

Figure 3. Layouts of the assembled test bench: a — for testing

of UCN storage in the chamber, b — for testing of UCN passage

through the neutron guide system. 1 — turbulator, 2 — gate, 3 —
storage chamber � 1, 4 — UCN detector of storage chamber � 1,

5 — neutron guide, 6 — tee, 7 — Al-membranes, 8 — storage

chamber � 2, 9 — UCN detector of storage chamber � 2.
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a neutron guide 5 with the diameter of 138mm (Fig. 3, b) is
connected to the chamber. The neutron guide is equipped

with a tee 6 and two Al membranes 7. Storage chamber

� 2 8 with UCN detector 9 is connected to the other

neutron guide end; their design is identical to chamber 3

with detector 4. UCN reflections from the neutron guide

walls are chiefly mirror ones, diffuse reflection probability

is 0.7%. Diffuse reflection probability is 90% in case of

UCN reflection from the chamber walls.

2.1. Modelling of neutron storage in a source
chamber

The design of connection of the bench elements in

case of modelling of neutron storage in a source chamber

corresponds to Fig. 3, a. The corresponding count of UCN

detector 4 is shown in Fig. 4. Neutrons start coming from

the neutron source in the constant mode at time moment

t = 0 s. In this case, the detector count is small since

neutrons enter chamber 3 through the gap in gate 2. The

gate is open in a time interval of 200 to 300 s. When the gate

opens, the count of detector 4 increases. The calculation

was performed for several loss coefficients for the source

chamber coating. Thus, a conclusion concerning the coating

quality can be made based on the detector count pattern.

2.2. Modelling of passage through the neutron
guide system

The design of connection of the bench elements in case

of modelling of passage through the neutron guide system

corresponds to Fig. 3, b. Neutron guide 5 exits chamber 3

at the angle of30◦, and then turns to a horizontal position.

This design was made in the UCN source to maintain

the YXH superfluid helium level in the chamber. The

total neutron guide length is 3.5m. Tee 6 and two Al-

membranes 7 are installed before chamber � 2. Inclusion

of a tee into the system is due to the fact that one of the
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Figure 4. Detector count in case of chamber storage modelling

for different wall coating loss coefficients.
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Figure 5. Time diagram of detector counts for neutron guide

system variants: without membranes, with one membrane and

with two membranes. The three upper curves correspond to the

detector count of chamber � 1, the three lower ones — to the

detector count of chamber � 2.

possible source designs is a variant where superfluid helium

is cooled by pumping of its vapors through a pipeline. The

pumping pipeline in this case approaches the neutron guide

vertically and at the same time acts as a gravitational gate

for UCN. The Al-membranes are intended for separation

of volumes by vacuum. Since several experimental setups

will be installed on the source, UCNs will be redirected

from the source neutron guide to the setups via the beam

splitter. The first membrane pertains respectively to the

UCN source, and the second one — to the experimental

setup. The membrane thickness is 100µm, the boundary

velocity is 3.2m/s. The loss coefficient for coating of the

storage chamber walls in this calculation is 3 · 10−4. The

corresponding counts of UCN detectors 4 and 9 are shown

in Fig. 5 for different membrane quantities. The shutter

is open in a time interval of 200 to 400 s. Pass-through

capacity of the neutron guide system with various elements

is estimated based on the difference of the counts of UCN

detectors 4 and 9. Thus, pass-through capacity for the given

configuration is ∼ 75% without membranes, ∼ 53% — with

one membrane, ∼ 38% — with two membranes.

3. UCN density in the EDM spectrometer

Search for the neutron EDM will be performed using

a differential magnetic resonance spectrometer with two

UCN storage chambers, a reversible electric field, a system

of double polarization analysis and four detectors [11].
Statistical accuracy of measurements in the experiment is

determined by the formula δdn = h
4παET

√

N
, where α —

quality parameter of the resonance curve, E — electric

field intensity, T — time of neutron storage in resonance

conditions, N — total neutron count within the experiment
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time. Sensitivity estimation of the experiment on the PIK

reactor requires a calculated value of UCN density in the

setup.

The design model of the experiment on the PIK reactor

is shown in Fig. 6, a. A straight neutron guide 140mm in

diameter goes from the source, and then it changes into two

neutron guides with the cross-section of 25×85mm which

go to the EDM spectrometer chambers. The distance from

the source chamber to the setup chambers is about 13m.

The neutron guides are inserted into and brought out of the

spectrometer via the central electrode. The source chamber

and neutron guides have internal coating of 58NiMo with

the boundary speed of 7.8m/s and loss coefficient of

3 · 10−4 . The spectrometer traps have the radius of 263mm

and the height of 76mm. The boundary velocity of

the beryllium coating is 6.8m/s, the loss coefficient is

а

1 2 3 4 5 6

b

Figure 6. a — design model of the experiment for neutron EDM

search using the PIK reactor: 1 — chamber of UCN source with

superfluid helium, 2 — neutron guide 140mm in diameter, 3 —
two Al-foils, 4 — two neutron guides with the cross-section of

25× 85mm, 5 — EDM spectrometer chambers, 6 — neutron

guides to four detectors. b — points of neutron collisions with the

walls of the EDM spectrometer chambers obtained by means of a

Monte-−Carlo model.

105 cm

0 cm

35 cm

70 cm

0 100 200 300 400 600

Time, s

500
0

40

80

120

160

200

240

280

r
,

c
m

–
3

Figure 7. Time diagram of UCN density in the EDM

spectrometer at different setup lifting heights.
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Figure 8. Spectra of neutrons in the neutron guide before the

EDM spectrometer at different setup lifting heights. The dashed

line shows the boundary energy of the spectrometer chamber

coating equal to 235 neV.

1.2 · 10−4 . A Monte-−Carlo model of the experiment has

been developed where the history of each neutron is enacted

from origination in the source till entry in the experimental

volume, taking into account all possible losses. To illustrate

operation of the Monte−Carlo model, Fig. 6, b shows the

calculated points of neutron collisions with the walls of the

EDM spectrometer chambers.

Variants with a lifted EDM spectrometer (installation
on a platform) have been considered for restoration of

the spectrum part which is cut off flow below by the

Al-foil. This provides a softer UCN spectrum having a

better storage time. In case of lifting, the neutron guide

turning angle is 30◦ . The variants with lifting by 35,

70, 105 cm have been calculated. Fig. 7 shows the time

diagram of UCN density in the EDM spectrometer. When

lifted higher than 35 cm, the effect of spectrum cut-off

from above appears in the UCN source chamber, resulting

in a decreased UCN density in the EDM spectrometer.

The corresponding neutron spectra are shown in Fig. 8.

The modelling result is that the experiment on the PIK

reactor can provide the density value of ∼ 200 cm−3.

Conclusion

The developed computer model has yielded a value

of UCN density in the EDM spectrometer equal to

200 cm−3. The EDM spectrometer on the reactor at Institut

Laue−Langevin (ILL) (Grenoble, France) has yielded the

sensitivity of δdn ∼ 1.7 · 10−25 e · cm/day, UCN density at

the spectrometer inlet being 4 cm−3. When electric field

intensity increases from 12−14 to 27 kV/cm [15], exper-

iment sensitivity improves to δdn ∼ 1 · 10−25 e · cm/day

on the ILL reactor. When UCN density in the

spectrometer chambers is 200 cm−3, the sensitivity of

Technical Physics, 2022, Vol. 67, No. 2
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δdn ∼ 1 · 10−27 e · cm/year can be obtained on the PIK

reactor. Detection of the neutron EDM or a new limitation

on its magnitude at such a level can become a decisive factor

in the selection of a theory to adequately describe violations

of the CP-symmetry.
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T. DeGrand, P. de Jong, G. Dissertori, B.A. Dobrescu,

M. D’Onofrio, M. Doser, M. Drees, H.K. Dreiner,

P. Eerola, U. Egede, S. Eidelman, J. Ellis, J. Erler,

V.V. Ezhela, W. Fetscher, B.D. Fields, B. Foster, A. Freitas,

H. Gallagher, L. Garren, H.-J. Gerber, G. Gerbier,

T. Gershon, Y. Gershtein, T. Gherghetta, A.A. Godizov,

M.C. Gonzalez-Garcia, M. Goodman, C. Grab, A.V. Gritsan,

C. Grojean, M. Grünewald, A. Gurtu, T. Gutsche,

H.E. Haber, C. Hanhart, S. Hashimoto, Y. Hayato,

A. Hebecker, S. Heinemeyer, B. Heltsley, J.J. Hernández-

Rey, K. Hikasa, J. Hisano, A. Höcker, J. Holder,
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