COMBINATION OF X-RAY FOCUSSING MIRRORS
IN AN X-RAY MICROSCOPE ¥

By Y. T. THATHACHART AND G. N, RAMACHANDRAN
(Department of Physics, Indian Institute of Science, Bangalore-3)
SUMMARY

The paper contains a theoretical study of combinations of spherical
crystal reflectors which can give X-ray images similar to those in an
optical microscope. The only possible combination is found {o be that
in which both the mirrors are concave and both have the same radius
of curvature, so that the two mirrors form parts of the same spherical
surface. Under these conditions, the Bragg relation is satisfied at both
mirrors for any number of multiple reflections. By making use of
N reflections, the optical path of the “microscope™ for given magnifi-
cation can be reduced to 1/N of that required with only onc reflection.

1. INTRODUCTION

The reflection of a beam of mone- or poly-chromatic X-rays by a lattice
plane in a crystal (plane or deformed) is governed by the same optical condi-
tions as ordinary light but for the restriclion that, for each direction of inci-
dence, only selected wavelengths arc reflected which satisfy the Bragg rela-
tion. Applying this principle (Ramachandran, 1951), focussed images of a
wire mesh magnified upto twenty times were obtained using refiections from
a cleavage flake of mica elastically deformed into a concave spherical surface
{(Ramachandran & Thathachari, 1951).

Since the publication of the above articles, the authors have come across
reports of similar work undertaken by Y. Cauchois (1946, 1950). Cauchois
has also suggested the same principles as mentioned above and has indicated
possible applications of the method. Although some photographs have
been published in both the articles, no details are given of the experimental
technique. In the second paper (1950) Cauchois has suggested the possi-
bility of combining crystal reflectors to form optical systems for X-rays,
whereby a microscope can be constructed having a large magnification, at
the same time having a much smaller optical path than what would be
necessary in a single stage. No definite results, however, seem tc have been
worked out by her.

Similar possibilities have also been theoretically considered by the

“authors and some of the results were referred to in the previous communica-
tions. Although the reflection of X-rays {rom a single mirror is perfectly
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analogous o that of urdinary light, In the vise o a combination ol two such
mirvors 2 Turther restrictive condition vceurs, viz. that a particnlar yay must
is fo consider the conditiony under which two ersstal reflector can be com-
bined to produce an X-ray image.

2. Tee CONDITIONS FOR THE FORMATION OF AN X-Ray [mact
A SYSTEM OF TWO SPHERICAL CRYSTALLING Rijnic rors

Consider a system of two spherical ervstaliine reflectors (A & B) con-
cave or convex and suppose that Xeruy reflections are obtained from the
futtice plancs parallel to the spherical surfuces. Considering finst o ray
proceeding olong the common axis of the two mirrers (P P, of Fie. 1 the

- -
IR PPN

Bie. 1. Figure showing angular velations in the formution of images
~)31'3gg condition will be satisfied at both the mirrors for such an axial ray
if and only if the Tattico spacing is the same for both of them.  In other words.
both A & B should be of the same crystalling material and the planes
employed for selective reflection should have the same Miller indices i wither
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case. Again, comsidering anoiher ray (e.g., CQ,) incident normally on
mirror A, and therefore reflected back normally, it should again be incidert
norally on the surface of mirror B, il the Bragg relation is 1o be satisfied
at both A and B. Thus Q, CQ, must be normal to B. A similar condition
holds for every ray incident normally on A, so that we have the general
condition that every normal to A should be a normal tu B as well. In other
words, A and B should be portions of the same spherical surface. When this
is so it is clear that the Bragg relation is automaiically satistied at both the
mirrots for every possible vay, whatever be its angle of incidence (e.g., X;Xo);
for the lines joining points of incidence of the ray on A and B after successive
reflection from the two mirrors will always be a chord of the sphere which will
be equally inclined to the tangenis or the normals at the points of incidence.
Thus a ray can successively be reflected by the {wo mircors any number of
times, and the angle of incidence would be the same at every reflection.

3. EXPRESSION FOR THE PCSITION OF THE OBJECT AND IMAGE

IN THE CASE OF N REFLECTIONS SUCCESSIVELY FROM A AND B
in the case of multiple reflections, the image (real or virtual) formed by
each refiection serves as the source for the mext reflection. Let suffixes
i, 2,....N attached io different quaniitics denote the ordinal numbers of
the reflection with which ihev are associated. We shall adopt the convention
that the various distances pertaining to each reflection are measured from the
corresponding pole, the direction pole io centre being always reckoned
positive.  Let R denote the common radius of curvature of A and B and
u, v the distances of the object and image respectively from the pole. Let

u v,

R = ¢, and g™ (1)

For concave mitrors (with which we are concerned) the image formed afier
s reflections will be real only if ,
7,2 0. )
Fig. 1 represents a diamstral scction of the sphere.  Let Py, Py be the
poles of the two mirrors atd C the common centic of curvature. Let O be
the position of a point object along the common axis of A and B. Consider
1w ray OX, incideat at an angle « to the normal CXy at X, and let CX; be
inclined at an angle 8, to PP, Let I, be the image of O due to the first
reflection from A. We shall assume & to be so small that its square and
higher powers can be neglected. In other words, we shall confine ourselves
lo paraxial rays which alone can be focussed without appreciable sphericaj
aberration. Under these conditions, we have
PyXy= 1y (8, o) == Ryby== vy (y~ ),
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Hence eliminating a,

K/ ’;I/(ZZK - b
In general, for the sth reflection

7, = ES2E, 1) 3
Now

Henee

and in general,

s E (s Y
s~ 28 -2 3 “
- Qs = Dg— 25 -0 &)

2wéy- (25 D

Considering an exiended object Q0. the first imape is L Mo clear
from the similar triangles P00 P11 of Fig. 1 that the magnification due
to the first reflection js

M. = LL' vy

o0 T g
In general, the magnification produced by the sth reflection jx
M s e (25 -2Y& (2 0D
e gy {2y 1)
M, may be positive or negative; if positive it meuns that both the object
atid the image are real or that both are virtual and if negaiive, one will be
real, while the other will be virtal. The total magnification M due w N
reflections is given by the product of the magnifications due 1o each.  Thus
M= MM,... M, ... My
== JJ[ANE— (IN - D). (N
M may be positive or negative, but the important quantity i the magnilude.
its sign does not give one an idea as to whether the final image is real or
virfual, for the sign depends upon the number of times the transition
virtual 1o real has taken plice in between. However. the condition for the
final imoge to be veal is given by ‘
1x 20
This leads to two possibilities :

{0)

‘ither
Lz (1 —102M) &)

bt -1IRN= (8 B)

or
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(84) corresponds to positive values of M and all values of the magnification
between 1 and oo are possible within the range of £,. (8 4) on the other
hand, corresponds io negalive values of M and the magnification can only
assume values between 1/(2N — 1) and 2N —1). In cither case, if' the
total magnification M is given, then the values of § and gy giving the
positions of the object and the final image are

1 1
S=1-x T mm ©)
and
M-—-1
=1+ R (10)

1f we denote by %' the value of v/R corresponding to the sume magni-
fication (M) obtained in a single stage, then it can he shown that
(N —
Thus, for large magnifications, the optical path (v) employing N reflections
is only about 1/Nth of that when only one rcflection is used. This is a great
advantage particularly for large magnifications. Further, it also appears
that, in such cases, the spherical aberration is much less when N reflections
are employed than with a single reflection using the same aperture and
magnification. Bxact expressions for the spherical aberration and other
defects of the image are being worked out and will be reported later.

N

4. PRACTICAL CONSIDERATIONS

In order to be able to observe the final image on a screen or to photo-
graph it, the image should be formed in the region outside the sphere in
Fig. 1. This means that vy > 2R, ie., 7y 2. From Eq. (10), this means
that

MZz(AN+ 1)
and
2<é <1 (]

Thus, the object should be situated in between the two mirrors. This appears
to be an essential condition for obtaining large magnifications. Therefore,
special arrangements have to be made regarding the illuminating system
so as to practically realise such conditions. Suppose that the object is
irradiated so that the first reflection occurs at mirror A. The source of
X-rays must then be o the right of B and it is convenient {0 have the image
to the left of A (Fig. 2). )
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Tsa. 2. Ray paths showing formation of 4n frmage afler (wo sueeesae retlections
{Total magnification &)

1 can be readily shown that it is not possible to illeminate the objedt
through a ceniral aperiure in B. This is so bhecause all the rays incident on
the object through the aperture and reflected by A would again be incident
on B within the area of the aperture (if 4 < € < 1). Consequently un arrange-
ment similar to thal shown in Fig. 2 must be used, Ze., the cone of rays
incident on the object O must come front owtside the mirrer B, so that the rays
first reflected by A can again be reflected by B and so on.  This means that
the source of X-rays must be ring-like, which may he produced by cleciro-
statically rotating the focal spot or mechanically rolating the Xeray whe
about an eccentric axis, In a way, this is an advantage, since with the former
arrangement, Jarge tube currents can be employed as with a rowting anode.
Obviously mirror A must have a central aperture to let out the rays forming
the image. Fig. 2 has been drawn o show the ray paths in the case of two
reflections (N=2) and a total magnification of 6(M — 6),
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Atfempts ars being made io realise these ideas in practice. It is obvious
that many practical difficulties will have to he surmounted before the appa-
ratus can be made to work. However, the theoretical results are being pub-
lished because the combination described above seems to be the only possible
arrangement of spherical crystal reflectors which can give an image of a finite
extended object.
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