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Abstract

The work is devoted to the development of a conceptual design for a gradient spin flipper — neutron
decelerator, which is the main component of a designed UCN source for a pulsed reactor. In close
cooperation between the JINR group and SuperOx, a preliminary design of a stationary gradient
magnet for the adiabatic spin flipper has been developed. A thorough calculation of the magnetic field
configuration has been performed. The movement of neutrons in the magnetic field generated by the
designed magnetic system has been simulated, and the deceleration time of neutrons in the spin flipper
has been analyzed.

The results obtained give grounds for hope that the idea of creating a UCN source based on pulsed
accumulation in a trap using non-stationary neutron deceleration is feasible.
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1. Introduction

At FLNP JINR, work has begun on designing an ultracold neutron source (UCN) at the
IBR-2M reactor [1]. This reactor has a repetition frequency of 5 Hz and produces a pulsed flux
of thermal neutrons with a pulse width of about 300 us. The pulsed neutron flux density in
the reactor moderator is hundreds of times greater than the average, making it very attractive
to use the idea of pulsed UCN accumulation in a trap [2-4]. The latter consists in filling the
trap with UCN only during the pulse and effectively isolating it the rest of the time. If during
the source operation period the number of neutrons escaping the trap due to various factors is
less than that entering the trap during the pulse, the neutron density in the trap will increase
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until reaching some equilibrium value. If the neutron losses are not too high, the UCN density
in the trap can significantly exceed the time-averaged UCN density in the source.

Unfortunately, in practice, the trap has to be positioned at a considerable distance from
the moderator. This necessitates the use of a transport neutron guide. Due to the significant
dispersion of the UCN velocities, the spread of flight times in the neutron guide increases
rapidly with its length, and even with a length of several meters, the pulse structure of the
beam disappears completely. If the variation in flight times exceeds the initial pulse duration
but still remains less than the period of their repetition, then the pulse structure can be restored
by the so-called time focusing or rebunching [5, 6]. The UCN source based on this idea was
proposed in work |7].

However, an alternative approach to this issue is also feasible. It involves transporting
not ultracold, but faster, so-called very cold neutrons (VCN), which are slowed down to UCN
energies directly near a trap equipped with a fast valve. In [8], it was assumed that a rebunching
device (a time lens) is positioned on the way from the moderator to the trap, and the neutrons
are decelerated by capturing each bunch in a decelerating trap. The speed of latter smoothly
changes from the initial VCN velocity of 50 m/s to UCN velocities, after which the neutrons
enter the main trap.

Somewhat later, it was realized that if, in contrast to [8], neutrons are slowed down not by
smoothly changing their velocity, but by relatively rapidly changing the energy of all neutrons
by the same amount, then the range of neutron velocities that turn into ultracold ones after
such a deceleration decreases with increasing energy taken away and can be relatively small.
Thus, the VCN flux just before the decelerating device, and the UCN flux at the trap entrance,
can remain a pulsed structure even when VCN is transported to a considerable distance [9].
This idea is the basis for a new concept of a UCN source with pulsed filling of the trap [10].

To decelerate neutrons, a local magnetic resonance device, a gradient or adiabatic spin
flipper, is proposed to be used, which will slow down very cold neutrons to UCN energy just
before entering the trap. This article is devoted to the description of the main parameters and
physical properties of this projected device.

2. Operation principle of the flipper-decelerator

The neutron deceleration method based on a nonstationary spin flip in a magnetic field was
first proposed in 1960 by G. M. Drabkin and R. A. Zhitnikov [11] as a method for producing
"supercold" neutrons. This work appears to be the first to draw attention to the fact that seems
obvious today, that with this spin flip method, the neutron energy changes. A similar idea was
discussed by Kruger twenty years later [12]. Soon after, the change in neutron energy during
a resonant spin flip was first observed experimentally [13], which associated certain difficulties
at that time. In the middle of the last century, resonant spin-flippers based on the combined
action of permanent and orthogonal alternating magnetic fields with a fixed frequency became
widespread. For an effective spin flip, it is necessary that the neutron be in the region of these
two fields for a well-defined time. Moreover, it is needed that the area of action of the two fields
is sufficiently well limited. This condition is easily met for beams of thermal and cold neutrons
with a not too wide range of velocities. However, it turns out to be impossible in the case of
UCN. The development of work with the latter required the creation of the so-called gradient
or adiabatic flipper [14-17].

The action of such a spin-flipper is based on a combination of two magnetic fields:
a permanent but depending on the coordinate field B(z) directed along the z axis, and an or-
thogonal field B; oscillating with a frequency of f or rotating with a frequency of
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Q = 2nf. Below we will proceed from the case of a rotating field, since an oscillating field
can be represented as the sum of two fields rotating in opposite directions, of which we will be
interested in only one. It is convenient to explain the dynamics of the magnetic moment of the
neutron and the spin associated with it using a coordinate system rotating with a frequency {2
in which field By is constant. It is known that analyzing the behavior of the magnetic moment
of a neutron and its associated spin in a rotating coordinate system, it is necessary to formally
add a fictitious magnetic field B = —h$2/2u to the physical fields and analyze this combination
of fields.

In the case under consideration, in the rotating coordinate system, we are dealing with the
field B, = B(z) — Bgq, directed along the z axis and the constant field By orthogonal to it.
The magnitude and direction of the total field B.g = EZ + B depends on the z coordinate,
and if the neutron is moving along the z axis, then on the time of movement. As the neutron
moves in the decreasing field B(z), the total effective field Beg decreases in magnitude and
changes its direction, taking the value B.g = B in the resonance region. At further movement
z-component of the field Beg becomes negative and its absolute value increases again. At a
considerable distance from the resonance point, where B.g > Bj, the field B.g turns out to be
directed in the direction opposite to the true field B(z).

If the change in the field parameters occurs slowly enough, then the magnetic moment,
precessing around the time-varying field Beg, generally "follows" its direction, so that the
angle between the direction of this field and the magnetic moment remains small. Therefore,
after a significant distance from the region of resonance, the magnetic moment, following the
field Beg, turns out to be oriented in the opposite direction to the initial one.

The quantitative criterion for the smallness of the angle of the magnetic moment deviation
from the field vector, that is, the adiabaticity condition, is the ratio

K=2s1, (1)
w

where w; = vB; and & = vBeg, and « is the gyromagnetic ratio for the neutron. In the
resonance region, where B.g &~ B, the adiabaticity condition takes the form

I v B}

. .

where v is a neutron velocity in the resonance region. In practice, the adiabaticity condition (2)
is not very strict, and a satisfactory spin flip efficiency can be obtained already for the values
K~3-+4.

Possible doubts about the non-stationary nature of physical processes in a gradient flipper
were removed by an experiment [18], in which it was demonstrated that a spin flip in such a
device actually results in a change in the neutron energy in the same way as in the well-known
resonant flipper [13].

3. Preliminary requirements for the magnetic system of a gradient flipper — neu-
tron decelerator

When determining the requirements for the magnetic system of a flipper-decelerator, it is
necessary to remember that a beam of neutrons must pass through the magnetic field formed
by it. Therefore, it seems natural to assume that the magnetic system should have cylindrical
symmetry, that is, it will be a high-current solenoid. Such a geometry was proposed in work [10].
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In this work to form a high-frequency rotating field it was proposed to use a "birdcage" type
resonator, which also has cylindrical symmetry and does not contain matter in the neutron
path.

The magnetic system must be such as to ensure high efficiency of the spin flip with the
maximum possible amount of energy transferred. At the same time, the neutron deceleration
time and especially the dispersion of these times should be as small as possible. It follows that
the areas of rise and fall of the field should be as short as possible, and for the adiabaticity
parameter (2) to be large enough, they should be separated by an area with a relatively small
field gradient.

Entering the region of the increasing field, where the field gradient is large, the neutron
slows down, decreasing its kinetic energy by value of AFE(z) = —uB(z). In the region of a
slowly changing field with a relatively small field gradient, it is affected by the high-frequency
field B, rotating with a frequency of w;, thus creating conditions for an adiabatic spin flip.
Here, as noted above, the total neutron energy changes by value of AF,., = 2uB = hw;. After
passing through the spin flip region, the neutron enters the region of rapid decrease in field
strength, where it slows down to a speed typical of the UCN.

If the flipper-decelerator is designed correctly, then the UCN output from it retains to one
degree or another the pulsed flux structure that occurred at the entrance to this device. The
idea of pulsed accumulation of UCN involves the presence of a fast valve at the entrance to the
trap that allows neutrons to pass through for a short time when a bunch of neutrons enters
the trap and locks it until the next bunch arrives. Creating a mechanical valve that meets the
necessary requirements is a rather difficult task. Therefore, in [10], it was proposed to take
advantage of the fact that the UCN at the output of the flipper moderator is polarized, and if
polarized neutrons are also stored in the trap, a region with a strong magnetic field can be used
to lock them. The latter can be the field of the flipper decelerator, and to ensure the pulsed
nature of the trap filling, the system can be supplemented with a second flipper, the purpose
of which is to prepare neutrons with the desired polarization sign. Technically, it is simply
possible to supplement the design of the flipper decelerator with another area with a rotating
high-frequency field located in the region of the decreasing stationary field. This additional
flipper would only operate for a short time, equal to the time it takes for the UCN bunch to
pass through it. At the same time, strictly speaking, it is not a valve in itself. It simply prepares
a given spin state of neutrons. As a result, polarized neutrons will be stored in the trap, for
which the main magnetic field is a barrier throughout time when the flipper is turned off. Note
that when the flipper is turned on, it inverts the spin of both neutrons entering and exiting the
trap. After the spin is flipped, the magnetic field becomes retracting for them, so during the
operation of the flipper, an inevitable outflow of neutrons from the trap occurs. However, this
circumstance is typical for the pulsed trap filling method and is accounted when calculating
the neutron density inside the trap [3, 4].

In relation to the stated above, several regions can be identified in the magnetic field profile:
an entry and primary deceleration region characterized by a large field gradient; a region with
a relatively small and constant gradient where spin flip occurs; a region of further deceleration
with a sharp decrease in field strength; and a region of residual field containing an area where
secondary spin flip occurs (see Figure 4 below).

The purpose of each of these regions defines the basic requirements for the configuration of
the magnetic field. Let’s briefly focus on the considerations that form the basis for the draft
design of the device described.
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First, let us recall that the purpose of the device is to decelerate neutrons with as little
variation in deceleration times as possible, which inevitably increases the bunch duration at
the entrance to the trap. The transit time through the section with an inhomogeneous magnetic
field B(z) is
m [*dV/dz

t=—— | L=
i), dBJdz" @)
where
2uB(z)
= 1 - = 4
V() =y f1- 2, ()

Vo and V/(z) are the neutron velocities in the absence of a field and in the field region, respec-
tively.

From eq. (3) it can be seen that in order to minimize the flight time for a region with a
varying field, it is necessary to have the largest possible field gradient. However, within the
region of initial deceleration, the neutron loses approximately half of its initial energy, and the
velocity ratio x(z) = V(z)/V, changes relatively slightly during its passage through this region.
At the same time, towards the end of the deceleration region, the neutron loses a significant
part of its energy, which implies that within this region the value of x(z) varies from a value
order of 1/4/2 to zero, which makes a significantly greater contribution to the integral of eq. (3)
compared to the first half of the path. Consequently, the field gradient requirements in this
region are more stringent compared to those in the primary deceleration region.

Let us now consider the spin flip region and estimate the basic requirements for the field
parameters that served as the initial input parameters for the design of the flipper magnetic
system. Assuming K > 4 for desired coefficient of adiabaticity, we obtain from eq. (2) a
relationship between the strength of the rotating field and the gradient of the stationary field

2
Ly )
dz 4V
where V' is the neutron velocity in place of spin flip. To estimate it, we assume that the magnetic
field strength of the flipper is of the order of 20 T, which is practically achievable under modern
conditions, and the UCN energy after deceleration by the flipper is Fycny = 150 neV. This means
that the energy of the neutrons entering the flipper-decelerator should be Eyvcy = 2.55 peV, and
in place of spin flip it should be 1.35 ueV. This energy corresponds to a velocity of approximately
16 m/s. Substituting the numerical values for the velocity and gyromagnetic ratio of the
neutron v = 1.82 x 10® T~ !s7! into eq. (5), we can derive the condition for the required
permanent magnetic field gradient % < 2.8 x 10°- B?. The choice of the high-frequency field
strength magnitude is somewhat arbitrary, and the limiting factor is the power output of the
corresponding radio frequency (RF) system. Based on our estimates, it seems reasonable to set

B; ~ 1 mT in our calculations, which leads to the following condition % <28 T/m.

Regarding the determination of the parameters of the magnetic fields that ensure the adi-
abatic condition for the flipper-valve, these depend on the selection of the field strength By
at its location. Assuming that the flipper-valve is located within the region of the residual
magnetic field of the main system, for instance, in a field on the order of 0.5 T, we obtain that
the velocity of neutrons in this region is at least 2.5 times lower than at the position of the
main flipper. Accordingly, the requirements for the ratio between the gradient of the constant
field and the amplitude of the radiofrequency (RF) field are reduced proportionally.

An essential aspect in the design of a magnetic field system of the flipper-decelerator is the
extent of the spin flip region, which, to a rough approximation, determines the size of the region
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where adiabatic conditions need to be satisfied. Obviously, where B.g > B, the effective field
is directed almost along the z axis, and its main rotation occurs in the region where |B.g|
is not too different from B;. Since, when the adiabaticity condition is met, the neutron spin
practically "follows" the direction of the field Beg, the region of significant rotation of the vector
B¢ determines the region of spin flip. To roughly estimate its extent, we assume that the main
spin rotation occurs in a region where |Beg| < 10B; that leads to an estimation of its length
(=~ 208, (%) _1, that is, the order of £ ~ 0.7 cm in the region where the main flipper is located.

Considering that a neutron beam with a certain effective transverse dimension needs to
pass through the flipper, it is necessary to ensure that the conditions for efficient neutron spin
flip in the entire beam section are met. This necessitates certain requirements regarding the
radial uniformity of the field By and the length of the region where the resonant conditions
hold. For the magnitude of radial field inhomogeneity, a condition has been adopted whereby
the deviation AB(r) in the magnitude of the constant field from its value along the beam
axis must satisfy the following condition AB(r) < ¢ (dB/dz). Obviously, the presence of radial
inhomogeneity necessitates the precise fulfillment of the resonant condition B.g = By not in a
single section of the beam but in a cylindrical volume, whose length depends on the maximum
value of radial inhomogeneity. This region’s length is evidently L = ABy,./ (dB/dz), therefore,
the adiabaticity condition should be satisfied throughout the entire region with a length ¢+ L.

4. A conceptual design for a superconducting magnetic system

The main element of the flipper magnetic system is a solenoid, which consists of a set
of pancakes (a flat, double coil) manufactured from high-temperature superconducting (HTS)
tape of the 2nd generation. The field characteristics of this material are well-known and have
been described in [19]. In 2022, a magnet was produced and tested that was entirely composed
of the 2nd-generation HTS tape [20]. An example of a prototype of a pancake with an internal
diameter of 108 mm is shown in Figure 1.

Figure 1. A prototype of a pancake made from HTS tape.

Figure 2 shows the design of the flipper magnetic system and cryostat. The magnetic
system and magnetic flux density distribution are shown in Figure 3. A required magnetic
field configuration is generated by current flowing in double HTS coils with different radial
dimensions. Fourteen coils are the main ones. They create a field whose strength reaches 18 T
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Figure 3. The configuration of the supply coils and the magnetic flux density distribution. The
dashed line indicates the region enclosed by the neutron guide.

at the center of the solenoid. Three auxiliary coils, one for input and two for output, are used
for the field correction. These coils help to achieve the desired field profile in the entry region
and in the main deceleration region. Two correction coils at the exit of the solenoid operate with
reversed current, generating a small field to reduce the residual field from the main coils. This
leads to a sharper field decline in the main deceleration region, reducing neutron deceleration
time and its dispersion.

Figure 4 shows the magnetic field distribution of a magnet. Dashed lines indicate the
boundaries of two spin flip regions.

Figure 5 shows the results of field strength calculations for two spin flip regions for several
sections along the solenoid axis. In more detail, the difference in field strength at the maximum
distance from the solenoid axis compared to the field strength on the axis is shown in Figure 6.

Figure 7 shows the results of calculation of the magnetic field gradient in the spin flip regions.
The square region bounded by the dotted lines defines the allowable range of the gradient and
the region of spin flip.
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Dotted lines indicate a rectangle that marks the maximum allowed deviation of the field from the field
along the axis in the region of interest, which is the region where the spin flip occurs.

As can be seen in the graphs in Figures 5-7, we were able to find a configuration for the
magnetic system that creates a magnetic field that meets the requirements outlined in Section 3
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and ensures efficient neutron spin flip in both desired regions.

T T T T T — T T T T L
-100 -80 -60 40 20 0 380 400 420 440 460 480 50

0.45

0.40

0.35

0.30

0.008

0.006

0.004

0.002

0.000

0



A. A. Popov et al. Natural Sci. Rev. 2 100305 (2025)

0.5 — T T T T T Tt T T T 7T ] T LA IR R | T T T T T 1 08
_ 0.04 1A ] -0.9
? 1 - ] -1.0
* 0.5 ] 11
g 0] 1 4-1.2
-1.5 1 4 — 0mm ] -1.3
1 | — 20 mm | 71 4

—2.0 — 4 40 mm |
T T T T T T T T T T T T 71.5

T — T L E— — T T
-120 -100 -80 60 —-40 -20 0 380 400 420 440 460 480 500
2, mm Z, mm
Figure 7. The maximum deviation of the strength of the magnetic field from the field along the axis.
Dotted lines indicate a rectangle that marks the maximum allowed deviation of the field from the field
along the axis in the region of interest, which is the region where the spin flip occurs.

5. Estimates of the neutron deceleration time

The results of the calculations above give reason to expect high efficiency of the flipper itself.
However, it should be noted that the idea of using a flipper with significant energy exchange
with neutrons is based on the desire to produce a pulsed neutron flux at the flipper output.
The main parameter that determines the gain in UCN density in the pulsed trap filling method
is the ratio of the duration of a neutron pulse at the trap entrance to the period of repetition of
these pulses. Therefore, determining the time required for neutron deceleration by the flipper
and its dependence on neutron energy is crucial in designing a flipper-decelerator. Estimation
of this deceleration time and its relationship with initial neutron velocity was the aim of the
detailed calculations.

The Monte Carlo simulation of the motion of neutrons inside a guide, placed in the center of
a solenoid, operated with a magnetic field map that was represented on a three-dimensional grid
with a spacing of 1 mm. The magnetic field map was obtained through a separate calculation.
For the sake of simplicity in calculation, the cross-section of the neutron guide was assumed to
be rectangular, with dimensions of 80x80 cm?, and a value of 4 m/s was set as the boundary
velocity for the neutron guide.

The transit time of the 1380-mm-long magnetic field region has been calculated (see
Figure 4), for neutrons whose velocity along the channel axis was in the range from 20.3
to 21.5 m/s. It has been assumed that the neutron spin change occurred in the center of the
region, so that the neutron decelerates all the way in the magnetic field. The final velocities of
the neutrons after passing through the flipper ranged from 3.5 to 5 m/s, to limit the range of
deceleration times. The magnitude of the transverse velocity component remained practically
unchanged and was limited by the boundary velocity of the neutron guide. Only neutrons with
a full velocity of less than 6.9 m/s were considered in the calculation, as in the future UCN
source, neutrons with higher velocities would not be able to be trapped.

The calculation results are presented in Figure 8. The figure shows a map of the distribution
of the number of neutrons by the flight time of a region with a magnetic field as a function of
the final longitudinal velocity.

From this figure, it can be seen that the spread of deceleration times in the flipper is
approximately 15 ms. Meanwhile, the deceleration time for monochromatic neutrons also has
a certain distribution, which is probably due to the radial inhomogeneity of the magnetic field.
Figure 9 illustrates the distribution of flight times for neutrons with longitudinal velocities
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Figure 9. Deceleration time distribution for quasi-monochromatic neutrons with velocities of 4 m/s.

within a narrow range of 4 to 4.01 m/s. Note that the time dispersion of the order of one-
and-a-half milliseconds is statistical in nature and, under these conditions, is presumably an
unavoidable limit on the duration of the bunch of neutrons leaving the flipper. In contrast,
a significantly greater variation in the duration of deceleration time as a function of neutron
velocity is regular. Observe that neutrons with lowest velocities, which take the longest travel
time from their birthplace to the flipper entrance, have the longest deceleration time. In [10],
it was found that there is a principal possibility to significantly compensate for an increase in
the deceleration time, when the velocity decreases, by increasing the time for neutron transport
from the source to the flipper.

6. To the calculation of the RF resonator

Recall that for the gradient flipper to operate, it is necessary to have both a permanent
magnetic field B and an oscillating or rotating high-frequency magnetic field orthogonal to it,
with a well-defined frequency f = vB/2r and amplitude Bj, ensuring the fulfillment of the
adiabatic condition (2). The selected value B of the field and its gradient are consistent with
the following parameters of high-frequency field: f = 521.6 MHz and B; > 0.6 mT. The choice
of a solenoid as a potential source of a permanent magnetic field imposes certain constraints
on the acceptable geometric parameters of the high-frequency resonator that generates the
required RF field. The resonator should be positioned within the room temperature bore of

10
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the cryostat containing the solenoid and should cover the neutron guide through which the
neutrons propagate. A common type of resonator known as a "birdcage" may well satisfy
these requirements. This type of resonator not only satisfies all geometric requirements but
also allows it to form a sufficiently uniform, rotating magnetic field with the required strength.
A resonator of this type has already been used in an adiabatic flipper for UCN [17], albeit with
a substantially lower magnetic field strength of 1 T.

Below, we will present some parameters of the proposed design for such a resonator. The
chosen type of resonator structurally consists of two conducting rings connected by several metal
legs. These rings have slots in which capacitors are inserted. The electrical circuit diagram for
this system, as well as the intended view of the resonator, are shown in Figure 10.
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Figure 10. Electrical circuit diagram for the resonator and its intended view.
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The electrical properties of the resonator have been calculated using the CST Studio Suite
software package, following the procedure described in [21]. The outer diameter of the ring and
the length of the proposed resonator are 10.2 mm and 9.0 cm, respectively. The number of legs
is 8. With these chosen resonator parameters, it is possible to generate a rotating magnetic
field of sufficiently high uniformity within the resonator (see Figure 11).
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Figure 11. The directions of the magnetic field vector in the cross-section of the resonator (left) and
the pattern of magnetic energy distribution in it (right).
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The resonator of the main flipper must generate an almost uniform rotating magnetic field
with the required frequency and amplitude, at a power input of approximately 5 kW. The
device is assumed to operate in a pulse mode, turning on only for the duration of a neutron
bunch passage, which is on the order of 15-20 ms, and with a repetition frequency of 5 Hz.
This reduces the average power input by approximately one order of magnitude.

Regarding the resonator for the flipper-valve, its design is similar to that described above,
with the exception that the frequency of the RF field should be 11.5 MHz. Since the power
consumed by the resonator is proportional to the fourth power of frequency, this resonator has
a relatively low power requirement. It should be noted that, in accordance with its intended
function, the flip-valve must also operate in pulse mode.

7. Conclusion

The work is devoted to the development of a conceptual design for a gradient spin flip-
per—neutron decelerator, which is the main component of a designed UCN source for a pulsed
reactor. In close cooperation between the JINR group and SuperOx, a preliminary design of
a stationary gradient magnet for the adiabatic spin flipper has been developed. A thorough
calculation of the magnetic field configuration has been performed. The movement of neutrons
in the magnetic field generated by the designed magnetic system has been simulated, and the
deceleration time of neutrons in the spin flipper has been analyzed. For the selected range of
UCN velocities generated by the device, the main contribution to the spread in deceleration
times is the dependence of the latter on the initial neutron velocity. Since the dependence of
deceleration time on initial neutron velocity is rather regular, there is hope for the possibility to
significantly compensate for an increase in the deceleration time, when the velocity decreases,
by increasing the time for neutron transport from the source to the flipper [10]. While it is
evidently unavoidable to have some residual dispersion in the deceleration times caused by the
radial inhomogeneity of the magnetic field in this design, this does lead to a slight extension of
the duration of the neutron bunches, compared to the period of their repetition. Although the
residual dispersion of the deceleration time caused by the radial inhomogeneity of the magnetic
field in this design is apparently unavoidable, it leads to a slight increase in the duration of
neutron bunches compared to the period of their repetition.

The findings of this work have significant practical implication for the development of a new
UCN source. The results obtained give grounds for hope that the idea of creating a UCN source
based on pulsed accumulation in a trap using non-stationary neutron deceleration is feasible.
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