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We report the successful focussing and imaging of 

a slow r&utron beam by means of a Fresnel zone plate. 

The use of refractive lenses for long wavelength neutrons, 

though possible1), is severely limited by the fact, that the refractive 

index differs only very slightly from unity (e.g. n-1 = 2.3x10 ** for 

quartz at A = 20 A) . However, only a relatively thin layer of material 

is needed to produce an optical path difference of half a wavelength 

(e.g. 2.4 pm of Cu at A = 20 8) . This fact led us in 1978 to propose1') 

focussing by diffraction from a phase grating of variable spacing which 

is, in fact, a type of zone plate. Such objects were first described by 

Soret3-' in 1875; their elementary theory may be found in most textbooks. 

They have been shown to work satisfactorily over a wide range of the 

electromagnetic spectrum, from microwaves'*), through visible light5), and 

more recently soft X-rays6). Their use in focussing matter waves has 

not heretofore been demonstrated. 
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Conventional zone plates work by blocking out 

alternate zones. Constructive interference of the waves 

diffracted from the remaining zones occurs at specific points 

which are in an image relationship to their original source. It 

was pointed out by Lord Rayleigh7) that phase reversing, rather 

than absorbing alternate zones would also achieve a focus but 

with greatly enhanced intensity. In the absorbing zone plate, 

only half the incident amplitude (leading to one quarter the 

intensity) is focussed; in addition,a zeroth order beam of 

unfocussed waves is present. This is not the case with the phase 

reversal zone plate in which the zeroth order is absent, and very 

much more of the energy is focussed. These facts were 

experimentally verified by Wood5) in 1898. 

The geometric pattern of a Fresnel zone plate (see fig. 1} 

is precisely that of the interference pattern of two spherical waves 

of differing radii of curvature. Thus the zone plate may be 

regarded as the hologram of a point. This fact suggested our first 

approach to the construction of zone plates for long wavelength 

neutrons, along the lines previously used by others6) in producing 

zone plates for soft X-rays. Although we tried this direct method 

we found that higher quality zone plates could be produced by the 

successive photographic reduction of a computer drawn pattern. 
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Our zone p l a t e s , which are of the phase reversal type, 

were produced in Melbourne3-' by photolithographic techniques c lose 

to the l imits of resolut ion currently employed by the microelectronics 

industry. A th in layer of posit ive photoresist (Shipley AZ 1350 J) 

on a s i l i con wafer substrate was exposed to u l t r av io l e t l i g h t 

through a mask carrying the zone p l a t e pa t te rn . After dissolving 

away the unexposed photopolymer, a layer of copper was e l ec t ro ly t i ca l l y 

deposited onto the exposed surface. (Prior to coating with photores is t 

a thin layer of chromium was deposited on the subs t ra te to enhance 

the adhesion of the copper). The thickness of the copper deposited 

was accurately controlled to be equal to D(A/2) = 2.4 um, the 

thickness calculated to give .. phase reversal to neutrons of 20A 

wavelength. 

i . e . D(X/2) = h A/(n-l) 1) 

where n = l-X2Nb/2ir 2) 

for a material having N scat ter ing centres per un i t volume, each with 

sca t te r ing length b . 

The f inal zone plates produced in th i s way had the 

following cha rac te r i s t i c s : diameter, d = 2 mm, number of zones, £ = 200, 

width of outermost zone 5 = 2.5 urn, focal length f(metre) = 50/A(A ) 

= 2.S0 m at A = 20 A°. We remark that the width, 6, of the 

outermost zone, limited by the resolution of our p la t ing technique, 

determines the qual i ty of the lens in the sense tha t i t s F-number (f/d ra t io) 

may be shown to be given by, 

F# = 6/A 3) 
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Thus our lens has F# = 1250 which is poor compared 

with lenses used with visible light but comparable with the 

performance of lenses used in electron optics. The reasons for 

this are most easily understood by reference to the holographic 

aspects of the problem. Regarding the zone plate as a hologram 

of a point, recorded with light of a given wavelength, but 

reconstructed with waves of wavelength «-- 250 times shorter, it 

is easily shown that the ultimate resolution is still that 

attainable with visible light. Therefore better quality zone 

plate lenses can only be produced by methods avoiding the use 

of visible light, such as by electron beam lithography. 

The experimental test of our zone plate was carried on 

the long wavelength neutron beam, H18, at the High Flux Research 

Reactor of the Institut Laue-Langevin in Grenoble. The main 

features of the apparatus are shown in the diagram. The 

monochroiaator consisting of a 120 quartz prism with entrance and 

exit slits was used to select a 1A° wide wavelength spread 

centred on 20A . The monochromator exit slit, set to 50 pm width, 

served as the object to be imaged by the zone plate at 1:1 

magnification, i.e. the object and image distances were both 

5 m. The image was scanned in 20 pm steps by a 30 \im wide slit, 

placed in front of a shielded BF3 proportional counter. A polaroid 

camera with a lithium loaded ZnS scintillator screen was also used 

to photograph the beam in the object and image positions, giving 

the results shown in figure 1. 
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Measurements of the beam detected in the image plane are 

shown in figure 2, and gave FWHM = 73 ym, a value consistent with the 

instrumental resolution, combined with the calculated chromatic 

aberration. Since object and image distances were fixed by the 

lengths of vacuum tanks taking up the flight paths, the longitudinal 

scanning of the focus was not possible with this apparatus. We 

did, however, verify the correctness of the calculated focal length 

by observing the width of the image as the wavelength was varied by 

rotating the monochromator prism. The image width showed a sharp 

minimum at 20 A . An estimate of focussing efficiency, (i.e. the 

fraction of neutrons going through the lens aperture which are focussed 

into the image) was obtained by comparing counting rates at the 

image position with and without the lens. This gave 40 ± 10%, in 

agreement with theorectical expectations. 

The zone plate lenses described above are limited in 

applicability by the smallness of their aperture, the low intensities 

of available long wavelength neutron beams, and by their inherent 

chromatic aberrations. Nevertheless, various interestirn; possibilities 

present themselves in the field of neutron optics, some of which were 

described in our earlier paper2). 

We are currently working on the use of cylindrical zone 

plate lenses in a Billet9' split lens neutron interferometer. We are 

also investigating various methods whereby the range of applicability 

of zone plates could be extended, for example (a) by lowering the 

effective wavelength of the neutron beam by Doppler shifting on a 

moving zone plate, (b) by combining a zone plate with perfect crystal 

diffraction along the lines suggested by Indenbom10'11-'. 
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Figure Captions 

Fig. 1. Schematic Layout of neutron focussing experiment. 

Fig. 2. Neutron intensity in the image plane. 
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