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Koxesnukos C.B. u np. E14-2012-117
DKCHEepUMEHT JIbHOE OIpefie/IeHUe JUIMHBI K H JIMPOB HUS
HEHTPOHOB B IJIOCKOM BOJIHOBOJIE

B HEHTPOHHBIX BOJIHOBOA X HEHTPOHH 51 BOJIH YAEPXHB €TCSl BHYTPH BOJHOBOA-
HOTO CJIOSl ¥ MOXET BBIXOAWTH U3 TOPI[ CJIOS B BUAE MHUKpPOMy4K . K H nmpos Hue
BHYTPHU BOJTHOBOIHOTO CJIOSI COTPOBOXK €TCSl ®KCIIOHEHIM JIbHBIM 3 TyX HHEM IIIOT-
HOCTH BOJIHOBOI (hyHKIMM HEHTPOHOB BHYTPH BOJHOBOJ . MBI H HpaMylo onpefe-
JIWJIN COOTBETCTBYIOLIMI 11 P METP 3 TyX HUS, H 3bIB €Mblil JUIMHON K H JIUPOB HUS.
JIng aTOro Mbl U3MepsUIM UHTEHCUBHOCTh MUKPOMYYK K K (PYHKIMIO JUIMHBI IIOINIO-
I OIIEro HEUTPOHBI M TEPH JI , OMEIIEHHOTO H IOBEPXHOCTh BOIHOBOA . T Kue
IUTOCKHE BOJIHOBOZABI MPEOOp 3YIOT OOBIYHBIA HEHTPOHHBII Iy4OK B IPENEIBHO Y3-
KHii, HO HEMHOI'O P CXOASIIMIACSH MUKPOIYYOK, KOTOPBI MOXET UCIONb30B ThCS JUIS
WCCIIEIOB HUSl H HOCTPYKTYP C CYOMUKPOHHBIM NPOCTP HCTBEHHBIM P 3pELLEHUEM.

P Gor Boimmonned B JI Gop topunm HelTpoHHOU (uzuku um. . M. @p HK
Ousn.
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Experimental Determination of Neutron Channeling
Length in a Planar Waveguide

In neutron waveguides the neutron wave is confined inside the guiding layer of
the structure and can escape from the layer edge as a microbeam. The channeling
within the guiding layer is accompanied by an exponential decay of the neutron
wave function density inside the waveguide. Here we report direct determination of
the corresponding decay constant, termed neutron channeling length. For this, we
measured the microbeam intensity as a function of the length of a neutron absorbing
layer of variable length placed onto the surface of a waveguide structure. Such
planar neutron waveguides transform a conventional neutron beam into an extremely
narrow but slightly divergent microbeam which could be used for the investigation
of nanostructures with submicron spatial resolution.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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Neutron scattering is a powerful tool for the investigation of magnetic struc-
tures, polymers, and biological objects. The information obtained about the
investigated systems is, however, averaged over the neutron beam width which
is usually of the order of 0.1 to 10 mm. For investigation of nanostructures with
high spatial resolution, focusing devices (such as focusing crystal monochroma-
tors or focusing guides) have been developed, which may focus the neutron beam
in one or two dimensions. However, these devices are restricted by their phys-
ical properties and manufacturing technologies and cannot produce beam focus
of less than 50 pm width [1]. Potential devices for the production of submicron
neutron beams in one dimension are layered planar waveguides which trans-
form a conventional neutron beam into an extremely narrow (< 1 pum), although
slightly divergent (0.1°) neutron microbeam emerging from the edge of a wave-
guide [2-5].

The phenomenon of neutron channeling in planar waveguides was observed
experimentally in [6-9], but the value of the neutron channeling length (CL)
was never measured. In this communication we present a direct measurement of
this CL and compare it with the theory [10]. Note that the case of neutrons is
significantly different from the case of X-rays because the neutron absorption is
very weak compared to X-rays. The absorption length of 4 A neutrons in copper
is 7.2 mm while it is 22 pm for 8 keV X-rays. The absorption is thus not the
main parameter defining the value of the CL, and this makes a direct measurement
feasible.

The problem of neutron propagation at interfaces was already studied earlier.
We can, for example, mention the attempts to measure the Goos—Honchen (GH)
effect during the reflection of a neutron on a surface [11]. In the GH effect,
the neutron propagates along the surface in the form of an evanescent wave. In
the case of waveguides, it propagates in the form of resonant modes. In such a
situation, the propagation length can be enhanced by several orders of magnitude
making the measurement technically feasible.

Let us consider a waveguide structure of the type Fe(10 nm)/Cu(150 nm)/
Fe(50 nm)//glass. In such a structure, resonant modes characterized by a quantum
number n are excited in the guiding Cu layer for specific incidence angles [2].
Figure 1 shows the propagation of the resonance mode n = 2 for neutron of spin
up inside the guiding layer which takes place over 100 um. The propagation
length may be further increased by selecting a lower order mode, by increasing
the thickness of the top Fe coupling layer, the thickness of the guiding layer, the
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Fig. 1. Propagation of the neutron wave inside a Fe(10 nm)/Cu(150 nm)/Fe(50 nm)//glass
waveguide structure. Neutron-optical potential inside the waveguide (inset)
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Fig. 2. Experimental setup. The waveguide is covered with an absorber of variable length
L at its end

potential well depth or by increasing the coherence (lowering the divergence) of
the incident beam. This is not shown because the corresponding figures are far
less legible. In optimal conditions it is possible to reach mm size length scales.

A specific geometry can be considered where the resonant mode propagates
along the channel and eventually exits the channel edge (Fig.2). If part of the
sample surface above the channel is shielded from the incident wave (Fig.?2),
we will show that the wave field exponentially decreases along the channel
~ exp (—x/x.), where z. is the CL.

An analytical description of the neutron resonances in layered structures can
be found in [10, 12]. Let us consider a neutron plane wave with the wave vector
ky incident on the structure of Fig.2 with a grazing angle o;. The wave function



in the resonant layer can be represented as
w(r) — Aeik()mm (e—ikgzz + R23 eikgzz) ; (1)

where ko, = \/kgz — ucy 18 the z component of the neutron wave vector inside
the guiding Cu layer; uc, is the optical potential of the Cu layer; Ra3 is the
reflection amplitude from the bottom Fe barrier (3) within the Cu layer (2), and
the point z = 0 coincides with the interface of the bottom Fe layer. The factor
A is the amplitude of the wave incident on the bottom Fe layer. It is determined
from the self-consistent equation [12]:

A="Ty exp (Zk‘gd) + Ra1 Ros exp (QZk‘Qd)A, 2)

where Tpo is the transmission amplitude through the top Fe barrier from vac-
uum (0) into the Cu layer (2), and Ro; is the reflection amplitude within Cu (2)
from the top Fe barrier (1). It follows from (2) that

|A| = |Toz2|/|1 — R21R23 exp (2iks.d)], (3)
so the A has maxima at resonances kg, = kg sin «a,, satisfying the equation
Y(koz) = 2ko.d + arg (Ray) + arg (Raz) = 27n. (4)

The neutron wave function under the nonilluminated section of the waveguide
can be represented by the product Z(2)X (x), as in (1). The Z(z) part:

Z(z) = Ae™™2:* 4 Roy o'k2:?), (5)

should not change along the channel, and X (z) = exp (ik,z). The amplitude
A in (5) should be the same as in the illuminated part, but ko, should acquire
a negative imaginary part k5, = ko, — ik in the nonilluminated part of the
channel. Without this imaginary part, the function Z(z) cannot stay the same in
the shadowed region. Indeed, the wave e~ k2.2 after reflection from the bottom
layer, propagation to the top layer, and coming back to the bottom layer acquires
the amplitude Ro3Ra1 €227, If we want this amplitude to remain unity as at
the start, it requires RosRo1 e2#2:4 = 1, from which it follows that the real
part of k%, should be equal to ko.. To satisfy the resonance condition (4), the
imaginary part should be x = —In |Ry; Ro3|/2d to compensate the losses because
of transmissions through both Fe layers. If the thicknesses of the two Fe layers
in Fig.1 are large enough, then |Ro; Ros| =~ 1 and & is small.

To find the propagation wave vector k., in the channel under the nonillumi-
nated area one has to apply the law of energy conservation

(ko, —ir)? + k2 = k3, + k2 (6)



from which it follows that

k‘; = 4/ k% + 2ikko, ~ ky + Z.I*ik‘gz/k‘m. (7)
The imaginary part of k/, is positive, which leads to X (z) = e = eikz —u/2ze
and thus to the exponential decay of the intensity I o< exp (—x/x.) with the CL

Te = kz/QlikQZ ~ kzd/kgz |1H |R21R23H . (8)

The investigated waveguide structure was Fe(200 A)/Cu(1400 A)/Fe(500 A)/
glass(substrate) with magnetically saturated Fe layers. This system in the case of
fully magnetized Fe state represents a potential well between two high potential
barriers for neutrons polarized parallel to the Fe magnetization. Inside the guiding
layer, the neutron wave function at the resonance n = 0 has an amplitude A =
17.1 comparing to unity of the incident wave amplitude. In the following, we
will discuss our results on neutron channeling at the resonance n = 0, which is
characterized by the highest neutron wave-function amplitude.

The experiment was carried out at the polarized neutron reflectometer
N-REX™ (Forschungsneutronenquelle Heinz Maier-Leibnitz, FRM II, Garching,
Germany) with the surface of the waveguide sample oriented horizontally. The
neutron wavelength was 4.26 A (FWHM = 1%), the incidence angle resolution
was 0.006°. Magnetized supermirrors in transmission mode were used as neutron
spin polarizer and analyzer. The polarization of the incident beam was 97%,
and the polarizing efficiency of the analyzer was 94%. A Mezei-type spin-flipper
of 100% efficiency was used to flip the polarization of the incident beam. The
reflectivity of the waveguide structure was measured using a two-dimensional
position-sensitive He gas detector with a spatial resolution of 3 mm (FWHM).
The distance between the collimating diaphragm and the waveguide sample was
2200 mm, the sample-detector distance was 2500 mm. As an absorber we used
GdsO3 powder with a grain size of about 1 pm, so that the optical properties
of the waveguide were not altered by the absorber. The height of the applied
GdsO3 powder was 2-3 mm which was sufficient to absorb the reflected beam.
The dry powder was carefully put by hand onto the sample surface according to
the desired length L of the coverage.

The sample size was 30 x 30 x 5 mm3. The sample structure as determined
from specular reflectivity [4] was FeO(54A)/Fe(154A)/Cu(1360A)/Fe(510A)//glass
(substrate). Waveguide resonance was experimentally found in [4] at the inci-
dence angle ag = 0.37°, which is in good agreement with theoretical values,
Eq. (5): ap = 0.365°.

The neutron microbeam intensity measured for up polarization of the incident
beam near the resonance n = 0 is shown in Fig.3 as a function of the incidence
angle «; for different absorber lengths L. This microbeam intensity was deter-
mined by integration over a narrow interval of outgoing angles (40.1°) around



the sample horizon which was defined by the analyzer aperture. The microbeam
intensity without any absorber coverage (L = 0) is accompanied by a high level
of background arising from the specularly reflected beam. The background level
for practically any minute length of the absorber coverage is much lower due to
the blocking of the reflected beam by the macroscopic barrier of GdoO powder.

The angular positions of the peaks in the microbeam intensity shown in the
four panels of Fig. 3 are not exactly identical due to slightly different experimental
off-sets in the incidence-angles scales. The sample was removed and placed back
after each measurement to change the absorber length. Afterwards the angular
off-set was not checked and revised since the specularly reflected beam was
blocked by the absorber. For the purpose of this article, however, the absolute
peak positions are not needed.
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Fig. 3. Neutron microbeam intensity as a function of the incidence angle a; for different
length of the absorbing Gd2Os powder layer (see Fig.2). The incidence-angle scales
are slightly shifted with respect to each other since the sample was remounted for each
measurement (see the main text). The dashed line marks the background level
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Fig. 4. Microbeam intensity (after background subtraction) as a function of the absorber
length L in natural logarithmic ordinate scale



The integrated-peak area I(x) of the microbeam intensities displayed in Fig. 3
is plotted as a function of the absorber length L in Fig.4 with logarithmic or-
dinate scales. The left ordinate axis represents absolute neutron intensities after
background subtraction, with the background level defined by the intensity out-
side the resonance (marked by dashed lines in Fig.3). The right ordinate axis
represents neutron intensities relative to the intensity without absorber (L = 0).
An exponential fit to the data yields x. = (3.2 £+ 0.3) mm for the neutron chan-
neling length, with the error margin estimated from the statistical experimental
errors. This result is in good agreement with theoretical value 3.14 mm obtained
from (8). This good agreement shows that our waveguide is of very good quality.
Other than tunneling through the upper coupling layer loss mechanisms, scat-
tering losses due to interface roughness or bulk inhomogeneities turn out to be
negligible for the investigated waveguide.

Our results show that it is possible to efficiently couple a beam of width
Ze - sin (o) ~ 20 pm into the waveguide and to carry it to the edge of the
guiding layer of thickness 1400 A. This corresponds to a spatial compression ratio
higher than 100 (in one direction). Compared to other focusing systems providing
also very high compression ratios (such as compound refractive lenses [1]), the
layered planar waveguide discussed here has the advantage of producing a very
clean microbeam. The use of a planar waveguide allows one to effectively extract
a microbeam from the direct and reflected beams. Using absorbers, a better signal
to noise ratio can be obtained (compare Fig.3,a and Fig. 3, b).

Polarized neutron microbeams could be practically used for the investigation
of magnetic nanostructures with high spatial resolution in one dimension. In
particular this opens possibilities for studying of magnetic microstructures either
by direct precession techniques [13, 14] or by phase imaging [15]. Resonant
beam couplers may also be used for the production of very high resolution long
wavelengths monochromators [16].

In conclusion, we have reported the experimental determination of the neutron
channeling length in a planar waveguide structure. The intensity of the neutron
microbeam emerging from the edge of the waveguide was recorded as a function
of the absorber length at the waveguide surface, which defines the nonilluminated
area. The observed decay length agrees well with the theoretical prediction (8).
This knowledge should allow one to optimize neutron waveguide structures.

We furthermore expect that the described method to determine the channeling
length can be used to characterize imperfections in waveguides via the associated
drop of the channeling length. This experimental method can thus contribute to
the further development of the theory of channeling in waveguides and to the
development of optimized devices for the production of neutron microbeams for
the characterization of nanostructures. The method may also more generally prove
to be useful as a sensitive tool to characterize chemical, structural, and magnetic
imperfections in thin layered structures.
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