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COMPACT NEUTRON IMAGING SYSTEM
USING AXISYMMETRIC MIRRORS

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 61/615,500, filed 26 Mar. 2012, the entire
content of which 1s incorporated herein by reference.

GOVERNMENT SUPPORT

This mvention was made with government support under

Grant No. DE-FG02-09ER46556 and DE-FG02-09ER46557
awarded by the U.S. Department of Energy, Office of Basic
Energy Sciences. The Government has certain rights 1n the
invention.

BACKGROUND

Imaging (or radiography ) with thermal neutron beams 1s an
important way of studying man-made or natural materials and
structures, such as fuel cells, batteries, car engines, cultural
heritage objects, etc., on a wide range of scales from atomic
through mesoscopic to macroscopic. The energy spectrum of
the beam 1s determined by the properties of a neutron mod-
erator, which produces either cold (1-10 meV) or thermal
(10-80 meV) neutrons by moderating the high-energy neu-
trons produced by various methods. The collimation of the
beam determines the spatial resolution of the imaging instru-
ment.

A typical set up for neutron collimation 1s shown schemati-
cally onFIG. 1. To create a collimated beam, a small aperture
14 of the diameter, D, 1s located at a distance from the neutron
source 12. The collimation 1s characterized by the L/D ratio,
where L 1s the aperture-to-object distance. The object 16 1s
placed as close as possible to the neutron detector 18. The L/D
ratio would normally span a range of 300-600, but can go as
high as 6,000 for high-resolution imaging. To achieve such a
high /D for a reasonable L, the neutron aperture 1s limited to
a small diameter, thus severely restricting the flux 1lluminat-
ing the object 16 (1.¢., D 1s much smaller than a typical size of
thermal neutron sources, which can be as large as 200 mm).
Consequently, high-resolution neutron imaging typically
requires high-flux research reactors, which are not easily
accessible.

Moreover, and despite recent progress with neutron
sources, neutron instruments remain limited, sometimes
severely, by available neutron fluxes; and this limitation 1s
particularly acute for compact accelerator-based neutron
sources. Consequently, progress in neutron optics and nstru-
mentation provides a path toward more-eifective neutron
instruments that 1s as important as the development of
brighter sources.

Relatively weak interactions of neutrons with most mate-
rials give neutron radiation its penetrating power. However,
the weakness of interactions results 1n the refractive index,
which is very close to unity for most materials, 1-n=~10"°.
Consequently, neutrons reflect from surfaces only at grazing
angles, which are normally not larger than a few degrees. The
refractive index depends on the square of the neutron wave-
length so that refractive optics are strongly chromatic, which
1s a considerable disadvantage for instruments operating with
polychromatic neutron beams. As a result, 1t 1s challenging to
build eflicient neutron optical components, such as lenses and
mirrors normally used in visible-light optics. Currently, sev-
eral kinds of neutron-focusing mirrors exist. Elliptical Kirk-
patrick-Baez (KB) mirrors have been recently developed,
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following their successtul use for synchrotron x-rays. KB
mirrors can be precisely figured with low roughness and

coated with multilayers having high a critical angle. For large
neutron sources of 5-50 mm, however, such mirrors are not
always optimal since they work best for sources of less than 1
mm. Furthermore, elliptical KB mirrors are not ideal as imag-
ing devices, since the magnification of an elliptical mirror
depends on an incident angle, leading to distortions 1n 1imag-
ing of large objects. Somewhat similar toroidal mirrors are
used 1n small-angle neutron scattering (SANS), but with lim-
ited success so far.

SUMMARY

An apparatus and a method for collecting and directing
neutrons and methods for forming the mirrors used therefore
are described herein. Various embodiments of the apparatus
and methods may include some or all of the elements, features
and steps described below.

An apparatus for collecting and directing neutrons via
grazing-incidence retlection using nested, axisymmetric mir-
rors, includes a neutron source and a plurality of nested,
axisymmetric mirror layers positioned to receive neutrons
from the neutron source and to reflect the neutrons 1n a redi-
rected path, wherein the mirror layers include at least an inner
mirror layer and an outer mirror layer, wherein the inner
mirror layer 1s configured to reflect neutrons from the neutron
source that are incident on the inner mirror layer N times,
wherein N 1s an integer, and wherein the outer mirror layer 1s
configured to retlect neutrons that are incident on the outer
mirror layer N+1 times, where 1 1s a positive integer.

In particular embodiments, N and 1 can be even numbers;
and the mirrors can include inner surfaces that can be char-
acterized as a function for a section of at least one of the
following shapes: a cone, an ellipsoid, a hyperboloid, a
paraboloid, and a shape characterized by a higher-degree
polynomial. The mirror sections can be separated as discrete
mirror structures within a layer or can be joined into unitary
mirror structures. The outer mirror can have a plurality of
inner surface sections, where each surface section can be
defined by a function that 1s distinct from the functions of the
other surfaces. In some embodiments, the mirrors are config-
ured to direct neutrons from the neutron source toward a
common focal point. In other embodiments, the mirrors are
configured to direct neutrons from the neutron source toward
a detector; and an object to be scanned can be placed between
the neutron source and the detector 1n the path of the neutrons
from the source. The 1inner neutron-retlection surfaces of the
mirrors can include nickel, which can be substantially uni-
form 1n the mirror or included 1n a multi-layer coating, and
can have a surface roughness less than 20 angstrom root mean
square.

A method for collecting and directing neutrons includes
generating a dispersed release of neutrons from a source and
reflecting a portion of the dispersed released of neutrons by
surfaces of a plurality of nested, axisymmetric mirror layers,
including at least an imner mirror layer and an outer mirror
layer, wherein neutrons reflected by the inner mirror layer are
incident on at least one surface of the imner mirror layer N
times, wherein N 1s an integer, and wherein neutrons reflected
by the outer mirror layer are incident on the surfaces of the
outer mirror layer N+1 times, where 11s a positive integer, to
redirect the neutrons toward a target.

A method for forming a mirror (e.g., that can be used in the
above-outlined apparatus and method) includes electroform
plating a neutron-retlecting material on a substrate (e.g., a
mandrel) subject to an electric current and periodically
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reversing the electric current to etch away a portion of the
plated material that has a lower bond energy to leave a neu-
tron-reflecting mirror with a reflecting surface formed of the
remaining plated materal.

In a proof-of-principle experiment, the nested mirrors were
used to de-magnily a 2-mm-diameter source by a factor of
tour; both the source and the detector were placed at focal
planes of the optics, 3.2 m apart. In ray-tracing simulations, a
system with a source-object separation of 10 m was simulated
for 5 meV neutrons and with mirrors coated with high-critical
angle multilayers (m=3 neutron supermirror coating); the
system was found to increase the neutron flux on an object 16
of 1-mm diameter by almost an order of magnitude.

Typical neutron beam experiments demand high fluxes;
but, because of the diffuse nature of reactor sources, this
typically necessitates the use of powertul neutron facilities
which have limited accessibility. The mirror configurations
described herein can remedy this problem by utilizing com-
mercially available compact neutron sources and then using,
optical components to modily the available fluxes. The modi-
fication provided by the optics can be, for example, the gen-
eration of a parallel beam from a point source or the refocus-
ing of the neutron emission to enhance the flux at a distance
from the source via one or multiple consecutive reflections off
the specially shaped mirrors to produce, e.g., a high-quality
image. The mirrors (optics) can be used to control the emis-
sion from a compact neutron generator (e.g., an API 120
neutron generator from Thermo Scientific, which weighs less
than 15 kg) 1n such a way as to generate a parallel beam of
neutrons or to generate divergent or convergent beams. The
optical elements can be concentrically nested to improve
throughput; and the use of multiple reflections can divert the
beam through significant angles and can, therefore, further
improve throughput by increasing the solid acceptance angle
of the source tlux, as can the use of multilayer coatings. The
nested mirrors can also operate achromatically, allowing (in
contrast to refractive optics), grazing-incidence reflection at
all energies below a cut-off point, providing broad-energy-
band coverage.

Advantages that can be provided by embodiments of the
method and apparatus include the capacity for large angular
collection of neutrons via the nesting of mirrors. The output
from the mirrors can also be nearly aberration-free. Addition-
ally, by nesting the mirrors, relatively short optics can be
produced that are comparable to focusing guides 1n flux col-
lection capabilities. Accordingly, these systems and methods
can be used as polychromatic lenses to improve the perfor-
mance ol small-angle-scattering, 1imaging, and other instru-
ments with compact neutron sources. For example, the mir-
rors can produce a non-achromatic divergent, parallel or
convergent beam ol neutrons or a beam of a particular shape
(as function of mirror shape) for a variety of applications.
Moreover, increasing the collection efficiency of the mirrors
while reducing distortions can lead to novel neutron instru-
ments.

The use of replicative fabrication techniques using a man-
drel permits multiple copies of the mirror components to be
fabricated from a single master mandrel, thereby reducing
fabrication costs. Additionally, the use of a pulsed electro-
form plating technique in the method for fabricating neutron
mirrors, described herein, can produce mirror material having,
much lower internal mechanical stress, which provides the
mirror with improved optical performance. Depending on the
desired geometry, flux gain, etc., any number of reflections
can be used to increase the acceptance angle of the system.
The use of multilayer coatings can provide further enhance-
ments.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a conventional approach for neutron col-
limation without focusing optics.

FIG. 2 1llustrates an approach for neutron collimation with
focusing optics.

FIG. 3 1s an 1llustration of a set of nested, axisymmetric
mirror layers of this disclosure.

FIG. 4 1s a schematic view of a pair of Wolter focusing
mirrors consisting of co-focal ellipsoid and hyperboloid.

FIG. 5 1s a schematic drawing of a cross-section of the
mirrors (and rays) near the intersection of the ellipsoid and
hyperboloid sections.

FIG. 6 1s a perspective, cut-away view ol neutron focusing,
a set of four nested mirrors, each with ellipsoid and hyperbo-
loid sections.

FIGS. 7-15 provide schematic illustrations of steps 1n a
method for fabricating the mirror sections.

FIGS. 16 and 17 illustrate SANS using focusing mirrors
with adjustable resolution; the configuration of FIG. 16 offers
higher resolution and lower flux density, while the configu-
ration of FIG. 17 offers lower resolution and higher flux
density.

FIGS. 18 and 19 plot ray-tracing calculations of an 8-m-
long SANS 1nstrument equipped with Wolter mirrors; FIG. 18
shows flux densities at the focus of an ellipsoid mirror, while
FIG. 19 shows tlux densities of a paraboloid-paraboloid mir-
ror as a function of the mirror’s radius.

FIG. 20 1s an 1llustration of near-aberration-free neutron
imaging using a Wolter mirrors.

FIGS. 21 and 23 show the output of a ray-tracing simula-
tion through a test pattern made of squares of absorbing
material and squares of transparent material performed with a
neutron microscope equipped with Wolter-type optics and
four nested mirrors. FIG. 23 shows the output with the back-
ground gradient removed and FIG. 21 shows the unmodified
output.

FIGS. 22 and 24 provide intensity plots across the images
of FIGS. 21 and 23, respectively.

FIG. 25 1s a depth-of-focus scan, showing the focal spot
half-power diameter as a function of distance from the nomi-
nal focal plane, for a ray-tracing simulation using nested
mirrors.

FIG. 26 shows the focal spot width with an angle scan when
the mirrors were tilted with respect to the beam axis in the
horizontal plane.

FIG. 27 provides a plot of the concentration ratio for the
ray-tracing simulations showing that the neutron flux density
at the focal point increases with mirror radius until the grazing
angle reaches the critical value.

FIG. 28 plots the flux concentration ratio as a function of
magnification for two different source-to-object distances in
the ray-tracing simulation.

FIG. 29 plots the concentration ratio of a system of several
nested Wolter mirror pairs versus the number of mirror pairs
from the ray-tracing simulation.

FIG. 30 plots the concentration efficiency of different types
ol axisymmetric mirrors versus the radii of the mirrors.

FIG. 31 1s a schematic drawing of an axisymmetric con-
centrator that includes nested coaxial mirrors.

FIG. 32 15 a schematic drawing of a flux concentrator using,
a focusing optical system.

FIGS. 33 and 34, respectively, offer schematic illustrations
of the layout of an ellipsoid-hyperboloid (EH) mirror and of
an ellipsoid-hyperboloid-hyperboloid (EHH) mirror.

In the accompanying drawings, like reference characters
refer to the same or similar parts throughout the different
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views. The drawings are not necessarily to scale, emphasis
instead being placed upon illustrating particular principles,
discussed below.

DETAILED DESCRIPTION

The foregoing and other features and advantages of various
aspects of the invention(s) will be apparent from the follow-
ing, more-particular description of various concepts and spe-
cific embodiments within the broader bounds of the
ivention(s). Various aspects of the subject matter introduced
above and discussed in greater detail below may be imple-
mented 1n any of numerous ways, as the subject matter 1s not
limited to any particular manner of implementation.
Examples of specific implementations and applications are
provided primarily for i1llustrative purposes.

Unless otherwise defined, used or characterized herein,
terms that are used herein (including technical and scientific
terms) are to be interpreted as having a meaning that 1s con-
sistent with their accepted meaning 1n the context of the
relevant art and are not to be interpreted 1n an 1dealized or
overly formal sense unless expressly so defined herein. For
example, 1 a particular composition 1s referenced, the com-
position may be substantially, though not perfectly pure, as
practical and impertect realities may apply; e.g., the potential
presence of at least trace impurities (e.g., atless than 1 or 2%)
can be understood as being within the scope of the descrip-
tion; likewise, if a particular shape is referenced, the shape 1s
intended to include imperfect variations from 1deal shapes,
¢.g., due to manufacturing tolerances. Percentages or concen-
trations expressed herein can represent either by weight or by
volume.

Although the terms, first, second, third, etc., may be used
herein to describe various elements, these elements are not to
be limited by these terms. These terms are simply used to
distinguish one element from another. Thus, a first element,
discussed below, could be termed a second element without
departing from the teachings of the exemplary embodiments.

Spatially relative terms, such as “above,” “below,” “left,”
“right,” “in front,” “behind,” and the like, may be used herein
for ease of description to describe the relationship of one
clement to another element, as 1llustrated 1n the figures. It will
be understood that the spatially relative terms, as well as the
illustrated configurations, are mtended to encompass differ-
ent orientations of the apparatus 1n use or operation 1n addi-
tion to the onentations described herein and depicted 1n the
figures. For example, 11 the apparatus 1n the figures 1s turned
over, elements described as “below” or “beneath” other ele-
ments or features would then be oriented “above” the other
clements or features. Thus, the exemplary term, “above,” may
encompass both an orientation of above and below. The appa-
ratus may be otherwise oriented (e.g., rotated 90 degrees or at
other orientations) and the spatially relative descriptors used
herein interpreted accordingly.

Further still, in this disclosure, when an element 1s referred
to as being “on,” “connected to” or “coupled to” another
clement, 1t may be directly on, connected or coupled to the
other element or intervening elements may be present unless
otherwise specified.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments and is not intended to be limiting
of exemplary embodiments. As used herein, singular forms,
such as “a” and “an,” are intended to include the plural forms
as well, unless the context indicates otherwise. Additionally,
the terms, “includes,” “including,” “comprises” and “com-
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prising,” specily the presence of the stated elements or steps
but do not preclude the presence or addition of one or more
other elements or steps.

In 1952, Hans Wolter described the advantages of axisym-
metric glancing-angle mirrors for an X-ray microscope, based
on the pairing of a con-focal ellipsoid and hyperboloid. A
modification of this 1dea has found applications in x-ray
astronomy, where paraboloid-hyperboloid telescope mirrors
are used routinely. Additionally, the use of Wolter-type optics
to focus neutron beams 1s discussed in U.S. Pat. No. 8,309,
944 B1 (M. Gubarev, et al., “Grazing Incidence Neutron
Optics”). A major benefit of using Wolter-type optics 1s the
possibility of nesting axisymmetric mirrors with different
diameters but the same focal length inside each other to
enhance neutron collection efficiency. In contrast, KB or tor-
o1dal mirrors cannot be easily nested. An additional benefit 1s
the flexibility of the optics, which can be made removable, 1n
contrast to most neutron guides. The degree of flexibility
offered by short removable mirrors can be a great asset for
compact neutron sources, which often operate a small number
of beam-lines.

As described herein, one can improve neutron imaging
dramatically by using axisymmetric neutron-focusing graz-
ing-incidence mirrors based on full figures of resolution,
which are sometimes referred to as Wolter mirrors, to greatly
increase the useful neutron flux. The grazing-incidence neu-
tron mirrors 20, 22 (optics) are configured 1n relation to a
compact neutron source 12 to produce a controlled beam of
neutrons, which can be divergent, parallel or convergent. The
neutrons are controlled using one or multiple consecutive
reflections from smooth surfaces (e.g., with a surface rough-
ness less than 5 angstrom root mean square), the figure of
which 1s described by the equations of the second order and
their approximations, as described herein. Mirrors 20, 22 of
the same focal length and with a thickness, e.g., of about 1
mm can be either nested or stacked together to increase the
system throughput. These optics are achromatic, so a larger
portion of the source 12 spectrum can be utilized compared to
other types of the neutron optics.

We have made and tested axisymmetric neutron-focusing,
mirrors 20, 22 at the MIT Nuclear Reactor Laboratory (as
well as at Oak Ridge National Laboratory and at the National
Institute of Standards and Technology) and have conducted
computer simulations of the optics. The mirrors 20, 22 can be
made oI N1 and can have alength, e.g., of 1 m or more and can
have a diameter of, e.g., 0.5 m.

The mirrors 20, 22 are combinations of conical sections (or
higher-order polynomials), which focus neutrons at grazing-
incidence angles. Only neutrons with incident angles below a
certain critical angle are reflected from the surface, and they
must reflect from both mirrors 20/22 before reaching the
focus. By using the mirrors 20, 22 as an image-forming lens
placed behind the object 16, the resolution of an 1maging
instrument incorporating the mirrors 20, 22 becomes inde-
pendent of the L/D ratio and only depends on the resolution of
the optics. A mirror-based neutron 1imaging setup 1s shown
schematically in FI1G. 2. It 1s clear from this figure that a much
larger fraction of the neutrons emitted by the source 12 will
contribute to the image.

This configuration of axisymmetric mirrors 20, 22 can,
accordingly, be used as an image-forming lens to substan-
tially increase flux and, ultimately, the instrument resolution
of thermal-neutron 1imaging. Neutron flux 1s improved by
increasing both the effective source 12 area, as well as the
collected solid angle. This method 1s particularly valuable for
commercial use with compact neutron sources, where flux
can be increased by placing the object 16 close to the mod-




US 8,735,844 Bl

7

erator surface, which emits neutrons into a wide solid angle.
Nested co-axial mirror assemblies providing two or more
reflections are very attractive because a larger solid angle can
be collected with multiple-reflection systems Two-retlection
mirrors 22 (such as a confocal ellipsoid-hyperboloid pair 32,
34) can be placed inside four-retlection mirrors (such as an
cllipsoid followed by three hyperboloids). The use of an even
number of reflections minimizes optical aberrations (e.g., for
neutron imaging, providing nearly the same time of tlight for
all neutrons from the object 16 to focus). The maximum
possible collection efficiency grows as (2N+1)%, where N is
the number of retlections, but actual reflectivity values and
available beam divergence will determine the optimal number
for a given source 12. An example of a system containing two
coaxial nested mirror layers 20, 22 (with two discrete mirrors
in each layer), respectively producing two and four retlections
to converge emitted neutrons to a focal point 28, 1s shown
schematically 1n FIG. 3. In contrast, other multiple-reflection
optical devices, such as neutron guides or whisper galleries
are not imaging devices since they do not control the number
of retlections.

FIG. 4 shows the geometry of a pair of Wolter type-I
focusing mirror sections 32, 34, including co-focal ellipsoid
32 and hyperboloid 34 mner surfaces. Incident rays reflect
from both mirror sections 32, 34 before coming to a focus 28.
Because only double-reflected rays make 1t to the focal plane,
the rays that do not intersect the first mirror section 32 are
stopped by a beam stop 1n front of the mirror 22.

The small (point) source 12 1s at the origin, coincident with
the left focal point of the ellipsoid. The right focus 28 (image)
comncides with the left focal point of the hyperboloid. The
right focal points 29 of the ellipsoid and hyperboloid are
coincident. The beam and optical axes comcide with OZ axis.
The distance, 1, 1s that between the source 12 and the inter-
section 40 of the mirror sections 32, 34. The radius, r,, at the
mirror intersection 40 and the length of each mirror section
32/34 are mput parameters. The distance between the inter-
section 40 and the 1image 1s 1., while O, and 0, are the angles
between 1incident and reflected rays and the optical axis, OZ.

FIG. 5 shows the geometry of the mirror sections 32, 34;
optical axis 36; and a neutron ray 38 close to the intersection
point 40. The angles, 0, and 0,, are between the rays and the
optical axis; 0 1s between the rays and the mirror sections 32,
34; and ¢, and ¢,, are between the tangent of the mirror
sections 32, 34 at the intersection point 40 and the optical axis
36. The conditions for the angles in FIGS. 4 and 5 are as

tollows (when 1ncident angles, 0, are equal):

tan O,=r/f., tan O,=r.f; (1)

¢z=(9,-30,)/4, ¢;=(36--6,)/4; and (2)

032 0,+¢z=0>— ¢z (3)

The ellipsoid and hyperboloid are defined respectively by the
equations:

rp=b E\/ 1—(z—zpp)/ag”, ¥5=b H\X(Z—ZDH)E/QHE— 1.

(4)

Here, z 1s the coordinate along the optical (beam propagation)
axis; X and y are perpendicular to z; and r*=x*+y~. The param-
eters, a and b, denote the semi-major and semi-minor axes of
the ellipsoid and hyperboloid, while z_ denotes the location of
their centers. From the 1nitial parameters and the confocality
condition for the hyperboloid and ellipsoid mirror sections
32, 34, 1t follows for z,,, and z .-
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Jif (5)

vl f—26

ZoH = CE, Zoy = 2Cg —cy =03(fs + fi) + 205, ey =

Parameters, a and b, are found using the definitions for ellip-
soid and hyperboloid: a,.”-b.*=C,.” and a,,”+b,,°=C,,” and by
using the equations for ellipsoid and hyperboloid at the inter-
section point, r.=r,,~r,. The intersection radius increases with
0. Therefore, mirrors made of high-critical-angle material can
be nested around low-critical-angle mirrors. For example,
both **Ni and neutron supermirror multilayer coatings have
larger critical angles than that of naturally occurring Ni for the
same energies. Hence, > *Ni and multilayer coated mirrors can
be nested around a small N1 mirror. Alternatively, mirrors
with the same critical angle can be nested too.

The axisymmetric mirrors 20, 22 can be formed by an

clectroformed nickel replication process, as described 1n B.
D. Ramsey, “Replicated Nickel for Optics for the Hard X-Ray

Region,” 20 Exp. Astron 85-92 (2005). Pure nickel or nickel-
alloy mirrors are electroformed onto a figured and superpol-
ished nmickel-plated aluminium axisymmetric mandrel from
which they are later released by differential thermal contrac-
tion. The resulting axisymmetric mirror has a monolithic
structure that contains one or more segments 1n accordance
with the chosen geometry. The focusing optics can then be
constructed from several separate mirrors, each from 1ts own
mandrel. The replicated optics technique, developed for hard
x-ray telescopes, 1s an excellent match for neutron applica-
tions. Since nickel 1s the maternial with the highest critical
angles for neutrons, the electroform nickel optics can be used
to focus neutron beams.

An 1llustration of an embodiment with four axisymmetric
mirrors 20, 22, 24, 26 for focusing neutrons toward a focus 28
1s provided as FIG. 6. Each nested mirror includes a hyper-
boloidal o1l 34 at the end toward the focus and a paraboloidal
to1l 35 at the end toward the neutron source 12.

A schematic 1illustration of a fabrication process for the
mirrors 1s provided in FIGS. 7-15. First, a mandrel 42 1s
shaped from an aluminum bar by a computer-numerical-
control (CNC) machine, as shown i FIG. 7. The resulting
mandrel 42 1s subject to a chemical clean and activation and
coated with an electroless nickel plate, as shown 1n FIG. 8.
Precision diamond turning 1s then used to machine the man-
drel 4210 20 A, V3 um figure accuracy, as shown in FIG. 9. The
mandrel 42 is then polished and superpolished to a 3-4 A root
mean squared (RMS) finish, as shown 1n FIG. 10. The man-
drel 42 1s then subject to metrology, as shown in FIG. 11.
Next, the mandrel 42 1s subject to ultrasonic cleaning and
passivation to remove surface contaminants and provide a
surface for the separable replicated neutron mirror, as shown
in FIG. 12. Multilayers are then deposited on the mandrel 42,
as shown 1n FIG. 13; and a mickel/cobalt (N1/Co) shell 1s
clectroformed on the mandrel 42 using electrodes 29, 30 and
solution, as shown 1n FIG. 14. Finally, the optic mirror 20 1s
separated from the mandrel 42 1n a cold-water bath, as shown
in FIG. 15.

In some cases, the inside (reflecting) surface of the Ni shell
is coated with supermirrors or °°Ni, one of the Ni isotopes
with slightly larger critical angle. The coating 1s applied on
mandrel 42 before N1 electroplating. Then, the N1 mirror and
the coating are separated from the mandrel 42.

In particular embodiments, the mirrors can fabricated
using replication processes that either can generate a full
axisymmetric shell directly or can generate segments that can
then be assembled to form a complete optical element 1n the
form of a segmented shell. The mirrors are made either from
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material (such as nickel) with high neutron reflectivity or
from a material appropriate for the particular replication pro-
cess that can then be coated with a high-neutron-retlectivity
material or a multilayer coating to improve the neutron reflec-
tivity and to increase the mirror acceptance angle. The mirror
coating can be a single materal or can include multilayers of
different materials designed to increase the field of view of the
mirror or to extend the neutron wavelength range. The mul-
tilayer coating on the mirror can be also used as a monochro-
mater. The coatings do not have to be applied inside the
axisymmetric mirrors, but can be applied to the mandrel 42
betore the shell 1s electroformed.

For example, electroformed-nickel-replication can be used
to fabricate full-shell nickel or nickel-alloy mirrors. Specifi-
cally, nickel or nickel-alloy shells can be electroformed onto
a figured and super-polished nickel-plated aluminum axisym-
metric mandrel 42 from which they are later released by
differential thermal contraction (e.g., where the mandrel 42
contracts more than the electroformed shell 20 when cooled).
The additional use of highly-reflective single or multilayer
coatings on these nickel mirrors will extend their use from
cold, through thermal to epithermal neutron energies.

Although the mirror can be fabricated by the use of the
clectroformed nickel process utilizing the direct current
approach, better neutron-optics performance can be achieved
by the use of periodically reversed pulsed plating. In this
process, application of alternating cathodic and anodic cur-
rent 1n the plating process 1s combined with an electrochemi-
cal etching process. In particular embodiments, the current
can be controlled with a rapidly changing amplifier, such as a
non-filtered bipolar operational amplifier or a specially built
pulsed plating power supply, 1n order to switch the rectangu-
lar waveform current from about three times anodic to
cathodic values with a pulse anodic of 2 to 20 milliseconds
and a cathodic pulse of 50 to 300 milliseconds and a slope of
mimmum time. The cathodic and anodic current density can
be, e.g., about from 35 to 30 milliamps per square centimeter;
and the anodic pulse can be, e.g., about from 135 to 90 mulli-
amps per square centimeter. In other embodiments, with the
bipolar operational amplifier (BOP), other waveforms apart
from rectangular or square can be utilized, and frequencies
and amplitudes of a wider range can be utilized to form the
low-stress deposit without the use of additives 1n the plating,
which would alter the reflectivity of the mirror so manufac-

tured. Other alloys or metals can be plated with appropriately
selected waveforms 1n order to achieve the low stress in the
deposited mirror.

An advantage of this process 1s that the atoms plated at
non-ideal places of the material lattice have a lower bond
energy and, hence, are etched away first in the following
cycle. The frequency of the plating and etching processes can
be balanced to fabricate the mirror material with much lower
mechanical and intrinsic stress compared to material fabri-
cated with a traditional electroforming technique. This per-
mits mirrors of various sizes to be plated with extremely
accurate dimensional tolerances.

If the material of the neutron mirror 1s nickel or a nickel
alloy fabricated with the traditional direct-current electro-
forming process, the mirror material tends to have residual
stress. That leads to mirror distortions and, hence, to lower
mirror’s optical performance. This problem can be overcome
by electroforming with the periodically reversed pulsed-plat-
ing process. In this process, nickel/nickel-alloy deposition 1s
tollowed by a brief reversed current electrochemical etching
providing a less-stressed material in the electroformed neu-
tron mirror. This pulsed-plating process has been shown to
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provide a very accurate electroformed component with essen-
tially no stress-induced distortion.

The use of axisymmetric focusing mirrors 20, 22 makes it
possible to 1nstall a high-resolution neutron 1maging system
in a laboratory-size shielded room at industrial production
tacilities or R&D centers that do not have a research reactor.
Existing neutron-generator-based imaging facilities can
probably be retrofitted with these mirrors to improve their
performance.

The same or similar optics can also be used to conduct
small-angle neutron-scattering measurements, a very popular
neutron technique for materials testing, using the same neu-
tron source 12 and detector 18.

For absorption imaging, the nested mirrors 20, 22 can
perform the same role as lenses 1n optical microscopes, and,
therefore, can lead to dramatic improvements in the spatial
resolution of imaging instruments. One embodiment 1s a neu-
tron microscope equipped with the nested mirrors 20, 22,
which creates a magnified 1image of the object 16 at the
detector 18. If the nested mirrors 20, 22 are placed between
the object 16 and the detector 18, the resulting image can be
magnified by a factor of ten or more using current technology.

Since neutrons are only weakly absorbed 1n most materials,
phase-contrast imaging promises substantially better image
quality over absorption methods. In the phase-contrast
method, variations in the index of refraction are mapped, as
opposed to variations in absorption. Phase-contrast imaging
involves 1lluminating an object by a partially-coherent neu-
tron beam, generally obtained at a large distance aiter trans-
mission through a pin-hole (Fraunhofer diffraction regime).
The 1mage 1s obtained when a detector 1s placed at a distance
from the object (in contrast to absorption imaging, when the
detector 1s right behind the object 16). The combination of a
small pin-hole source and large distances results 1n a weak
signal. The signal can improve 1f Wolter mirrors are placed
behind the object, such that the image 1s focused on the
detector. The phase coherence 1s preserved due to nearly
aplanatic design of the optics. All the neutrons travel the same
distance and so the relative phase 1s preserved if one pair of
mirrors 1s used, and nearly preserved for a nested system.

Other potential applications for the Wolter optics,
described herein, lie 1n inelastic scattering instruments, espe-
cially at the time-of-flight instruments where time-structure
of the neutron beam 1s a factor. Other examples include dii-
fraction from small samples and convergent-beam crystallog-
raphy, where a converging beam on the object 1s created by
focusing mirrors. In geometrical optics, ray paths can be
reversed; therefore, good focusing devices are usually also
good collimators. Such optics can be used for collimating
neutron beams, especially for the time-of-thght (TOF) instru-
ments where preserving the time structure of the neutron
pulse 1s important. Additional applications for the mirrors
include the following: portable or table-top neutron sources
equipped with the grazing incidence reflective optics, which
can be used 1n 1ndustrial facilities for non-destructive testing
of products; neutron beams shaped by these mirrors can be
used 1n 1maging for batteries, fuel cell, bio-medical and
water-distribution applications, where the optics may
increase the spatial resolution and contrast of 1images; con-
centrated (convergent) neutron beams produced by the optics
can be used to improve neutron micro-probe techniques for
material analysis; and parallel neutron beams produced by the
optics can allow remote probing of geological regolith to
search for light element resources, such as o1l and water.

In each of the applications outlined, above, the mirrors can
be coated with high-critical-angle multilayer coatings
obtained by thin-film deposition techniques, as done for x-ray
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supermirrors, as described in S Romaine, et al., “Mandrel
replication for hard x-ray optics using titanium nitride,” Pro-
ceedings of SPIE. 7437 (2009) 743770Y. Surface figure accu-
racy and roughness determine the angular resolution of graz-
ing incidence optics. Good surface quality (roughness of 2 to
4 A (rms)) is readily achievable for mirrors prepared by the
replication technique. The angular resolution of one mirror
pair 1s of 10 arc-seconds half power diameter (HPD), while
nested systems are of 15 to 30 arc-seconds HPD. Therefore,
the surface quality of our Wolter optics 1s at least similar, 11 not
better, than that of modern neutron guides. Specific require-
ments for the surface quality depend on applications. For
instance, small-angle neutron scattering (SANS) requires low
diffuse scattering from surface roughness, which 1s compa-
rable to that of commercial neutron guides, while 1maging
requires small figure errors to achieve high resolution. A point
source 12 imaged by mirrors of 30 arc-seconds angular reso-
lution and of 10 m focus-to-focus length will be of 0.2 mm
HPD, while the image 1s magnified several fold. Therefore,
existing mirrors should be more than adequate for neutron
imaging tasks, where detector resolution 1s of 0.1 mm.

In addition to those discussed, above, there are at least
several neutron techniques that may benefit from the axisym-
metric mirrors, especially in compact neutron sources. The
tollowing 1s a discussion of the use of such optics for small-
angle neutron scattering (SANS), imaging, and for collecting
maximum possible tlux on small samples for diffraction or
inelastic scattering.

A) Small-Angle Neutron Scattering (SANS)

SANS has a long history of utilizing focusing optics, such
as refracting lenses or collimators, 1n order to increase the flux
on the object, to improve the resolution and to extend the
range ol accessible scattering angles. Usually, the focal
planes of the optics are at the entrance pin-hole and the
detector; and the object 1s placed directly downstream of the
optics. Even a small amount of focusing improves the reso-
lution of SANS instruments. However, existing focusing
devices for SANS have strong limitations 1n terms of their
performance, especially at accelerator-based neutron
sources, which rely on time-of-flight SANS. The biggest
problem with refractive lenses 1s strong chromatic aberration;
the focal distance of biconcave neutron lens changes as the
second power of the neutron wavelength, f=rr/(pb A~). Con-
sequently, the lenses are not well-suited for time-of-flight
SANS 1nstruments, which use polychromatic neutron beam.
In fact, chromatic aberrations reduce the resolution even on
reactor-based SANS 1nstruments since the beam 1s not per-
fectly monochromatic. Recent developments ol magnetic
lenses have shown a promise of reducing chromatic aberra-
tions by modulating the magnetic field. However, magnetic
lenses are complicated devices, which require constant sup-
port while 1n operation. The need for polarized neutrons fur-
ther reduces the count rate.

In contrary to refractive optics, mirrors are iree of chro-
matic aberrations. A mirror-based SANS 1nstrument 1s
installed at FRM-II in Munich. However, the instrument,
which uses a single Cu-coated toroidal mirror, requires large
samples to collect enough signal. Wolter-type optics dis-
cussed here have significant advantages over such toroidal
mirrors; for example, nested mirrors having a full figure of
revolution can collect larger neutron flux on the object 16, and
they offer a tlexibility 1n the optical design that allows one to
make mirrors suitable for various goals, such as to enhance
the flux or to shorten the length of a SANS instrument.

[lustrations of adjustable-resolution SANS with focusing
mirrors 20, 22 are provided i FIGS. 16 and 17, where the

neutrons pass through an aperture acting as the source 12 and
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then through the nested Wolters mirrors 20, 22 before passing
through the object 16 and reaching the detector 18. The
embodiment of FIG. 16 provides higher resolution and lower
flux density on the object 16, while the embodiment of FIG.
17 provides lower resolution and higher flux density on the
object 16.

Ray-tracing calculations of an 8-m-long SANS instrument
equipped with Wolter mirrors are provided in FIGS. 18 and
19. The flux density at the focal spot 1s equal to that of the
source 12. The graphs show flux densities at the focus of the
cllipsoid (FIG. 18) and at the focus of the parab0101d-parab0-
loid (FI1G. 19) mirrors as a function of the mirror’s radius. The

* [T

different plots represent different supermirror coatings [m=1
(46), 2 (48) and 3 (50)].

In reference to the supermirror, the critical angle of the
supermirror 1s m times that of natural Ni. The supermirrors
are thin reflective coatings, made normally of N1 and Ti layers
(e.g., tens or hundreds of bi-layers of varied thickness); alter-
natrvely, N1C/T1 can be used instead of N1/'11, and other super-
mirrors combinations can be used, as well. Supermirrors are
engineered such that their critical reflection angle 1s larger
than that of N1 by the multiplicative factor, m (normally
between 2 and 7). Increasing the critical angle by using super-
mirrors can increase the collection efficiency of the mirrors,
either by reflecting higher-energy neutrons 1n the polychro-
matic beam or by allowing larger-diameter mirrors.

In this particular case, there 1s no difference in performance
of the paraboloid mirror sections 335 with m=2 (48) and 3 (50).
Themagnification, M, 1s 1; the total mirror length 1s 0.4 m; the
source-to-focus distance is 8 m; and the wavelength is 4 A.
The horizontal line 1n FIG. 19 shows the flux density (corre-
sponding to 16 n/m®) without the mirrors. The source 12
divergence corresponds to that of an m=3.5 guide.

The simulations show that even a single short ellipsoid
mirror made of Ni can improve the signal by an order of
magnitude. It 1s possible to achieve very significant gains in
the signal by nesting mirrors of different geometries and
supermirror coatings. In addition to achieving higher flux at
the detector, the mirrors can help decreasing the minimum
g-vector or the length of the SANS instrument. The design of
the optics for a real SANS 1nstrument can take 1nto account
the achievable divergence of the beam, and the wavelength
spectrum of the real source. It 1s clear that using axisymmetric
optics at SANS instruments on compact sources may result in
significant improvements of the mstrumental capabailities.

b) Neutron Imaging

Neutron 1maging 1s one of the fastest-developing neutron
methods. Two key challenges for neutron 1maging are weak
source brilliance and poor detector spatial resolution. These
challenges can be addressed by using lenses, as in optical
microscopes (see FIG. 20). We demonstrated this approach
experimentally, as described below. The use of axisymmetric
focusing mirrors 20, 22 may lead to dramatic improvements
in the spatial resolution of neutron 1imaging instruments. Cur-
rently, the resolution 1s limited by the collimation of the beam
(L/D ratio) and the detector pixel size. The angular resolution
of Wolter mirrors 20, 22 can reach 0.1 mrad, corresponding to
[/D=10". By using the mirrors 20, 22, the size of the neutron
source 12 can be made much larger than that in the pin-hole
geometry, thus increasing the signal without negatively
alfecting the spatial resolution. In addition, i1 the 1mages are
magnified, the detector-pixel-size limitation is relaxed.

Ray-tracing simulations were performed with a neutron
microscope equipped with Wolter-type optics. In this
example, a test pattern made of squares of absorbing material
and 0.75x0.75 c¢cm? squares of transparent material, and a
4-cm-diamter source 12 was located 35 c¢cm 1n front of the
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object 16. The source-to-image distance was 10 m. The optics
consisted of four nested mirrors 20, 22, 24, 26 (as shown 1n
FIG. 6) with magnification, M=1, and radi1 01 15-19 cm, with
a m=3 supermirror coating. The resulting 1mage 1s shown 1n
FIGS. 21 and 23, respectively, with and without the back-
ground gradient removed. Intensity plots of the resulting
image across the object 16 are provided in FIGS. 22 and 24,
respectively, for the images of FIGS. 21 and 23.

Practically, the magnification of such optics can vary
between 1 and 10. Depending on the available flux and
required spatial resolution, one can design the mirrors 20, 22
that improve the performance of existing and future imaging,
instruments. In one embodiment, an instrument may be
equipped with several sets of mirrors with different magnifi-
cations for experiments, which require different spatial reso-
lution or field of view.

¢) Neutron Flux Collection for Studies of Small Samples

Often, neutron istruments require collecting as many neu-
trons as possible on a sample object 16 or some optical ele-
ment. We believe that short efficient collectors made from
nested axisymmetric mirrors 20, 22 may prove effective for
compact neutron sources because they can efficiently con-
dense neutron beams such that the source brilliance 1s pre-
served while trading off beam size and angle. Wolter mirrors
20, 22 can collect neutron flux density on the object 16 as
much as 10 times that of the source 12. The exact design and
performance of such optics depends on the properties of the
source, source-to-object distance and requirements to the
beam divergence on the object 16.

Exemplification:

1) Neutron-Beam Focusing and Ray-Tracing Simulation

A system of four nested ellipsoid-hyperboloid N1 mirror
pairs was made and tested at the Neutron Optics Test Station
at the Massachusetts Institute of Technology Nuclear Reac-
tor. A mandrel 42 of desired geometry was coated with nickel
(a nickel-cobalt alloy can alternatively be used) 1n an electro-
chemical bath. When the Ni shell 20 reached desired thick-
ness, it was separated from the mandrel 42. Numerical param-
cters for each of the four mirror pairs are listed 1n Table 1.
Each row 1n Table 1 corresponds to one of the four nested
mirror pairs. The diameter of each mirror 1s such that 1t does
not project a shadow onto a larger mirror. The optics have a
magnification, M=%4; when the angles between rays and the
optical axis are small (paraxial approximation in geometrical
optics), angular and lateral magnifications are equal to each
other (1.e., M=0,=t/1,). The origin (Z=0, r=0) 1s at one tocus
of the ellipsoid. The source 12 1s at the origin, and the detector
18 1s at Z=3.2 m. The focal distances are 1,=640 mm and
£ =2560 mm. The projected length of the hyperbolic section
along the optical axis 1s L ;;, and that of the elliptical section 1s
L. The grazing angle for a ray from the origin to the inter-
section point 1s also reported in Table 1. Hyperbolic and
elliptical shapes are given by equations (1)-(5).

TABLE 1
a7 (mm) bz (mm) a-(mm) br(mm) Lg{mm) Lz(mm) r,(mm)
533.2821 7.296319 2133.382 14.59266  30.00  31.097 14.29%
533.2827  7.665439 2133.393 15.33097 30.00 31.097 15.021
533.2824  R.053217 2133.404 16.10662  30.00 31.097 15.781
533.2811 8.460593 2133415 1692151 30.00 31.096 16.579

The system of four nested mirrors was placed 1 a poly-
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standard neutron-sensitive scintillator screen (Li-doped
/nS). The light output from the screen 1s detected by a charge-
coupled device (CCD) (from Andor Luca EMCCD). The
spatial resolution of the detector 18 was calibrated by imaging
a 1.2-mm pinhole 1n a Gd {foil. By fitting the image with a
(Gaussian function, we found that the pixel size was (92+4)
wm, full width at half maximum (FWHM). The half-power
diameter (HPD) of the spot was 0.62 mm. Neutrons 1n the
focal spot were below 5 meV (cold neutron filter). The expo-
sure was 10 seconds, and the reactor power was 4.2 MW
(maximum 6 MW).

We scanned the detector 18 along the beam axis and mea-
sured the size, HPD, of the resulting image. The HPD as a
function of the distance from the nominal focal plane 1s plot-
ted 1n depth of focus scan of FIG. 25, together with the values
calculated by ray-tracing. The size of the focal spot was
measured while the detector 18 was scanning across the focal
plane (positive distance 1s upstream of the focal plane). Large
dots denote experimental measurements; circles connected
by the broken line are ray-tracing calculations. The hali-
power diameter (HPD) was measured by fitting a Gaussian to
the measured cross-section of the focal spot. The errors were
deduced from the fit. The solid line 1s the parabolic fit of the
experimental data. The fitted minimum of HPD 15 0.62 mm.
The calculated mimimum of HPD 1s 0.35 mm. The discrep-
ancy between the measurements and calculations 1s due to the
misiit between the mirrors and their holder.

FIG. 27 shows the result of an angle scan when the mirrors
20, 22 were tilted with respect to the beam axis in horizontal
plane. The line 1s a parabolic {it to the data. Imaging with the
detector 18 at different distances from the focus (toward the
mirror optics) allowed rings from the reflections from the two
mirror pairs to be seen, confirming that both mirror pairs
contribute to deflecting the beam towards the focal point; and
ray-tracing calculations produced rings of similar size.

The mirrors 20, 22, described above, were optimized for
the ease of testing and manufacturing. Since they are rela-
tively short and made of N1, these mirrors are not optimized
for flux collection. For example, ray-tracing calculations pre-
dicted that only neutrons of up to about 5 meV are focused.
These cold neutrons constitute a small fraction, about 5%, of
the thermal neutron flux at the Massachusetts Institute of
Technology Nuclear Reactor. A supermirror multi-layer coat-
ing will increase the upper cut-oil energy and, therefore, the
collection efficiency of the mirrors 20, 22. Also, longer mir-
rors will collect a higher portion of the neutron flux. We
modeled flux collection efficiency of supermirror-coated long,
Wolter optics by ray-tracing simulations, as described 1n the
next two paragraphs.

Here, we show the results of ray-tracing simulations for a
large neutron facility. A standard software package, McStas
(which provides Monte Carlo simulation of neutron instru-
ments and 1s provided from a collaboration of DTU Physics,

O(deg)

0.40000
0.42022
0.44148
0.46381

University of Copenhagen, Paul Scherrer Institute and Insti-

chromatic thermal neutron beam. The source 12 (a 2-mm 45 tute Laue-Langevin and 1s available via download at www-

diameter cadmium aperture) and a detector 18 were posi-
tioned 1n two focal planes. The detector 18 was based on a

1mcstas.org), was used for the simulations. Each mirror was
included as a separate McStas component. Confocal Wolter
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pairs were combined into a McStas instrument, which
included a neutron source 12, monitors and other necessary
beam-line components. The ray-tracing algorithm used for
the mirror components 1s similar to that used for neutron
guides. McStas supplies and tracks coordinates and velocities
of the neutrons, R=(X, y, z) and v=(v,, v,, v,). The neutron
beam {first propagates from the source 12 to the opeming
aperture plane of the mirrors 20, 22. Neutrons falling outside
the leading edge of the mirror are discarded. Next, the posi-
tion of the intersection of the neutron trajectory with the
mirror 1s determined, r,=(X,, y,, Z,). Since the mirrors have
finite lengths, only a fraction of trajectories intersect the
mirrors. For the reflected neutrons, k'=k+2(k-n)n. Here k and
k' are wave-vectors before and after the reflection and n 1s the
normal to the mirror at r,, as calculated from the mirror
geometry. The reflectivity 1s a function of Q=k'-k exactly as
for flat mirrors. Retlected neutrons receive a weight propor-
tional to the reflectivity. (McStas uses the “weight factor” to
calculate how many neutrons are transmitted through an
instrument or a component; for example, 11 the retlectivity of
a mirror 1s 10%, then every neutron 1s reflected, but assigned
the weight of 0.1). Reflected neutrons, with the new
momenta, k', propagate further to the entrance of the next
component.

We calculated the neutron flux density collected by the
optics and then optimized the system’s parameters for maxi-
mum flux at the object 16. Mirrors 20, 22 with the following
characteristics were used as an example: source-to-object
distances of 10 and 25 m and critical angle of 21 mrad (cor-
responding to an m=3 supermirror multilayer coating and 3
meV neutrons). Several magnifications between 0.1 and 1
were tested. The flux was maximized by changing the mirror
intersection radius, r,. Considering current manufacturing
constraints, the length of each mirror was limited to <10r, and
<0.7 m. We found that the maximal flux density at the object
16 was about three times that of the source 12 for one mirror
pair, as shown 1n FIG. 27, which plots ray-tracing simulations
of large supermirror-coated Wolter optics (m=3 supermirrors,
E=5 meV neutrons, source-to-focus distance 1s 10 m, and
magnification 1s M=0.1). The concentration ratio, the ratio of
flux densities at the detector 18 and at the source 12, 1s
calculated versus the mirror’s radius. The corresponding
maximum grazing angle 1s plotted on the top axis.

At first, the collected flux increases with the radius, but
then the flux starts to decrease. The decrease starts when some
of the neutrons begin to intersect the second, hyperboloid,
mirror with the angle above the critical angle. In our geom-
etry, maximum flux 1s achueved at magnification 0.1 for both
systems, of 10 m and 25 m, as shown in FI1G. 28, which plots
the flux concentration ratio as a function of magmfication for
two different source-to-object distances: 10 m (squares) and
25 m (dots). Calculations are for E=5 meV neutrons and m=3
supermirror multilayer coating; each mirror 1s 0.7 m long.
The size of the focal spot, shown on the top axis, 1s calculated
assuming the source 12 diameter 1s 10 mm. The effect of
nesting on collection efficiency of Wolter optics in this con-
text 1s shown 1n FIG. 29, which plots the concentration ratio
ol a system of several nested Wolter mirror pairs versus the
number of the mirror pairs.

Increasing the number of nested mirrors leads to a signifi-
cant increase in the neutron tlux on the object 16. A system of
four nested mirrors 20, 22, 24, 26 (as shown in FIG. 6)
produces about eight times the tlux density of the source 12.
The flux density does not depend on the size of the source 12
for different magnifications and source 12 radius between 1
and 10 mm, according to ray-tracing simulations. The 1nde-
pendence of flux on the source 12 size 1s the consequence of
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low aberrations for off-axis rays. The ability to change the
source 12 size without affecting the performance of the optics
1s important for many applications, since the objects 16 often
come 1n various sizes.

The following experimental measurements were made
using small N1 mirrors, and the results are compared to cal-
culations. In addition, extensive ray-tracing modeling was
done for long m=3 supermirror-coated optics.

The experimental results shown 1n FIG. 25 were compared
with ray-tracing simulations, using parameters from Table 1.
The neutron tlux 1s nearly constant across the 2-mm diameter
source 12. Therefore, 11 the mirrors 20, 22 are perfectly
aligned and have small manufacturing errors, we expect the
focal spot 28 to be 0.5 mm diameter—tour times smaller than
the source 12. The corresponding HPD 1s 0.35 mm, as con-
firmed by ray-tracing simulations shown 1n FIG. 25. The HPD
of the focal spot 28 was measured to be 0.62 mm. The mirrors
20, 22 are manufactured with small deformations (usually
called figure errors), but imprecise machimng of the holder
resulted 1n unusually large figure errors during our measure-
ments. Such deformations can be avoided by adjusting the
s1ze of the holder.

FIG. 25 shows how HPD changes with distance from the
focal plane, both 1n experiment and simulations. By moving
the detector 18 along the beam-propagation axis, we mea-
sured the depth of focus, which 1s the extent of the region
around the 1image plane 1n which the beam 1s focused nto a
spot 28 with maximum 1ntensity at the center. Away from the
focal plane, the focal spot 1s transtormed into rings. In the
experiment, the depth of focus was about 40 mm. In the
simulations, 1t was less than 10 mm. Both the focal spot size
and the depth of focus are affected by the mechanical defor-
mation of the mirrors caused by improper size of the mirror
holder.

We measured the tlux density at the focal spot position 28
with and without the mirrors 20, 22, as deduced from the
intensity registered by the CCD pixels. The experimental
ratio 1s (3+0.5), whereas the ray-tracing simulations predicted
the ratio of (8+1). The discrepancy 1s explained by taking into
account the difference 1n area of the focal spot. The HPD 1n
the experiment 1s almost twice that 1n simulations (the area of
the focal spot 1s 4 times larger); and, therefore, the density 1s
four times smaller than predicted. An additional factor con-
tributing to the discrepancy in flux measurements 1s the
energy spectrum of the thermal neutron beam. Since only
neutrons below 5 meV are focused, an accurate flux compari-
son must include the neutron beam spectrum. We modeled the
neutron tlux spectrum of the MIT nuclear reactor using a
Maxwell-Boltzmann distribution, and we found that the flux
density 1s practically insensitive to the details of the source 12
spectrum within our resolution. Finally, the detection efli-
ciency of the scintillator might be energy dependent, but we
believe this 1s not significant. We conclude, theretfore, that the
measurements are consistent with the ray-tracing model.

FIG. 27 shows that the neutron flux density at the focal
point increases with r, until the grazing angle reaches the
critical value. Therefore, larger critical angle allows larger
diameter optics, which has larger collection efficiency. Con-
sequently, for lower-energy neutrons used 1n many neutron
applications, the flux density ratio will be larger than 10 for
mirrors, such as those 1 our examples. Let us compare the
simulation results with the fundamental limit of concentra-
tion efficiency. The theoretical limit of concentration 1s
understood as follows. For simplicity, assume a circular
source 12 at infinity subtending a semi-angle, 0,. Further
assume the 1rradiation 1s concentrated onto an object 16,
subtending a semi-angle 0,. In this case, the limit of the
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_=sin” 0,/sin” 0,=1/m”, where M is
the magnification of the optics. If, for example, M=0.1, the
maximal possible concentration, Cmax=100. Therefore, for
our theoretical example shown 1n FI1G. 29, the concentration
of 8 1s about 12 times smaller than the maximum possible
concentration. Clearly, the losses are due to the cross-section
of the mirrors in the beam. The cross-section can be increased
if higher critical angles can be used, either by using longer-
wavelength neutrons or multilayer coatings. Of course, the
choices will be determined by the specific applications.

2) Neutron Imaging,

The 1imaging properties of the same mirror system were
tested at the instrument development beamline at HFIR (CGI-
D) at Oak Ridge National Laboratory. A schematic illustra-
tion of the neutron microscope tested 1n this experiment 1s
shown in FIG. 20. As shown in FI1G. 20, a single pair of Wolter
mirror sections 32, 34 acted as an image-forming lens. In the
microscope-like configuration shown here, the neutron beam
travels from left to right. The object 16 1s 1n the upstream focal
plane of the optics. The magnified image 17 1s formed at the
downstream focal plane of the detector 18. The source 12 of
the neutron beam 1s located upstream from the object 16.
Only one axisymmetric mirror 1s shown for clarity, but several
concentric co-axial mirrors 20, 22 can be used to increase the
neutron flux reaching the detector 18.

In this embodiment, the mirrors 20, 22 play the role of an
image-forming lens. A neutron scatterer was placed 1n the
neutron beam to produce a source 12 with the divergence
large enough to 1lluminate the mirrors 20, 22. The divergence
of the beam at CGI-D 1s limited by the significant distance
between the end of the guide and the beam aperture. If the
source 12 was located at the end of the guide, the beam
divergence would be suificient, and no diffuser would be
needed. A Gd test object 16 was placed aiter the scatterer in
the focal plane of the optics. The mirrors 20, 22 were placed
as shown 1n FIG. 20, such that the magmfied image of a
portion of the grid can be recorded. The test object 16 was
translated by 3 mm, and then 20 1mages were collected to
cover the whole length of the pattern. The analysis of the
images showed that the microscope 1s capable of resolving a
period of 0.290 mm or single lines 145 micron wide. This
resolution was limited by the (binned) pixel size of the detec-
tor 18, rather than by the mirrors 20, 22. The resolution can be
improved significantly i1t the source 12 beam had the diver-
gence large enough to 1lluminate the mirrors 20, 22 without
the use of the beam diffuser, which only diffuses a very small
fraction of the intensity in the beam. Again, the mirrors 20, 22
were not designed for the use at CG1-0, but to demonstrate
and test the feasibility of mirror-based imaging. To the best of
our knowledge, this was the first experimental demonstration
of neutron 1maging using an axisymmetric grazing incidence
microscope.

3) Increasing the Neutron Flux Concentration Using Graz-
ing-Incidence Mirrors

The neutron flux concentration from a neutron source 12
can be increased using grazing-incidence mirrors, by increas-
ing the number of reflections 1n a controlled manner. We
conducted ray-tracing simulations of various axisymmetric
collectors of the neutron flux, modeling the reflectivity as a
step Tunction. Performances of different optical designs are
shown 1 FI1G. 30, where the collection efficiency 1s shown for
cllipsoid (E), ellipsoid-hyperboloid (EH) and ellipsoid-hy-
perboloid-hyperboloid (EHH) mirrors as a function of their
radius. The lines represent results of geometrical calculations
in two dimensions. Open symbols show three-dimensional
ray-tracing simulations of the optimized ellipsoid-hyperbo-
loid (EH) design and an example of a ellipsoid-hyperboloid-
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hyperboloid (EHH) design (c,,,=0.435, ¢,,,=0.95). The radius
of the ellipsoid 1s measured 1n the middle of the mirror, and
the radi1 of the EH and EHH are measured at the intersection
of the ellipsoid and hyperboloid. For all types of mirrors,
magnification, M=10; total length, L=1 m; and the focal dis-
tance 1s 10 m. The divergence of the source 12 1s constant (7.6
mrad) and equal to the angular size of the entrance aperture of
the best EHH mirror. The wavelength is 4 A and the critical
angle of the mirrors 1s 20 mrad.

The parameters of the optics were chosen to model practi-
cal systems. The collection efficiency of each mirror
increases with the radius until the critical angle 1s reached;
after that, the performance quickly deteriorates. The maxi-
mum collection efliciency for each mirror 1s attained at the
optimal radius. While the three-retlection mirror does not
improve significantly over the two-reflection mirror, 1ts opti-
mal radius 1s larger, allowing collection of a larger beam
divergence. Note that axisymmetric mirrors 20, 22 can be
nested within each other to further increase the performance
of the optical system. The general tendency 1s clear: using
more reflections can be advantageous when glancing-angle
mirrors are used.

An example of a nested axisymmetric collector 1s shown 1n
FIG. 31. Geometries analyzed 1n this paper correspond to the
inner mirror 20, which is an ellipsoid, and the outer mirror 22,
which includes confocal ellipsoid 32 and hyperboloid 34
sections. The source 12 1s at the origin, while the object 16 (or
any absorber) 1s at the second focal point. Coaxial confocal
mirrors 20 of smaller radi1 are nested 1inside the largest mirror
22. The solid angle collected by each nested mirror 20, 22 1s
determined by the edge rays: Q~(sin” 0,-sin” 0,). The values
of 0, and 0, for the largest mirror 22 are constrained by the
critical angle and attainable mirror length, while a smaller 0,
can be achieved by nesting.

A general flux-collecting optical system 1s shown sche-
matically in FI1G. 32. The “optical system”™ 44 can be focusing
guides, axisymmetric mirrors 20, 22, or other focusing optics.
For simplicity, we approximate the neutron source 12 by a
near-field point source of monochromatic neutrons. Such
approximation 1s justified 1n many cases given the usual sizes
of neutron instruments and the fact that the flux 1s almost
always broadly peaked at a certain wavelength. The arrows 38
illustrate an on-axis neutron or photon that emerges from the
source 12 at incidence angle, 0, , relative to the optical axis,
and reaches the object 16 at incidence angle, O ..

lithe optical system forms an 1mage, the magnification, M,
1s such that O<M<1. Definitions of standard radiometric
quantities and terms are repeated below. Radiance (some-
times called brilliance),

d*¢

L= dnda’

where A 1s the area,

d¢
dA

1s the flux (neutrons/s/area), €2 1s the solid angle, and 0 is the
direction with respect to the optical axis. Irradiance (at the
object16), E=d¢/dA,,,, ;.. and radiant exitance (at the source
12), M _=d¢/dA__ . For a Lambert source 1rradiating from

one side of a plane: M_=rL. If the source 12 1s constrained to




US 8,735,844 Bl

19

irradiate 1nto a narrow cone with the angle, 0, (where
0. <<1), as 1s oiten the case with neutron nstruments,

FRLCEX

M_=Lno,_ °~. (1)

We will use the following approximation, which 1s often
correct for neutron focusing optics and flux collectors: the
source radius, a, 1s much smaller than the source-object sepa-
ration, R. Then at the optical axis:

E=Ln¢’, where ¢*=max[a*/R>,0, _"~]. (2)

When collecting optics 20, 22 are installed between the
source 12 and the object 16, the (geometric) concentration
ratio, C, 1s calculated as follows:

CG:Asaurce/Asampfe' (3)

Flux concentration, Cg,, ., and collection efficiency, 7, are
defined as follows:

Cﬂux =E/M e Tl :Cﬂu):/ CG:q)sampfe/ q)saurce' (4)

Here, E and M, are from (1) and (2). In neutron instrumenta-
tion tests, the quantity that 1s usually measured 1s the gain, G,
representing the ratio between neutron flux densities with
(E,) and without (E,) the optics:

EI/ME
EZ/MEI

G=E [E, = )

From (1)-(4), one can deduce the flux concentration from the
measured gain in the practical case when a*/R*<0___*:

Con=FE /M, =GE>/M,=G. (6)

Note two important observations. First, the gain 1s very
sensitive to the collimation of the beam at the source 12,0,
so one must be careful when comparing optics measured
using different sources. Second, the approximation (2) works
when the object 16 1s smaller than the source 12.

For collectors consisting of grazing-incident mirrors 20,
22, the number of reflections atfects the collection efficiency
of the optics. Neutrons are reflected N times from optical
contours if incident angles are smaller than the critical angle,
0 . The largest output angle 1s obtained when neutrons attain
critical angles at all contours: 6, ,..,.=2N0_-0,, (see FIG.
32). Therefore, the maximum flux concentration should
increase with the number of reflections. Since, 1n practice, the
reflectivity 1s less than one, the number of reflections can be
limited to about three or four. Therefore, we analyzed mirrors
with one, two and three reflections. We found that an ellip-
soid-hyperboloid (EH) combination maximizes the collec-
tion solid angle, compared to other conic sections. Also,
smaller magnification 1s advantageous for increasing the con-
centration efficiency. The magnification 1s limited to about
one tenth by practical reasons of the optics length and total
length of the system.

An EH mirror consists of a confocal pair of an ellipsoid and
a hyperboloid (i.e., so-called Wolter type-I optics). The
source 12 1s placed at the focus on the ellipsoid (see FIG. 31),
while the object 16 1s placed at the focus of the hyperboloid
(see FIGS. 33 and 34). The second focal point of the ellipsoid
comncides with that of the hyperboloid. For simplicity, axi-
symmetric mirrors 20, 22 were first analyzed 1n two dimen-
sions, followed by three-dimensional ray-tracing simula-
tions. In the two-dimensional geometry, we sought to
maximize the angle between the two edge rays, which con-
nect the focal point with two extreme points of the first,
clliptical, mirror (see FIGS. 31, 33 and 34). These geometric
calculations allow for a much faster optimization than the

10

15

20

25

30

35

40

45

50

55

60

65

20

three-dimensional ray-tracing analysis, which may be pro-
hibitively long. We, therefore, conducted ray-tracing simula-
tions only for the best designs.

The geometry of the system 1s as follows. The source 12
and object 16 are placed at the two foci, respectively. The
source 12 divergence 1s fixed to 7.6 mrad. The position of the
optics 1s represented by the position of the intersection of the
cllipsoid (E) and hyperboloid (H). The magmfication, M, 1s
the ratio of the distances between the mirrors 20, 22 and their
two foci1. For this analysis, the magmfication, M=0.1; and the
total mirror length, L=1 m. The following four parameters
determine the shape of the EH mirrors 22: 0, ¢, L, and P, .
Here, 0., 1s the angle between the reflected beam and the
mirror at the end of the hyperbola; c,,1s the semi-focal length
of the hyperbola and L, 1s the length of the hyperbolic mirror;
P, 1s the distance between its end of the mirror and the focal
pomnt (see FIG. 33). The optics 1s designed such that all
neutrons reflected by the first surface will be reflected by the
successive surfaces. To optimize the mirrors 20, 22, we
scanned the four-dimensional parameter space by {irst scan-
ning [, and P, at constant 0,, and c,,. For fixed M and L,
L,+P,=ML/(1+M). In general, for a mirror of a constant
length, the total number of collected neutrons increases with
L., and P,, until the critical incident angle 1s reached. After
finding optimal L, and P,, 0., and C,, are scanned to obtain a
series ol plots of intensity versus radius. The envelope of this
series of plots 1s shown 1n FIG. 30 for the EH mirror. Each
point on the curve for the EH mirror corresponds to different
0., C-, L, and P,. The three-dimensional ray-tracing simula-
tions are 1n good agreement with the simplified geometrical
calculations.

The three-retlection optic (1.¢., the EHH mirror) 1s formed
by three conic mirror sections: an ellipsoid 32 (E) followed by
two hyperboloids 34 (H, and H, ) (see FI1G. 34). The E and H,
mirror sections 32, 34 share a common focus, and both hyper-
boloids share another common focus. In principle, the opti-
mization of the EHH mirrors can be determined by using the
algorithm similar to that used for the two-reflections EH
design. The EHH mirrors have one more parameter, ¢, the
semi-focal lengths of the second hyperboloid. Hence, the
optimization of an EHH mirror requires a five-dimensional
space (0., C;7, Crpn, L, and P, ). We did not pertorm the tfull
optimization. To show the advantage of an EHH mirror, we
constructed an example by simply fixing, ¢,, C,, the total
mirror length, L, and the magnification, M. The radius at the
E-H intersection (r,) 1s scanned. For eachr,, the parameters of
the ellipsoid and the H, hyperboloid are determined. By
design, neutrons retlected at the upstream edge of H, are
reflected by H, at the downstream end. This condition deter-
mines the geometry of H,. The length of the ellipsoid (LE)
was scanned to obtain the largest incident solid angle. FIG. 30
shows that the performance of even a non-optimized EHH
mirror improves on that of the EH mirror. Ray-tracing simu-
lations show that the decrease in the collection efficiency
above the critical radius 1s less abrupt than that found by the
geometrical calculations. The reason 1s that when the edge
rays exceed the critical angle, there are still rays reflecting
below the cnitical angle. The ray-tracing and geometrical
calculations are in good agreement 1n the most usetul region,
below the critical radius. Our models did not consider losses
due to scattering by roughness. We do not expect significant
losses, since the retlectivity approaches 99%, but they can be
taken into account when designing optics for real instru-
ments.

The results in FIG. 30 represent a significant improvement
over previous designs, outlined above. The improvements
stem from relaxing a condition of equal incidence angles
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close to the intersection of E and H, the standard condition
used 1n x-ray telescopes. In the preceding designs, the beam
divergence was larger, 17 mrad. The angular size of such
beam 1s much larger than the optics; therefore, the collection
elficiency was smaller. The designs of this section show better
performance when the same beam divergence 1s used for
comparison.

These axisymmetric optics allow nesting of multiple con-
focal coaxial mirrors in order to increase the solid angle,
which 1s mtersected by the mirrors. Once the radius of each
mirror has been optimized to achieve maximal collection
elficiency, such as 1in the case of E, EH, and EHH, the mirrors
can be nested 1nside each other. The solid angle, and thus the
flux, captured by the optics 1s determined by the two edge rays
reflecting from the first mirror (see FIG. 31). The angle
between the edge rays 1s determined mainly by the mirror’s
length, which 1s limited by the manufacturing technology to
about 1 m. When confocal coaxial mirrors 20, 22 are nested
together, the solid angle, and thus the collection efliciency,
can increase significantly. The collection efficiency of the
nested system 1s the sum of all mirrors, provided inner mirrors
20 do not block rays that are collected by outer ones 22. Since
the optimal radius increases with increasing the number of
reflections, nesting of one-, two-, and three-retlection mirrors
1s possible. For mirrors from FIG. 30, the mimimum angle for
the EHH of the optimal radius 1s larger than the maximum
angle for the optimal EH, etc. Therelfore, one can nest mirrors
of optimal radii. The total efficiency for a system composed of
the three nested mirrors from FIG. 31 would be approxi-
mately 50%.

An mmportant application of neutron flux collectors 1s 1n
transporting the beam for tens of meters between neutron
moderators (the source of thermal neutrons) and instruments.
This function 1s performed by neutron guides, a description of
which 1s provided 1n Boni, P., “New concepts for neutron
instrumentation,” Nuclear Instruments and Methods in Phys-
ics Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment 386(1), 1-8 (2008). While
direct comparison with existing focusing neutron guides 1s
not possible using the data in the literature, axisymmetric
optics should perform comparably with such guides, while
presenting an advantage of a shorter length.

In describing embodiments of the invention, specific ter-
minology 1s used for the sake of clarity. For the purpose of
description, specific terms are intended to at least include
technical and functional equivalents that operate 1n a similar
manner to accomplish a similar result. Additionally, 1n some
instances where a particular embodiment of the invention
includes a plurality of system elements or method steps, those
clements or steps may be replaced with a single element or
step; likewise, a single element or step may be replaced with
a plurality of elements or steps that serve the same purpose.
Further, where parameters for various properties or other
values are specified herein for embodiments of the invention,
those parameters or values can be adjusted up or down by
Vioo™. Vso™. 1so™ Vi Vst 14 Ly aprd 34 aph op i
1940 49/50™ 99400™, etc. (or up by a factor of 1, 2, 3, 4, 5, 6,
8, 10, 20, 50, 100, etc.), or by rounded-oif approximations
thereol, unless otherwise specified. Moreover, while this
invention has been shown and described with references to
particular embodiments thereof, those skilled 1n the art waill
understand that various substitutions and alterations in form
and details may be made therein without departing from the
scope of the mvention. For example, some of the concepts
disclosed herein can be used not just with neutrons but also
with x-rays or other forms of radiation. Further still, other
aspects, functions and advantages are also within the scope of
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the invention; and all embodiments of the invention need not
necessarily achueve all of the advantages or possess all of the
characteristics described above. Additionally, steps, elements
and features discussed herein 1n connection with one embodi-
ment can likewise be used 1n conjunction with other embodi-
ments. The contents of references, including reference texts,
journal articles, patents, patent applications, etc., cited
throughout the text are hereby incorporated by reference in
their entirety; and appropriate components, steps, and char-
acterizations from these references may or may not be
included 1n embodiments of this invention. Still further, the
components and steps 1dentified 1n the Background section
are integral to this disclosure and can be used in conjunction
with or substituted for components and steps described else-
where 1n the disclosure within the scope of the mnvention. In
method claims, where stages are recited 1n a particular
order—with or without sequenced prefacing characters
added for ease of reference—the stages are not to be inter-
preted as being temporally limited to the order in which they
are recited unless otherwise specified or implied by the terms
and phrasing.

What 1s claimed 1s:

1. An apparatus for collecting and directing neutrons via
grazing-incidence reflection using nested, axisymmetric mir-
rors, comprising:

a neutron source; and

a plurality of nested, axisymmetric mirror layers posi-

tioned to recerve neutrons from the neutron source and to
reflect the neutrons 1n a redirected path, wherein the
mirror layers include at least an inner mirror layer and an
outer mirror layer, wherein the inner mirror layer is
configured to retlect neutrons from the neutron source
that are incident on the inner mirror layer N times,
wherein N 1s an integer, and wherein the outer mirror
layer 1s configured to reflect neutrons that are incident on
the outer mirror layer N+1 times, where 1 1s a positive
integer, and wherein N and 1 are even numbers.

2. The apparatus of claim 1, wherein the mirrors include
iner surfaces that can be characterized as a function for a
section of at least one of the following shapes: a cone, an
cllipsoid, a hyperboloid, a paraboloid, and a shape character-
1zed by a higher-degree polynomaal.

3. The apparatus of claim 2, wherein at least the outer
mirror layer includes at least a first and a second inner surface
section, where the first inner surface section can be defined by
a function that is distinct from the function of the second inner
surface section.

4. The apparatus of claim 3, wherein the first inner surface
section 1s on a first mirror, and wherein the second i1nner
surface section 1s on a second mirror, wherein the first and
second mirrors are separated within the mirror layer.

5. The apparatus of claim 3, wherein the first inner surface
section 1s joined with the second inner surface section to form
a unitary annular mirror piece within the mirror layer.

6. The apparatus of claim 1, wherein the mirrors are con-
figured to direct neutrons from the neutron source toward a
common focal point.

7. The apparatus of claim 1, further comprising a detector,
wherein the mirrors are configured to direct neutrons from the
neutron source toward the detector.

8. The apparatus of claim 7, further comprising an object to
be scanned placed between the neutron source and the detec-
tor 1n the path of the neutrons from the detector.

9. The apparatus of claim 1, wherein the mirrors have inner
neutron-retlection surfaces comprising nickel.
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10. The apparatus of claim 9, wherein the inner neutron-
reflection surfaces have a surface roughness less than 20
angstrom root mean square.

11. The apparatus of claim 1, wherein the mirrors include a
multi-layer surface coating configured to retlect neutrons
with an increased critical retlection angle.

12. A method for collecting and directing neutrons, com-
prising;:

generating a dispersed release of neutrons from a source;

and

reflecting a portion of the dispersed release of neutrons by

surfaces of a plurality of nested, axisymmetric mirrors in
at least an inner mirror layer and an outer mirror layer,
wherein neutrons reflected by the inner mirror layer are
incident on at least one mirror surface of the inner mirror
layer N times, wherein N 1s an integer, and wherein
neutrons reflected by the outer mirror layer are incident
on a plurality of mirror surfaces of the outer mirror layer

N+1 times, where 1 1s a positive integer, and wherein N
and 1 are even numbers, to redirect the neutrons toward a

target.

13. The method of claim 12, wherein the target 1s a focal
point.

14. The method of claim 12, wherein the mirrors include
inner surfaces that can be characterized as a function for a
section of at least one of the following shapes: a cone, an
ellipsoid, a hyperboloid, a paraboloid, and a shape character-
1zed by a higher-degree polynomaal.
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15. The apparatus of claim 14, wherein at least the outer
mirror layer includes at least a first and a second inner surface
section, where the first surface section can be defined by a
function that 1s distinct from the function of the second inner
surface section.

16. The method of claim 12, wherein the target 1s a detector,
the method further comprising;:

passing the neutrons through or around an object; and

recerving and recording the neutrons at a detector after the

neutrons pass through the object and atfter the neutrons

are reflected by the mirrors.

17. A method for forming a mirror comprising:

clectroform plating a neutron-retlecting material consist-

ing essentially of nickel on a substrate subject to an
electric current; and

periodically reversing the electric current to etch away a

portion of the plated material that has a lower bond
energy to leave a neutron-reflecting mirror with a
reflecting surface formed of the remaining plated mate-
rial.

18. The method of claim 17, wherein the neutron-reflecting
mirror includes a multi-layer coating.

19. The method of claim 17, wherein the substrate 1s a
mandrel, the method further comprising removing the neu-
tron-retlecting mirror from the mandrel.

20. The method of claim 19, wherein the neutron-reflecting
mirror plated on the mandrel includes an optical coating
including at least one of °*Ni and a multi-layer coating.

G o e = x
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