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System of neutron microbeams from a planar waveguide
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Results of experimental investigations of space, angular and wavelength distribution in neutron microbeams

obtained for the first time with the help of a resonant planar neutron waveguide at the time-of-flight reflec-

tometer of the IBR-2 pulsed reactor are reported and comparison with theoretical calculations is presented.

Possible application of microbeams in physical experiments is discussed.
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1. Introduction. Neutron scattering is a power-

ful tool for investigations of magnetic and nonmagnetic

solids, polymers and biological objects. Results of ex-

periments depend on properties of the incident neu-

tron beam: its collimation, monochromatization and

size. The commonly used beams have the width of the

order of 0.1–10 mm. For local investigation of samples

the more narrow beams are required. The various fo-

cusing devices [1] are able to decrease the width of

the neutron beam up to 50µm. The smaller widths up

to 0.1−10µm can be achieved with the help of planar

waveguides, which transform collimated neutron mac-

robeams into slightly divergent microbeams compressed

in one dimension. Production of such microbeams of

nonpolarized neutrons is reported in [2, 3]. A polarized

microbeam was reported in [4]. A combination of non-

magnetic neutron waveguide with polarized neutron re-

flectometer [5] was used for investigations of an amor-

phous magnetic microwire [6, 7] by the method of spin

precession at transmission [8]. All the previous experi-

ments with microbeams were made at steady state re-

actors with monochromatic incident neutron beams. A

monochromatic neutron beam, incident at a fixed graz-

ing angle on a planar resonant waveguide, produces only

a single microbeam.

In the present communication, we report experimen-

tal results obtained at a time-of-flight (TOF) reflectome-

ter. In this case at a given grazing angle of an incident

beam several microbeams can be observed simultane-

ously. It gives an opportunity to investigate properties

of the microbeams in more details. We measured their

1)e-mail: kozhevn@nf.jinr.ru

space, angular and wavelength distribution. Compare

their angular divergence with predictions of Fraunhofer

diffraction at the exit slit of a planar waveguide.

In the next section the experimental setup is de-

scribed, in the third section experimental results are re-

ported, in the fourth section angular distribution of the

obtained microbeams were compared with the predic-

tion of theory of the Fraunhofer diffraction, in the fifth

section a comparison of experiments with micro beams

at steady state and pulsed neutron sources is given and

in the last section after a summary the possible appli-

cation of microbeams is discussed.

2. Experimental setup. The experiment was done

at the polarized neutron time-of-flight reflectometer

REMUR [9] of the pulsed reactor IBR-2 (FLNP, JINR,

Dubna, Russia). The incident neutron beam was ex-

tracted directly from the thermal moderator or from the

moderator with the cold source supplement. The beam

from the thermal moderator without cold source con-

tained 3 times more neutrons within wavelengths range

1–3 Å, but the moderator with the cold source [10] pro-

duced 10 times more neutrons with wavelengths in the

interval 3–8 Å. The maximal neutron wavelength of neu-

tron spectra extracted from thermal and cold modera-

tors was 8 and 16 Å, respectively.

The scheme of the experiment is shown in Fig. 1a.

The resonant planar waveguide is a multilayer

Ni67Cu33/Cu/Ni67Cu33//Si(substrate) with optical

nuclear potential shown in Fig. 1b. At room tempera-

ture the alloy Ni(67 % at.)Cu(33 % at.) is nonmagnetic.

The initial neutron beam falls onto the sample surface

under a grazing angle θi, and tunnels through the

upper layer into the wave guiding layer (channel) made
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Fig. 1. (a) – Scheme of experiment. (b) – Neutron optical

potential of the sample as a function of the coordinate z

perpendicular to the sample layers

of Cu. Inside the middle layer the neutron wave density

at some wavelengths is resonantly enhanced [11]. In

the potential system Fig. 1b three resonances of orders

n = 0, 1, 2 correspond to the region of total reflection of

the neutrons from the bottom layer Ni67Cu33. There are

also resonances with n > 2 but their intensity is lower

because neutrons at these resonances can pass through

the bottom layer Ni67Cu33 outside the waveguide. The

enhanced neutron wave after channeling [12–14] along

the guiding layer reaches the exit edge and leaks out

through the gap of the width d equal to the thickness

of the channeling layer. The outgoing microbeam has

an angular divergence δθ, which is determined by the

law of the Fraunhofer diffraction

δθ ∼ λ/d, (1)

where λ is the neutron wavelength. The divergent

microbeam is registered by two-dimensional position-

sensitive (PSD) 3He detector with spatial resolution

2.7 mm. The distance sample-detector was 4.94 m. The

full time-of-flight base was 33.94 m. The angular diver-

gence of the incident beam was 1.2 mrad.

3. Experimental results. The pa-

rameters of the sample found in a neu-

tron reflectometry measurements were

CuO(2.5 nm)/Ni67Cu33(14.9)/Cu(141.7)/Ni67Cu33(53.3)//

Si(substrate). These measured layer thicknesses were

used in calculations. The nuclear potentials were found

to be: CuO (45 neV), upper layer Ni67Cu33 (245 neV),

Cu (171 neV), bottom layer Ni67Cu33 (219 neV), Si

(54 neV).

With time-of-flight technique it is possible to obtain

at PSD a two-dimensional map of neutron counts for any

grazing angle of the incident beam. One such a map for

the grazing angle θi = 7.68mrad of the incident beam is

presented in Fig. 2. The horizontal axis corresponds to

Fig. 2. Two-dimensional map of the neutron intensity in

dependence on the neutron wavelength and the scatter-

ing angle at the fixed grazing angle of the incident beam

7.68 mrad. The ovals show the calculated positions of the

microbeams of different orders. The points around them

are related to background created by scattering and also

to refracted and specularly reflected parts of the incident

beam

neutron wavelength λ and the vertical one corresponds

to the outgoing with respect to horizon angle θ. The

specularly reflected and direct beams were blocked by

Cd beam-stops as shown in Fig. 1a. The counts near

position of the direct beam correspond to the refracted

one. The spots marked by ellipses correspond to the mi-

crobeams of different resonance orders n = 0, 1, 2. The

space distribution of the neutron microbeam intensity

reflects the two-dimensional distribution of the neutron

wave function density |ψn(z, λ)|
2 in the waveguide [3],

where z is the coordinate perpendicular to the sample

surface and n = 0, 1, 2, ... is the resonance order. The

two-dimensional map represents the distributed low in-

tensity of the microbeams comparable to the level of

background. It is difficult to see well-defined spots of

the beams in this case. But we can see the peaks on the

integrated intensity.

In Fig. 3, the dependence of the neutron intensity

registered by PSD on the neutron wavelength is shown

for various grazing angles of the incident beam. The

intensity was integrated over the wide angle range be-

Письма в ЖЭТФ том 102 вып. 1 – 2 2015



System of neutron microbeams from a planar waveguide 5

Fig. 3. The neutron intensity as a function of the neutron

wavelength at various grazing angles of the incident beam:

2.93 (a), 3.63 (b), 6.46 (c), 7.68 (d) mrad. The energy at

the resonances n = 0, 1, 2 correspond to total reflection

of neutrons from the bottom Ni67Cu33 thick layer. The

microbeam intensity is higher. The neutron microbeam

intensity of the resonances n > 2 is lower because of the

neutron transmission through the bottom Ni67Cu33 thick

layer

tween specularly reflected and the direct beams. Mea-

surements at θi = 2.93mrad were made without cold

source, and measurements at other grazing angles of

the incident beam were done with the cold source at

the thermal moderator. The maxima of the neutron

counts correspond to various resonance orders. The neu-

tron wavelength of a microbeam decreases with decrease

of the grazing angle of the incident beam and with in-

crease of the resonance order. At the angles 3.63, 6.46,

and 7.68 mrad the presented intensity is summed over

two nearby wavelength channels to diminish the statis-

tical error bar.

In Fig. 4 the dependence of microbeams neutron in-

tensity on exit angle is shown for various resonance or-

Fig. 4. The neutron intensity as a function of the grazing

angle of the scattered beam for different resonance orders

at various grazing angles of the incident beam: 3.63 mrad,

n = 0 (a); 6.46 mrad, n = 0 (b); 7.68 mrad, n = 0 (c);

7.68 mrad, n = 1 (d); 7.68 mrad, n = 2 (e)

ders and grazing angles of the incident beam. Figs. 4a–c

correspond to the resonance order n = 0 and grazing

angles of the incident beam equal to 3.63, 6.46, and
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7.68 mrad respectively. Left (refracted) and right (spec-

ularly reflected) beam regions around the microbeam

peaks are blocked by Cd beam-stops to diminish the

background level. It is clearly seen that the width of

the central peak increases with increase of the neutron

wavelength as follows from Fraunhofer diffraction the-

ory. Quantitative description of the experimental data

with the theory will be presented in the next section.

Figs. 4c–e correspond to grazing angle of the inci-

dent beam θi = 7.68mrad and to the resonance orders

n = 0, 1, 2, respectively. The neutron intensity of the

microbeam has one, two, and three maxima for the reso-

nances n = 0, 1, 2, respectively [2, 3]. The experimental

data are well described by the theory. Our experimental

data show one peak for the resonance n = 0 (Fig. 4c)

with maximum at θ = +1mrad and two peaks for the

resonance n = 1 (Fig. 4d) with maxima at θ = −2mrad

and θ = +4mrad. The asymmetry means that the hor-

izontal direction in our measurements must be shifted

to the angle θ = +1mrad.

At the resonance n = 2 (Fig. 4e), the intensity in-

creases toward the left and right sides and is partly

cut off by the beam-stops. The angular distributions

of the neutron intensity shown in Figs. 4c–e are quali-

tatively in agreement with the results of [2, 3, 15]. The

angular positions of microbeam peaks maxima of the

resonances n = 0, 1, 2 can be measured separately si-

multaneously, because with the time-of-flight technique

they are shifted in wavelength.

In the reference [15], we have registered

the neutron microbeams from the same sample

CuO(2.5 nm)/Ni67Cu33(14.9)/Cu(141.7)/Ni67Cu33(53.3)//

Si(substrate) at the neutron reflectometer NREX

(reactor FRM II, Garching, Germany) using fixed

neutron wavelength 4.26 Å (1 % FWHM). The angular

divergence of the incident beam was 0.1 mrad and

the angular resolution of the two-dimensional 3He

position-sensitive detector was 1.0 mrad. In Fig. 5a, the

two-dimensional map of neutron intensity in the coor-

dinates (θi, θ) is shown. The ovals mark the positions of

the neutron microbeams of the resonances n = 0, 1, 2.

One can see more clearly the spots of the microbeams

because of the better statistics and low background.

The neutron microbeam intensity was integrated

over the scattering angles in the region between two

diagonal lines. In Fig. 5b, the integrated microbeam

intensity is presented as a function of the grazing angle

of the incident beam. Three peaks of the resonances

n = 0, 1, 2 are well defined. In Fig. 5c, the microbeam

intensity integrated in the region of the angles θi over

the resonances width is shown as a function of the

diffraction angle θ. One can see one maximum for the

Fig. 5. The experimental data obtained for the same sam-

ple at the reflectometer NREX with the fixed neutron

wavelength 4.26 Å. (a) – Two-dimensional map of the neu-

tron intensity as a function of the incident and the final

angles. (b) – The integrated microbeam intensity as a func-

tion of the grazing angle of the incident beam. (c) – The

integrated microbeam intensity as a function of the angle

of the scattered beam

resonance n = 0, two maxima at θ = ±2mrad for the

resonance n = 1 and three maxima for the resonance

n = 2 (two maxima at θ = ±3mrad and low maximum

in the center around θ = 0mrad). Comparing data

of the resonances n = 0, 1, 2, one can conclude that

the perpendicular to the sample surface wave vector

k⊥n
= 2πθi/λn at the time-of-flight method coincides

with k⊥n
= 2πθin/λ at the fixed wavelength technique.

4. Fraunhofer diffraction. The exit from the guid-

ing layer is a narrow slit of the width d = 141.7 nm
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equal to the thickness of the resonant layer of the pla-

nar waveguide (Fig. 1a).

A microbeam at the slit experiences diffraction.

Since it is observed by the detector at the distance

L = 4.94m from the slit, which is much larger than

d, the diffraction is of the Fraunhofer type. The angular

distribution Iθ of the diffracted beam is determined by

the function:

Iθ = I0(sinβ/β)
2, (2)

where I0 is the intensity of the wave in the guiding layer

near the exit,

β = 1/2kd sin θ ≈ πdθ/λ, (3)

and k = 2π/λ is the neutron wave number. The function

(2) for I0 = 1, λ = 4.26 Å, and d = 141.7 nm is shown

Fig. 6. (a) – Calculation of the Fraunhofer diffraction pat-

tern for the narrow slit width d = 141.7 nm and the neu-

tron wavelength 4.26 Å: the neutron intensity as a function

of the final angle of diffraction. (b) – The width of the mi-

crobeam peak for the resonance n = 0 as a function of

neutron wavelength: experimental value (open symbols);

corrected experimental values (closed symbols); calculated

Fraunhofer diffraction result (line)

in Fig. 6a. The full width δθ of the central peak at half

maximum (FWHM) can be found from the equation

(sinβ/β)2 = 0.5. (4)

Graphical solution δθ = f(λ) of Eq. (4) is shown in

Fig. 6b by the solid line. It follows that δθ ∼ λ.

For comparison with experiment we used the an-

gular distributions obtained for resonance n = 0 and

presented in Figs. 4a–c. We approximate the microbeam

peaks by Gaussians. The widths of Gaussians increase

with the neutron wavelength. In the case of the incident

beam grazing angle θi = 7.68mrad (Fig. 4c), the form

of the peak is not symmetrical. Deformation of the right

side of the peak possibly can be ascribed to absorption

or scattering at some defects near the exit end of the

guiding film. However, the left side of the peak can be

considered as non-deformed, and it is this side, which is

used for definition of the Gaussian width. The experi-

mental values of the microbeam widths (FWHM) at dif-

ferent neutron wavelengths are shown in Fig. 6b by open

symbols. For comparison with theoretical values of the

Fraunhofer diffraction δθF it is necessary to correct the

experimental data by excluding some uncertainties, as

shown in the following equation

δθF =
√

(δθ)2 − (δθi)2 − (δθdet)2, (5)

where δθi = 1.2mrad is the angular divergence of the

incident beam, δθdet = 0.55mrad is the angular resolu-

tion of the PSD. The corrected experimental values of

the angular widths of the diffraction at the exit slit are

shown in Fig. 6b by the closed symbols. They very well

correlate with theoretical values, which prove that the

angular width of microbeams increases with the neutron

wavelength as is predicted by the theory of Fraunhofer

diffraction.

5. Discussion. Above we reported about mi-

crobeams obtained at a pulsed reactor. Many previ-

ous experiments were performed at steady state sources.

Now it is possible to discuss merits of two types of exper-

iments with resonant planar neutron waveguides. In all

the cases for production of a microbeam one needs a pri-

mary beam incident on the surface of a planar multilayer

sample at some grazing angle. If the incident beam is

monochromatic and well collimated, then a microbeam

appears only at discrete values of the grazing angle. So

it is possible: (i) to observe in one measurement a mi-

crobeam from a single resonance, and (ii) to study its

angular distribution for a single wavelength. Therefore

turning the multilayer sample with respect to the inci-

dent beam it is possible to study separately all the res-

onances and angular divergence of related microbeams.

However for studying of separate resonances one needs

a lot of time to get sufficiently small statistical error.

Moreover, quite a good monochromatization and colli-

mation at steady state sources are achieved with the

help of Bragg reflection from single crystals. Therefore,

the microbeams wavelengths are restricted to those that

can be selected with single crystals. If the incident beam
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is not monochromatic or well collimated, then many mi-

crobeams from different resonance orders can appear.

But they all overlap, and study them separately be-

comes impossible.

In that respect the pulsed sources with time-of-flight

retlectometers have an advantage.

1. They permit to observe simultaneously all the mi-

crobeams related to different resonance orders n = 0, 1,

2, ... with slightly different neutron wavelengths.

2. The neutron microbeams are separated in space

and time at the position of the detector.

3. The neutron wavelength in the microbeam can be

varied by varying the grazing angle of the incident beam.

Another advantage of pulsed sources is a possibility

to reduce a time of data acquisition because they permit

to register several neutron microbeams simultaneously.

6. Conclusion. We have observed the system of the

neutron microbeams emitted from the planar waveg-

uide. The microbeams are produced because of reso-

nant enhancement of the neutron wave function density

inside the waveguiding layer. The microbeams angular

divergence is found to coincide with that predicted by

Fraunhofer diffraction theory. Experiment was carried

out at the time-of-flight neutron reflectometer of the

pulsed IBR-2 reactor. Several microbeams with differ-

ent wavelength and space distribution were produced

simultaneously and studied separately. It is a new re-

sult, which shows that microbeams can be effectively

obtained at pulsed sources and used in applications.

In this experiment we used nonpolarized neutrons and

nonmagnetic sample. There are no limitation for pro-

duction of polarized neutron microbeams, which can be

used for the investigations of one-dimensional magnetic

systems like magnetic microwires, domains, lithographic

gratings, and vortices in superconductors.

Contrary to the fixed wavelength method at steady

state sources, the time-of-flight technique allows to

change the wavelength of the neutron microbeam by

changing grazing angle of the incident beam. In this

way one can produce microbeams with long wave-

length. Here with the help of the cold neutron source

we were able to produce microbeams with wavelength

5.25 Å, but there are no limitations for production of

microbeams with even longer wavelength.

We thank our referee, who pointed out that a situ-

ation similar to channeling is realized in Laue diffrac-

tion in single crystals [16]. When the neutrons fell at

the Bragg angle perpendicularly to the crystallographic

planes the standing waves propagating along the crystal-

lographic planes are formed. They go out from the end

face of the crystal in reflected and forward directions.

The direct and the diffracted beams are spatially sep-

arated from the direct beam transmitted through the

crystal without diffraction. In [16] the neutron speed

along diffracting crystalline planes could be order of

magnitude smaller than the initial neutron speed.

The channeling phenomenon was also observed with

electrons in single Si crystals in Tomsk [17]. At different

angles of incidence of electrons several bound states in

the transverse direction were created.

We considered channeling in a multilayer system,

but we must mention that the first multilayer periodic

systems were proposed for ultracold neutrons in [18],

and the first interference filter containing several layers,

which is the neutron analog of the Fabry-Perot interfer-

ometer, had been proposed and produced in [19].
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and J. Major, JETP 117, 636 (2013) [S.V. Kozhevnikov,

V.K. Ignatovich, F. Ott, A. Rühm, and J. Major,
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