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Abstract

This paper introduces the concept of the Neutron Silicon Lens (NSL) and provides and update
on the experimental results achieved to date. The NSL design is a cylindrical neutron lens
based on the use of multiple neutron mirrors supported and separated by silicon wafers. Such
lenses would have many applications in both the primary and scattered beams on neutron
instruments, and would lead to immediate improvements where the sample to be illuminated
is small, as in high pressure or engineering strain scanning instruments.

1. Introduction

Effective thermal neutron lenses offer considerable advantages in instrument design by adding
to the techniques available to improve fluxes. This is particularly true for time of flight
instrumentation - which up to now has not had a method, apart from neutron guides, of de-
coupling the divergence of the neutron beam from its flight path. Such a de-coupling is
extremely important for optimal instrument design, since both the divergence and flight path
play a role in determining the intensity and resolution of the neutron scattering instrument,
and maximising the performance often requires that they are adjusted separately.

The techniques available for neutron lens construction are Bragg diffraction [1,2], refraction
[3], magnetic field gradients [4,5] or reflection [6-10]. The focusing effects of the first three
of these techniques are wavelength dependent, and are hence generally unsuited to white-
beam instrumentation. Such lenses would not therefore be generally useful at time-of-flight
sources such as ISIS (Rutherford Appleton Laboratory, UK) or the third generation spallation
sources, such as the SNS in the US or JSNS in Japan.

Reflection techniques, however, are well suited to time-of-flight instrumentation since the
trajectories of neutrons at different energies through such lenses are, to first order, the same.
An example is the Kumakhov lenses [6-9] which uses grazing incidence multiple reflection
within capillaries to guide neutrons to a focal point. These polycapillary devices are well
suited to white beam instrumentation since their focal length remains independent of the
neutron wavelength, but have the disadvantage that their focal spot size is wavelength
dependent.

More recently [10] it has been demonstrated that the ‘lobster eye’ lens used previously with
X-rays [11,12] will produce a focussing effect with neutrons. However, although this device
will focus in two planes simultanéously the ‘lobster eye’ lens uses hollow rectangular glass
channels to achieve the effect. Since the glass surface has a very small critical angle for
neutron reflection, such devices will be of limited applicability, since the beam divergence
that they are able to accept is considerably smaller than the (relatively) wide divergence of
neutron beams achievable with super-mirror coated neutron guides. Also, the ‘lobster eye’
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lens is based on equally spaced channels which results in many neutrons either not being
reflected, or multiply reflecting in the device. In either of these cases they then do not
contribute to the focussed image.

2. The Silicon Lens Design

The NSL design proposed earlier [13] is also based on reflection, and is therefore able to be
used in white beam, spallation neutron instrumentation. It is based on the same geometrical
principle used in the ‘lobster eye’ micro-channel plate (MCP) devices [10-12] or grazing
incidence X-ray lenses (as used, for example on the ROSAT satellite), but incorporates a
number of significant changes.

By restricting the lens to be a cylindrical device (i.e. focussing in a single plane) it is able to
fully exploit the use of supermirror optics [14-16] available for neutron reflection. Secondly,
it is designed so that every neutron makes just one reflection in the lens, and all neutrons
incident on the lens are reflected. Finally the design incorporates true focussing optics, as
opposed to the plain mirror geometry available in MCPs. In addition their design uses single
crystal silicon (a material highly transparent to neutrons) to support the mirror surfaces, rather
than hollow channels.

It should be noted that while the NSL designs presented here are able to focus neutrons in a
single plane, full 3-dimensional focusing may be achieved by using two NSL in series.

Fig 1 illustrates the basic idea of the design. The ideal NSL employs ellipsoidal surfaces to
bring the neutrons to a true focus at position ‘b’. The diagram has been simplified, showing
only 3 ellipsoidal surfaces. By using a elliptical design for the mirror surfaces, it can be
arranged that, with the use of variable wafer thicknesses, all neutrons will be scattered from a
stack of silicon wafers of constant thickness.

A Monte Carlo simulation of the ellipsoidal design in Fig.l has been made using the
geometrical arrangement illustrated in Fig 2. In this simulation a Imm(h) x 20mm(w) slit
illuminates a NSL with a stack height of 20mm, and a silicon depth of 20mm. The NSL has a
focal length of 500mm and is made up of 140 Si wafers ranging in thickness from around 400
to 25 microns. Because it is impractical to use the very thin wafers required in the centre of
the lens this simulation included no mirrors at all across the central 1.2mm of the lens. The
intensity calculated from this simulation at the 2.5mm high detector at the focal plane is
shown in Fig.3. This illustrates the fact that the lens performs as expected with 75% of the
original neutrons that leave the Imm illuminating slit (within the critical angle of the
supermirror) arriving within a central 1mm area of the focal plane. The fact that less than
100% of the illuminating neutrons reach the centre of the focal plane is due to the omission of
reflecting planes from the central 1.2mm of the lens.

3. First Experimental results

In the first test of the design, a stack of 146 (m=2) supermirror coated Si wafers was
designed to have a focal length of 500mm. The mirror surfaces in this case were
plane, rather than elliptical. In this arrangement the thickness of the Si wafers varied
form 30 micrometers to 400 micrometers. Fig. 4 shows the intensities achieved both
with and without the lens present in an experimental arrangement that corresponded
to Fig. 2. The neutrons incident on the slit in this test had a wavelength in the range
6-7A.

This result has demonstrated that a focussing effect can be achieved, although it is also clear
from the raw data that imperfect focussing has been achieved, since the width (FWHMH) of
the image of the original Imm slit is between 2 and 3mm wide.
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A more complete analysis of the results will be presented elsewhere [17] together with
suggestions for improving this current performance.

References

[1]

[2]
(3]

[4]

[11]

[12]

[13]

[14]
[15]
[16]
(17]

P Mikula, J Kulde, L Horalik, B Chalupa & P Lukas, The spatial condensation of the
neutron beam by an asymmetric diffraction in thermal-neutron monochromisation, J
Appl. Cryst. 19 324-330 (1986)

C F Majkrzak & J L. Wood (Eds.), Neutron optical devices and applications, Proc. SPIE
1738 (1992)

M R Eskildsen, P L. Gammel, E D Isaacs, C Detlefs, K Mortensen & D J Bishop,
Compound refractive optics for the imaging and focusing of low-energy neutrons,
Nature 391 563-566 (1998)

H M Shimizu, H Kato, T Oku, Y Suda, Y Ogawa, H Iwasa, T Kamiyama, Y Kiyanagi
& T Wakabayashi, Cold neutron beam control using magnetic field gradient, Physica B
241-243 172-174 (1998)

H M Shimizo, Y Suda, T Oku, H Nakagawa, H Kato, T Kamiyama, C Otani, H Sato, T
Wakabayashi & Y Kiyanagi, Measurement of cold neutron-beam focusing effect of a
permanent sextupole magnet, Nuclear Instruments & Methods A 430 423-434 (1999)

M A Kumakhov & V A Sharov, A Neutron Lens, Nature 357 390-391 (1992)

H Chen, R G Downing, D F R Mildner, W M Gibson, M A Kumakhov, I Yu Onomarev
& M V Bubarev, Guiding and Focusing neutron beams using capillary optics, Nature
357 391-393 (1992)

H Chen, D F R Mildner & Q F Xiao, Neutron focusing lens using polycapillary fibers,
Appl. Phys. Lett. 64 P268-270 (1994)

D F R Mildner & H Chen, The characterisation of a polycapillary neutron lens, J. Appl.
Cryst. 27 943-949 (1994)

B E Allman, A Cimmino, S L Griffin, A G Klein, K A Nugent, I S Anderson & P
Hoghoj, Novel Optics for Conditioning Neutron Beams II: Focusing Neutrons with a
Lobster-Eye Optic, Neutron News 10 20-23 (1999)

G W Fraser, A N Brunton, J E Lees, J F Pearson & W B Feller, X-ray focusing using
square-pore microchannel plates. First observation of cruxiform image structure,
Nuclear Instruments & Methods A 324 404-407 (1993)

G W Fraser, A N Brunton, J E Lees & D L Emberson, Production of quasi-parallel X-
ray beams using microchannel plate “X-ray lenses”, Nuclear Instruments & Methods A
334 (1993) P579-588

M W Johnson & M R Daymond, The neutron silicon lens: a new lens design for
thermal neutrons, Physica B 283 308-313 (2000)

F Mezei, Commun. Phys. 1 81 (1976)

F Mezei & P Dagleisch, Commun. Phys. 2 41 (1977)

J B Hayter & H A Mook, J. Appl. Cryst. 22 35 (1989)

M.W. Johnson & M.R. Daymond, to be published

— 544 —



2001-002

JAERI-Conf

~

x\ stacked silicon wafers

neutron supermirror surface

Figure 1. A schematic diagram of the cross section of an elliptical design of NSL. In this
design the supermirror surfaces are constrained to lie on the surfaces of ellipses with

common foci at ‘a’ and ‘b’.
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Figure 2. The geometrical arrangement of the simulation of the elliptical lens designs. A
Immi slit at the left of the diagram acts as the source of neutrons, and this is imaged onto the

2.5mm detector shown at the right.
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Figure 3. The simulated intensity of 3A neutrons reaching the 2.5x20mm detector in F. ig.2
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Figure 4. The intensities recorded in an imaging camera (diameter of 25mm) both with and

without the lens present in an experimental arrangement that corresponded to Fig. 2.
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