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Possibilities for X-Ray Holography Using Synchrotron Radiation
M.R. Howells*

Brookhaven National Laboratory
Upton, New York 11973

1. Introduction

Since the theoretical rl] and experimental f2,3],demonstrations of the
effectiveness of soft x~rays in imaging biological material there has been
considerable study r4,5] given to the prospects for further development of
the presently existing techniques. This has been motivated to a large
extent by advances in source technology, particularly the use of undulators
on electron storage rings and recent improverci:ts in short wavelength
lasers. The present author has carried out theoretical evaluations of the
possibilities of holographic imaging and has also recorded a number of-
holograms using the Ul5 soft x-ray beamline at the National Synchrotron
Light Source (NSLS) 750 MeV storage ring at Brookhaven. Some of these have
been successfully reconstructed using He:Cd laser light.

In this paper we first review the physical processes which generate
information containing wavefronts when soft x-rays interact with matter. We
then briefly describe the holographic method which has been highly developed
using visible light lasers and identify holographic geometries which are
promising for x-ray applications. We discuss some of the practical and
theoretical limitations involved in making holographic images and then give
the results of our own experiments.

2. Soft X-Ray Interactions with Matter

The situation of interest is represented in Fig. 1. Soft x-rays are

incident from the left as a plane wave of unit amplitude. They interact
with the sample which is represented by a refractive index distribution

n{r) = 1- 8(x) - iB(z) and are received by the detector where we wish to make
a holographic recording. We know that in free space the amplitude U(r) of
the wave must satisfy the Helmholtz equation

v + kv =0 (1)

where k, is the free space propagation constant. In the sample k, becomes
nk, and (1) becomes

*This work was supported by the U.S. Department of Energy under contract
number DE-AC02-76-CH00016.



n(r) = 1-8{r)-iB(r

Fig. 1. Notation for discussion of soft x-ray interactions with a refractive
index distribution n(z)

VP + kozw = (1-n2)k02¢ =04 (2)

This is a familiar equation and it is a standard result r6] that the
solption is

1 exp iko'S"E'l

= Jdkoz _ 1 ' ’
'lb(;l‘.‘_) = O T saﬁple ——E_?'— U(_l_') llJ(g ) d r (3)

For particle scattering by a potential V(r), U(r) would be (812m/n2) v(z).
For scattering of x-rays by a charge distribution of p(r) electrons per umit
volume, U(r) is 4Mr,p(r) where r, is the classical electron radius. For the
present case U{r) = (1-n®)ko2. 1In all these cases (3) tells us that at each
volume element d-r' the wave is depleted by the scattering of a secondary
wavelet of srength, - U(r') /4% times the value of the incident amplitude at
that point. In our case U(r) in general is complex so that both absorption
and scattering are expected to occur. For convertional x-ray diffraction
(3) is interpreted by making two idealizations: (i) the Fraunhofer approxi-
mation, w2 /Ad<<1 where w is the width of the sample. In other words the
detector is assumed to be in the far field of the sample; and (ii) the Born
approximation, the use of the unmodified incoming wave as an approximation
to ¥(r') in (3). It is helpful at this point to define unit vectors s, and
8 in the incoming and outgoing (0Q) directions, respectively. With these
assumptions kolsfr" in the exponent becomes kyr-k,s.r' and using the
definition K = ko?éofg) (3) can be written (dropping the prime)

ik,r
ikgz e © © iR.r ,3 (4)
U(g) = et 0% - e saiple U(z) e ="=dg

(4) is of the form of an asymptotic solution e1k°z + f(ﬂx,ey)e1k°r/r so we
can identify f(fy Ay) and see that :



(5)
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where

Ry = kosinfyg, Ky = kosindy , Ky = -ko(1- Y1-sin28,-sin6y) (6)

and Q (Fig. 1) is the point (r sinfy T sinfiy). This defines the intensity
at Q{x,y) in terms of the original function n(r) within the limitations of
the Fraunhofer and Born approximations. We note that the Fraunhofer
approximation is not valid in the normal optical regime where the more
restrictive Fresnel approximation (9 small) is used (13). To see the
relation of our refractive index picture to the atomic picture implied in
p(r) we note that according to Henke {7) 6 and 8 are related to f1 and f5,
the real and imaginery parts of the atomic scattering factor by

A2 A2
To n f B = To n_f

§ = 2r ol °? 2r o 2 (7N

where n, is the number of atoms per unit volume. So

W) =k 210 = 2k _(8+iB) (8)
inserting (7) into (8) gives

u(r) = 4ﬂrono(f1+if2) = 4ﬂr°p(£) .

as it should where now 9(1) is understood as the effective number of
electrons per unit volume.

Of course it is not normally possible to obtain U(r) from IU(Kx )|2
without prior kncwledge of U(r) and such prior knowledge ig_not expected to
be available in microscopy. Tn order to obtain Ufr) from |U(Kx Kv)l
need a method of determining the phase of W(r) at each point Q. The
holographic approach to this is to beat the waves W(E) against a standard
reference wave. The resulting interference fringes give a full record of
the phases of ¥(r) at all points on the detector. TIn addition, if the
recording is suitably made, it can be used as a diffracting structure. In
this case illumination by the original reference wave gives the diffraction
pattern of the diffraction pattern and reconstructs the original optical
density distribution of the sample. We will enlarge on this later. The
process is_similar to the Bragg microscope '8! and to optical transform
methods (9) used in crystallography. If the holographic recording is
inverted optically then it is not subject to the limitations of the
Fraunhofer and Born approximations and would in principle allow a perfect
reconstruction if all spatial frequencies Kx,Ky present in the sample were
recorded. However, as we shall see there arée some fundamental difficulties



in providing reference waves over the entire Ewald sphere. Generally
speaking the holographic method should be complementary to the alternative
of measuring the entire diffraction pattern without the use of reference
waves. For holography, high frequency information is lost due to incomplete
collection of the diffraction pattern. For the diffraction approach the
methods for determining the phases will be the limitation.

3. Resolution Limitations Due to Beam Geometry

From (6) we see directly that a feature of width 8x corresponding roughly to
a frequency 21 /8x leads to a diffracted beam at €x where

pall

= 2 21 .
Kx & X SJ'nex (9)

We recognize the grating equation A = 8xSinf, and we see clearly the
relation between transverse resolution and the diffracted beam angle, i.e.

for Ox to be small, as desired, P, must be large.

We could make a similar argument from (6) for K, and get the limit of the
longitudinal resolution. However, we prefer to make an optical argument.
It is a standard result of geometrical optics that the wavefront aberration
(SW) for the edge rays of a pencil of half angle © whose source point is
subject to a longitudinal focal shift 8z, is given by

oW = 1% A255 (9 small) (10)

If we accept that the Rayleigh quarter wave criterion gives the range of
wavefront deformations which are not detectable at the image then we can set
8W = %\ and get a 8z which is a measure of the longitudinal resolution

A

8§z = ¢
z 202

(11

To get an idga of scale suppgse 6 = 0.1 radians and A = 30 2. We find
6x,8y = 300 A but 8z = 1500 A. Using (6) gives essentially the same
result: 6z = 3000 A. So we see without even considering how to do
holography that its potential for gathering three dimensional information
is strictly limited by the collaction angle and that through (9) and

(11) or (6) the transverse and longitudinal resolution are related.

4. The Holog£§phic Method f10—13]

A generalized view of a holographic layout is shown in Fig. 2. The subject
is illuminated by waves from a source. At the same time a reference object
is illuminated by the same source in a manner which maintains coherence over
the whole wavefront reaching both objects. The waves are scattered by the
objects so that a wavefront from the subject arrives at the hologram
recording plane, leading to an amplitude distribution ag{x,y) in that plane.



RECONSTRUCTED
WAVE

Fig. 2. Combination of a subject and reference wavefront to give an
interference pattern. The amplitude functions ag(ax,y) and ag(z,y) refer
to amplitude distributions at the hologram plane

Similarly another wavefront from the reference object gives an amplitude
ap(x,y). The amplitudes add and give rise to an intensity distribution
I = (ag + ag)(ag +aR*), This is recorded, for example, photographically
and developed to give an amplitude transmittance (t) proportional to the
exposure, i.e.

teI=aa +aga, +aa, +a a (12

Now suppose we illuminate the hologram with the original reference wave.
The amplitude just past the hologram w is given by

w=apta aRlaslz intermodulation term Zero
) order
+ aRlaRI terms
+a la|® VIRTUAL IMAGE TERW
+ * fusi (13)
apapa, _Confusing wave

The third term is an aberration free reconstruction of the wavefront which
previously was emitted directly by the subject. The fourth term, can, under
suitable conditions, lead to formation of a real image of the subject but
from the point of view of observing the virtual image it is a nuisance.

We may note the following gemeral points: (i) (12) is symmetrical in ag
and ag. So illumination of the hologram Ly either one reconstructs the
other, (ii) Although, according to the above, any wave can be the reference
wave, it is much more convenient to use plane or spherical waves. These can
be recreated anytime without needing to re-use the reference object. (iii)
Reconstruction need not be with the original refefrence wave. If the
reference source was a point (including the point at infinity) then any



point source will reconstruct amn image of the subject. However, if the
wavelength or the source to hologram distance or the off axis angle is
changed then, in general, the magnification will no longer be unity and
aberrations are introduced. Similarly, if the hologram is scaled up

or down in size the same effects ocenr. This is important for us because
we wish to make a recording with x~rays and do the reconstruction in

the visible in order to get magnification. There are some special cases
where aberrations are small or zero and we return to these later.

-

5. Hologram Recording Geometries

If we make the simplification of considering a point subject and point
reference source then we can draw a useful representaton of the interference
fringes that would result if both sources emit coherently in all directions.
This is shown in Fig. 3. We see that there is a rich variety of geometries
with which visible light holograms can be recorded. Omly three of these are
of interest for x-ray use: the Gabor in-line hologram !'14), the Leith-
Upatneiks off-axis hologram (15) and the Fourier Transform hologram f16).

We consider them in turn.

The Gabor in~line hologram uses the light that happens to be transmitted
through the sample as the reference beam. For the Gabor hologram, each
point of the subject contributes an amplitude distribution in the hologram
which is a complete circular Fresnel zone plate pattern centered near
the axis. The advantage is that no optics are needed except a pinhole.

The most obvious disadvantages are that the sample must be chosen to
transmit suitably and there is no good solution to the problem of separating
the wanted wavefront from the confusing wave. This problem can, however,

be much alleviated by placing the recording surface in the far field

cf the sample (17). "The far field or Fraunhofer in-line geometry was
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Fig. 3. 1Idealized fringe distribution due to two point sources with
indication of the regions used for various types of visible light holograms



the one used by Anki and Kikuta (30) in recording what are probably the
best x-ray holograms made with a microfocus tube.

The Leith-Upatneiks hologram is similar to the Gabor but an off-axis
reference beam is used. In this case each point of the subject contributes
an off-axis zone plate. The center may be off the recording area and
so higher numbered, more closely spaced zone plate rings are utilized.

The advantage is that separation of the virtual image wave and the confusing
wave can be achieved. The disadvantage is that a higher resolution detector
and a source with greater coherence length are needed. Some optics are

also required.

The Fourier Transform hologram is a radically different approach. Here
the reference is typically a point source and must be set at a distance from
the hologram equal to that of the subject. The subject-reference distance
is chosen about equal to the subject width which in microscopy would be
small. The interfering beams thus have only a small angle between them so
rather coersly spaced Youngs fringes are recorded on the detector.
Consequently the resolution is not limited by the detector resolution but
rather by the actual size of the nominal poin% source used as a reference or
by the considerations of Section 3. Detector resoiution plays a role in
limiting the field of view.

In Fig. 4 we indicate ways in which the three recording geometries just
discussed might be used to make x-ray holograms. )
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Fig. 4. Possible geometries for x-ray holography utilizing (a) Leith-
Upatneiks geometry, (b) Gabor gecmetry, (c) Fourier Transform Geometry



6. The Paraxial Optics of Point Source Holograms

Consider a subject point (x3,¥],Z]) and a reference point (xg,yg,zg) in a
co-ordinate frame defined so that the recording surface is the plane z = 0.
Suppose a hologram is formed with light of wavelength A{ and reconstructed
with light of wavelength Ay (A3/A1 = p). Let the reconstruction source be
at (Xq,¥c:2e) and suppose the real and virtual images are at (x3p,¥3Rs2z3R)
and (X3V,y3v,23v) respectively. Furthermore, let the hologram be scaled up
by a factor m before reconatruction. It is now a standard result f10,11)

that the positions of the images are given by

B0 N TR 'R
239, Zze w21 | mlzg (14)

The upper signs refer to z3y, the lower to z3p. Also the lateral
magnification Mysr is given by:

= - - M Z3v,R
M'LAT,V,R mZz‘,l _z] m zj
1* e | (15)
Z¢ ZR

vhere a similar sign convention applies.

Since we are interested in microscopy (15) is an important formula. It
was by special choices of the parameters in (15) that Gabor originally
intended to achieve high magnification Ly his ‘projection method.' We are
also seeking to use a high value for U and achieve magnification. However,
it is clear by inspection of (15) that high 1! alone does not guarantee a
high value of Mjar. There are two ways to achieve this: with z; # zg
(Gabor and Leith-Upatneiks case) and supposing m = 1 then Mpsq g + = if

Z1 Z1
1,1 +21
Uz, * zZg (16)

This does not really depend on high U since z, can, in principle, always be
chosen to satisfy (18). 2zj = zg (Fourier Transform case). Then setting

z, = 2y = zg leads to MLAT,V = U/m, and this is a promising approach for
x-ray work. The coarse fringes obtaining in this cse make recording with
photographic film and reconstructing with visible light perfectly practical.
We note that the conditions for this are

. . Al
Fringe spacing = . > Xz an

vhere ¢ is the angle between the beams. For example if Ay = 30 A and Ag =
6328 A then we find & > 5 mR, which is quite reasonable. The leading
problems remaining in this approach are the beam forming optics for the
reference source and the dynamic range of the detector. By way of summary
we show in Fig, 5 the three important hologram types and the corresponding



fringe frequencies in the hologram. It is obvious that from the viewpoint
of detector resolution the Leith-Upatneiks case is the most demandingz. In
fact, if separation of the two images is required the fringe frequency will
be four times the highest sample frequency. The Fourier Transform approach

has a great advantage in this respect.

7. Source Coherance Requirements

The original 'protection method' (141 of Gabor was defeated by lack of a
suitable source. Even the visible light work which was successfully carried
out in the forties and fifties did not make a great impact until the
invention of the laser. Similarly the development of x-ray holography has
been limited up to the present time by lack of a suitable source. However,
we believe this is changing. So far we do not have any sources which
generate soft x-rays in a way which naturally makes all of the radiation
coherent in the manner of a la§er. Even on this matter, however, there are
possibilities for progress (18). For the time being we must still use
methods which isolate the coherent part of the output of an incoherent
source but much beatter scurces are becoming available.
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Fig. 5. Fringe frequencies proauced by the three main holographic
geometries: (a) Leith-Upatneiks, (b) Gabor, (c) Fourier Transform



According to the Van Cittert-Zernike Theorem f19] the output of any
source is spatially coherent within a region defined by the first minimum of
the Fraunhofer Diffraction Pattern of the spatial distribution of the
source. For example, if the source is circular and of radius x then spatial
coherence exists within the Airy Cone (of half angle x'). This sets an
upper limit on the emittance € of a coherent beam given by /20

£ = xx' = 0.61) (18)
max

This is a very small emittance and (18) sets a strong limitation on the
fraction of the output of most sourees which is ngeable for coherent ex-
periments. For example at X = 30 A, ¢f, 4 = 18.0 A.Radians = 1.8 mR.im.

We see that for a good storage ring with x = 100 ym we can only utilize 2x'
= Zef /100 = 0,036 mR! Equation (18) applies to both dimensions of the
beam so the figure of merit of the source for coherent experiments is the
flux per unit bandwidth per unit phase space volume. In other words the

brightness.

This takes care of spatial or transverse coherence. We now turn to
temporal or longitudinal coherence. The requirement here is that the
coherence length 2. = A2/M\ should be sufficiently long to coherently
illuminate the entire depth of the specimen and should also be greater than
the largest path difference between any pair of interfering beams (e.g., PQ
in Fig. 6). 1In view of the penetrating power of soft x-rays in biological
material we would like to have a source with %, at least equal to 1 um and
preferrabiy in the region of 3-5 ym. At 30 A 2, =1 1m implies A/AX = 300
which is readily achieved using existing soft x-ray monochromator
technology. For . > 3 mm then A/AA > 1000 which can be achieved only with

considerable effort at the present time.

We see that in principle there is no difficulty in achieving the needed
coherence for microscopy of biological specimens. However, in practice, it
is lack of flux which presently sets the limit to soft x-ray holographic
imaging and to this question we now turn.

8. Flux Requirements

In order to understand the flux needs of a Gabor hologram, consider the
arrangement shown in Fig. 6. A spatiallv coherent beam of flux I,

1,22\
8 1o
| L22A
d | d Q~
A K o
~ o $F 10 1
SPATIALLY COHERENT
INCOMING BEAM Ax \J
I. PHOTONS /SEC /== /COHERENT PHASE q
¢ | /5E¢/S /SPACE VOLUME |
e p - .

Fig. 6. Layout of imaginary experiment to compute the flux needs of a Gabor
hologram



photons/sec/AA /A is focussed on to a pinhole of diameter d at 0 distance p
from the detector. By definition the beam will just fill the Airv Cone of
the pinhole. This beam is used to illuminate a subject consisting of only
one element: a circular hole of diameter 8. The latter is surrounded by an
absorbing screen which transmits just enough to provide a reference beam.
The Airy Cone of 6§ illuminates an area of the detector of radius r, = 1.22
2q/& where q is the working distance. The result is the creation of a
Fresnel Zone Plate pattern of radius rp. According to (9) we must utilize
the full Airy Cone of § if we are to reconstruct it without loss of
resolution. We therefore choose a large value of p which satisfies

P-9g
d ¢ (19

so that the coherent beam exactly fills the circle of radius rj. The focal
length £ of the zone plate is actually given by

(20)

th | b
|
.Dll—-
+
=N

but we use the approximation f = q.

Now in order for the zone plate to work properly in reconstruction of the
subject § we need each distinguishable element to be registered with
adequate signal to noise ratio. Suppose signal/noise = 5 is considered
adequate. Then each element of detector of area Ar“ (Ar is the outer ring
spacing of the zone plate) should end up registering at least 25 photors
from the subject. This will be achieved if

1 f §2 ](Arz

1
¢ a2 wr? .20t 2 25 (a1

where Q is the detective quantum efficiency of the detector, t is the time,
and the two arises because only the bright fringes need to receive light.
Jdow we know from zone plate theory that § = 2.44 Ar and r, = 1.22 Aq/S

and for both film and resist Q = 0.2 .s a reasonable estimate so we end

up with an estimate of the fluence I.t needed to record the elementary
hologram. (Of course if the sample had additional elements these would
also contribute zone plate amplitude patterns without needing any more

flux.)

A%q?
I.t2¥% =3 (22)

where Ky} = 1.0 x 104. This may also be written

where n is the number of zones and K2 =2.0x 103.



So far we have regarded q as an arbitrary parameter but we see from
(22) that it has a strong effect on the fluence. The choice of q in
a real hologram recording or a real attempt to manufacture a zonme plate
would depend on a number of issues which we prefer not to open in the
present discussion. Instead we simply plot some sample values of the
fluence for interesting values of § and q (see Fig. 7). We note that
these figures apply to a high contrast subject feature.

Now suppose that we are dealing with Fourier Transform geometry. For
this case the sample plame in Fig. 6 will contain two pinholes of diameter
§, separated by a distance b {say). The illuminated circle must now be of
diameter b and (21) becomes

2 2 2 2,2 2
§7yATq mx1.227A%g
LG9 52 / ) 2qe 2 25 @
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Fig. 7. Calculated fluence needs of Gabor holiograms with various para-
meters. For all cases A = 30 R. q is the sample-hologram distance, I.t is
the fluence, § is. the resolution element size in the sample, n is the number
of rings in the recorded zone plate pattern. The fluences needed for
Fourier Transform holograms of § are shown as double circles labelled with

N values where N2 is the total number of resolution elements in the sample



If we now write b as N§ then we get
IexK N4 (24)

vhere K, = 2.9 x 102. We notice that the required fluence is independent of
8§, q ang even ) and depends only on N which is a measure of the field of
view. Some fluence values from (24) are entered on Fig. 7. We notice that
the Fo:rier Transform values are quite encouraging and are without the
obligation to miniaturize which is implied in the zone plate cases. The
lower information content of Fourier Transform holograms arises because

f wrmation and reconstruction are with spherical waves and therefore it is
n) t necessary to store 'lens' information in the hologram.

In order to give a feeling for the extent to which real sources can
approach the flux needs expressed in Fig. 7 we present in Fig. 8 some
estimates of the coherent power of various synchrotron radiation sources and
some other sources which have been used for x-ray holography. One can
easily see that the older sources were far short of achieving the beams
needed for high resolution holography but that the newest ones offer great

promise.

9. Diacussion

We have considered many of the limitations involved in holographic imaging
and we can now make some judgments on the best strategies for approaching
our goal which is three dimensional imaging of biological material with a
resolution of 100-200 R. First we note that there are a number of reviews
(21-24) of this general question in the literature and there is no concensus
as to the preferred approach. There are different presumptions about
available sources and different interests in regard to wavelength. Some
authors regard good x-ray lenses as unavailable by definition. Others
regard them as something to work toward.

We take the availability of both synchrotron radiation and undulator
radiation as given. We take the 30 } region as the one of prime interest
for biology. We also assume that some zone plates are available with
resolution around 0.1 ym and that better ones will be available soon.

In light of these conditions we choose to make the following first steps
(i) to proceed immediately to make what holograms we can with techniques
that are on hand, (ii) £o move toward the high resolution regime via the
Fourier Transform approach. (i) involves making Gabor holograms because
these need the least technology. (ii) gives us the following advantages {a)
it is possible to use photographic recording and reconstruct in the visible
(b) one can move ahead readily using existing zone platzs as beam forming
optics while still looking for an improved reference source through
development of special pinholes, etc. (c) future detector developments
involving computer reconstruction can be carried out using devices that read
directly to the computer in spite of the relatively low resolution of such
devices (d) aberrations (25,26] are much less in Fourier Transform holograms

than in other types.
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Fig. 8. Coherent power output of various sources. The numerical labels are
to be interpreted as follows: (1) sealed CuK tube, 2 kW, 50 kV, (2) high
power rotating anode CuK tube, 50 kW, 50 &V, (3) microfocus rotating anode
CuK tube, 3.5 kW, 50 kV, (&, 5 and 6) x~-ray holography experiments due to
Reuter and Mahr (29], Aoki and Kikuta (30) and Aoki et al {31), respec-
tively. The double circle represents an undulator presently under construc-
tion at Brookhaven for use on the NSLS x-ray ring

We consider our plans for the future in detail in another publication
(25]. For the present we will report our experimental work to date and
give some ideas on how we are beginning to understand it.

10. Experimental Results

We have recorded a number of Gabor Holograms using the arrangemeni shown in
Figs. 9 and 10. wuight from the National Synchrotron Light Source 750 MeV
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Fig. 9. Experimental geometry used to make Gabor holograms

Fig. 10. Ul5 beamline with holography experiment in place

storage cing was roughly mongchromatized using the Ul5 beamline system (27).
The light (of wavelength 31 A) fully illuminated a 200 x 200 um? SisN,
window which formed the end of the Ul5 vacuum system. In the holography
chamber a 21 pinhole was illuminated and used as a source of spatially



coherent radiation. This illuminated the sample and also provided the
reference beam by tramsmission through the sample. The holograms were
recorded on Kodak type 131-02 high speed holographic film, which has

a quoted resolution of 2500 %/mm. Our samples were small objects of
width 10 um or less so we see that in all cases recording was made in
the far field of the sample. Baez (32) has given a prescription for
calculating the resolution of the reconstruction of a Gabor hologram
using a finite size source and a recording medium of finite resolutionm.
Using this method for our arrangement predicts a resolution of about

0.8 um.

Fig. 11 shows the hologram of several 12.5 um diameter wires. We see a
rich fringe structure superimposed on the central peak of the Airy Disc of
the 2 um pinhole. Fig. 12 shows a similar recording of a group of 3-5 um
diameter spherical, glass beads mounted on a Si3N; window. Again, a complex
fringe structure is seen, this time, resembling more closely the 'blotchy'’
appearance of highly magnified visible light holograms. Fig. 13 shows the
hologram of a single wire. It is very reminiscent of the analagous pictures
taken in visible light by Thompson and Tvler f17) and of the famous first-
ever hologram taken in 1932 by Rellstrom fa8Y,

(S —
100Lm

Fig. 11. Gabor hologram of cross wires 12.5 1'n diameter recorded on Kodak
131-02 film (quoted resolution ¢ 2500 lines per mm) using an exposure of 3
minutes at 100 mA beam current (about 50 pJoules/cm?). Magnification =250X
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Fig. 12, Hologram of glass spheres 3-5 im diameter taken under similar
conditions to Fig. 11

We have attempted to calculate the intensity distribution, I(x), expected
in a hologram such as Fig. 13. According to Thompson and Tyler this should
be given by

-1 -4 mx2 _my ooo(2maxy | 4aZ . 2 (2Tax)
I(x) =1 ~ t:osrkz 41 sinel X + 35 sinc f_xz_ (26)

where a is the radius of the wire, z the sample to hologram distance and x
the co-ordinate in the detector perpendicular to the wire. This formula
assumes uniform plane wave illumination which is not really appropriate for
our case. To make some allowance for this we have folded a Gaussian of
roughly the right width into (24). The resulting celculated form is shown
in Fig. 14 together with a microdensitometer trace of Fig. 13. We see that
without any further attempts at a more realistic modm=l we obtain reasonable
qualitative agreement. A more careful analysis of this question is
presently in progress.

In addition to attempting model calculations we are also tryingoto
reconstruct our x-ray holograms using He:Cd laser light (A = 4166 A).
These efforts are just beginning but we have had some successes and one is
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Fig. 13. Similar to Fig. 11 using just a single wire

illustrated in Fig. 15. We see a fairly good reconstruction of the crossed
wires used to make the hologram in Fig. 11.

11. Conclusion

We have reviewed the physics of soft x-ray interactions with matter that
could lead to imaging applications. We have given an outline of the
operation of the holographic method especially emphasizing the geometries
with promise for x-ray applications. We have considered the degree of
spatial and temporal coherence and the flux needed for successful imaging
and have pointed out the promise of high brightness undulator sources in
this connection. In the light of the general characteristics of the
_hologram formwing methods we have concluded that for immediate use the Gabor
geometry is hest and for the medium term the Fourier Transform offers the
best chance of approaching the goal of high resolution biological imaging in

three dimensions.

We have reported some results of our first attempts to make holograms
with soft x~-rays. These are of ohjects which, although uninteresting in
themselves, allow rehearsal of the technique. Being simple they also allow
comparison with theory and we have been qualitatively successful in
achieving agreement with the calculated hologram intensity and with the
expected geometry of the reconstructed image.
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Fig. 14. (a) Microdensitometer trace of Fig. 13. (b) Computed plot of (24)
folded with a Gaussian of approximately the right width to allow for the
illumination profile of Fig. 13



Fig. 15. Reconsgruction of the hologram shown in Fig. 11 using He:Cd laser
light (A = 4166 A)
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