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Development and study of magnetic shields for neutrino detector
photomultiplier tubes under Neutrino-4M experiment on PIK and SM-3

reactors
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A shielding system on the basis of MAP-1K rolled magnetic material was simulated and made, and is designed
to protect photomultiplier tubes integrated in new neutrino detectors under NEUTRINE-4M experiment against
Earth’s magnetic field. Shielding coefficient was calculated for an individual cylindrical shield and assembly of 25
shields with the shielding structure axis directed along or across Earth’s horizontal magnetic field. The obtained
experimental data was compared with computer simulated data. Features of interaction between the shields in the
system were examined. It was demonstrated that there is virtually no Earth’s magnetic field effect on the detector
performance when the detector is moved and rotated in the experiment with a new neutrino detector furnished

with magnetic shields.
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Introduction

National Research Center ,, Kurchatov Institute” — Pe-
tersburg Nuclear Physics Institute is working on a new
neutrino detector for NEUTRINO-4M experiment for in-
vestigation of neutrino oscillations. NEUTRINO-4M ex-
periment is carried out on SM-3 reactors (Rosatom) and
is designed for PIK reactor (NRC, Kurchatov Institute —
PNPI) [1-3]. Optical emission of the scintillator is recorded
in this detector using two matrices consisting of 100
photomultiplier tubes (PEM). Each PEM is placed within
a cylindrical protective enclosure. Even a weak Earth’s
magnetic field (EMF) degrades PEM performance. Mag-
netic shielding is one of EMF weakening methods [4-7].
Passive shielding using special soft magnetic materials
is the simplest, cheapest, most reliable and sometimes
the only possible method of weakening external magnetic
fields. Amorphous soft magnetic cobalt-based alloys have
already proved effective as a basic material for high-
performance protective shields against permanent and al-
ternating power frequency magnetic fields thanks to higher
magnetic properties compared with crystalline equivalents
and to the technological advantages: flexibility and wide
shaping capabilities without losing magnetic properties [8,9].
In addition, amorphous alloys, compared with crystalline
alloys, do not require expensive high temperature vacuum

heat treatment, thus, reducing the shield manufacturing cost
considerably.

»Neutrino-4“ experiment for the search for sterile neutri-
nos has detected an oscillation effect at the confidence level
of three standard deviations [10]. To check the assumption
that the effect is associated with the magnetic field effect on
the PEM amplification coefficient, a task of PEM shielding
against magnetic field is set. To improve considerably
the experiment accuracy, the second neutrino laboratory is
being made on SM-3 reactor (Dimitrovgrad, Russia) and a
new neutrino detector is being developed. The scintillation
type detector consists of four modules having a multi-
sectional structure with 100 vertically arranged sections with
PEM arranged on both sides of the section. It is shown that
the experiment accuracy may be 2.7 times higher to achieve
the confidence level more than 5 standard deviations and to
answer the question whether sterile neutrinos exist, if the
systematic effect is not confirmed. The new experiment is
described in detail in a recent publication [3].

Control of possible systematic errors is one of the most
important experiment tasks. This is why a special focus is
made on PEM magnetic shielding, therefore it is required to
protect PEM against EMF to check the assumption that the
oscillation effect is associated with the magnetic field effect
on the PEM amplification factor. Moreover, due the increase
in statistical accuracy of the new system, the effect will be
checked at a new accuracy level. The detector is mobile to
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Figure 1. General arrangement of the reactor antineutrino detector mounted on a mobile platform (top) and layout of the detector in
room 170 (bottom). I — antineutrino detector, 2 — mobile platform, 3 — copper, 4 — boronated polyethilene, 5 — boronated rubber,

6 — vertical active protection plates, 7 —

provide the measurement of antineutrino flux dependence
on the distance from the center of the reactor (Figure 1).

Magnetic field in this room depends not only on EMF,
but also on the presence of support steel beams and lifting
and handling equipment. Therefore, the magnetic field is
inhomogeneous and each PEM must be shielded. Thus,
section 10.2 in [11] reports that the magnetic field affects
Hamamatsu PEMs and they must be shielded, whereby, to
smooth edge effects, PEM shall be placed inside the shield
in such a way that the distance between the PEM edge
and shield edge is about one radius of the photocathode
(Figure 12 in [11]). A magnetic shield for Hamamatsu
R7081-100 PEM that fully encloses the photocathode is
shown in [12]. The design of Neutrino-4M detector requires
as close packing of PEM as possible, but backlighting
between the sections shall be avoided, therefore diaphragms
on the light waveguide ends within the liquid scintillator and
diaphragms in front of the PEM light waveguide were used.
The optimum geometry of light waveguides, diaphragm
positions and PEM positions were defined by the computer
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top active protection plates.

simulation method. Such optimization is required to achieve
the best detector resolution [3]. Compromise between
backlighting and light collection defines the diaphragm
positions and size of the cylindrical light waveguide in front
of PEM (Figure 2). As a result, the center point of the
cylindric hemispherical photocathode of PEM is 40 mm
from the external magnetic shield cut. When the shield
diameter is 210 mm, the magnetic field shielding effect at a
distance of 40 mm axially is not sufficiently high compared
with that in the shield center. As will be shown below, when
this distance increases up to 65 mm, the shielding effect may
be increased by 2 to 3 times. Therefore, the internal light
waveguide that goes through the common housing of the
neutrino detector and abuts against the scintillator reservoir
glass was used to extend the shielding area by 25mm.
For this, it was covered with amorphous alloy tape on the
outside and with reflecting mirror foil on the inside.
External aluminium cylinder (@211 mm) is attached to
the wall (22 mm in thickness) of the multi-sectional neutrino
detector that contains 25 such assemblies, and is covered
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Figure 2. PEM and magnetic shield assembly.

with amorphous soft magnetic alloy tape to ensure PEM
sheilding. The internal cylinder (2200mm) is a light
waveguide (covered with reflective mirror foil on the inside)
that abuts against PEM on one side and against the
plexiglass reservoir wall (30 mm), that is common for all 25
square light waveguides, on the other side (Figure 1). The
internal cylinder (2200mm) is covered with amorphous
soft magnetic alloy tape to increase the PEM shielding area
additionally by 25 mm.

Personnel of NRC ,Kurchatov Institute”—, Central Re-
search Institute of Structural Materials ,,Prometei” offer to
shield PEMagainst Earth’s magnetic field using MAR-1K
rolled magnetic material designed on the basis of the
amorphous alloy [13]. For this, shielding structures shall be
made from MAR-1K material and their magnetic properties
shall be investigated — that constitutes the objectives of
this study. To ensure efficient shielding, dependence of
the shielding coefficient (SF) on the number of layers of
MAR-1K rolled magnetic material MAP-1K is investigated.
It should be noted that the investigation of SF of the
structures to be designed is a complex task for solution
of which both design and experimental methods were
used [14].

1. Materials and research methods

MAR-1K  rolled material was made from
Co-Fe-Ni-Cr-Mn-Si-B  amorphous magnetic alloy tapes
30mm in width and 20 um in thickness, exposed to heat
treatment by a method developed by NRC ,Kurchatov
Institute” —Central Research Institute of Structural Materials
»Prometei“. Magnetic properties of the alloy were measured
according to the procedure described in GOST 8.377-80
on toroidal samples using MK-3E magnetometer system
to record the main magnetization cure and permeability.
Figure 3 shows a magnetization curve (B-H curve) for the
given alloy after heat treatment. Initial relative permeability
of the alloy was equal to 12000, and maximum relative

permeability was equal to 800 000. The measured
magnetization curve was used to set magnetic properties of
the shielding material during numerical calculation of SC.

MAR-1K rolled magnetic material was mounted on the
cylindrical protective enclosure (Figure 4) of PEM with an
outside radius of R = 106 mm and a length of H = 265 mm.

Magnetic induction was measured in natural Earth’s
magnetic field. The absolute value of magnetic induction
vector inside the shielding structure was measured using
MT-4 three-component fluxgate magnetometer. This mag-
netometer uses the differential magnetic induction measure-
ment method based on magnetic induction compensation
within the sensor’s magnetic core. Magnetic induction
measurement error by components is equal to 40nT,
magnetic induction absolute value measurement error is
equal to 50nT.

To find SC, absolute value of magnetic field induction
was measured in the measurement region without shield
and inside the shield (B(Without screen) and B(inside the screen))-
SC was calculated using the following equation:

= B(without screen)/ B(inside the screen)

SC was also determined by calculation to obtain the mag-
netic field distribution within the whole shielding system
volume and to review various positioning options relative to
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Figure 3. magnetization curve
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Figure 4. PEM shielding system layout. I/ — PEM, 2 —

enclosure, 3 — MAR-1K rolled magnetic material, H — EMEF,
whereH is the horizontal component, H, is the vertical compo-
nent of EMF.
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EMF. EMF shielding was simulated by the finite element
method [15,16] in COMSOL Multiphysics, including the
,Magnetic field“ module. The software solves the Maxwell’s
magnetic field equations using the scalar magnetic potential
as a dependent variable. Non-linear magnetic properties
of the material used in the shield are set using the
magnesium curve (Figure 3) recorded experimentally on
MK-3E magnetometer system. Magnetic shield as a thin
high-permeability medium layer is described by a boundary
condition of normal discontinuity of magnetic flux density
and tangential magnetic field in the layer. The model
implemented the choice of the number of MAR-1K layers.

For the calculation, EMF is directed at 20° to the vertical
axis (Figure 4). This angle was defined according to
geographical position of the laboratories where the inves-
tigations were carried out. The shielding system was placed
horizontally and two cases of positioning with respect to
EMF were addressed: the system axis is placed along or
across the EMF horizontal component. The calculation was
carried out for a single shield and an assembly of 25 shields,
because PEM were placed in the assemblies of 25 shielding
enclosures according to the design. When the shields are
placed at a distance comparable with their diameter, they
shall affect the shielding performance of each other.

2. Results and discussion

For the proposed cylindrical system, dependence of
the magnetic field strength along the cylinder axis was
calculated for various numbers of shielding layers (Figure 5).
The calculation shows that for two MAR-1K layers, the
magnetic field strength in the center of the shield is equal
to 0.8A/m, and for 20 layers the magnetic field strength
decreases to 0.6 A/m. Thus, when the number of layers is
from 2 to 20, the magnetic field strength is 1.4 times lower
in the center of the shield and remains almost unchanged at
the shield edges. Therefore, SC increase at the cylinder edge
(photocathode center point position) cannot be achieved by
increasing the number of shielding layers.

PMT o
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Figure 5. Magnetic field strength distribution along the cylinder
axis for various numbers of MAR-1K layers (the cylinder axis is
along the EMF horizontal component). Z = 0 corresponds to the
center of the main shield. Two righthand and lefthand dashed
lines mark the main shield ends. The vertical mark with PEM
label shows the center point position of the photocathode.
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The magnetic field along the cylinder axis as less
dangerous, because the electrons flying primarily along
the cylinder axis are not diverted by the magnetic field.
Since the PEM sensitivity is higher in the EMF component
perpendicular to the PEM axis, shielding is more relevant
for the case when the PEM axis is placed across the
EMF horizontal component.

It is better to place PEM at the enclosure edge to ensure
the maximum photon receipt region, however, as shown in
Figure 5, the magnetic field at the shield ends is shielded
much worse than in the center of the system. In order to
improve the shielding performance, a new system version
with additional shield with a smaller inside radius of
R=100mm and a length of H =128 mm (Figure 2) is
offered. The reduced diameter of the additional shield
allowed to extent the shield up to the liquid scintillator
reservoir glass wall. Whereby the center point of the PEM
hemispherical photocathode, that has the worst position
compared with other photocathode components that are
placed closer to the shield center, is at a distance of
65mm from the internal cylinder edge (marked with the
dashed line in Figure 5). This point is considered to
be the most critical, because SC increases considerably
towards the center. Therefore, for further calculations
and measurements, a control point was chosen — on the
cylinder axis, 65mm from the internal shield edge, at
the location of the central section of the hemispherical
photocathode.

Magnetic field was calculated for the new double shield
system and the curves of strength distribution along the
cylinder axis were drawn for various numbers of MAR-1K
layers (Figure 5). The addition shield allowed the magnetic
field to be reduced by a factor of 2.2 in the photocathode
region compared with the first system version.

SC calculation with the shielding system axis placed
in transverse and longitudinal directions with respect to
the EMF horizontal component has shown that when the
number of MAR-1K layers increases from 5 to 10, SC
increases by 0.5% for longitudinal directions and by 3%
for transverse direction (Figure 6,a). therefore, using more
than 5 layers will be not feasible in terms of materials cost.
The performed calculations suggested that two MAR-1K
layers on the main and additional shields provide sufficient
shielding at minimum cost. For the number of MAR-1K
layers from 1 to 5SC was measured experimentally, the
measurements are shown in Figure 6,b. The experimental
studies have shown that beginning from three MAR-1K
layers, SC achieves approximately a constant level taking
into account the measurement error and is equal to 5.54+0.5
for longitudinal direction of the EMF horizontal component
and to 20+6 or the transverse direction. It should be noted
that transverse field shielding is more important and the
shielding coefficient equal to 10 is already sufficient.

Magnetic field strength distribution (H) in the plane
65mm from the internal shield edge for three MAR-1K
layers when the system axis is oriented transversely and
longitudinally to the EMF horizontal component has shown
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Figure 7. Magnetic field strength distribution H for three MAR-1K layers in the plane 65 mm from the edge of the internal cylindrical
shield (the system axis is across (a) and along (b) the EMF horizontal component).

that for transverse orientation the strength inside the
shield is axially symmetric about the EMF orientation
(Figure 7,a). For parallel orientation, the maximum
strength is observed on the bottom inside the shield, ie.
asymmetrically about the center due to the shielding system
orientation with respect to EMF (Figure 7,). However, it
should be noted again that the longitudinal magnetic field is
less dangerous.

Investigations of the magnetic field strength distribution
in the shield oriented transversely and longitudinally with
respect to the EMF horizontal component have shown
that higher shielding performance is achieved by transverse
orientation.

Magnetic field strength distribution (H) for the assembly
of 25 cylinders shown in Figure 8 has shown that for the as-
sembly orientation across the EMF horizontal component —
the minimum magnetic field is observed in the center of

the assembly and the maximum magnetic field is observed
at the edges in shields 5 and 21 (Figure 8,b). For the
assembly orientation along the EMF horizontal component,
the interaction of the shields results in the maximum
strength occurring in shields 21—25 on the bottom of the
assembly. This is caused by the magnetic shield orientation
and distortion of force lines within the assembly boundaries.
Figure 8,d shows color marking of strength distribution in
the side cross-section in the center of shields 3, 8, 13, 18, 23,
and arrows indicate the magnetic field force line directions.
At the shield edges where the force lines are concentrated,
EMF enters the cylindrical shield to a longer distance. The
magnetic field distribution pattern at the shield edges is also
asymmetric, since EMF is oriented at 20° (Figure 8,¢).
When comparing Figures 7,a and 8,b, 7,b and §,c, it
could be seen that the strength distribution behavior is
similar in a single shield and in the assembly. For the

Technical Physics, 2023, Vol. 68, No. 11
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Figure 8. ¢ — arrangement and numbering of magnetic shields in the assembly; b — magnetic field distribution in transverse section
going through the control point (when the shield is placed across the EMF horizontal component); ¢ and d — magnetic field strength
distribution in transverse section (c) and longitudinal section (d) going through the control point (when the shield is placed along the

EMF horizontal component).

assembly orientation across the EMF horizontal component,
the lowest shielding performance is observed in the side
components in the field direction. For the orientation along
the EMF horizontal axis, the lowest shielding performance is
observed on the bottom of the assembly. However, even in
this case, the magnetic field has allowable values of 12 A/m
due to the longitudinal magnetic field component.

For experimental investigations of the effect of the
adjacent shields on each other, a mockup consisting of 25
shielded enclosures with three MAR-1K magnetic material
layers was made (Figure 9). Magnetic induction was
measured for each shield.

Figure 10 shows the experimental measurements of SC
and their comparison with the simulation data. For system
axis orientation across the EMF horizontal component,
SC decreases at the assembly corners for shields 5 and
21. For system axis orientation along the EMF horizontal
component, SC decreases in the lower row of the assembly.

Technical Physics, 2023, Vol. 68, No. 11

The investigations have shown that the PEM shielding
performance is higher when the system is oriented trans-
versely to the EMF horizontal component. The detected
features of the shield interaction in the assembly are in good
agreement with the computer simulation data, therefore, this
model may be used for calculation of similar systems.

The magnetic shield performance was examined using
ET-Enterprises 9354KB scintillation detector with PEM
amplitude analyzer (linearly focused dynode system) in
vertical and horizontal orientations, scintillation source —
Na-22 gamma radiation in Nal(Tl) crystal. The system
setups are shown in Figure 11.

To check the dependence of the detector response
on the PEM position in EMF, the horizontally oriented
detector was rotated with intervals 45° about the vertical
axis (Figure 11,a), and PEM was rotated about the axis
horizontally (Figure 11,b) and vertically (Figure 11,c¢),
energy peak positions of the source on the amplitude
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Figure 9. Mockup of the assembly of 25 shields for the
neutrino spectrum scintillation detector of NRC , Kurchatov In-
stitute“ —PNPL
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Figure 10. Comparison of SC calculation for each shield of the
assembly of 25 shields for simulation and experiment purposes:
the system axis is oriented transversely (a), and longitudinally (b)
to the EMF horizontal component.

scale and relative variation of the position compared with
the marked orientation were defined for each position.
Spectra of the source in 8 PEM positions for rotation
of non-shiclded PEM (Figure 12,a) and shielded PEM
(Figure 12, b) oriented vertically about the axis are shown
in Figure 12. The average relative variation of energy peak
positions in rotation for non-shielded and shielded PEM was

N N

W< Dg W< OE
S a S c

o PMT
PMT 9354 i .
b
Nal
NaI ‘ ---------- @‘ !

PMT 9354 Na-22

Figure 11. scintillation detector arrangement.

equal to 15% and less than 1%, respectively, in horizontal
orientation for detector rotation about the vertical axis, 6%
and less than 1% in horizontal orientation for PEM rotation
about itself, 5% and less than 1% in vertical orientation for
PEM rotation about itself.

Conclusion

Dependence of a single shield SC on the number of
MAR-1K layers was established. Calculations and exper-
imental investigations show that three MAP-1K magnetic
material layers ensure maximum SC at minimum system
fabrication cost.

Magnetic properties of a single shield and assembly
of 25 shields made of MAR-1K magnetic material were
investigated by calculation and experimental methods. In-
vestigations of SC in the assembly of 25 frames shielded
with MAR-1K rolled three-layer magnetic material have
shown that SC decreases in corner shields in field direction
for the system axis orientation across the EMF horizontal
component, and in the lower row of the assembly for the
system axis orientation along the EMF horizontal compo-
nent. PEM shielding performance is maximum when the
system axis is oriented transversely to the EMF horizontal
component. However, PEM position and orientation in
real conditions are defined by the scintillation detector
specificetions.

EMF SC measured at a distance of 65 mm from the edge
of the small shield is equal to at least 4.5 (with shield
axis orientation along the EMF horizontal component) and
at least 10 (with shield axis orientation across the EMF
horizontal component) for all shields.

Dependence of the response of the detector with PEM
shield with the given shield on the PEM position with
respect to EMF was checked, relative response variation
is lower than 1%.

Thus, the developed shielding system ensured the re-
quired protection of the new scintillation neutrino detector

Technical Physics, 2023, Vol. 68, No. 11
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Figure 12. Spectra Na-22 in the detector with non-shielded PEM (a) and shielded PEM (b) rotated vertically.

PEM and may be recommended for application in such type
of systems.
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