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ABSTRACT

The place of Fresnel diffraction in the overall scheme

of neutTon interference experiments is outlined and possible

applications are discussed in the areas of: magnetic domain

visualisation; measurement of nuclear scattering lengths with

very small specimens; focussing of long wavelength neutron beams

using zone plates.
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1. INTRODUCTION

In classical optics, two principal types of interference

experiment are distinguished; interference by amplitude division

and interference by division of wavefront. The first of these,

typified by the Michelson and Mach-Zehnder interferometers and by

various thin film interference situations, relies on partial

reflection, i.e. beam-splitters. They find their realisation in

the case of neutron optics in the highly successful single crystal

interferometers , in which the dynamical Bragg diffraction of

neutrons provides the beam-splitting. Another situation of inter-

ference by amplitude division has been manifested in thin film

experiments with neutrons .

Interference by division of the wavefront has as its

paradigm Young's two-slit experiment, in which spatially separated

parts of a coherent wavefront are recombined; One of the

classical variants of this scheme is the Fresnel bi-prism experiment

which has also been demonstrated in the case of electrons by

Mollenstedt and, in the case of neutrons by Maier-Leibnitz et al. .

An even simpler set-up was used by us in 1976 :

Nsutron beam g 9

from cold soure*. Filler

Monochromofor
Cryjtol. o = 200 mm.

b = 1800mm.

FIG. 1. Sr hematic layout of the apparatus.
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The wavefront is split by the sharp boundary between two regions

of space. Fresnel diffraction from the boundary leads to the

recombination of the two halves of the wavefront, which may have

suffered different phase shifts, and thus interference effects

may be observed, In our experiments the diffracting boundary

was a magnetic domain wall in a single crystal of Fe-3%Si,

contained in a thin, polycrystalline foil. The two halves of

the wavefront suffered phase shifts of opposite sign due to the

rotation of the neutron spin in oppositely directed magnetic

fields within the neighbouring domains. The incident neutron

beam, of wavelength 4.33 A, was given lateral coherence in a

5 ym slit, accurately aligned with the direction of the domains.

Destructive interference as seen in Fig.2,was observed for the

appropriate thickness of magnetic field traversed, consistent

with the expected spinor behaviour of the neutrons. The

experiment was simple in principle and relatively simple in

execution. The question now is: are there any other applic-

ations in which the simplicity of Fresnel diffraction could be

employed to advantage?

Relative
Intensity

Fig. 2
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2, POSSIBLE APPLICATIONS OF FRESNEL DIFFRACTION

The first, and most obvious possibility is the

visualisation of magnetic domain boundaries inside ferromagnetic

specimens. In a set-up similar to the one shown in Fig. 1

domain walls will cast a shadow-line (which is in reality a

Fresnel diffraction pattern) provided that their plane is

perpendicular to the direction of the incident neutron beam.

The beam must be given spatial coherence by a small aperture,

rather than a slit, ("v 10 pm) so that domain walls of any

orientation can be.observed. While this leads to a significant

loss of flux, a large factor may be gained by using a full

thermal beam instead of a narrowly monochromated beam of neutrons.

While only some of the incident wavelengths will lead to complete

destructive interference, the incoherent sum of all the patterns

at different wavelengths still gives rise to an easily discernable

overall pattern at a somewhat reduced contrast. Compared with

neutron topography and other methods of domain visualisation , the

proposed method may have only a single advantage, viz. the

magnification by projection which is apparent in Fig. 1. In our

experiments a magnification factor of *10 arose naturally; this

may be of advantage in examining small specimens.

The second possible application of Fr^snel diffraction

of neutrons concerns the measurement of nuclear scattering lengths,

or refractive indices of small specimens. The proposition is to

observe the Fresnel diffraction patterns from the edges of small

platelets or from very thin wires: the phase shifts introduced by

the specimens may be extracted from the patterns. While other

methods, especially the single crystal interferometer, are obviously

superior in general, the proposed approach may be advantageous in

cases where only very small specimens are available. It may also be
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the case that a wider range of wavelengths may be explored, for

the reason that the scale of Fresnel diffraction patterns varies

only as X , rather than X,

The third, and possibly the most interesting application

concerns the possibility of constructing Fresnel zone plates for

use in monochromating and focussing neutron beams.

3. ZONE PLATES FOR NEUTRONS

Originally put forward by Soret in 187S, the idea of

zone plates is a well known one. Constructive interference of

waves diffracted from alternate Fresnel zones occurs for partic-

ular pairs of conjugate distances whenever the optical paths to

the zone boundaries differ by X/2.

Fig. 3

Referring to Fig. 3, for the boundaries of the circular

Fresnel zones we have:

u + v = s + t -

i.e. u + v + %nX - (u2 + r2)"* + (v2 + r 2)'
nr nr

The expansion of this gives:

mX = r2 (1/u + 1/v) - h r* (1/u3 + 1/v3) + ...
m CD



(2)
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If we neglect higher order terms we have:

1/u + 1/v = 1/f = mX/r*

which is the equation of a thin lens, of focal length f =

It was pointed out by Lord Rayleigh in 1880 that a fourfold

increase in intensity at the focal point may be obtained by

giving the waves a phase reversal at alternate zones, rather

than complete absorption. Experiments along these lines were

9reported by Wood who, by photographic means, produced phase

reversal zone plates in thin layers of bichromated gelatin, and

showed their effectiveness in visible light. Since that time,

zone plates have remained a laboratory curiosity and an under-

graduate exercise, except for two recent developments: firstly,

as Gabor has shown, a zone plate is the hologram of a point

object. Apart from yielding a simple explanation of the original

Gabor holograms, this point has far-reaching practical consequences,

namely the fact that zone plates may be manufactured holographic-

ally. They are, in fact, the interference patterns given by the

superposition of a plane wave with a spherical wave. The second

recent development is closely linked with this observation, in

that a research group at the Gb'ttingen Observatory has succeeded

in producing small zone plates by holographic methods, using the

techniques of micro-lithography. Furthermore, Nieraann, Rudolph

and Schmahl have built a microscope for soft x-rays using such

holographic zone plates as imaging elements. The zone plates were

produced using visible light from an Ar+ or Kr+ laser, and were

tested with x-rays of 45 X wavelength. The change in wavelength

by a factor of *v» 100 affects the higher order terms in equation 1,
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and gives rise to spherical aberration. However, this may be

pre-corrected in the holographic process by pre-distorting the

spherical waves through a plane, parallel-sided slab. This

allows the effective use of a large number of zones, > 2000,

and zone plates several mm in diameter.

Let us now examine the possible applications of this

in the case of neutrons. Fig. 4 shows the cross section of a

phase-reversal zone-plate for use with long wavelength

neutrons.

3 4= *
— <r* T s zone thickness

d = zone width

•plated Cu, Ni or Pt.
(inserts phase shift of

•exposed photo-resist.

Fig. 4

We have the following relations:

(i) focal length:

f = rm/m*» from equation (2), for 1 < m < M.

(ii) width of outer zone:

6 = TM " rM-l = rM / 2 M <

(iii) F-number:

F = f/2rM = rM/2MX = S/X (3)

(iv) zone thickness:

T =* X/[2(n-l)]; to give phase shift of n,

where n, the refractive index is given, in terms of the

• particle density N, and the scattering length b, by:

n = 1 + X2 Nb/277

thus,

x = TT/X Nb.



- 8 -

1 5

If, in addition, we define:

(v) "flatness" = (zone thickness)/(width of outer zone), i.e.:

P = T/6

we may re-write (3):

F = x/pX = ir/p X 2 Nb. (4)

With due regard for the limitations of photo-lithography (as

used in the manufacture of micro-electronics and holographic

gratings and zone plates), let us use the conservative

estimates: 6 = 1 pm; p = 1 + T ' 1 pm. We then get from

(3), using X in Angstrom units:

F = i0,000/X

as a conservative estimate. This is a terribly small aperture

(cf. electron microscope lenses), unless the wavelength is rather

long. For a possible practical example, consider the zones

made of Cu (Nb = -6.6 * 10~6 R"2)and neglect the phase shift

contribution from the alternate zones. (This could be of opposite

sign, due to the positive scattering-length of the hydrogen in

the photoresist material). We then get a phase shift of TT for

X s SO A and thus F = 200. For these values of the parameters, a

zone plate of 1 mm diameter will consist of M = 250 zones, and have

a focal length of 200 mm at a wavelength of 50 X. This is quite

a respectable performance for a lens, and it could even turn out

to be useful provided that sufficient flux were obtainable at this

long wavelength.

Before commenting on the possible uses of such an object,

t w o further observations may be in order:

(a) Used as a lens, a zone plate is extremely dispersive, as may

be seen from equation (2). This may be turned to advantage

by noting that a small but finite aperture in the focal plane

can serve to isolate a finite range of wavelengths from an
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incident beam, thus acting as a monochromator. A zone plate

may therefore be used as a monochromating condensing lens to

illuminate an object,

(b) We conjecture that zone plates may be "stacked" i.e. the

effective F number may be reduced by using several zone plates,

one behind the other, spaced by a certain minimum distance,

(The spacing should be such that the ragged wavefront emerging

from a zone plate has enough room to "heal", by diffraction,

into a complete spherical wave. This "healing distance" should

be of order of magnitude A = (TJI-TI)2/* = 0.17 f. For the

design considered above, this equals 34 mm.)

Based on the above considerations, but without using the

(untried) "stacking" feature mentioned in (b), we propose the

"gedanken" neutron microscope shown in Fig. 5.

Fig. 5

Zj together with the aperture stop A in its focal plane form a mono-

chromating condenser, illuminating the object 0, Z2 is a projection

lens giving, in the configuration shown, a magnification of 10*,

With the zone plate lenses nominally designed above (1 mm dia,,

200 mm focal length) the diffraction-limited resolution should be

1.2 ym; in practice it will be limited by chromatic aberration.

This could be quite an interesting system, except for one fatal snag:

most of the objects whose neutron imaging may be of interest are

likely to be totally transparent to the neutrons, in spite of the

large depth of focus implied by a large F number. There may be

ways around this, however, e.g. by using Gd or Sm staining, or,
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better still, by adapting some scheme of phase contrast. The

latter possibility is by no means excluded, but it would, at this

stage take us too far into the realm of the hypothetical.

The chromatic aberration which is likely to impair the

performance of such systems may be tackled, to a limited extent,

by the scheme inherent in the Huygens eyepiece in classical optics:

a combination of two lenses, spaced by the mean focal length of the

two, may be shown to have zero lateral chromatic aberration for a

particular value of \ (i.e. a separated doublet may be achromatised

for a finite range of wavelengths), However, this is true only if

the object distance is large compared with the focal length.

Consequently, such an "achromatic doublet" can only be used in

situations requiring a de-magnified image. It could form the basis

of a condensing lens which, to a first order, is achromatic over a

limited range of wavelengths. Another possible application is shown

in Fig, 6; it is a scanning neutron microscope which works by

activation analysis of small areas on a specimen. The specimen stage

S is scanned mechanically and is illuminated by the de-magnified image

of the aperture stop A. Zone plates Z 2 and Z3 form an achromatic

doublet in the sense that 3M/3X = 0, where M is the magnification of

the doublet at the central wavelength selected by Z\ and A. It is

possible that resolutions superior to auto-radiography may be obtained.

Fig. 6
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Finally, we remark that a portion of a zone plate is

equivalent to a focussing grating. It is, in fact, a grating

with variable spacing and, as before, it may be prepared

holographically. It may thus be used for simply focussing a

neutron beam, though in a dispersive manner as discussed in

(a) above. This leads to another form of focussing

monochromator, as shown in Fig. 7a. In accordance with our

earlier observation, . achromatic focussing may be obtainable

by the scheme shown in Fig, 7b.

Fig. 7

4. CONCLUSION

Our original, simple experiment established the

feasibility of Fresnel diffraction of neutrons as a workable

technique. In this paper we presented in outline some possible

further applications of the technique, namely: visualisation of

magnetic domain walls, measurement of nuclear scattering lengths

with very small specimens and the use of Fresnel zone plates for

focussing and monochromating long wavelength neutron beams.

Since the holographic production of suitable zone plates has

been demonstrated by the Gottingen group and successfully used

by them in x-ray microscopy, there is some hope for the

feasibility of neutron microscopy along the lines that we have

sketched out.
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