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a b s t r a c t

Neutron planar waveguides produce a narrow neutron beam of submicron width which can be used to scan local
microstructures with high spatial resolution. The important parameter of a planar waveguide is the distance
over which the neutron wave density decays exponentially during the neutron channeling inside a guiding layer.
We review various ways to experimentally characterize neutron channeling lengths. Experimental results are
presented and advantages and drawbacks of the different methods are discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Neutron beams for condensed matter studies have a typical width in
the interval 0.1 ÷ 10 mm. For the investigations of small objects smaller
beams are requested. Therefore in the last decade the focusing devices in
one or two dimensions (such as Fresnel lenses, capillary lenses, elliptical
waveguides, bent crystal monochromator, etc.) have been developed
[1]. But these devices are restricted by their physical properties and
manufacturing technologies and cannot achieve beam sizes smaller than
50 μm. Another disadvantage of the existing focusing devices is that they
do not produce ‘‘clean’’ beams. For example, in the case of Fresnel lenses
only a fraction 20%–40% of the beam is focused. For capillary lenses,
a strong background is scattered. In the case of elliptical guides, the
produced beam is strongly structured in space.

More effective focusing devices producing narrower and rather clean
microbeams are planar waveguides (Fig. 1). It is a tri-layer film where
the middle layer with low neutron optical potential is enveloped by two
layers with high neutron optical potential. The upper thin tunneling
layer has the thickness 𝑎 = 5 ÷ 20 nm, the middle waveguiding layer
has the thickness about 𝑑 = 150 nm and the bottom thick reflecting
layer has the thickness about 50 nm. The initially collimated neutron
beam of a macroscopic width enters on a surface under a small grazing
angle 𝛼𝑖 and tunnels though the upper thin layers into the middle layer.
Then the neutron wave is reflected from the bottom thick layer. The
part of neutrons then goes out through the upper layer. Another part
of neutrons is reflected again from the upper layer, propagates along
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the middle layer and goes out from the edge as a slightly divergent
narrow microbeam. The angular divergence of the microbeam 𝛿𝛼𝑓 is
defined by Fraunhofer diffraction of the neutron wave on a narrow slit
𝛿𝛼𝑓 ∼ 𝜆∕𝑑 where 𝜆 is the neutron wavelength and 𝑑 is the thickness
of the middle waveguiding layer. Then the microbeam can be used for
scan of microstructures with high spatial resolution. To keep the width
of the microbeam minimal, the investigated object must be placed close
to the waveguide edge.

In the waveguiding layer, the neutron wavefunction density is
resonantly enhanced due to the multiple reflection of neutron waves
from the bottom and upper layers. As the neutron wave is reflected from
the upper layer partially, the neutron wavefunction density is decayed
exponentially during the propagation (channeling) of the neutron wave
along the guiding layer (channel). The parameter of the exponential
decay of the neutron wavefunction density along 𝑥 axis is termed as
the neutron channeling length 𝑥e. The theory of neutron resonances in
thin films is described in [2] and the theory of neutron channeling in
planar waveguides is developed in [3]. The neutron channeling length
was measured experimentally in [4,5].

The planar waveguides were investigated in [6,7]. Unpolarized
neutron microbeams were demonstrated experimentally in [8,9]. Po-
larized neutron microbeams were obtained in [10]. The combination of
nonmagnetic waveguides and polarized neutron reflectometer [11] was
used for the scan of magnetic amorphous microwires with high spatial
resolution [12,13]. In [14] the angular divergence of the microbeam was
measured as a function of the neutron wavelength. In [15] the intrinsic
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Fig. 1. Geometry of planar waveguides.

spectral width of the neutron resonances in a planar waveguide was esti-
mated experimentally and compared with the theory of resonances [2].
The method of polarized neutron channeling was proposed for the direct
determination of magnetization of the weakly magnetic films [16,17].

The main features of neutron microbeams exiting the edge of waveg-
uides are the following: enhanced interaction with matter during the
process of channeling and low background because of the separation
from the direct and reflected beams. We suppose that it may be used
in the future for the development of sensitive and effective methods for
the investigations of layered structures. It is known [3] that the neutron
channeling length in planar waveguides depends on the parameters
of the structure (upper layer thickness, channel width, potential well
depth, resonances order, etc.). As we can measure the neutron channel-
ing length directly, it may be potentially used for the characterization
and investigations of waveguides.

In this communication we demonstrate the experimental setup and
methods for the measurement of the neutron channeling length in planar
waveguides. In Section 2 the calculations of the resonances and the
short theoretical description of the neutron channeling are presented. In
Section 3 the experimental setup and results on the neutron channeling
length measurement are shown. In Section 4 we discuss the advantages
and drawbacks of presented methods.

2. Neutron channeling length

In Fig. 2, the calculations for a waveguide structure Fe(20 nm)/
Cu(140 nm)/Fe(50 nm)//Si(substrate) are presented. The neutron op-
tical potential is shown in Fig. 2a as a function of the coordinate 𝑧
perpendicular to the sample surface (see Fig. 1). The potential for the
layers Fe(up) marked by the thin line corresponds to the neutrons with
spin parallel to the applied magnetic field and Fe(down) marked by
the thick line corresponds to the neutrons with spin antiparallel to the
applied magnetic field. For spin up the potential has a well-like shape.
But for spin down the potential is a barrier. In Fig. 2b the calculated
wavefunction density for spin up is shown as a function of the coordinate
𝑧 perpendicular to the surface and the glancing angle of the incident
beam 𝛼𝑖. One can see the maxima of the neutron wavefunction density
for the resonance orders 𝑛 = 0, 1, 2, 3 in the region of total reflection
below the critical angle 𝛼+𝑐 . The same for spin down is shown in Fig. 2c.
One can see two maxima above the critical angle 𝛼−𝑐 of total reflection.
The neutron wavefunction density integrated over the coordinate 𝑧 is
presented in Fig. 2d as a function of the glancing angle of the incident
beam 𝛼𝑖. For spin up (thin line) the enhancement in a potential well is
rather stronger than for spin down (bold line) in a potential barrier.

In the following we summarize a few important analytical expres-
sions from the theory of neutron channeling in planar waveguides [3].
Let us introduce notations. The plane neutron wavefunction with the
wave vector 𝐤0 falls in vacuum onto the surface of the waveguide
(Fig. 3).

The wavefunction in the resonant layer 2 (or channel) has the
following expression:

𝜓(𝑟) = 𝐴 exp
(

𝑖𝑘0𝑥𝑥
) [

exp
(

−𝑖𝑘2𝑧𝑧
)

+ 𝑅23 exp
(

𝑖𝑘2𝑧𝑧
)]

(1)

Fig. 2. Calculations for a waveguide of structure Fe(20 nm)/Cu(140 nm)/Fe(50 nm)/
/Si(substrate) for neutrons with spin parallel (UP) and antiparallel (DOWN) to the applied
magnetic field. (a) Neutron optical potential as a function of coordinate 𝑧 perpendicular
to the sample surface. (b) Neutron wavefunction density as a function of coordinate 𝑧 and
the glancing angle of the incident beam with spin UP where 𝑛 = 0, 1, 2,… is the resonance
order. (c) Neutron wavefunction density as a function of coordinate 𝑧 and the glancing
angle of the incident beam for spin DOWN. (d) Neutron wavefunction density as a function
of the glancing angle 𝛼i for spin UP (thin line) and spin DOWN (bold line).

Fig. 3. Geometry of neutron channeling length measurement using a powder absorber.
Neutron beam in vacuum (0) falls on the waveguide surface, tunnels from the upper thin
layer (1), enters into the channel (2) and is totally reflected from the bottom thick layer
(3). One part of the beam is tunneled through the upper layer (1) and goes outside the
waveguide through the surface. Another part is reflected back from the upper layer (1), is
channeled along the channel (2), goes out from the channel edge as a slightly divergent
microbeam and can be recorded by a neutron detector. The absorber absorbs the neutron
beam and divides the surface in two parts: illuminated and non-illuminated by the neutron
beam. The neutron wavefunction is 𝜓

(

𝑘2𝑧 , 𝑘𝑥
)

and 𝜓
(

𝑘2𝑧 − 𝑖𝜅, 𝑘′𝑥
)

respectively under
illuminated and non-illuminated part. 𝑘2𝑧 is the real part of the component of the wave-
vector perpendicular to the sample surface, 𝑘𝑥 is the real part of the component of the
wave-vector parallel to the sample surface under illuminated part, 𝑘′𝑥 is the real part of
the component of the wave-vector parallel to the sample surface under non-illuminated
part, 𝜅 is the imaginary part of the neutron wave-vector under the non-illuminated part.
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