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Kirkpatrick–Baez (KB) neutron supermirrors can efficiently focus poly-

chromatic neutron beams to micrometre dimensions. The ultimate size is

determined mainly by the perfection of the mirrors and by the size of the beam

needed to have sufficient experimental signal. Nested or Montel KB mirrors can

collect �2.6 times more beam than standard sequential KB optics, but require

good figure perfection at the edge of one mirror. This paper describes the

characterization of the figure errors over the important reflective portions of the

two mirrors needed for a Montel focusing pair. The measurements are placed in

context with theoretical predictions and are used to predict mirror focusing

performance. Strategies to improve on the focusing of this class of optics are

suggested and early results from these mirrors installed on the Spallation

Neutrons at Pressure (SNAP) Beamline 3 at the Spallation Neutron Source

(SNS) at Oak Ridge are presented.

1. Introduction

Achromatic focusing optics are essential for many classes of

neutron instruments because they can greatly improve the

signal-to-noise ratio, S/N, for experiments on small (<1 mm)

samples. Over the past three decades, X-ray optics have

rapidly improved, driven by the emergence of powerful

synchrotron sources (Liu et al., 2005; Ice, 2007). Achromatic

micro- and nanobeam X-ray mirror optics have made parti-

cularly impressive gains in spatial resolution and can now

produce the smallest hard X-ray beams (Mimura et al., 2007).

With the recent development of spallation neutron sources of

unprecedented brightness, these same focusing ideas have

recently been applied to neutron beams (Ice et al., 2005, 2006;

Ice, 2008). For example, the Spallation Neutron Source (SNS)

at Oak Ridge has set a new world record for neutron brilliance

from a pulsed source, enabling many new experiments; it

routinely runs at�500 kW and is progressing towards a goal of

1.4 MW (NanoTechWire.com, 2009). One particularly impor-

tant advantage of the SNS is its ability to study smaller sample

volumes. For small-sample experiments on a spallation source,

achromatic focusing is especially important since neutron

energy is encoded by time-of-flight, and broad-bandpass

experiments use the available neutron flux more efficiently.

Traditional neutron optics based on beam guides and beam-

defining apertures provide a flux that scales with the beam size

squared for large beams, but with the beam size to the fourth

power for small beams (Ice et al., 2005). For thermal neutrons,

the crossover between when it is best to use a beam guide with

an aperture and when it is best to use an imaging system is for

beams of about 1–2 mm, depending on the clearance between

the last optical element and the sample (Ice et al., 2005). For

beams of less than �1 mm, focusing optics provide a higher

intensity at the sample and the beam flux scales with the probe

size squared. This difference between the intensity in a small

beam formed by an aperture on a conventional neutron

beamline and the intensity in a focused beam formed with

imaging optics is due to the need to collimate a conventional

beam to keep it from spreading over the typical drift distance

between the last optical element in the beamline and the

sample position. This distance is needed for environmental

chambers, detectors and other instrumentation and is typically

0.1–0.25 m.

A demonstration experiment using a traditional Kirk-

patrick–Baez (KB) mirror system (Kirkpatrick & Baez, 1948)

was carried out at Chalk River (Ice et al., 2006). This

demonstration confirmed that KB optics efficiently preserve

source brilliance at the sample. However, KB optics are

limited by the total divergence that can be focused onto the

sample; if �max is the maximum incidence angle for efficient

reflection of a wavelength � from a supermirror, then tradi-

tional KB optics can collect a divergence of about 0.84�max



onto the sample in each direction. �max is usually defined as the

inflection point in the reflectivity curve as a function of the

glancing angle �, and is usually a sharp cutoff. Supermirrors

provide a way to increase the focused divergence; a super-

mirror is characterized by its reflectivity and m number, which

describes the ratio between the angle for efficiently reflecting

neutrons of wavelength � and the maximum angle for efficient

reflection from a nickel mirror. Natural Ni mirrors efficiently

reflect neutrons as long as sin� < 0.217�/4�, where � is in nm

and 0.217 has units of nm�1 (see, for example, SwissNeu-

tronics, 2009; http://www.swissneutronics.ch/products/concept-

supermirrors.html). Therefore, for a supermirror the

maximum angle for efficient reflecting, �max, is proportional to

the wavelength and m, and is given in radians by

�max ¼ m�=57:9: ð1Þ

One way to increase the limited convergence that can be

collected onto the sample by sequential KB mirrors is through

the use of nested or Montel mirrors (Fig. 1). This variant of KB

optics can collect about 1.34�max in each direction and can

therefore focus about 2.6 times more intensity onto the sample

than with a standard sequential KB system. However, in order

for the system to work near its theoretical limit, the beam must

efficiently reflect near the edge of one of the mirrors (Figs. 1

and 2) (Ice, 2008). In addition, the larger numerical aperture

of nested optics makes it more important to use nearly perfect

elliptical surfaces to avoid figure-error-induced aberrations.

The need for nested mirrors to operate near the edge of at

least one mirror can introduce several errors: mirror round-off

from polishing, oxidation of the mirror surface near the mirror

edge, mirror delamination along the edge and local anticlastic

bending in bent mirrors (Yang et al., 2003). Here, we have

characterized the mirror surface at the edge of a mirror from

our nested KB mirror pair and compared its surface figure

with that at the mirror center. The measurements were made

with a special long-trace profiler (LTP) (Puzyrev et al., 2009)

that can easily characterize the mirror figure in both vertical

and horizontal deflecting orientations. This information is

essential to determine the performance limits of the mirror

pair.

2. Mirror figuring approach

The mirrors used for the nested Spallation Neutrons at Pres-

sure (SNAP) optics at the SNS are deposited on specially

polished quartz substrates. The substrates were polished on all

four sides, and were polished to minimize round-off errors at

the edges. The Ni–Ti supermirror coatings were deposited at

the Institute Laue–Langevin (ILL), France (Ice et al., 2009).

Because the mirrors are designed to collect a very large

divergence onto the sample, the focal length is roughly four

times smaller at the downstream edge of the mirror than at the

upstream edge. As a consequence, there is a large change in

the ideal curvature along the mirror. Although the mirror

figure could in principle be polished into a monolithic

substrate, with the SNAP mirrors the curvature was controlled

by bending the polished flat substrates.

Bent flat mirrors have been used for decades to produce

high-performance elliptical surfaces for X-ray focusing. In

general, bending is easy as long as the ratio of mirror length to

image distance is small. However, when the mirror length to

image distance ratio exceeds unity – as with the SNAP mirrors

– then simple bending schemes based on asymmetric moments

are no longer acceptable, and the mirror cross section is

typically shaped to bend more accurately to the desired

elliptical shape. With the SNAP mirrors, however, the mirror

cross section is fixed, so a strategy that works without changing

the mirror cross section is needed. As illustrated in Fig. 3(a),

the required bending moment of the SNAP mirrors is highly

nonlinear. The linear portion of the bending moment can be

applied with unequal moments at the ends of the mirrors

(Figs. 3b and 3c) The applied moment can be segmented into

parts of unequal slope by the application of a force on the

mirror between the mirror ends (Fig. 3d). Therefore, each

mirror had three degrees of freedom for bending: independent

bending moments applied to the ends and a spring-loaded

force applied near the middle of the mirror. The applied

moments at each end of the mirror were controlled by simple

levers.

Once the mirrors were bent to the required elliptical shape,

they were assembled on an alignment stage and brought

together with a micrometer-driven linear stage. The mirrors

were aligned perpendicular to each other by observing the

interference pattern of a laser reflected at the corner where

the two mirrors touched. As shown in Fig. 2, the system is
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Figure 2
Two elliptical mirrors assembled so that the neutrons reflect off the
corner between them.

Figure 1
Sequential and nested KB mirrors.



designed to reflect neutrons off both mirrors, but some

neutrons reflect first off the horizontally focusing mirror and

others reflect first off the vertically focusing mirror. In our

approach, the mirrors are assembled so that the center of one

mirror and the edge of the other are used (see Fig. 2, end

view). Because the edges of these mirrors were not cut to an

elliptical shape, there is a small gap between the two mirrors at

the center of the assembly. This gap represents an �20% loss

of flux and contributes to a non-monotonic angular distribu-

tion in the focused beam. The losses and complicated diver-

gence distribution of the beam can be greatly improved by

cutting or polishing the edge of one mirror to match the

elliptical curvature of its partner mirror. This approach will be

pursued now that the performance of this prototype system

has been confirmed. The slightly more complicated bending

should be easy to compensate for by properly positioning and

adjusting the force-applying spring.

2.1. Theory

When calculating blurring for nested KB mirrors, it is

important to look at figure errors both in the scattering plane

and perpendicular to it. These errors are typically referred to

as in-plane, meridional or tangential errors, and out-of-plane

or sagittal errors. The two kinds of errors are shown in Fig. 4.

As illustrated, in-plane slope errors deflect the beam in the

scattering plane defined by the incident beam and the ideal

reflected beam. Out-of-plane errors deflect the beam

perpendicularly to the scattering plane.

Meridional figure errors are almost always more important

than sagittal figure errors for sequential KB mirrors, but may

be similar in magnitude for nested pairs. For meridional

focusing, the equation for blurring is

�hM ¼ 2F2�’; ð2Þ

where �hM is the blur of the focal spot in the scattering plane

due to in-plane or meridional figure errors �’, with an image

distance F2. Out of the scattering plane, the image is blurred

by �hS, which is proportional not only to the image distance

F2 and the magnitude of the sagittal figure error � , but also

to the sine of the glancing angle �:

�hS ¼ 2F2� sin �: ð3Þ

2.2. Mirror measurements

The mirror figure and slope errors were measured with the

LTP. The software of the profiler calculates the r.m.s. devia-

tions from an ideal ellipse, the parameters of which can be set

in the program. For our nested mirrors, sagittal figure errors

were estimated by measuring the slopes of the bent neutron

mirrors perpendicular to their focusing plane (Fig. 5). Almost

all of the slope changes are concentrated near the mirror

edges. The worst peak-to-peak errors are of the order of

20 mrad and the average errors for the edge used are

<10 mrad. With equation (3) and for a glancing angle of

4 mrad, an image distance of 0.5 m and r.m.s. sagittal errors of

10 mrad, the estimated r.m.s blurring of the image is �14 mm.

The in-plane meridional figure was measured along the

beam direction. Measurements were made both at the centers

of the mirrors and near their edges. The r.m.s. slope errors

could be adjusted to about 20 mrad. The deflection errors from
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Figure 3
(a) The relative bending moment (gray line) required to bend a 0.6 m-
long beam of uniform cross section into an ellipse with f1 ’ 0.65 and f2 ’

0.5 m, compared with a best-approximation linear moment (dashed line)
and a best approximation made up of two linear sections (segmented
line). (b) A moment applied on the left end of a mirror creates a bending
moment along the mirror that is a maximum on the left end of the mirror
and goes to zero on the right end. (c) A moment applied on the right end
of the mirror is maximum on the right end and goes to zero on the left
end. (d) A force applied between the ends of a mirror that is fixed at each
end creates moments along the mirror that are maximum under the force
and go linearly to zero at the ends.

Figure 4
In-plane (tangential) and out-of-plane (sagittal) figure errors.

Figure 5
Slope measurements perpendicular to the scattering plane at 10 cm
intervals along a bent neutron mirror.



along the beam are estimated in Fig. 6. Slightly better slope

errors were found with a slightly larger image distance

(0.86 m), where the differences in the curvature at the front

and back of the mirror are not as extreme. However, the larger

image distance reduces the total flux that can be collected onto

the sample and in general it is advantageous to have the

focusing optics as close to the sample as possible without

interfering with environmental chambers and detectors.

Efforts are underway to improve the bending mechanism to

achieve at least a factor of two better figure control with 0.5 m

image distance. Table 1 summarizes the parameters measured

for each mirror.

The estimated focal spot size was calculated by geometric

ray tracing through a model nested KB mirror system. The

object distance (6.49 m) and image distance (0.51 m) were set

to the design goal of the SNAP beamline. Blurring from the

slope errors was estimated by adding the ray-tracing and

figure errors in quadrature (i.e. assuming Gaussian errors).

The vertical spot size is determined from both the geometric

model spot size and the measured in-plane slope errors of the

vertically deflecting mirror. The horizontal spot size is deter-

mined by the geometric model spot size, the in-plane figure

errors of the horizontally deflecting mirror and the out-of-

plane (sagittal) slope errors of the vertically deflecting mirror

(edge round-off). The estimated beam size is plotted in Fig. 7

as a function of object size and compared with the experi-

mental results.

3. Actual mirror performance on SNAP

The mirrors were installed on the SNAP beamline and the

neutron performance was compared with the predicted

performance based on the LTP measurements. After the

mirrors had been physically installed on the beamline, the

beam just upstream of the mirrors was limited by a slit system

with boron nitride blades. This aperture was set near the 2.4�

2.4 mm projection of the �0.6 m-long mirrors at a glancing

angle of �4 mrad. The object was a computer-controlled

boron nitride slit �6.49 m upstream of the mirrors.

The integrated flux in the focused beam was estimated at

about 50% of the unfocused flux before the mirrors. This is

consistent with a lower than unit reflectivity of the mirrors –

especially at short wavelengths – and with the small �200 mm

gap between the mirror surfaces. This gap is unavoidable with

mirrors that have straight edges.

The mirror angles were roughly calibrated by observing the

direct, singly reflected and doubly reflected beams on a real-

time neutron-sensitive area detector �0.5 m behind the

sample position (image plane). A double peak was observed in

the doubly deflected beam. This peak structure is a conse-

quence of the small gap between the two mirrors. At the

intersection of the two mirrors, the side deflecting mirror

should have an elliptically profiled edge so it can match the

curvature of the other mirror. The estimated gap ranges from

a few tens of mm at the ends (not quite touching) to about

200 mm in the center of the mirror system. Because this gap
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Table 1
Measured mirror parameters.

The mirrors were fitted with the same object distance F1, image distance F2

and glancing angle �.

F1 (m) F2 (m) � (rad) R (m)
�sagittal

(mrad)
�meridional

(mrad)

Horizontally
deflecting
mirror

6.49 0.51 0.004 236 < 1 20

Vertically
deflecting
mirror

6.49 0.51 0.004 236 < 5 17

Figure 6
Estimated deflection of the beam from the ideal focal spot as a function of
position along the mirror.

Figure 7
Spot size as a function of object size. The beam size at the sample can be
easily tuned by the size of the object slit. The spot size can also be
adjusted independently in each direction to maximize the signal at an
asymmetrically shaped sample.



affects only the vertical focusing mirror, the �20% losses are

observed as a horizontal stripe in the far field and in the

diffraction spots (Fig. 8). No dispersion was measurable in the

focused beam. Efforts are now underway to adjust the

beamline software to account for the doubly deflected incident

beam and to include the theoretical divergence structure into

the peak fitting and data analysis.

4. Conclusions

Nested or Montel supermirror optics that collect about 2.6

times the divergence of sequential KB mirrors have been used

to produce a polychromatic �75 � 75 mm beam on the SNS

SNAP beamline. The beam intensity is suitable for structure

determination on samples ranging from �75 to 500 mm. The

slightly complicated divergence distribution can be removed

by profiling the edge of one mirror. The approach described

here can in principle be introduced into any neutron beamline

to maximize signal-to-noise and signal for small (<1000 mm)

samples.
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Figure 8
Typical reflection from a sample in a pressure cell. The structure in the
peak is real and arises from the gap between the two mirrors. This gap can
be eliminated by shaping the mirror edge to nest against its partner
mirror surface.
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