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Submicrometer Coherent Neutron Beam Production Using a Thin-Film Waveguide
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We have experimentally demonstrated that planar neutron waveguides can be used as resonant beam
couplers to efficiently produce a coherent neutron line source with cross sections in the submicrometer
range. The Fraunhofer far-field diffraction pattern of the first three resonance modes was measured and
found to be in excellent agreement with the theoretical model. Our measurements confirm that an excited
exiting mode is fully coherent in the direction perpendicular to the surface of the thin-film coupler and may
therefore be used for applications of interest to a broad user community in biochemical and semicon-
ductor nanosciences such as static and time-resolved coherent speckle experiments or phase-contrast

imaging.
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Neutron diffraction, spectroscopy, and imaging using
beam sizes in the submicrometer range are rapidly evolv-
ing fields of research. Progress is fueled not only by the
availability of novel neutron optics, such as microcollima-
tors, supermirrors, or focusing monochromators, but also
by the urgent need for characterization tools that meet the
demands of the advances in biochemical and semiconduc-
tor nanoscience. During recent years the planar thin-film
x-ray waveguide structures have been developed and
proven to deliver coherent beams efficiently with cross
sections in the submicrometer range and with precisely
defined properties of divergence and coherence [1-5].
They have been used for submicrometer resolved one-
dimensional projection phase-contrast microscopy, mi-
crodiffraction, enhanced diffuse scattering, depth profiling
of incorporated nanocomposites, and for providing com-
plex far-field diffraction patterns [6—10]. However, for
many applications, the achieved x-ray based results (in
particular for effects related to magnetism) are limited by
the x-ray optical properties of materials. Thus the use of
appropriate neutron investigation techniques combined
with neutron optical devices with the ability to prepare
submicrometer beam sizes would be desirable or even
indispensable.

The simple use of slits to define a submicrometer neu-
tron beam width in the range of 100—5000 A is, however,
both difficult and inefficient for various reasons. First,
suitable slit materials (like, for instance, B4C or Cd) can-
not be processed with the required accuracy to sufficiently
avoid diffraction at the slits of the primary beam, which
is particularly important when aiming at the preparation
of submicrometer beam cross sections. Second, the use
of slits would also be extremely inefficient, since only a
small fraction of the original beam could then be used.
Other submicrometer focusing neutron optics, such as, for
instance, Fresnel lenses, microcollimators, or bend crystal
optics, are limited by the achievable structural sizes of cur-
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rent nanolithographic techniques, general neutron optical
properties of the materials, or the quality of fabrication.

Analogous to the application of prism film couplers to
couple visible light into fiber-optical systems, Feng and
co-workers [1,2] alternatively proposed the use of a similar
resonant beam coupling (RBC) device for neutrons. With
this device neutrons can be coupled into a thin guiding
layer, guided, and then decoupled under certain conditions
[11,12].

Contrary to this approach, where both coupling and de-
coupling of neutrons was achieved through the surface
of the device, we will show in this Letter that specially
designed and optimized neutron RBCs (in the following
simply called “waveguides”) can be used to extract the
propagating neutrons at the end of the guide with precisely
defined properties of divergence, amplitude, and phase.
Since we still couple in through the surface of the device,
it is possible to considerably increase the flux throughput
compared to a pair of slits of the same width.

Figure 1 shows a schematic diagram of a waveguide
structure consisting of a guiding layer of a material with a
low neutron scattering length density (such as carbon) with
an index of refraction, n, sandwiched between a compara-
bly thin cap layer and a rather thick bottom layer of a ma-
terial with a high neutron scattering length density (such as
nickel) and refractive index n, [13]. Typical values for the
thickness of the cap layer, the guiding layer, and the bot-
tom layer are 30—100 A, 200-5000 A, and 500-1000 A,
respectively.

To gain an understanding of the mode excitation and
waveguide properties, we have calculated the internal (and
external) neutron wave function |¥(«;,z)|? as a function
of structural and geometric parameters (layer thickness,
composition and density, interface roughness, angle of
incidence, and neutron energy) by a transfer matrix algo-
rithm similar to the one used in the case of optical wave-
guides [14]. Equivalently, but numerically rather slow, one
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FIG. 1. A sketch of a neutron resonant beam coupling wave-
guide device. The impinging neutron beam creates a stand-
ing wave-field distribution, which excites a resonantly enhanced
quasimode inside the structure (see text).

can use a neutron adapted version of the well-known Par-
ratt formalism for such calculations [15]. Figure 2 shows
the resulting depth profiles |W(a;,z)|? of the resonance
modes g (excited at «; g = 0.357°), 1 (a;1 = 0.387°),
and ¢, (a;2 = 0.421°) of such a calculation for a 52 A
Ni/1410 A C/490 A Ni/Si waveguide. The calculations
were carried out for a neutron wavelength of A = 4.4 A,
The values for the refraction indices, layer thicknesses,
and roughness were obtained through x-ray and neutron
reflectivity measurements on the fabricated device. As ex-
pected, the excitation of resonant modes appears for a set
of nearly discrete values of «; in a range between the criti-
cal angle of the guiding layer, a,; = /28, ~ 0.348°, and
.y = /26, ~ 0.436° (the critical angle of the top and
bottom layers). Importantly, the resonant enhancement of
|W(a;,z)|*> with respect to the amplitude of the incident
beam can reach a factor of almost 2 orders of magnitude
for a;p = 0.357°. The fact that the lowest order mode
excitation is the strongest excitation is not a general rule,
but a result of the chosen structural properties. By chang-
ing the structural properties it is thus possible to favor,
for instance, the second or third order mode excitation.
Furthermore our simulations showed that the interfacial
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FIG. 2. Calculated neutron wave functions |¥,,(z)|* as a func-
tion of depth z of the first three resonance modes (Wy, ¥y, and
¥,) in a 52 A Ni/1410 A C/490 A Ni/Si substrate neutron
waveguide. The bold black line shows the neutron scattering
length density in the multilayer stack.
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roughness does not alter the intensity values significantly
since the product of the rms roughness, ¢, and the internal
wave vector, ké, remains small, as long as o does not far
exceed 15 A.

At the end of the structure, the neutrons trapped in the
guiding layer exit the thin-film structure, leading to a beam
of high spatial coherence (in the z direction) with a vertical
width corresponding to the thickness of the guiding layer
and a divergence given by the FWHM of the Fourier trans-
form of the excited standing wave field. Efficient decou-
pling through the end of the device occurs, if the footprint
of the beam is separated from the edge of the sample not
much farther than the active coupling length, which was
our case (~1200 wm) [16]. The divergence and shape of
the exiting guided mode, the angular acceptance, and the
absolute number of supported modes can all be controlled
by the structural and geometric parameters and can be var-
ied within a certain range [5]. Finally, the far-field pattern
1(0) of the different modes can be calculated from the com-
plex neutron wave function inside to yield [17]

+o0 2
1.(0) = I, [ W, (z)eosin@z gz | (1)

where W, are the wave functions for angles of inci-
dence «; ,, corresponding to the mth order mode excitation
(in our case, a;o = 0.357°, a;; = 0.387°, and a;, =
0.421°) [18]. Note that, for neutrons, this equation has to
be modified to account for an incoming beam divergence,
a certain AA/A, and a given detector resolution. This can
be done in a quite straightforward way and is not shown
here for the sake of simplicity.

To demonstrate the effects calculated above experimen-
tally, a series of differently designed neutron waveguides
was fabricated at one of the sputtering facilities at the ILL
by using a dc magnetron sputtering process. The samples
were measured on the ADAM [19] neutron reflectometer
using a pyrolitic graphite monochromator adjusted to give
a neutron wavelength of 4.4 A with an energy spread of
AX/A = 0.7%. We used a beam size at the sample of
20 mm(vert) X 0.5 mm(hor), where the sample’s surface
normal corresponded to the horizontal direction. A *He
detector was mounted on the detector arm at a distance of
1660 mm. For our most efficient waveguide, reflectivity
measurements (not shown here) combined with subsequent
fitting procedures based on the typical densities of sput-
tered Ni and C resulted in the following structural proper-
ties: 52 A Ni/1410 A C/490 A Ni layers on Si substrate,
average rms roughness o = 12 A, and a 16 A NiO, oxi-
dation layer on top.

According to the simulations above, the waveguided
beam is expected to exit the device at the end in a direc-
tion parallel to the surface (ay = 6 = 0) when the angle
of incidence matches the resonance condition of one of the
modes [18]. This can be proven experimentally by mea-
suring the intensity integrated over +0.1° (adjustable using
properly set detector slits) around the horizon (ay = 0) as
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a function of the angle of incidence «;. The result of such a
measurement, shown together with the measured and simu-
lated reflectivity («; = a) in that angular range, is plot-
ted in Fig. 3. The measured intensity of the waveguided
mode peaks at values of the angle of incidence correspond-
ing to the expected mode excitation angles of ¥y, ¥y, and
WP, (see again Fig. 2). This already clearly demonstrates
that an observable flux can be extracted out of the thin-film
waveguide at the end [20].

To study the Fraunhofer diffraction pattern of the differ-
ent excited modes in detail, we have measured the intensity
distribution as a function of a for different angles of in-
cidence corresponding to the mth order mode excitation.
Figure 4 shows these results (open circles) together with
the calculations (line) based on Eq. (1), where an energy
spread of AA/A = 0.7%, an incoming beam divergence
of 0.015°, and a detector resolution of 0.02° have been
included.

Importantly, the only fitting parameter used was the
maximum intensity, Iy, from which information about the
efficiency or gain can now be deduced. The latter value
is defined by the ratio between the integrated flux exiting
the waveguide (directly measurable by properly integrating
over the divergent far-field pattern) and the flux that one
would obtain using a pair of hypothetical slits to prepare
a neutron beam with the same cross section as the thick-
ness of the guiding layer and a divergence corresponding
to the angular acceptance of the excited mode. Our most
efficient waveguide yielded a gain value of 17 * 3, which
is in the same range as the enhancement for x-ray wave-
guides after several years of development. Note that this
gain value is of course not in contradiction to Liouville’s
theorem, since the waveguide mainly acts as a coherence
filter and as an optical device, which transforms the phase
space of the incoming beam into an exiting beam with sig-
nificantly reduced cross section and increased divergence.
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FIG. 3. Upper curve: simulated (line) and measured (open

circles) reflectivity in the region of total reflection. Lower curve:
measured intensity as a function of «; with the detector fixed
at ay = 0 to detect the resonantly excited, horizontally exiting
waveguided modes (full circles connected by line).
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A comparison of the obtained gain value with a theoretical
limit is, however, rather difficult since these estimations
should include both the divergence and the energy spread
of the incoming beam, as well as losses due to interface
roughness, small-angle scattering in the guiding layer, and
mode-mixing effects. However, as an estimate, gain val-
ues of more than 100 are achievable with further optimized
structures and improved, adapted beam-line optics, as has
recently been proven in the case of x rays [4].

As for the coherence properties of the exiting wave-
guided beam, the fact that the simulation matches almost
perfectly with the measured data already confirms the high
degree of transverse coherence of the wave field in the
direction perpendicular to the surface of the guide, since
Eq. (1) is true only for a fully coherent beam propagation
[21]. For a more precise determination of the degree of the
transverse coherence of a given beam, one usually employs
a standardized diffraction grating or a pinhole and deduces
the degree of coherence from the visible interference
fringes. However, rather than following exactly this
procedure we fabricated waveguides comprising several
guiding layers and thus incorporated the source and the
“standardized diffraction grating” into one device. The
resulting excited internal resonant enhanced neutron wave
field can again be calculated in the same manner as de-
scribed above. However, due to mode splitting, the shape
and phase of the neutron wave functions in such a device
are more complicated and will be discussed in detail
elsewhere [22]. In a simplified view, low order excitation
modes of such a multiple guiding layer waveguide can be
considered as a source of several, distinct, coherent beams
emerging with the same phase from the different guiding
layers. We measured the resulting far-field diffraction
pattern (Fig. 5) of such a device (with ten 469 A carbon
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FIG. 4. Measured (circles) and calculated (lines) far-field pat-
tern of the excited Wy (a;p = 0.357°), ¥, (a;p = 0.387°), and
W, (a;p = 0.421°) modes. The rise of the measured intensity
towards greater values of a; is due to the tails of the primary
beam (PB) and the specular reflected beam (SB), having their
maxima at ay = *a;.
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FIG. 5. Measured far-field interference pattern of a multiple

guiding layer waveguide with the angle of incidence fixed at
a; = 0.360°. The high degree of transverse coherence is con-
firmed by the number and the contrast (logarithmic scaling) of
the clearly visible interference fringes.

guiding layers) and observed high contrast interference
fringes, which did not show any significant broadening
within the first few orders. Clearly, this again confirms the
high degree of coherence of the exiting mode, particularly
since the number of measured fringes was not limited
by their intensity, rather by the surface area of the used
two-dimensional detector.

In conclusion, we have shown that using the resonant
beam coupling principle for thin-film neutron waveguides
allows for the efficient production of a coherent neutron
line source with a beam cross section in the submicrometer
range. The Fraunhofer far-field diffraction pattern of the
excited modes was measured with unprecedented quality,
resolution, and intensity. We take the good agreement with
the theoretical description, in the case of a single guiding
layer waveguide, together with the number and contrast of
the observed interference fringes, in the case of a mul-
tiple guiding layer waveguide, as experimental confirma-
tion of the high degree of transverse coherence of the
exiting beam.

Many applications using these devices for submicrome-
ter spatially resolved coherent microdiffraction, (phase-
contrast) projection microscopy, or microinterferometry
can be envisioned. In this way information on the local,
nanoscale nuclear scattering density can be projected onto
macroscopic area detectors. The applications opened up
by this novel technique are of interest to a broad user com-
munity in biochemical and semiconductor nanosciences.
Further progress is expected from improved material com-
positions combined with adapted prefocusing optics. The
application of these devices at next generation neutron
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sources may then even lead to efficient two-dimensional
focusing devices in the future.
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