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Neutron waveguides with magnetic layers
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Tri-layer neutron waveguides with external magnetic layers are considered. In such waveguides it is possible to

control the coefficient of enhancement of neutron density by switching the external layers magnetization by the

applied magnetic field. In this work, the intensity of the narrow neutron microbeam escaped from the end face of

the middle nonmagnetic layer is registered. It is obtained that the intensity of the divergent microbeam depends on

the polarization sign of the polarized collimated neutron beam entered on the waveguide surface.

Keywords: polarized neutrons, layered nanostructures, neutron waveguides, neutron resonators.

DOI: 10.61011/PSS.2024.06.58700.14HH

1. Introduction

Neutron scattering is a powerful method for studying

polymers, biological objects and magnetic structures owing

to the special properties of neutrons: high penetrating

power, isotopic sensitivity and the presence of its own

magnetic moment. X-ray radiation has a low penetrating

power, so it cannot be used to study magnetism in the

volume of matter or at a depth from the surface. Polarized

neutron beams are a unique tool for such case. The

scale of the studied objects is determined by the beam

width, which ranges from 0.1 to 10 mm in a conventional

neutron experiment. It is necessary to have beams with a

width of less than 100µm to study local microstructures.

Various focusing devices are developed for such purpose

(bent crystal-monochromator, refractive lenses, parabolic

mirror neutron guides, etc.) [1], which can compress a

neutron beam to 50µm. Smaller beam sizes cannot

be obtained because of limitations that are determined

by the physical properties of the materials used or their

processing technology. Another problem with focusing

systems is that they cannot extract a
”
pure“ microbeam.

For example, parabolic mirror neutron guides form beams

strongly structured in space, refractive lenses focus only

about 20−30% of the initial beam, and capillary lenses

have a significant background. Calculations in Ref. [2]
demonstrated that wings with the width from 10 to 20µm

remain when a microbeam with a width of about 100µm

is formed using a conventional diaphragm from blades of

a neutron-absorbing crystal Gd3Ga5O12 (or GGG). At the
same time, the shape of the wings changes when the width

of the diaphragm changes. A method for producing a

microbeam with total specular reflection of neutrons from

a silicon substrate is demonstrated in [2]. The method is

suitable for time-of-flight technique, has a high intensity

of the order of 1000 n/s and a low background of about

2 n/min, but the practically achieved width of the microbeam

is still about 30µm.

The narrowest microbeams of neutrons form three-layer

waveguides (Figure 1). A collimated neutron beam with

a width of about 0.1mm and an angular divergence of

about 0.01◦ falls at a small grazing angle αs onto the

surface of the waveguide in vacuum (medium 0). Then the

neutrons tunnel through a thin upper layer with a thickness

of 5−20 nm (medium 1) and fall into the middle layer with

a thickness of d about 100−200 nm (medium 2). Next,

the neutrons are almost completely reflected from the thick

bottom layer with a thickness of 50−100 nm (medium 3)
and then are partially reflected from the thin upper layer

(medium 1). Part of the neutrons exits through the surface

in the direction of the specularly reflected beam, and the

other part of the neutrons propagates along the middle layer

as in a channel (channelling) and exits from its end in the

form of a narrow microbeam with a divergence δαF of the

order of 0.1◦ . The Fraunhofer diffraction makes the main

contribution to the microbeam divergence on a narrow slit

δαF ∝ λ/d, where λ — the wavelength of neutrons. The

initial width of the microbeam is d, and the final width is

w ≈ d + l · δαF. Here l is the distance from the waveguide

output. The investigated sample should be positioned as

close as possible to the output end of the waveguide for

maintaining the minimum width of the microbeam. The

record narrow and
”
pure“ microbeam of neutrons are the

advantages of layered waveguides, and the low intensity and

relatively high angular divergence of the microbeam are the

disadvantages of layered waveguides.

An unpolarized microbeam of neutrons from a three-

layer waveguide was obtained in [3], and a polarized mi-

crobeam of neutrons was obtained in [4]. The contribution

of Fraunhofer diffraction to the angular divergence of a
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Figure 1. Geometry of the experiment with a microbeam of

neutrons. The numbers indicate the indices of the medium where

the neutrons enter: 0 — vacuum, 1 — upper magnetic layer, 2 —
middle non-magnetic layer, 3 — lower magnetic layer.

microbeam was experimentally determined in in [5–7].
A neutron microbeam from a waveguide was used to

study the magnetic microstructure in [8]. A magnetic wire

with a diameter of 190µm was scanned with a polarized

microbeam with a width of 2.6µm. A combination of a non-

magnetic waveguide and a polarized neutron reflectometer

was used in Ref. [9]. The experimental setup is described in

more detail in Ref. [2]. It was demonstrated that statistically

confident data can be obtained in a quite reasonable time

of about 10 h at a microbeam intensity of the order of 1 n/s.

It can be assumed that studies using neutron microbeads

from waveguides will become more affordable with the

introduction of new powerful neutron sources (ESS, PIK,
IBR-3). Therefore, the study of the properties of neutron

waveguides seems to be an actual task.

Two phenomena are simultaneously observed in the mid-

dle layer of the waveguide: the formation of resonantly

enhanced neutron standing waves waves and channeling of

neutrons. The theory of neutron resonances is described

in Ref. [10] and the theory of channeling is described in

Ref. [11]. Nanostructures are called resonators for practical

reasons if resonant enhancement of the neutron wave field is

used. If the phenomenon of neutron channeling is exploited

in studies, then the same layered nanostructures are called

waveguides.

Layered resonators are used to enhance the weak interac-

tion of neutrons with the substance [12]. Neutron reso-

nances manifest themselves as weak minima on the neutron

specular reflection coefficients and as resonantly enhanced

maxima of secondary characteristic radiation or specific

neutron scattering corresponding to them. When neutrons

interact with certain elements and isotopes, secondary char-

acteristic radiation occurs as a result of nuclear reactions, for

example, gamma quanta [13], alpha particles [14], products
of the fission chain reaction [15]. An experimental setup

with a polarized neutron reflectometer with simultaneous

use of a gamma-ray detector is described in Ref. [16] and
Ref. [17] describes an experimental setup with registration

of alpha particles and tritons. The method of neutron

reflectometry with registration of secondary characteristic

radiation is described in detail in [18,19].

Neutrons that have experienced a spin flip during

interaction with magnetically non-collinear layered struc-

tures [20–22], incoherently scattered on hydrogen [23],
off-specularly scattered on the roughness of the interlayer

boundaries [24,25] and on the domain structure can act

as specific neutron scattering in the resonator [26,27].
Resonators were used in [28,29] to determine a small

change of the concentration of hydrogen in a layered

nanostructure.

The channeling of neutrons in layered waveguides is an-

other type of specific neutron scattering. The phenomenon

of channeling in the geometry of reflection was observed

in [30], and neutron channeling was studied in detail in the

geometry of a microbeam in [31–36]. It follows from the

theory [11] that the square of the modulus of the neutron

wave function exponentially decays inside the waveguide

layer as |9|2 ∝ exp(−x/x e). Here x — the length of the

path under the neutron absorber, which lies on the surface

of the waveguide, and x e — the length of channeling

(the distance at which the neutron density attenuates in

e times). The intensity of the neutron microbeam I(x)
from the end face of the waveguide is depending on the

length of the absorber x is measured in the experiment

described in [31] and then x e is determined from the exper-

imental dependence I(x) = I(0) exp(−x/x e). Here I(0) —
the normalization intensity of the microbeam without an

absorber. It is found that the length of neutron channeling

is 1−5mm. The channeling length decreases inversely with

an increase of the resonance order of n = 0, 1, 2, . . . [33]
and increases exponentially with an increase of the thickness

of the upper layer [33], the thickness of the waveguide

channel [34] and the depth of the quantum well of the

waveguide [35]. The experimental setup is described in

detail in Ref. [36]. The geometry of the microbeam makes it

relatively easy to separate resonances from parasitic beams.

The use of waveguides was proposed in Ref. [37] for a

more accurate determination of the weak magnetization of

a layer of the order of 100G. This idea was experimentally

implemented in Ref. [38.39]. The outer layers were non-

magnetic in the three-layer waveguide and the studied

ferrimagnetic films of TbCo5 and TbCo11 were used as the

middle waveguide layer. The magnetization of the layer was

directly determined by the position of the neutron energy

resonances for spin
”
+“ and

”
–“. An overview of the studies

and application of neutron waveguides is made in Ref. [40].

A waveguide in which the outer layers are magnetic,

and uranium is placed in the middle non-magnetic layer

was theoretically reviewed in Ref. [15]. It was proposed to

change the gain of the neutron density inside the waveguide

by remagnetization of the outer layers with a magnetic field.

Such waveguides can be potentially applied for fission chain

reaction control in a miniature nuclear power plant. We

consider similar waveguides with external magnetic layers

in this paper.
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2. Calculations

Calculations were made according to the theory of

neutron resonances in the layered nanostructures [10]. Let

us introduce the following notations:

k0z =
2π

λ
sinαs , k1z =

√

k2
0z − ρ1, k2z =

√

k2
0z − ρ2,

k0x =
2π

λ
cosαs .

Here ρ1 — neutron scattering length density (SLD) for

the upper layer 1, ρ2 — SLD for the waveguide layer 2.

The neutron wave function has the general form of

9(k0z , z ) = A exp(ik0z z ), where A — the amplitude of the

wave function. Then we obtain that |9|2 = |A|2. The wave

function has the form inside the middle layer

9(k0z , z ) = A[exp(−ik2z z ) + r23 exp(ik2z z )],

where r23 — the amplitude of reflection of the neutron

wave function from the lower layer 3. The amplitude A is

determined from the self-consistent equation for the neutron

wave function in the layer 2 if the origin of the coordinates

z = 0 is combined with the interface of layers 1 and 2:

A = t02 exp(ik2z d) + r21r23 exp(ik2z2d) A, (1)

where t02 — the amplitude of transmission of the neutron

wave function from vacuum to medium 2 through layer 1,

r21 — the amplitude of reflection of the neutron wave

function in the medium 2 from layer 1. The following is

found from a self-consistent equation (1)

|9|2 = |A|2 =
|t02|

|1− r21r23 exp(2ik2z d)|
. (2)

The value |9|2 = |A|2 in the equation (2) has resonant

maxima under periodic conditions for the phase of the

neutron wave function

8(k0z ) = 2k2z d + arg(r21) + arg(r23) = 2πn, (3)

where n = 0, 1, 2, . . . is the resonance order. If the neutron

wavelength is fixed, the grazing angle of the initial beam has

resonances along the angle αsn. If the time-of-flight method

is used, then the grazing angle of the initial beam is fixed,

and the final neutron spectrum has resonances along the

wavelength λn.

Let us consider two waveguides:

Py(20 nm)|Cu(140 nm)|Py(50 nm) ‖ glass

and Fe(20 nm)|Cu(140 nm)|Fe(50 nm) ‖ glass.

Permalloy (Py) is a magnetic alloy of Fe (20.6 at.%)-
Ni (79.4 at.%) with a narrow hysteresis loop and saturation

magnetization of about 10 kG. Figure 2 shows the SLD of

waveguides depending on the coordinate z in the direction

perpendicular to the layers. The tabular values of the

nuclear part of the SLD are taken for calculations. The

magnetization of the Fe layers is equal to the saturation
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Figure 2. Scattering length density (SLD) of neutrons of a

waveguide with external magnetic layers for neutron polarization

”
+“ and

”
–“: a — Py(20 nm)|Cu(140)|Py(50) ‖ glass; b —

Fe(20 nm)|Cu(140)|Fe(50) ‖ glass.

magnetization of 22.0 kG. The saturation magnetization

of 7.2 kG is assumed for permalloy. The SLD of the

outer layers is equal to ρ1 = ρ1N ± ρ1M , where ρ1N —
contribution of the nuclear interaction of neutrons with

matter, ρ1M ∝ M — contribution of the magnetic interaction

of neutrons with matter, M — the magnetization of the

layers. The signs
”
+“ and

”
–“ correspond to the sign

of the projection of the neutron spin on the direction of

magnetization of the layers. The wavelength of neutrons

is 4.26 Å, the wavelength resolution is 0.05 Å, the grazing

angle resolution of the initial beam is 0.006◦ . It can be seen

that the SLD for neutrons with spin
”
+“ has the form of a

deep well for both waveguides. The SLD for the Py|Cu|Py
waveguide has the form of a shallow pit for neutrons with

spin
”
−“ (Figure 2, a) and it has the form of a low barrier

for the Fe|Cu|Fe waveguide (Figure 2, b).
Figure 3 shows the square of the modulus of the neutron

wave function depending on the grazing angle of the

incident neutron beam with spin
”
+“ (up) and

”
−“ (do or

down), summed along the coordinate z inside the waveg-

uide layer. The indices n = 0, 1, 2, . . . indicate the orders

of resonances. It can be seen that the gain is 30 for spin up

and 15 for spin do for the Py|Cu|Py waveguide (Figure 3, a)
in resonance n = 0. The positions of resonance n = 0 for

the up and do spins practically coincide with each other,

which is determined by the magnitude of the SLD of the Cu

waveguide layer. The positions of higher-order resonances

n = 1, 2, . . . for the do spin are shifted to smaller angles

relative to the resonances for the up spin. The neutron
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Figure 3. Calculation of the square of the modulus of the neutron

wave function inside the waveguide depending on the grazing

angle of the incident beam with polarization UP (thin line) and

DO (thick line): a — Py|Cu|Py; b — Fe|Cu|Fe.

density gain in resonance n = 0 is 20 for spin up and 5 for

spin do in case of the Fe|Cu|Fe waveguide (Figure 3, b).
The positions of resonance n = 0 for the up and do spins

also practically coincide with each other, as well as for the

Py|Cu|Py waveguide. At the same time, the maximum reso-

nances of higher orders (n = 1, 2) are weakly expressed.

Therefore, the calculations have shown that the neutron

density gain in resonance of the order n = 0 is much higher

for the up spin than for the do spin. The ratio of the neutron

density gain coefficients for the up and do spin is 2 for the

Py|Cu|Py waveguide and 4 for Fe|Cu|Fe waveguide. Next,

let’s look at the experimental results.

3. Experimental results

The experiments were performed using polarized

neutron reflectometer NREX [41]. A neutron beam with

a wavelength of 4.26 Å and a degree of polarization

of 0.97 was used. A single supermirror in the transmission

geometry was used as a polarizer. The direction of

polarization of the neutron beam in front of the sample

was changed using a Mesey spin-flipper. The sample sizes

are 30× 30× 5mm. The divergence of the incident beam

is 0.006◦, the neutron wavelength resolution is 1.0%. An

external magnetic field is applied parallel to the sample

plane to magnetize the film to saturation. The strength of

the applied magnetic field was 1.0 kOe for the Py|Cu|Py
waveguide and 1.5 kOe for Fe|Cu|Fe waveguide. The

angular resolution of the 3He gas two-dimensional position-

sensitive detector (PSD) is 0.072◦ . The distance from the

first 0.25mm wide diaphragm to the sample was 2200mm,

and the distance from the sample to the detector was

2400mm. The spatial resolution of the detector is 3.0mm.

There was a second diaphragm with a width of 0.7mm in

front of the sample at a distance of 200mm, the purpose of

this aperture was to reduce the background.

The neutron specular reflection coefficients for up and do

beam polarization were measured to characterize the waveg-

uide structure (Figure 4). Figure 4, a shows the coefficients

of specular reflection from the Py|Cu|Py waveguide. The

symbols correspond to the experiment, the lines correspond

to the results of fitting of the computed model of the

structure to the experimental data. The following waveguide

parameters were obtained

PyO(2.3 nm, 7.67 · 10−6 Å
−2

)|Py(19.5, 8.83 · 10−6,

7.0 kG)|Cu(132.0, 6.58 · 10−6)|Py(48.0, 8.56 · 10−6,

7.2 kG)||glass(2.63 · 10−6 Å
−2

).

The thicknesses of the layers in [nm], the nuclear part

of the SLD in [Å−2] and the magnetization in [kG] are

specified here. The magnetization of the upper thin

permalloy layer is 7.0 kG, and the lower thick layer has

a magnetization of 7.2 kG as a result of the fitting. The

top layer has a thin non-magnetic PyO film as a result of

oxidation. The oxidation process is a conventional process,
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Figure 4. Neutron specular reflection coefficients for polarization

of the incident beam UP (open symbols) and DO (closed
symbols): a — Py|Cu|Py; b — Fe|Cu|Fe. Dots — the experiment,

lines — fitting.
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unless special actions are taken. For example, sputtering of

a protective layer on the surface of the film.

Figure 4, b shows the coefficients of neutron specular

reflection from the Fe|Cu|Fe waveguide (symbols — ex-

periment, lines — fitting). The following parameters are

obtained as a result of the fitting

FeO(5.4 nm, 7.49 · 10−6 Å
−2

)

|Fe(15.4 nm, 8.03 · 10−6 Å
−2

, 22.0 kG)|

Cu(136.0 nm, 6.96 · 10−6 Å
−2

)

|Fe(51.0 nm, 8.03 · 10−6 Å
−2

, 22.0 kG)|

|glass(3.97 · 10−6 Å
−2

).

It can be noted that the oxide layer for iron is larger than

for permalloy. The magnetization of iron saturation is equal

to the tabular value.

Next, the intensity of the neutron microbeam depending

on the grazing angle of the incident polarized beam was

measured in the experiment (Figure 5). Figure 5, a shows

the intensity of the neutron microbeam for the Py|Cu|Py
waveguide. The magnitude of the intensity statistical error

is equal to the size of the symbols and less. It can be seen

that the background level in the resonance region n = 0

is 2.1 n/s. The intensity of the microbeam in resonance

n = 0 after substraction of the background equals to 2.0 n/s

for the polarization of the incident beam up and 1.2 n/s

for the polarization do. Then the ratio of the microbeam

intensities for up and do polarization is 1.7± 0.3. It is

important to note here that it was possible to significantly

reduce the background in the microbeam in the experiment

with the microwire [2,8]. A Cd plate was glued to the

input end face of the waveguide substrate for this purpose

and a blade made of a neutron-absorbing GGG crystal was

placed on the surface of the waveguide near the outlet. The

background was about 10 times less than the useful signal

as a result. Such a strong reduction of the background

was not a task of this experiment. A simple design of

two Cd plates was used at a distance of approximately

700mm from the sample position for blocking the direct

and reflected beams: a plate on a rack with a stepper motor,

which blocked the direct beam, and a plate on a moving

massive protection of the PSD, which blocked the reflected

beam.

The background level in the region of resonance n = 0

is 2.4 n/s for the Fe|Cu|Fe waveguide (Figure 5, b). The

intensity of the microbeam in the resonance n = 0 after

substraction of the background is 1.9 n/s for the polarization

of the incident beam up and 0.5 n/s for the polarization do.

The ratio of the microbeam intensities for up and do

polarization is 3.8± 0.5 as a result. It can be noted that

the intensity of the neutron microbeam for up polarization

is significantly higher than for do polarization for both

waveguides. Therefore, the obtained experimental data

confirm the preliminary calculations based on the theory

of resonances.

4. Discussion of the results

Neutron waveguides consisting of external magnetic

layers and a non-magnetic middle layer are studied in

this paper. A polarized initial neutron beam and films

magnetized to saturation were used. The SLD of the

outer layers changes, while the SLD of the middle layer

remains constant. The position of the resonances for the

initial polarization of up and do slightly varies in such a

resonant structure and the gain of the neutron density varies

greatly. The wavelength of the neutrons was fixed. The

intensity of a microbeam of neutrons coming out of the

end face of a non-magnetic waveguide layer was measured.

It is found that the intensity of the microbeam in the

resonance of the order n = 0 for up polarization is several

times higher than for do polarization. This ratio is even

higher for resonances of higher orders. Therefore, it was

experimentally demonstrated that the magnetic structure of

the waveguide affects the magnitude of the neutron density

gain inside the waveguide. The state of the magnetic film

does not change in this case, but the polarization of the

beam incident on the sample changes.

It is possible to change the gain of the neutron density in

another way. For example, it is possible to use an initial

beam with a fixed up polarization and remagnetize the

magnetic layers using an applied time-oscillating magnetic

6∗ Physics of the Solid State, 2024, Vol. 66, No. 6
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field. The method of neutron reflectometry in an alternating

magnetic field and an experimental setup are described in

Ref. [42,43]. The method is used to study the dynamics

of the domain structure in films. The switching frequency

of the magnetic field is about 300 kHz. In this case, the

frequency and amplitude of the alternating magnetic field

can be changed, as well as the time ratio for positive and

negative magnetization of the film. This method is more

complex, but it gives more opportunities to influence the

state of the sample and the gain factor of the neutron

density. It will be necessary to study possible depolarization

processes of a neutron beam in interaction with a waveguide

in this case.

The advantage of a waveguide with external magnetic

layers and a middle non-magnetic layer is as follows. If

the time-of-flight technique is used, then at a fixed grazing

angle of the incident neutron beam, all neutrons with a set

of wavelengths λn in resonances n = 0, 1, 2, . . . are present

in the microbeam spectrum, while the intensity of the

microbeam of neutrons with do polarization in resonances

is small compared with up polarization (Figure 5, b). If

we take, for example, a Fe|Co|Fe waveguide with three

magnetic layers [44], then the position of the resonances for

do polarization will be strongly shifted along the neutron

wavelength. But neutrons with do polarization in resonances

will be still present in the spectrum. Approximately the

same happens in waveguides with non-magnetic outer layers

and a magnetic middle layer [38–40,45]. The position

of the neutron resonances is split in energy to polarize

up and do, but the amplitudes of the resonances remain

approximately the same. Therefore, neutrons with opposite

polarization will be present in the time-of-flight spectrum of

the microbeam.

The principle of operation of a waveguide with external

magnetic layers is considered in the most general form

in this paper. It is shown that the amplitude of the

intensity of the microbeam in resonances for the initial

polarization of up is significantly higher than the intensity

for the polarization of do. The calculations did not

taken into consideration the dependence of the amplitude

and width of neutron resonances on the parameters of

the structure and experimental conditions. The width

of neutron resonances in a non-magnetic waveguide was

theoretically and experimentally studied in [46] as a func-

tion of the angular divergence of the incident neutron

beam. It was found that the spectral width of neutron

resonances increases with an increase of the angular

divergence of the incident neutron beam. An experimental

estimate of the intrinsic width of neutron resonances in

a waveguide was obtained in the same paper. It follows

from these results that in the future it is necessary to

conduct additional studies of the effect of the processes

of remagnetization of the external magnetic layers of

the waveguide on the amplitude and width of neutron

resonances.

5. Conclusion

Neutron waveguides Py|Cu|Py and Fe|Cu|Fe with exter-

nal magnetic layers and a non-magnetic middle layer were

studied. Calculations based on the theory of resonances

in layered structures demonstrated that the gain coefficient

of the neutron density in such waveguides in resonances

for the initial beam polarization up is significantly higher

than for polarization do. A collimated polarized neutron

beam was incident on the surface of a magnetic waveguide

in this experiment. Then the neutrons were channeled

along the middle non-magnetic layer and exited from the

end face of the channel in the form of a diverging beam

of micron width. The intensity of the neutron microbeam

was registered depending on the polarization sign of the

incident neutron beam. It was found that the intensity

of the microbeam of neutrons in resonance of the order

n = 0 for do polarization is less than the intensity of

the microbeam for up polarization in 1.7± 0.3 times for

the Py|Cu|Py waveguide and in 3.8± 0.5 times for the

Fe|Cu waveguide|Fe. The experimental data confirm the

preliminary calculations. Waveguides of this type can be

potentially applied for controlling the chain reaction of

uranium fission using an external magnetic field to create

a miniature nuclear power plant [15].
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