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1. Introduction

Although x-ray holography has a long history,11 it is only in recent times that short-
wavelength lasers and undulator x-ray sources have opened the possibility for competitive
imaging performance. Experiments using the in-line (Gabor) geometry have been favored
by most §roups and have been carried out at Orsay,”“ Brookhaven,” Livermore,~
Tsukuba, Chllton, Osaka?’ and Grenoble?® while the Fourier-transform geometry
has been developed at Brookhaven.23 Submicron resolution has been reported by the
Orsay group “ and by some of the present authors working at Brookhaven.”~ These
holographic schemes all operated in or near the water window and were mostly conceived
as technical developments toward imaging of natural biological material. Their motiva-
tions were mostly the practical simplicity of the hologram recording process, which is
similar to contact imaging, and the fact that such recordings can be made to deliver both
the amplitude and phase images. The chief disadvantages are that holography provides no
escape from the large radiation dose that is required by all x-ray and electron imaging
methods and that the in-line style of holography produces an inherent corruption to the
desired image known as the twin image. We have discussed the question of how to ex-
ploit the potential of x-ray holography in light of these disadvantages in an earlier pa-
per1 and have concluded that part of the solution is to cool the sample to cryogenic tem-
peratures. Under this condition, features as small as 5 nm remain intact at doses of up to
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Fig. 1. The photoresist PMMA is used to record the hologram which consists of the inter-
ference pattern formed by the plane reference wave and the wave diffracted from the sample.
The sample-photoresist spacing (typically 400pum) is determined in the reconstruction step
(see Sec. VII). Some of the exposed polymer suffers mass loss during irradiation (self
development) and more is later removed deliberately during wet development. Light de-
velopment is necessary to avoid “washing out” low-contrast fringes. 35 The photoresist
relief map (corresponding to incident x- raly intensity) is measured/digitized using our spe-
cially-made atomic-force mlcroscope
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108 Gray which thus allows a tilt series containing scores of holographic images to be
taken.

In this paper we describe the design and operation of a new experimental apparatus
with which we have recorded a number of holograms of natural wet biological samples at
liquid nitrogen temperature. We also report how, after digitizing the holograms using an
atomic-force microscope,1 we have addressed the problem of how to make a numerical
reconstruction of the image. We discuss the nature of the twin image problem in the lan-
guage of the theory of convex sets and show that standard reconstruction algorithms are
effective in certain cases but inefficient in others.

2. In-line Holography
The procedure that we have used for recording and readout of the holograms is outlined in
Figure 1 and in our earlier publications.18

3. Description of Experimental Apparatus

We have designed and built an experimental apparatus to enable us to record holograms at
liquid-nitrogen temperature. Wherever possible we have taken advantage of commercially
available systems developed for the eleclron nucroscopy commumty and have thereby ob-
tained proven hardware for prepar- :

ing the sample and loading it into
the vacuum. In particular, we’
adapted a transmission electron mi- ;
croscope (TEM) cryo-holder (Fig
2) designed to hold a 3 mm diame
ter TEM grid so that it could
accommodate a relatively thick
“package” consisting of the sam- - Fi
ple-grid, a spacer (=300 pm) and a &
500-pm-thick substrate covered with photoresist. The sample was cooled via a cold fin-
ger extending from the liquid-nitrogen dewar which allowed a temperature of -160°C to be
easily maintained at the sample as long as the dewar was partially filled. The cryo-holder
was also equipped with a heater which was useful in de-icing the tip between sample
changes and could also be used as a means to freeze dry samples in vacuum. A thermo-
couple located next to the sample region allowed the temperature to be continuously mon-
itored.

We also purchased the TEM airlock
mechanism that mated with the cryo-
sample holder and designed an interface
for mounting it on an "xyz0" stage
which allowed the sample to be accu-
rately positioned at the center of our
chamber. ’I'he whole system was capa-
ble of 10 torr although in the experi-
ments reported here the chamber pres-
sure was about 10~ torr. The cryo-
sample holder and cryo work station
plus the airlock were designed to enable samples that have been fast frozen to liquid-nitro-

. Cryosample holder showing sample

Fig. 3. Schematic of cryo-holography chamber
with cut-away of the airlock and its interface.
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gen temperature to be stored as long as needed at that temperature and then transferred into
a vacuum chamber without warming above -160°C (at which temperature damage due to
ice crystal growth would begin to occur). A cut-away diagram of the apparatus is shown
in Fig. 3 and a photograph of it in place on beamline X1A at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory is shown in Fxgure 4.

The sample positioning :
system also included a stereo
microscope with a 7 inch working :
distance. By this means one could
look at the cryo-sample holder
with the x-ray beam on via an x-
ray transparent mirror (Al coated
on a Si3N4 window) placed at 45
degrees to the beam. Phosphor
was placed on the cryo-holder
shutter (see Figure 2)- so that
targeting of the beam on to a i
chosen sample area could be ac- Fig. 4. Cryo-holography chamber setup at X1A. The
complished by using the micro- cryo-sample holder is inserted from the left and the
scope reticule. stereo microscope used to align the sample via the

alignment mirror (see inset).

4. Sample Preparation

The samples used in these experiments were red blood cells infected with the Plasmodium
falciparum malaria parasite which were made by the Hematopoiesis/Mammary Cell
Biology Group at the Lawrence Berkeley National Laboratory (LBNL). The size of these
cells made them well suited for x-ray holography and preparation techniques had already
been worked out for imaging them in a transmission x-ray microscope.

Infected red blood cells were cultured in vitro as previously described.?? Mature
trophozoite stage infected erythrocytes were enriched to >80% by flotation in 0.5%
gelatin?’ and fixed with 1% glutaraldehyde. All of the pathology and mortality associated
with Plasmodium falciparum malaria is due to the blood stages of infection. The
trophozoite is the developmental stage which is actively metabolizing hemoglobin and
synthesizing new proteins that associate with the host erythrocyte membrane to alter its
morphology, antigenicity, and function.!> 13- 21, 30 :

The cell culture was diluted till approximately one or two cells occupied each (40
;,Lm)2 grid area in test preparations. Using the fast-freezing workstation at Donner
Laboratory (LBNL) we prepared frozen samples from this diluted cell culture. This work-
station used immersion cooling™ (via a spring-loaded plunger into liquid ethane) and was
equipped to control the humidity around the sample to avoid sample dehydration, which
can happen very quickly. The cryo-samples were placed under liquid nitrogen in modified
storage trays, designed for electron-microscope grids, and then shipped to the Brookhaven
using the "dry-shipper" type of cryogenic container.

5. Experimental Procedure
The fast frozen sample, the sample holder, the resist substrate and spacer were all intro-
duced into the liquid-nitrogen-temperature environment of the cryo-work station and as-
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sembled there. Once in place the resist-spacer-sample package was covered with the shut-
ter to minimize ice build-up during the transfer. The whole cryo-work station was then
moved to the beam-line area and the cryo holder was inserted into the airlock.

The x-ray beam was then aligned over region of interest using the stereo microscope
and the package was exposed. Using A=2.4nm x-rays with A/AA>150 and a spatial co-
herence footprint of better than (4Op.m)2, we had 3x10 photons/p.m2 incident on the
sample. For a sample with a 10um thick water/ice layer, this 6gives about 10° pho-
tons/Um* on the resist and a sample dose of approximately 2x10~ Grays. The exposure
was monitored by photodiode measurements of the beam and optical-microscope examina-
tion of the self-developed resist. The magnified atomic-force-microscope image of the
hologram is shown in Figure 5.

Once the hologram was digitized, processing was carried out, using our own software
package written in IDL, on a Pentium-Pro based computer with 256 Mbytes of RAM
running Linux (version 2.0.0). The basic propa%ation operation between the hologram
and object plane took about one minute for a 2048“-pixel hologram and the corresponding
speed of the twin-image algorithm was about 1.4 days per thousand iterations

6. Results
We have recorded a number of holograms of natural, wet samples that were fast frozen in
a manner consistent with producing amorphous ice and maintained at cryogenic tempera-
ture until after imaging. The fully processed version of the one we chose for our studies
of twin-image suppression is shown in Figure 5. By calculation of the power spectrum
we have determined that there is no white-noise roll off so that information is apparently
recorded in the photoresist to better than 30 nm. A reconstructed image obtained by the
numerical equivalent of illumination of the hologram with the original reference wave is
shown in Figure 6 (the object-to-hologram distance was found by software to be 425
pum). The fringe artifacts due to the twin-image signal are readily apparent in the recon-
structed image and we discuss this issue more fully in the next section.

" Fig. 5. Hologram of malaria infected red Fig. 6. Numerically reconstructed image.
blood cells. AFM readout: (21nm)? The focus was found to be at z=425pm.
pixels in a (2048)? array. ’

XRM “96 International Conf. on X-Ray Microscopy and Spectromicroscopy




X-ray Holography

7. The twin-image signal and its suppression
A hologram is formed when a complex wavefield a(x) scattered by the sample and a co-
herent reference wavefield r(x) are made to interfere, registering an intensity
I(x)=|r(x)+a(x)|" in the x plane. For an axial-plane-wave reference beam (Figure 1), r
is a real constant which we take to be unity. Then

I(x)=1+ la(x)l2 +a(x)+ a (x) @
The four terms are known as the zero-order, intermodulation, virtual image and real image
terms respectively. To calculate a(x) suppose the object is represented by a two-dimen-
sional complex transparency function 7(x') which we prefer to write as 1— A(x') where
A(x') is the complex absorbency. We can express the diffracted wavefield at distance z
downstream by means of a propagauon operator PZ with the following properties:
P()=1, P =P, PBP, F P, =P P, =P, . This operator represents the
action of the dlffracuon mtegral on the initial wavefield and we have lmplemented it in
software?. In terms of P, the field 1+ a(x) at the hologram is P,[1- A(x')] an

I(x)=1+|B[Ax)]] - B{A(X)]- B* [4"6)]- @

Evidently the quantity F,(—A(X') is equivalent to the wavefield a(x) used above.

The process of reconstructing the virtual image consists of illuminating the holo-
gram I(x) with a unit plane wave and backpropagating a distance z. In a numerical calcu-
lation, this leads to a complex amplitude distribution A4,(x’)

#1(x) = EE[10) =1+ BB a0 - Ax) - B " ()] ®
Therefore, with a reference wave of exactly unity, it is —A(x') that we reconstruct in the
object plane along with unwanted signals derived from the intermodulation term and the
out-of-focus real image (the twin-image). The so-called twin-image problem of in-line
holography is to extract the object A given only the hologram.

In some applications of in-line holography, the intermodulation term can be ne-
glected. In such cases the cosines of the phases can be inferred from the hologram and
particular approaches to the twin-image problem become appropriate.14' 22 However, ex-
amination of equation (3) shows that neglect of the intermodulation term can only be jus-
tified when |A(x')|” << 1. For this to be true the sample would have to be both a weak
scatterer and a weak absorber and this is certainly not something we can normally assume
in x-ray microscopy.

The twin-image problem is a member of a class of phase problems that arise com-
monly in optics. The class includes, image restoration from amplitude, for example in
speckle mterferometry, Mlchelson stellar mterferometry, defocused palrs or image-
plane-diffraction-plane paus 6 the design of computer-generated holograms and many
others. The general problem is to reconstruct a complex wave function given incomplete
information about the function itself and the magnitude of its transformation by a known
linear operator.

In the above notation, the scenario of principal interest is that (i) we know that A is
different from zero only within a certain region of the object plane (its support) and (ii)
we know that the magnitude of P;(1-A) equals JI. There are two algorithms in
widespread use for solving this type of problem: the error-reduction algorithm due to
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Gerchberg and Saxton® and the input-output algorithm of Fienup.5 Their general struc-
ture is as follows: start in the hologram plane with the amplitudes equal to VT and
guesses for the phases. Next transform (using P.;) to the object plane and impose one or
more constraints derived from a knowledge of the object or its support (Gerchberg-Saxton)
and from earlier iterations (Fienup). Finally transform back (using P;) to the hologram
plane, reimpose the hologram amplitudes and repeat. A detailed description of these algo-

rithms together with practical advice for their application to optical problems is given by
Dainty and Fienup.

Saxton is provided by a geometrical interpretation developed by Youla. 36 The i images
under consideration, with M=NxN pixels, say, are regarded as points in an M-dimensional
of the space. The support constraint ((i) above), for example, restricts the image to the
set of points for which certain of the M coordinates are prescribed to be zero. In the same
ages the amplitude of whose transform (by P;) is equal to the measured value NI. There
can be any number of such

tion, if it exists, must be in i \ -
the set whose members are A, /N

common to all of the con- 4

tersection.

Suppose we want to find an image satisfying two constraints. This is represented
that is a member of both constraint sets, namely the point S in the figure. The procedure
for finding the point S is illustrated in Figure 7(b). Let the starting image, which may
the point in A closest to Rg). Let Ra be the pro_]ecuon of R} on to B and so on. If the
constraint sets A and B represent:
constraints respectively then the:
scheme in Figure 7 is precisely

One can see in a general way
from Figure 8 that if the shape of the constraint set is unfavorable, the alternating-
point S. The conditions needed to avoid this can be understood by means of the theory of
convex sets® 17 . A set is said to be convex if for any points X1 and X» in the set the

A useful insight into the behavior of image recovery algorithms such as Gerchberg-
space. The effect of a constraint is then to limit the image to lie within a certain subset
language the hologram constraint requires the image to be a member of the set of all im-
constraint sets and the solu-
straint sets, i e. their in- Fig. 7. Convex sets and possible umque solution .
pictorially in Figure 7(a). If a unique solution exists, then there will be just one image
be a guess, be represented by Rg. Let the projection of Rg on the set A be Ry (i ¢ Ry is
the support and hologram
Gerchberg-Saxton. Fig. 8. Unfavorable constraint set shapes.
projections procedure may converge to a local minimum rather than to the true solution at
point

Y=2X;+(1-1)X, (0<4<1) @
is also in the set, where Y is called the convex combination of X1 and X5. In other
words a set is convex if for any two points in the set, the line segment joining the two
points is also in the set. One can see from Figure 8 that it is plausible that strong con-
vergence to the correct solution should occur in the event that all the constraint sets are

convex and this has been shown rigorously by Youla.33 It can also be shown3 that the
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Gerchberg-Saxton procedure converges weakly, i ¢ does not diverge, even if the sets are
not convex. This means that for nonconvex sets, the procedure may converge or it may
stagnate.

This leads us to consider whether or not the constraint sets we are interested in are
convex and we consider the following four cases:

Constraint Convex Argument
set=set of all ?
images with:
certain prescribed | Yes If prescribed components of X; and X, are zero, then (by
ixels=0 (support) (4)) those of every Y must be also, so the Y's are in the set.
given phases Yes Complex numbers with given phase lie on a radius vector of
the Argand plane, thence also their convex combinations.
given real parts Yes Complex numbers with given real part lie on an ordinate of
the Argand plane, thence also their convex combinations.
given amplitudes No Complex numbers with given amplitude lie on a circle in
the Argand plane but their convex combinations do not.

This explains why restoration from phase is easier than from amplitude and why neglect
of the intermodulation term is helpful (because then eq. (2) yields the real part of
F,(A(x'))). However, since the hologram constraint set is nonconvex, the convergence
of the algorithms we are using is not assured.

We have used the Gerchberg-Saxton and Fienup algorithms to seek solutions to the
twin-image problem of in-line x-,
ray holography taking the’
hologram in Figure S as an ex-§
ample. Our experience in:
applying the algorithms to both
experimental and model data is:§
as follows: :
1. The algorithms work best if

used in combination rathe;

than separately. Best results’
have been obtained by using "

a fixed number of iterations:

(10-100) of each algorithm |

in turn. .
2. Model objects that are"

sparse enough for in-line

holography to work (>80%
empty, say), reconstruct :
with essentially no error : . ' —

(Figure 9) and this remains Fig. 9. The model objects shown, in a (28um)? field, were

true even when realistic used to test the twin-image suppression algorithm. The

amounts of random noise reconstructed hologram' after N=1 iteration shows
“are added substantial twin-image corruption. After N=80 iterations

3. The number of iterations thei small objects has been recovered but thel large (6pm)
involved i b .. object and the smaller donut-shaped object are not
Involved in may be QUIe rocovered until N=2000 iterations.
large (>103) and features in
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the centers of the largest objects require more iterations to reach a solution than those
in smaller ones (see Figure 9). It appears that this is due to the diminished
effectiveness of the support constraint for features that scatter little energy into the
region governed by the constraint due to their distance from the support boundary.

4. For experimental data (when only the hologram is given) there are difficulties in de-
termining the best support boundary and in allowing for spatial variations in the in-
coming beam intensity. At the present time we refine the support boundary manu-
ally at least once during progress toward a solution and determine the beam intensity
from a quadratic surface determined by fitting in the open areas.

5. For the reasons that were discussed in 3. above the algorithm tends to stagnate (that
is it becomes trapped in a "tunnel”) for thousands of iterations for the largest objects
in our images which are blood cells about 7-8 pum wide. In spite of this we have ob-
tained a reasonable image (Figure 10) by brute force in the case at hand

8. Discussion and conclusion
The image shown in Figure 10 has many of
the characteristics of a successful x-ray-mi-
croscope image and in particular is almost
free of the oscillations due to the twin-image
effect that are so evident in the image
obtained from just a single backpropagation
(Figure 6). Nonetheless we do not yet regard
such images as ready for use in scientific
applications of x-ray holography, although
they certainly represent encouraging progress
toward that. Our studies continue on how to
improve the speed and accuracy of our
reconstruction procedures.

We believe that the use of cryo imaging
essentially solves the radiatjon-damage.pr.ob- Fig. 10. Reconstructed hologra (see
lem and opens the way to multiview  Fig. 5) with the twin-image suppression
tomography. This raises the intriguing  algorithm applied. The twin-image has
possibility that for a reasonably large been substantially reduced in the clear
number of views the twin-image signal may ~ regions but the algorithm has not
be automatically suppressed, as is found in converged for regions inside the objects.

certain types of electron holography.16
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