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It is shown experimentally, that the intensity distributed broadly outside the focal spot on the back face of a two-crystal 
neutron interferometer can be refocused by using properly shaped lenses between the crystals. Generally, these lenses have 
to be of elliptical cross section and result in focussing of pure single-wave, field radiation. 

The closeness to unity of the refractive index 
for thermal neutrons of all materials or fields has 
restricted the use of neutron lenses in that energy 
range to the demonstrational level [1]. This situat- 
ion is somewhat better for cold neutrons in the 
10-30 A range, where standard cylindrical lenses 
were used as key elements in a precision optical 
bench set-up [2] and where also the feasibility of 
using Fresnel lenses was demonstrated successful- 
ly [3]. 

In the thermal energy region, another princi- 
pally different avenue for focussing neutrons is 
opened up by utilizing crystal diffraction. Besides 
in the well-known case of curved crystals, focus- 
sing effects even arise for unbent perfect crystals 
due to dynamical diffraction. Of these effects, the 
focussing at the back face of the second one of 
two equally thick crystals in Laue orientation has 
been demonstrated and investigated in some de- 
tail [4, 5]. In the present paper we present the first 
results of a new type of focussing which arises due 
to a combination of crystal diffraction with lens 
action. 

The radiation excited by an incident 6-function 
ray fills the whole Borrman triangle inside the 
crystal (see insert of fig. 1). For a non-absorbing 
crystal, two wave-fields arise, commonly termed 
a and/3 wave-fields such that at each point inside 
the crystal both an a and a/3 amplitude may be 
identified. Their relative beat as a function of 
crystal depth causes the Pendellrsung phenome- 

non. Hence, for the radiation leaving the back 
face of a crystal of thickness t in Bragg diffracted 
direction, the phase as a function of exit face 
position F (fig. 1) varies as 

= + V 1 -  r 2 
- -  A0 

(1) 

where A 0 is the Pendell6sung length and the two 
signs refer to the two wave-fields respectively. Eq. 
(1) gives the phase at a position F relative to the 
phase of the radiation at the edges of the 
Borrman-fan, hence it contains all dynamical 
diffraction effects on the phase besides contrib- 
utions by the mean refractive index. 

As is well known in optics, a focus occurs at 
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Fig. 1. The two-crystal neutron interferometer with two cylin- 
drical lenses in the beam between the crystal plates. 
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those points where the variation of the phase 
upon variation of the path from the source to the 
focus vanishes. Therefore the focus already ob- 
served earlier with the LL interferometer [4] may 
readily be explained as resulting from neutron 
radiation which propagates as a wave-field in the 
first crystal plate and as/3 wave-field in the second 
one or vice-versa. This follows, because then the 
two contributions to the phase resulting from 
propagation through the two crystals are of equal 
magnitude, but opposite sign (eq. (1)) and hence 
cancel each other. In contrast, such a cancelling 
does not happen for neutron radiation which 
propagates as the same wave-field in both crystal 
plates, making it appear as a broad background 
intensity distribution (fig. 2). 

Therefore the interesting question arises, if it is 
possible to focus those background neutrons 
propagating as the same type wave-fields in both 
crystals, i.e. either a - a  or /3-/3 wave-fields. In 
that case the total crystal contribution to the 
phase is just twice the value of eq. (1), either of 
positive or of negative sign. In order to achieve 
focussing of that radiation, this phase contrib- 
ution has to be compensated. This can be ach- 
ieved, if the phase correction 

2rrt 
A4) .... = T- ~a--70 V~-- F 2 (2) 

is imparted on the neutron beam on its way 
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Fig. 2. Intensity distribution at the back face of the second 
crystal plate for the empty interferometer without phase 
gradient compensation. 

between the two crystals. Clearly, this may be 
done by some kind of lens action*. Then eq. (2) 
implies that the lens be of elliptical cross section. 
The width of the lens in a direction normal to the 
neutron beam should just be the beam width. The 
thickness in a direction along the neutron beam is 
given by the condition, that the phase shift of 
neutrons propagating through the lens center 
should be just A(h .... = -T- 2¢r t /A  o. From that the 
thickness of the lens D follows as 

VG t/COS 0 B (3) D = 2 ~ o  

where V o is the mean potential of the lens material 
for neutrons, V G is the Fourier transform of the 
neutron crystal interaction potential including the 
Debye-Waller factor e -w For Al as the lens 
material and Si (400) reflection at a Bragg angle 
of 0 B = 35.1 ° as used in the experiment it follows 
that the thickness of such a lens should be just 
twice its width. Equivalent to such a single ellipti- 
cal lens is a system consisting of two identical 
lenses of circular cross~section. 

Experiments to demonstrate the re-focussing 
effect were performed using the M.I.T. two- 
crystal neutron interferometer (fig. 1). It follows 
from the two signs of the phase acquired by the 
neutron wave upon propagating through the 
crystal, that both full or hollow lenses may be 
used. The experiments did successfully demon- 
strate the focussing action in either case. For 
reasons of space limitation only the experimental 
results of the full cylinder lenses are presented 
and discussed here**. The lens material used in 
the present work was A1 for which the neutron 
refractive index is smaller than unity. This results 
in a refocussing of the ~ wave-field, i.e. that 
wave-field which is closer to the Laue point. 

Fig. 2 shows the focussing effect already pre- 
sent in the empty interferometer. The focus is 
produced by those neutrons which propagated as 

* The lens action is analyzed here in terms of phase effects. 
Alternatively, but equivalently, the lens may be analyzed in 
terms of angular deflection of the neutron rays between the 
crystal plates. 

** A more complete account of the experiments will be given 
elsewhere. 
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different wave-fields in the two crystals. Introduc- 
tion of one cylindrical lens then leads to a reduc- 
tion of that focus as shown in fig. 3. In that and in 
the following experiment, the cylindrical lens was 
positioned well-centered with respect to the 
beam. This was achieved by scanning the lens 
slowly across the beam and monitoring the inter- 
ferometer output intensity. 

Adding then a second cylindrical lens resulted 
in a reappearance of the focus as may be seen 
from fig. 4. The intensity of that focus now is only 
half the intensity of the empty interferometer 
focus. This is to be expected on the basis of the 
fact, that here the focus contains one wave-field 
only anymore. We mention, that the interferome- 
ter itself was not compensated for the intrinsic 
phase gradient present in the empty interferome- 
ter and that the illumination conditions were 
certainly not of spherical wave type because a 
1 mm wide entrance slit was used. For these 
reasons, no interferometer action is to be expected 
with the cylindrical lenses in place. 

The possibility of producing a pure wave-field 
focus, besides its basic interest for the study of 
dynamical diffraction itself, should facilitate the 
development of perfect crysal interferometers of 
highly absorbing materials. There, the anomal- 
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Fig. 4. Positioning of two cylindrical lenses in the beam 
between the two crystals results in reappearance of a focus. 

ously transmitted wave-field could be utilized in 
both crystals of a two-ear interferometer, if a 
proper lens is employed. 
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Fig. 3. As fig. 2, but with one cylindrical lens in place. The 
destruction of the focus of fig. 2 is clearly visible. 
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