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ABSTRACT

Zone plate coded imaging (ZPCI) is a useful technique for
imaging x-ray and particle emissions from laser-produced plasmas,
Though past studies have developed a theory of ZPCI system para-
meters (e.g. resolution), image degradation has not been thoroughly
explored, and optimization has not been studied. This thesis is
the first treatment of image evaluation and optimization in ZPCI.
Both theoretical and experimental studies are performed.

The theoretical construct begins with a simple categorization
scheme for optical coded imaging systems. Equating ZPCI with a
multiple exposure holographic process permits easy analysis of the
reconstruction step. Image degradation is classified as either
deterministic (artifacts) or random (noise).

Nonlinear ZPCI is treated for both absorption and phase recon-
structions. The high diffraction efficiency and resolution of
phase reconstructions can be offset by deterministic image degra-
dation due to intermodulation effects. Ideally, it is possible
to compensate for intermodulation, but practical phenomena (such
as Fresnel diffraction in the recording step) tend to deter this.

The grain noise treatments of previous workers are extended
to account for reconstruction mask density effects and object
spatial frequency content, Noise is coupled to the image field
and peaks at low frequencies. Shot noise is treated briefly and
compared with grain noise,

The experiments performed are the first image evaluations in

the x-ray region, Linear ZPCI is shown to have better image fidelity
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than nonlinear ZPCI. The variation of artifacts with image size
is also demonstrated, Qualitative studies of grain noise verify
that phase reconstructions have higher SNR than absorption recon-
structions. The variation of SNR with object size is also shown.
Optimization is a compromise between SNR, resolution, and

nonlinearity; the images with highest SNR tend to suffer the most
deterministic degradation. Measurable figures of merit are

derived for determining image fidelity, and procedures are estab-

lished for successful ZPCI implementation and image assessment.
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CHAPTER 1

INTRODUCTION



Zone plate coded imaging (ZPCI) is an established method for
microscopy of x-ray and particle emissions from laser-produced plasmas.
However, no complete treatment of the ZPCI system has been performed,
and the result is that only qualitative data analysis has been used.
Indeed, there is still some debate concerning the validity of ZPCI
as an imaging system, This thesis focusses on the remaining problems
and presents a cohesive formulation of ZPCI.

Before an outline of the thesis is sketched, it is necessary to
briefly describe ZPCI. ZPCI is essentially a two-step process, In
the initial, or recording, step (Figure 1.1), the source of interest,
f(r), casts a shadow of a Fresnel zone plate (of transmission g(r'))
onto a suitable detector (usually photographic film). The recorded
shadowgram h(r") is a coded image of the source distribution in that
each radiating point (or very small volume) in the source will cast a
shadow of the zone plate onto the film; the position, size, and irra-
diance of any shadow are uniquely determined by the position and strength
of the source point casting that shadow, Hence, the coded image is
composed of many such zone plate shadows, effectively encoding a
three-dimensional source distribution into a two-dimensional shadow-
gram (or coded image).

In the second, or reconstruction, step, the processed shadowgram
(now a transparency) is transilluminated with a collimated laser (see
Figure 1.2). A Fresnel zone plate will focus a collimated laser to an
infinite set of axial foci; each zone plate shadow in the shadowgram
similarly focusses the laser to axial foci, in effect reconstructing
the source point that originally cast that zone plate shadow. Thus,

the x-ray or particle source is reconstructed, or decoded, as an axial
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set of visible light images (called image orders). The coded image
also transmits a d.c. background component, which can be removed
with a focussing lens and blocking filter, as shown in Figure 1.2.
In this case, the virtual image orders (corresponding to the virtual
foci of the Fresnel zone plate) are relayed by the lens into real
image space.

Critical to the success of ZPCI are several factors, First,
the Fresnel zone plate in the recording step must contain no structure
small enough to cause significant diffraction of the source
radiation, i.e. the shadow cast by any source point must be "sharp.*
Secondly, since the shadowgram reconstructs several image orders,
the various images must not interfere with each other, Finally,
the overlapping zone plate shadows in the coded image must not
mutually interfere; otherwise, loyal images are not produced.

A complete treatment of ZPCI entails exploration of three
areas. Fundamental system parameters, such as resolution, must
first be defined. Then image degradation mechanisms must be treated.
These mechanisms include both deterministic and random effects.
Finally, a thorough optimization exercise must be drafted, including
the definitions of figures of merit adequately describing the system
performance. The first area, i.e. the description of the system,
has been treated completely. Image degradation mechanisms have
been partially studied, and the area of optimization is virtually
untouched.

This dissertation constitutes the most complete examination

of ZPCI to date. The issues cited above are defined and explored,



enabling the user of ZPCI to establish confidence limits in any
situation. Chapter II is a complete theoretical treatment of
image degradation mechanisms in ZPCI. This treatment is founded
on the similarity between ZPCI and multiple exposure holography
(MEH), whereby the extensive work in holography simplifies the
analysis of noise and nonlinear processes in ZPCI. Chapter II
is an experimental investigation in which the concepts of Chapter
I are both confirmed and clarified. Chapter II contains the
first detailed experimental comparison of nonlinear and linear
ZPCI. It is also the only study performed in the x-ray region,
which is the spectral region of interest in ZPCI. Also, grain
noise is explored in Chapter I, and the effect of object size,
the importance of which is predicted in the theory, is illustrated.
Chapter IV is the prime contribution of the thesis. It is
a presentation of a procedure for optimizing ZPCI in practice.
The behavior of image degradation mechanisms is reviewed, and
simple design rules are established. Examples are presented to
illustrate the results of the study. Chapter Vv contains a brief

summary of the work and suggestions for future endeavors in ZPCI.



CHAPTER I

THEORY



2.1 Introduction

This chapter is a comprehensive treatment of the theoretical
aspects of ZPCI. Major contributions in the field are reviewed, and
new results are presented. This theory is a cohesive formulation that
will aid in the creation of rules for optimization of ZPCI.

The theme of this chapter is that ZPCI is but one of a host of
optical coded imaging systems, and fitting it into a general coded
imaging scheme pérmits the exploitation of its similarity with other
types of coded imaging. Following a brief discussion of general coded
imaging, the basic mathematical structure of ZPCI is introduced. Then
previous work in ZPCI is reviewed, and unsolved problems are identified.
An original theoretical formulation is then presented, beginning with
the establishment of an equivalence between ZPCI and multiple exposure
holography (MEH)., Deterministic image degradation is discussed in
detail, with attention given to phase and amplitude reconstructions
énd to the possibility of quantitative nonlinear imaging. Then noise
is treated, and results are obtained that contrast with previous workers'
assertions. Finally, information capacity is treated briefly as a

prelude to the chapter on optimization.

2,2 Coded Imaging

The expression coded imaging describes any imaging process in
which image formation is accomplished in a sequence of two or more
steps. In the initial, or encoding, step, information from the object
is modulated and detected. After appropriate processing of this coded
information, a decoding, or reconstruction, step is performed to obtain

the desired image. The nature of the steps depends upon the object.



The following is a brief outline of the factors that affect the
use of coded imaging. A classification of coded imaging systems is
presented, and examples clarify the organization., A short introduction
to information and noise poses questions which arise when coded imaging

is used.

2,2,1 Optical Coded Imaging Schemes

A desired image can usually be obtained with direct imaging methods.
Occasionally, however, conventional optics does not provide sufficient
information, while coded imaging does. A practical example is the
recent progress in inertial confinement fusion, which has necessitated
the microscopy of objects that emit high energy radiations; the failure
of reflective and refractive optical elements to adequately image
these emissions is the impetus for this work.

Once coded imaging is chosen, the radiation to be detected deter-
mines the recording step. If the object is not self-luminous, its
anticipated optical properties and the desired information must be
considered for adequate illumination to be provided. The coherence of
the detected radiation dictates the nature of the modulation; coherent
radiation can be interferometrically modulated, while incoherent radia-
tion is readily coded by shadowgraphy, or coded aperture recording.

The recording medium considered here is restricted to photographic
film and similar detectors because the reconstruction methods treated
will be opticél. The transmittance versus exposure (t-E) character of
the detector after processing is therefore important. Figure 2,1
illustrates the two recording methods.

The reconstruction is determired by the recording method. Much
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as encoding, decoding can be classified as incoherent or coherent (see
Figure 2.2); however, a coded imaging system need not encode and decode
with radiations of the same degree of coherence. Figure 2.3 is a chart
categorizing some coded imaging systems according to the combination of
encoding and decoding steps used for each, Some examples follow.
Example 1l: incoherent encoding / incoherent decoding
pinhole array coded aperture imaging
As depicted in Figure 2.1, the incoherent source radiation shadows a
random pinhole array onto film, The encoding process is described as:
f(r) = g(x') = h(x"),
where f(r) is the source emission distribution, g(r') is the mask
transparency function, and h(r") is the exposure distribution. The
reconstruction is formed by convolving h(r") with k(r''), as in figure
2,2, Proper choice of k will yield g(r') * k(r'") = 1., Then
v(r,) =h(r") = k(z'") = f(r).
This case is instructive because it is the only case of its type in
which the autocorrelation of the mask function is a delta function.
Thus, the encoding and decoding steps can use the same mask form,
Example 2: coherent recording / coherent reconstruction
holography
The radiation from the object and some reference wave interfere, and
a recording is made. Reconstruction is achieved by illuminating the
processed hologram with the reference wave, whereupon the object is
reconstructed,
|2

Recording: E = |R + O|2 = |R|2 + |O + R"0 + rO*

Film characteristic: t =YE

Reconstruction: I =&t =Ry([r|% + |0]%) + [r|%yo + r%y0*
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Here R and O are the reference and object wave amplitudes at the holo-
gram plane, E is the exposure in the recording step, t is the amplitude
transmittance after processing, Y is a constant, and I is the image wave.,
Note that the reconstruction contains a term proportional to the object
wave,
Example 3: incoherent recording / coherent reconstruction

multiple exposure holography
Many holograms are recorded successively on an emulsion. Each hologram
recording is linear in amplitude, but the addition of hologram recordings
is linear in intensity. Each hologram may have its own reference wave,
and a desired image can be reconstructed by illuminating the hologram
with the appropriate reference wave,
Recording: E i 2

=1z
i i
t = yE

E, =L |R, + O,

i i
Film response:
Reconstruction: I, =R.t =R.yl E,

i i i) i
th, .*

Subscript i denotes the i= hologram recording, Some algebra leads to
the result that Ri will reconstruct Oi' If all Ri are identical, all
Oi will be reconstructed simultaneously, just as in ZPCI.

It should be pointed out that the film characteristics have not
been considered in detail. Since film processing techniques can be
varied to increase the SNR of ZPCI, the issue of film response must be
addressed. This is the subject of Section 2.4.4. 1Image degradation
(both random and deterministic) must also be considered. The following
paragraphs briefly introduce noise and information.

The term noise refers to the random fluctuation of the signal in

an information channel, but it has always been subjected to a more

flexible interpretation, Deterministic image degradation in 2ZPCI due
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to recording system nonlinearity has often been termed noise, when in
fact it is information. Noise in optical systems, particularly holo-
graphy, is a difficult problem and as such has been treated in a crude
fashion. One of the goals of this theoretical treatment is to model
the noise properties of ZPCI.

Information capacity is related to noise. The information content
of an object can be defined as the product of the number of resolvable
elements in the object and the number of gray levels in an element,
The information capacity of an imaging system refers to the ability of
of the system to faithfully image the object. Factors that affect
information capacity include film resolution, f-number, and similar
quantities., Of importance in coded imaging is the nature of the en-
coding step, which imposes inherent limitations on the information
capacity. Further discussion of information and noise requires a more

thorough treatment of ZPCI, which now proceeds.

2,2,2 Zone Plate Coded Imaging

What follows is a sketch of the relevant mathematical details of
ZPCI. Figqure 2.4 illustrates the ZPCI recording sﬁep. The object,
with emission distribution %(5), casts a shadow of the zone plate of

transmittance g(r') onto film. The film exposure h(r") is related to

f(r) and g(r') by the expression

h(r") = L [ &%z £(x) glar" + br), [2.1]

41r(sl + 52)

where r' = ar" + br, and a, b, Sqs and s, are shown in Figure 2.4.

The transmission function for a Fresnel zone plate with inner zone

radius r,, total zone number n, and total radius r is given by
1 n’
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gz ={3-51 2 exp[ iz (£')2] beire (5 [2.2]
M= rl n
odd
= {2 + 3(x"} cire(3)
2 - r, '

Since the recording is a shadowgram, the zone plate must contain no
structure small enough to cause significant diffraction of the object
radiation. Further, for imaging to be practical, the object area must
be much smaller than the zone plate area.

The exposure is a convolution of the object emission distribution
and the coded aperture transmission function. Typically, the film
response is complicated, especially for soft x-rays (energies of 1-8 kev).
For reasons which will become clear, the film should respond such that
ta(£"), the amplitude transmittance after processing, is linearly
related to h(r").

Reconstruction can be accomplished in several ways, one of which
has widespread acceptance (see Figure 2.5). The processed coded image,
with amplitude transmittance ta(£"), is transilluminated by a collimated
laser, and the Fresnel diffraction pattern is viewed downstream., The
d.c, component of the Fresnel pattern is undesirable, so it is elimi-
nated by placing a lens and blocking filter after the coded image.

The Fresnel pattern is symmetrical about the plane of the coded image,
with real and virtual orders; by means of the lens and filter, the
virtual orders can be viewed without the prescence of the d.c. light,
thereby acquiring improved contrast. The expression for the Fresnel

pattern (without relay lens and blocking filter) is

exp [21rid]
________A___,_ 2 " 1]} i'l ”n 2
u(r,) = 3 [ a’c ta(_r_)exp[xd (5_2-5)] , [2.3]
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where u(r,) is the reconstruction field, d is the distance into the
field from the coded image, and A is the wavelength of the laser used
for reconstruction, |

Equation [2,3] can be modified to account for the relay lens and
filter, but the change is unimportant for present purposes, so it is
omitted, For special values of 4, the field assumes the form of a
deconvolution of h(r") with amplitude proportional to the original
object distribution f(r). Since the coded image is a Fresnel transform
of the object while the image field is a Fresnel transform of the
coded image, matching the scales of the two transforms results in
the proper reconstruction of the object.

If ta(£") is linearly related to h(r"), the imaging process is
*loyal." However, in many practical situations, ta vs h is nonlinear;
the effect of the nonlinearity is to introduce artifacts in the recon-
struction field, but these artifacts are ordinarily small. 1In any
event, the quantities that can be linearly related are the object
distribution f(r) and the image field u(£2). Wwhat is measured is
Iu(£2)|2, and thus ZPCI cannot be considered linear in even the
strictest casej; the image irradiance must usually be considered as

only a relative indicator of f(r). This fact is discussed later.

2,3 Previous Theories

This section is a review of previous studies of ZPCI. Four
groups have made contributions to the field, and the contributions
have been fairly exclusive in focus. This disconnection might explain
the fact that the optical reconstruction has not been thoroughly

explored, resulting in inadequate investigation of image degradation.
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Following a review of previous work, the limitations of that work will

be discussed, and questions will arise which require attention,

2.3.1 Review of Significant Results
ZPCI was first suggested for use :in x-ray astronomy.(l) However,

it lay dormant until Barrett and his colleagues applied it to nuclear

.. 2=5 . . .
med1c1ne.( ) Barrett's contributions include the use of transform

(3,3)

theory to analyze the image code, off-axis zone plate theory

(2) ()

the treatment of shot noise,

(4)

(spatial heterodyning), and the
use of ZPCI for gamma ray imaging in nuclear medicine.
Barrett pointed out that coded imaging is closely related to the
transform properties of zone plates, He introduced the concept of
bandwidth to describe the efficiency of the encoding process., The
realization that there are low and high spatial frequency cutoffs for
every Fourier component of a zone plate transmission function enabled
Barrett to propose matched imaging, a method employing half-tone
screens to spatially heterodyne the object spectrum and match it to
the response bandwidth of the coded aperture. Thus, Barrett could
image large objects, such as those of interest in nuclear medicine,
Several papers on coded imaging have originated at 1l'Institute
d'Optique in Orsay, the principle investigators being Fonroget and

Brunol.(e-g)

With interest initially in nuclear medicine, they have
recently used annular apertures for microscopy of laser-produced
plasmas. Because of their interest in generalized coded aperture
imaging, they have used digital reconstructions, Their theory has

focussed on associating an MTF with any coded imaging system, and

they assert that annular aperture- codes are superior to zone plates:
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The advantages of digital deconvolution are that quantitative
information about object emissions and freedom from image degradation
are possible. Digital reconstructions have been employed by several
workers, notably Fenimore and Cannon,(lo) who use uniformly redundant
arrays because of the uniformity of the sidelobes in the autocorrela-
tion function (recall Example 1, Section 2,2,1),

The description of ZPCI as a linear system is proper if the
incoherent (autocorrelation) method of reconstruction is used., Due to
practical difficulties, this is sparingly used. 1In addition, the
transfer function derived for ZPCI by the French workers appears to be
in conflict with that obtained by Ceglio.(ll) This difference will be
discussed later.

The principal contributor to ZPCI is Ceglio.(ll‘14)

His is the
definitive work on the deterministic theory of ZPCI. He performed a
cursory study of reconstruction artifacts due to recording nonlinearity.
Also, he applied ZPCI to microscopy of laser-produced plasmas.

Ceglio pointed out that, in the ideal case, linearity in ZPCI
(with coherent reconstruction) exists between object emittance and
image field amplitude. Because only image irradiance can be measured,
ZPCI is not a linear system, but its transfer properties are still
important. Ceglio showed that a system impulse response function can
be derived for the primary order image. He also derived and evaluated
a "coherent transfer function" for linear ZPCI, with which he showed
the system frequency response to be effectively flat from d.c. out
to some cutoff value,

Ceglio found that the effect of nonlinear recording is the intro-

duction of artifacts in the reconstructions. For the absorption case,
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he indicated the general trends of artifact contributions, such as
dependence upon reconstruction order and object size, Ceglio concluded
that artifact contributions are small enough to be insignificant in the
primary image, He also expanded slightly on Barrett's shot noise analy-
sis, with essentially identical results.

(15,16)

The work of Gur stands as a complement to the work of

Ceglio, Gur's primary contribution was to investigate high order
reconstructions with their attendant increase in spatial resolution,
Perhaps as important was his identification of speckle due to grain
noise as a major image degradation mechanism. Gur also applied coher-
ence theory to the recording step, illustrating some points which are
put to use in this current work,

Spatial resolution is enhanced with increasing order number since
the effective f-number of the system is inversely proportional to order
number. The increase in the number of resolution elements and the
decrease in available reconstruction flux at high orders result in a
commensurate decrease in SNR, The noise in ZPCI is due mainly to
speckle from grain noise in the reconstruction mask. Though Gur identi-
fied the origin of the noise, he did not study it completely.

Strictly speaking, the recording process is not described by ray
optics, and Gur's treatment of the propagation of the mutual intensity
through the system shows this., From this treatment, Gur concluded
that the recorded zones do not have "Sharp" edges, but instead have

altered profiles which affect the flux distribution in reconstruction,

2,3.2 Limitations of Previou$ Theories

Phere are two topics in ZPCI which have received insufficient
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treatment: information capacity/image degradation and system optimi-
zation., Any treatment of information capacity must account for the
properties of detectors, such as noise and sensitivity, as well as
inherent system resolution due to diffraction phenomena. Neither éhot
noise nor grain noise has been adequately studied. The image degrada-
tion due to recording nonlinearities is deterministic and hence is not
noise. Artifacts can in principle provide information about the object;
this aspect of ZPCI is unexplored.

Despite all that is written about ZPCI, design rules have not been
devised, probably because of the disagreement among the various authors

(5

about the fidelity of the process. Barrett and Horrigan, ) Fonroget,

(6,7) and Ceglio(ll) have all calculated functions related to

et, al.,
the transfer properties of ZPCI, and the three groups appear to obtain
different answers, Ceglio's calculation of the first order coherent
transfer function indicates an essentially flat frequency response
from d.c. to the cutoff value, while Fonroget, et. al., calculate an
MTF for the first order system which, they assert, is poor. 1In fact,
an MTF cannot be associated with ZPCI since the system is not linear
in the incoherent quantities. Further, Fonroget's calculation is
based on a zone plate with ten zones, while Ceglio points out that

the zone plate should have at least 100 zones to have a high quality
transfer function. The debate will undoubtedly continue,

Existing theories must be extended to optimize ZPCI. Questions
remaining to be answered include: Can reconstruction efficiency be
increased? What zone plate is best in a given situation? What is
noise, what is nonlinearity, and how do they affect a practical system?

These questions provide the motivation for this work.
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2.4 New Theory

The purpose of this section is the development of a theory which
can be used to optimize ZPCI. The result of the theory should be the
derivation of some figure(s) of merit indicating the fidelity of ZPCI
in any situation, Consequently, an accurate treatment of image deéra—
dation should receive priority.

The theory proceeds as follows. The equivalence of ZPCI and
multiple exposure holography (MEH) is established. This exercise
consists of two parts, (1) the equating of the coded image of a point
object and some single exposure hologram, and (2) the extension of the
equivalence to coded images of extended objects and multiple exposure
holograms. This equivalence yields a closed form expression which is
applicable to the study of nonlinear imaging and permits the investi-
gation of noise by extension of the results of noise studies in holo-
graphy.

The investigation of nonlinear imaging is preceeded by an analysis
of "linear" imaging, in which it is shown that linear imaging is not
always loyal. The study of nonlinearity is broader than previous work
in that it accounts for both amplitude and phase modulation properties
of the reconstruction mask, Also, artifacts are treated as information
rather than noise, and it is shown that, in practice, nonlinear ZPCI
presents problems which warrant further treatment.

Noise is investigated in detail, and the results depart from those
of other workers. It is shown that the noise is concentrated at the
image, presenting serious problems unless proper care is taken when
using ZPCI. The decrease “‘n SNR with increase in object size is also

explained.
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2.,4.1 Hologram Equivalent to the Coded Image of a Point Object

In order to establish an equivalence between the coded image of
a point object and some hologram, a hologram with the same exposure
distribution as the coded image must be found. With this equivalence
established, any coded image may be considered to be equivalent to
some multiple exposure hologram, and the reconstructed image field is
easily investigated.

Recall the recording equation for ZPCI:

h(x") = 1 é ff d2£ f(r) g(ar" + br). [2.11

4Tf(s1 + 52)

The coded image for a point object can be obtained by substituting

f(xr) = a; S(x - R,), where R, is the location of the point object.
!
Then h(r") = 5 g(ar" + pgl) [2.4]
4Tr(s1 + 52)

is a magnified version (i.e, a point projection) of the zone plate,
b , , . \
centered at r" = --; 51 with a size of 1/a times the size of the zone

plate. When the expression for g is expanded using [2.2], eq. [2.4]

becomes
a w© .
h(£") = 1 { l - .l_ l exp _M (arn + bﬁ )2 }
2 2 Ti m 2 - 1
4ﬂ(sl + 52) m=-— rl
odd
=ac {1+ 3arm + 1w} [2,5]

10" 2 = -1 ! *
where C_ = 1 5 and g(r") =-% z }-exp[-llzrn|£'|2] .

4Tr(s1 + 52) m—w ry

odd

Several authors have discussed the similarity between zone plates
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and holograms, and calculations have been made of the amplitudes of

. (17-25)
reference and subject waves. However, none calculated the
hologram reference and subject amplitude distributions that interfere

(23) came close to the correct

to form a true Fresnel zone plate. Horman
answer but did not succeed because he made an incorrect assumption’
about hologram formation,
The exposure in hologram formation is
2 2 * *
4+ 1A 4+ ATA_ + 2.6
| |s| r*s * Al o ( ]

2
B, = [AR + AS| = |AR
where AR is the amplitude of the reference wave at the hologram, and
AS is the subject wave amplitude. Since [2.5] contains a series, [2.6)
must also contain a series in order to be equated to [2.5]. But if

both AR and A_ contain a series, the products of terms in eq. [2.6]

S
will produce cross terms that might complicate the equivalence analysis.
Now, consider g(r*):

Sz =2  (real)
and |§(£')|2 = % (a constant),

Choosing AR as a constant and AS as a constant multiplied by g will

yield a hologram with the Rroper EH' Specifically,
2 2 2 * *
= = +
EH |AHI lAR| (ASI + ARAS + ARAS
2 2 -
= + + .
|AR| IASI constant g.
A b 1
o iTm " 2
Let AS = -1 z o exp [—1r (ar" + bBl) ] .
m=a. o rl
odd
_ 1 1 1 2
Then E = alco{ 5-77 L I exp [ 3 (ar" + IR,) ] | [2.6]
e rl
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A2 a

Thus, |AR| 2. —43

Valco

2

C
1l 0 .

2A A = . i S-
S and AR o alCo These equations are sati

fied if AR = and AO = Valco. More explicitly,

ZAR ® .
- R 1 irm " 2
AS -3 2 p exp [ > (ar" + bgl) ].
m==— rl
odd

The amplitude at the hologram plane is

|

1 1 1 i 2
A=A +A =v’ac0{5-—.z HexP[lem(aﬁ""'bil)] b,
/a.C
o]
2

propagating along the normal to the hologram plane and a subject wave

which is just the interference of a plane wave of amplitude

given by the series AS. The locations of the point sources that
create the subject wave correspond to the real and virtual foci of

the Fresnel zone plate of primary focal length ri/ak centered at

" = - § R, The relative strength of the mE-rl order point source,

with the first order strength normalized to unity, is Am = %. Figure
2,6 is a schematic diagram of the layout of the hologram, which will

be called the single exposure equivalent hologram (SEEH).

A point of interest about the SEEH is that the linear reconstruc=-
tion yields both the subject and reference waves, but the conjugate
waves are identical to the original ones, so the conjugate reconstruc-
tion is '"loyal." Another point is that in this short analysis, certain
high order phase effects have been ignored, but it is easy to show that
they are not significant, Further, in reality, the recording has

limited lateral extent due to the finite zone plate size. This can be

included in a circ[(x" + g 51)/(rn/a)] factor in eq, [2.6]. The circ
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factor results in the reconstruction of a point source being an Airy

disk rather than a true point,

2.4,2 Generalized Multiple Exposure Hologram Analysis

The SEEH analysis can be generalized to account for extended
objects. This amounts to finding a multiple exposure hologram equiva-
lent to the zone plate coded image of an arbitrary source. For sim-
plicity, only planar sources will be considered. An extended source
can be described as:

f(r) = ) a, 8(r - R.). [2.7]
= §3 =0

The aj can be constrained to lie between 0 and 1 without loss of

generality. The exposure for the shadowgram of f(r) is

a.
h(r") = z J 5 glar" + IR.). [2.8]
j 4m(s; + s, J

Note that with 0 £ aj i,am , the exposure due to any source point

ax
will have a value between 0O and a /[4r (s, + s )2]. This can be
max 1 2
incorporated into the multiple exposure hologram that has the exposure
i W wien ald) (3) th .
equivalent to h(x"). With AR and AS the j— reference and subject
wave amplitudes at the hologram plane, the exposure at the hologram

plane can be written:

- _ (3) (3) 2
EH—ZEj ZlAR +AS|
J J
- 1_1 ¢ 1 mo 21]2
3 M= rl
odd

The exposure for the jEE hologram is a binary distribution that varies

between 0 and Coaj’ and the total exposure varies between 0 and X Coaj'
3
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I/C a . w© .
Let ¢, = —=2 and glar" + bR.) = = —L- z 1 exp I3 (ar" + bR.)2 .
;7T S "5 L m 2 (et vy
odd 1
- 2 2 -
Then E = ) |c. + 2c.3.1° = ¥ 2¢7 (1 + 23.), [2.10]
N 373 27 j

where §j = §(a£" + qzj).

Equation [2,10] is the hologram exposure equivalent to the ZPCI
exposure produced by the source distribution in eg. [2.7]. Again, each
Ej in eq. [2.10] must be multiplied by a circ function that accounts for
the finite extent of the zone plate. The hologram equivalent to the
coded image of a multi-point object will be called MEEH, for multiple
exposure equivalent hologram.

Coupling the exposure (either eq. [2.8] or [2.10]) with the response
of the recording medium reveals the image field just as in holography.
Also, noise studies in holography can be adapted to the analysis of
noise in ZPCI. The remainder of this chapter concentrates on the

exploitation of the established equivalence.

2.4.3 Linear ZPCI

The next few paragraphs illustrate the application of the MEEH
analysis to "lineaxr' ZPCI. The analysis shows that, even for the linear
case, it is possible to obtain images that are not faithful reconstruc-
tions of the object. This infidelity can be related to the coherence
properties of the reconstruction process.

Linear ZPCI is defined as the case in which the coded image ex-
hibits linearity between recording exposure and reconstruction ampli=-

tude transmittance (as pointed out earlier, ZPCI is never linear; only

t~E is). Thus the coded image amplitude transmittance is given by
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£ (x™) =y ) 2c% (1 + 23.), [2.11]
a-= 5 j

where Y is a normalization constant defined such that 0 < ta'i 1.
Clearly, Y = l/z 4C§. The reconstruction is accomplished mathemati;
cally by multipiying ta(Eﬁ) by the original reference wave, which is
a constant. Eg. [2.11] defines the field just after the coded image
in fig. 2.5; the field contains the original recording information
and is thus a faithful reconstruction of the object.

There are two important points here. First, for many types of
radiation, the amplitude transmittance of a film after processing is
not proportional to the exposure. For example, for x-rays, optical
density is usually found to be linear with exposure.(ze-za) Secondly,
the field is not measurable; the irradiance is. Hence, the coherent
nature of the decoding process can affect the image.

Consider the coded image of two point sources which are separated
by the lateral resoclution distance of the zone plate system in use.
The reconstruction of this coded image will be a double peaked irra-
diance distribution, but the distance between the peaks will not be
the same as the true (magnified) distance between the two original
points. This image shifting property of ZPCI is independent of the
recording linearity; it is due to the fact that the image is £he
absolute square of the sum of the complex amplitudes corresponding to
the two separate point sources rather than the sum of the separate
‘irradiances. This property of coherent imaging systems is illustrated
in reference 29,

The two-point object is not the only case in which coherent effects
cause image distortion., An edge will be shifted from its actual posi-

tion in ZPCI. Edge shift in coherent optical systems is well known.(zg)
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2.,4.4 Survey of Recording Step Detectors
The principal application of ZPCI is microscopy of x-ray and

d-particle emissions from laser-produced plasmas.(13’48)

The recording
medium and its response to the radiation depend not only on the radia-
tion but on the processing steps prior to reconstructién. Hence, a
discussion of the various detection/processing scenarios is in order.
Traditionally in photography, the response of film to radiation
is described by the relationship between exposure (E) and post-developed
optical density (D). Holographers prefer to work with the t-E curve
outlined earlier because of the coherent nature of laser light, For
the same reason, the t-E curve is the important quantity in 2ZPCI., D
and t are related by the eguation t = exp[-1.15 D].
The x-ray response of silver halide emulsions depends upon the

energy of the photons_(26-28,30)

For soft x-rays, film sensitivity
can vary by a factor of ten over a fairly small energy range (1-8 kev),
Figure 2,7 illustrates the ta-E curve for two films at a photon energy
of 4.95 kev, The No Screen film exhibits D-E linearity at 4.95 kev for
D < 1.41, adequate density for ZPCI., Thus, ta = exp(-0E) for No Screen
at 4.95 kev, Recall, though, that @ varies with photon energy. The
RAR 2490 film in Figure 2,7 cannot be described by an operating curve
for soft x-rays. An emperical function describing the film's response
in the 0.5 - 8,0 kev region is:

D = 10910{1 + antilog, [[A(e) log, E + B(e)1}, [2.12]
where A(€) and B(e) are energy-dependent parameters, Because of its
low grain density, RAR 2490 film is not able to stop x-rays more

energetic than about 8 kev.

The hard x-ray response ( > 8 kev) of films is fairly simple:
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ta = to exp[~-1.15 OE], [2.13]

where ¢ is a slowly varying function of energy (¢ varies by a factor
of ten between 8 kev and 100 kev). Eq. [2.13] was used by Ceglio(ll)
in his nonlinearity studies. Both equations presented above imply a
nonlinear t-E behavior. However, the spectrum of recorded x-rays in
laser fusion is never mono-energetic, and the film can be expected to
exhibit a response that varies with the spectrum. This does not exclude
even a linear t-E response, evidence for which will be presented in

the experimental section.

The a-particles in laser fusion studies have energies in the range
of 3-4 MevV and can be recorded with track detectors, such as cellulose
nitrate, Damage sites in the molecular structure of a detector are
produced along the path of a particle travelling through the medium.
Subsequent immersion of the medium in an etchant (typically an alkyline
solution) results in an etch rate along the particle path significantly
greater than the (bulk) etch rate of the undamaged medium. If the
detector is thin enough, this "development"™ process can produce holes
through the medium coincident with the particle paths.

A coded image recorded on a track detector may be contact-copied
onto a photographic film, This requires thin, opaque track detectors
so that only holes etched through the medium will pass light during
copying., Cellulose nitrate absorbs green light and thus can be copied
with it, Other detectors, such as CR-39 (a polycarbonate), are clear;
a way to copy such detectors would be to flash a thin metal coating
(e.g. aluminum) onto the surface before copying, thereby producing
holes in an opaque medium,

Copying the coded image permits versatile film processing. The
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light flux passing through the medium is proportional to the recorded
particle flux. Using visible light in copying allows control of
linearity, just as in holography. The t-E curve for visible light
usually exhibits a strong quadratic nonlinearity along with a much
weaker cubic contribution., A polynomial approximation to the t-E

curve for XKodak 649-F holographic plate is'-Y!

£ = 0.92 = 0,575 « 1075 E = 0,137 « 1070 E® + 0.735 » 107° &3, [2.14]
where E is in units of microjoules per square centimeter.

Whatever the method of detection, silver grain emulsion is gener-
ally used as the reconstruction mask. The diffraction efficiency of
the mask can be increased by bleaching the emulsion as is done in
holography. Bleaching converts the optically dense silver to trans-

(38)

parent silver halide. Chang and George used the Lorentz-Lorenz

equation to calculate the dielectric constant € of an emulsion of tiny

silver halide particles of dielectric constant €, embedded in a gelatin

2

of dielectric constant 61 with volumetric fill fraction f:

3fel
E = El + c + 25 [2~15]
2 1
e -6, f
2 1

Lamberts(37)

showed that there exists a reasonably linear relationship
between prebleached optical density and post-bleached optical path
length for emulsions in which the exposure is not extremely high and

the emulsion thickness is constant. It is thus reasonable to expect

a linear relationship between exposure and post-bleached optical path
for bleached hard x-ray coded images., The complex transmittance is then
tp(g") = to expliYE(x") ], [2.16]

where t0 is a constant less than or equal to unity.
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This short survey has not fully addressed the behavior of films,
but it has introduced the relevant t-E response functions. Other

aspects of film response are explored as the need arises.

2.4.5 Nonlinear ZPCI
The results of Section 2.4.4 imply the need for a study of non-

linear ZPCI. As already mentioned, Ceglio(ll)

analyzed the first-order
image in nonlinear ZPCI and concluded that source emission contours

are preserved in the image. However, his analysis is incomplete. A
thorough study of nonlinear ZPCI must analyze all nonlinearities and
images.

The treatment here proceeds as follows. The responses of two
important detectors are analyzed, and the magnitude of any artifact is
easily found. It is shown that even-order artifacts provide infor-
mation about odd-order image fidelity, making quantitative nonlinear
ZPC1 possible in principle. However, a realistic parametric descrip-
tion is not precise, and a section is devoted to a discussion of
the practical aspects of ZPCI, especially Fresnel diffraction in the

recording step. The results of this study serve as groundwork for

much of the chapter on optimization.

2.4.5.1 Absorption Reconstructions

Absorption reconstruction masks are produced by two methods,
(1) processing of direct x-ray recordings and (2) processing visible
light copies of track detector recordings. Equations [2.13] and [2.14]
are therefore important. Equation [2,13] is the more complex of the
two, so analysis of it will jillustrate the general procedure:

t, =t/ exp(-1.150E). [2.13]
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Recall the ZPCI exposure for a multi-point object:

2

E=22C2j(l+2§j)=z4cj

G+ 350, [2.10]
J
J J

A general expression for the t-E relationship (assuming a chacter-

istic curve can be applied here) can be written

[+ <]

ez = 1 ol ac?

1, =)k
(5 + g.)] [2.17]
k=0 5 932 77

where the ak are expansion coefficients. If t-E is of the same form

as eqg. [2.13], then
k
- ('1-150)
C!k - k! 9
where D = OE. For example, for E in photons per square micron, at
8 keV energy No Screen film exhibits 0 equal to about one density

unit per photon per square micron., Equation [2.17] becomes

k k
{-1.150) 2 1, -
Ry z 4Cj ( 3 + g.)| .

J

t (") = ) 3

k=0
In order to expand the sum over j, it is necessary to assume that
the object has a definite number of points, say N, Employing the

multinomial expansion formula yields

ky .k k
o E 1E 2.-0E N
£ () = ] (-1.150)F § 12 N

1] | T 1] ’
k=0 k, S RIRLERRLN

[2.18]

where Ej = 4c§[-% + a(qg" + pgj)] and the sum denoted by z
j

is taken over all nonnegative integers k k ceey kN for which

1! 2!

kl + k2 + e 4 kN = k, Egq. [2.18] is the generalized nonlinear t-E
equation for D-E linearity. Ej is the j—t-E point-exposure ,

Equation [2,18] is easily analyzed. Note that z can be studied
J
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Q0

for one value of k at a time, i.e, z can be studied term by term.
For a given k, K has N terms, N of which are of the form (Ej) /kl.
ook k 2k 1 . =

- - k
Now, since ( % + gj) = % + gj, then Ej =4 Cj ( 5 + gj). [2.19]

Thus, a nonlinearity will generate some terms which are image terms.

The d.c. term in eq. [2.18] is

tlg o =1 [2.20a]
The linear (image) term is
)
t = =1.150 E
k= -
1 521 J
N
=460 c? (143, [2.20b]
521 3 2 3

Since for each value of k, there are N image terms, these terms can

be incorporated into the primary transmittance expression:

[2.20¢]

ST
+
Qt

primary

A fraction of about Nl-k

of the amplitude in the kEE order nonlinearity
is image contribution, which is divided between the (equivalent)
reference and object waves derived in the equivalent hologram analysis.
Most of the image flux is due to the linear transmittance term because
the coefficients in the series for ta(gﬁ) decrease quickly for large
k (for linear D vs E).

Artifact contributions arise from all terms in [2.18] that are
not in eqg. [2.20], Some points of interest, outlined by Ceglio, are:
(1) Artifacts with an even number of the (Ej)kj as factors will focus

into the even orders and in principle will not hinder the images

(which fall in odd orders). Ceglio calls these "even point correlations,*



38

(2) All artifacts have coefficients reduced by the k-exponent and
the factorials in eq. [2.18]., Hence, even the odd-point correlations,
which focus in odd orders, are reduced in importance relative to
their primary image counterparts.
(3) Wwhen artifacts arise, phase effects occur which can degrade the
image., Ceglio states that phase effects will be a defocussed back-
ground contribution, but this is not so for multi-point correlations
in which artifacts can focus in image orders.
(4) The strength of artifacts is dependent upon the amount of overlap
of the contributing zone plates. [However, if the object size in ZPCI
is restricted to be small compared with the zone plate, and a substan-
tial number of zones is assumed, say 25, then the overlap area of a
two-point moire is about half the open area of the zone plate. This
approximation is correct for all k. Hence, for small objects, the
degree of nonlinearity in the recording is the factor that determines
the strength of the moire effects.]

High order artifacts have amplitude transmittance contributions

that decrease in a way elucidated by rewriting eq. [2.18] as

ta(En) = z {(<1.150) z S
k=0 k. 1° 72° N*
J
1ok (1,5, 0 (L,g k
(F+3) 1 (5+3g,)72 (5+g) V. [2.18a]

‘Eq. [2.18a] indicates that for a high order artifact, the product of
the kj's can be less than k, so the factorial does not always decrease
an artifact more than its image counterpart. However, the coefficient

will decrease because of the Cj's.
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Ceglio intended to show that artifacts are greatly reduced in
importance relative to the first order image. However, he neglected
several factors. Imperfect shadowcasting in the recording step
causes each Ej(gﬁ) to contain even as well as odd-order coefficients.
Thus, even-point correlations can focus in odd orders and degrade
images (see Section 2,4,5.4). Also, sharp contours in the object
can produce strong artifacts (Section 2.4.5.3). Finally, the strongest
artifact is the linear grating produced by the overlap of two zone
plates.(32-34) It affects all orders because it diffracts light out
of the image wave. Figures 2.8 and 2.9 show the moire patterns for
two overlapping zone plates at different separations.

The linear grating can be traced to the cross terms in the
summation over the kj in equation [2.18a}. Consider the two-point
object given by f(r) = §(x - Ry) + $(r - R,). Equation [2.18a] will
have the form

,:Z:_j exp 1—2 (ar'" + bﬂl)z} mz_j exp [ﬂr'? (ar™ + b52>2 .

odd odd
The dominant terms in this'Lcross-sum" are those in which m and n
are small, say 11, and for which the artifacts strongly affect the
region of interest in the Fresnel field. For moire zone plates, the

focal distance is given by

r2

- _ 1
moire- dM e S [2.,21a]
Aa (m + n)

while for the real images the focal distance is

r2
1 -
a_ = 5 s [2.21b]

I Aap




Figure 2,8 Moire Pattern of Two Closely Spaced
Overlapping Zone Plates

Figure 2.9 Moire Pattern of Two Overlapping Zone Plates
with Large Separation

40
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where p is the reconstructed image order. Since m, n, and p are all
odd, then dM # dI, and the interference of moire artifacts with
images should be minimal. Consider, however, the case for which

m = -n: here, dM =x, and the artifact does not focus. Then, for

52 = -51 (this is for simplicity, but generality is not lost), the

terms of interest are

1 imm o 2 1 -imm ' 2
m S*P [—;3 (ar™ + IR,) ] (-m) °°F [ (ar' - IR
1

= -m—12 exp [_______4i1:;1ab _{"-51] . [2.22]
1l

For a given m, equation [2.22] represents a linear grating with
grating vector parallel to the line joining the two object points
and having period L = ri/(4a2le). If m = 1, the grating is quite
strong relative to the other moire effects and will degrade all
images because it acts to diffract light out of the image wave. If
the grating is a factor in a third-order nonlinearity (i.e. equation
[2.22] would be multiplied by an Ej in [2.18]), it causes the con-
struction of an "image" laterally shifted relative to the actual image.
This effect is illustrated in Figure 2.10; only the image wave and the
first nonlineariy diffracted orders are shown (i.e., m = 1), The

shift of these '"moire image waves' from the real image wave is given by

m
x =22, [2.23]

where x is the displacement, z is the axial distance into the Fresnel
field from the mask, L is the moire grating period, and A is the

reconstruction wavelength.
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The third-order nonlinear artifact contribution just mentioned
will be reduced in importance relative to the real image because of
the Cj's in equation [2.18]. Second order artifacts are stronger,
but their importance must be measureable on the reconstruction bench
if deterministic degradation is to be completely characterized. This
topic 1is discussed in detail in Chapters II and 1V, and methods for
determining artifact importance are presented.

Only the moire effects for a two-point object have been discussed.
For a multi-point object, the moire effects will compete for the
available reconstruction flux just as the various point coded images
will, Hence, diffraction efficiency into any one artifact point or
displacement will vary strongly with object size. This topic is

discussed in Section 2.4.5.3.

2.4.5.2 Phase Reconstructions

One of the drawbacks of ZPCI is the low diffraction efficiency
of the Fresnel zone plate, which focusses only 10% of the flux from
a collimated laser into the first order. The remaining flux is
focussed in other real orders, diverged (as from virtual foci), or
just passed through the system as d.c, flux., One way to increase
diffraction efficiency is to convert the zone plate from an amplitude
to a phase modulation device. Phase zone plates can be four times
as efficient in focal irradiance as absorption zone plates. A coded
image that is bleached (henceforth called a phase coded image) can
be expected to have brighter images that an unbleached one, just as

in holography.

Bleached holograms suffer from what is known as phase noise,(35)
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which is nonlinearity for phase transmittance. Phase noise is due

to the self-interference of the object wave in the nonlinear terms

of the t-E

film function., Consider a hologram exposed as follows:

E(x) = |UR(x) + UO(X)|2, [2.24]

where E(Xx), UR(x), and Uo(x) are the hologram plane values of the

total exposure and complex reference and object amplitudes, respec-

tively, Assume the hologram is processed such that t(x) = exp[iYE(x)],

where Y is

a proportionality constant. Expanding the exponential

and grouping terms yields

t(x) =1+

-,

d.c.

™~

image

order ™S

388 2
order ~,

. 2 2
iy (|U0| + |UR| )

1.2 2 2,2 2 2
375 (Wl + Jo 19 + 2]u | € o |?)

%iy3{{luol2 + ]UR|2}3 + 6!Uo|4 |UR|2 + 6|UO|2 IUR|4 +e0d
ot (i = ¥2lugl? = v?lu l® = 3 ¥3Nugl? logl? + «o)
e g L e LA R R L R I Ly
e e N ARG

S R LG Y

%Y3 Yo U;3 T

_éY3 U(*)3UR3 4 oees [2.25]

: . . 2
Note that the first order images contain terms that have iUO| as

a factor; the object structure will affect the image fidelity. A

point object cannot suffer from phase noise. The SNR,

(36) to second
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. 2 X . .
order (neglecting IURI )y for the primary image is

Y(i - |UR|2) i
SNR = = i +
-v?u | lu | %
(0] (6]

< =

where <+++> denotes spatial average and K is the beam balance ratio.

2 2
Call E = IURI + < |UO| > the total average exposure. Then

[2.26]

n
G
1}
+
<=

SNR increases with beam balance ratio K, but diffraction efficiency
is high when K is small. Hence, phase holograms suffer intrinsicly
from noise.

According to definitions already established, the phase noise is
not noise at all, but rather deterministic image degradation. This
self-interference or intermodulation phenomenon occurs in all holograms
for which t vs E is nonlinear. Thus, the gain in diffraction
efficiency afforded by bleaching may be accompanied by a decrease in
image fidelity.

The preceeding statements can be extended to account for the case
of ZzPCI. The treatment proéeeds as follows. The SEEH with t-E given
by equation [2.16] is analyzed and shown to suffer no intermodulation
distortion for certain cases. The extension to the MEEH provides a
comparison with the generalized nonlinear absorption coded image and
. serves to further punctuate the concept of deterministic image degra-
dation.,

Consider the case for which E(r") is the SEEH. Then

tp(_g") toexp(ip) = t_exp(iYE)

2
1

"

texpl2iycy (1 + 251)]. [2.27]
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The optimum diffraction efficiency occurs for ¢ having a minimum

value of zero and maximum of T, Since E = 4C 2
max 1
For C1 = %, Y =7, and

, then ¥ = "/4C£{

- im -
tp = toexp( > ) expl( 1ﬂgl). [2.28]
The previously mentioned properties of 5 can be used with algebraic

manipulation to yield

tp = 2t0§1. [2.29]
Recall the expression for the optimum absorption SEEH:

to=t [2+31. [2.30]

a o 2 1
The phase transmittance function of [2,29] diffracts all the trans-
mitted light into the image orders, while the absorption function
diffracts only half the amplitude into the image. Hence, four times
as much signal flux is available in the phase case as in the absorption
case.

The ideal SEEH contains an object with an infinite number of
points. It is easy to see, though, that |UO|2 is a constant for the
SEEH, rendering it free of intermodulation degradation. This fact
is independent of the nonlinearity, and it leads to an interesting
concept: if a coded image (be it hologram or otherwise) has a
binary exposure distribution, it can be processed free of intermodu-
lation distortion. The SEEH example illustrates the power of spatially
redundant infofmation storage: a large number of object points c¢an
" be encoded into only two gray levels,

The case of phase reconstruction can be extended to complex

objects by considering again that the exposure function at the film

in the recording step is given by equation [2.10]:
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N 1 -
E=XE.=Z4C.(3+g.>. (2.10]

The t-E function can be written for phase transmittance as

_ . 2,1, -
tp = t_exp ELY% 4Cj (3+gj)). [2.31]

This can be rewritten for the case of optimum use of the phase

transmittance by letting the maximum phase be T, the minimum zero.

Then .
Y = —— (2.32]
24cj
J
© K E}](_l E2k2 voe ENkN
and t, =t D a0 ) e | [2.33]
k=0 ky (1Tt N

where the definitions following equation [2.18] hold. Equation [2.33]
is the phase transmittance for a general object of N points. Egs.
[2.18] and [2.33] are identical except that alternate terms of [2.33]

change phase due to the prescence of the i in the sum over k., 1If
0 in equation [2.18] is made complex, then [2,18] describes both
phase and amplitude transmittance. As in [2.18], for each k in
(2.33], g. has Nk terms, N of which have the form (Ej)k/k! and are

]

image terms.

The primary image term for k = 1 is

2,1 -
t | =4t iy ) cS(=+3.). [2.34a)
o : 2
Py ; j
" The primary image term for all k is
v (im) ¥k, 1, -
tol =t, ] 2k I ¢S5+ 9. [2.34p]
Pl primary k=1 (z 4Cj'] k! §=1 J

The image contribution from the nonlinear terms is complicated by
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the phase relationships between the various terms. The image field
has real and imaginary components, complicating the irradiance dist-
ribution, and phase effects cause problems similar to those in the
image expression of equation [2.20c]. These.effects can degrade the
image by lowering its amplitude. Ali previous statements concerning
artifacts apply here as well,

The flux transmittance of the bleached coded image is always
higher than that of the unbleached one. Hence, the phase reconstruc-
tion will yield a brighter image than the absorption one, with the
attendent deterministic image degradation of commensurate importance.
If the formation of artifacts is the strongest image degradation for
the absorption case, bleaching will provide no gain in image fidelity.
However, if the dominant degradation mechanism is one that does not
increase with total flux transmittance of the reconstruction mask,
then bleaching can increase image fidelity over a nonlinear absorption
coded image, If the absorption mask is linearly recorded, the effect
of bleaching depends on the information content of the object, which

will now be addressed.

2.,4,5,3 Artifact Formation
Only one- and two-point objects have been considered so far.

Larger objects can be studied by rewriting equation [2.17] as

© Elkl E2kz cee E;N
t = Z ak k! Z K. ' kK ¥ ees k!
k=0 kj 1 72 N®

, [2.17a]

where the notation is that following equation [2.18a]. Let all N

object points have equal strength, For any k, E has Nk terms, where
J

E;j is considered a single term. Assume the optimum transmittance
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modulation is always achieved; the transmittance available for an
arbitrary intermodulation order in the t-E polynomial is constant.
The amplitude is divided equally among Nk terms, and the relative
diffraction efficiency for a kEE order point is a;zN—2k/22k.

For N = 1 (the image), the relative efficiency of imaging due

to a point is afﬂ’4N2, and the total relative image flux is
alz/ 4N. The relative flux into the k2 order is otk2 SRR

Hence, artifact efficiencies decrease more quickly with increasing
object size than does image efficiency, The ratio of image efficiency

t i C .
to }(-l’1 order artifact efficiency is

2
n _ o _ _ a 2
1 22 % :22k2Nkllal] :
k

In Section 3,4,1, the o for Kodak RAR 2491 film, a standard x-ray

k

detector in laser fusion, are found to be a, = 0.92, a, = 0,243,

1

a2 = 0.0475, and &3 = 0,0035 (these values are only valid under
certain specified conditions and should not be considered useful
otherwise), Even for a twg-point object, nl/n2 > 200,

Let Ank be the efficiency of a single point in the kEh nonlinear
order. If all points are not the same strength, Anl/Ank can be
small. Suppose that for a two-point object, one point emits 91% of
the total source flux. One k=2 artifact is about 80% as strong as
the weaker of the two image points. This result can be extended to
larger objects: marked contours in an object result in peaks in the

intermodulation distortion which can produce significant degradation.

In an extended object, a yrainy appearance might be observed as a
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result of intermodulation effects.

2.,4.5.4 Comments on the Feasibility of Quantitative Nonlinear ZPCI
The preceeding comments point to a potentially interesting
issue, If the odd orders of reconstruction contain images and corre-
lation degradations, and the even orders contain only correlation
effects, then it might be possible to quantify the deterministic
image degradation by comparing the irradiances for the various
reconstructed orders. Such a scheme would involve some assumptions
about the object size and radiance, From equations [2.18] and [2.18al,
it can be seen that the second order of reconstruction will contain
even-number-point correlations of all values up to the number of object
points., In general, then, it is not possible to identify a recon-
struction field with a single order of correlation. The problem is
complicated by the fact that there can be many orders of nonlinearity
in the recording detector response (the sum over the kj's in [2.,18]).
For any object larger than a few resolution cells, the quantita-
tive interpretation of artifacts is not feasible, i.e. it is not easy
to calculate a particular odd-point correlation from a knowledge of
the irradiance distribution in an even reconstructed order. However,
information about the cumulative even order correlation effect is
contained in the even orders. For any object consisting of more than
a few resolution cells, the odd and even order artifact contributions
can be easily associated. For a broad, diffuse object, the even and
odd order correlations are very similar, and it might appear feasible
to use this fact in developing confidence levels in the image. For

example, perhaps the even order irradiance could be subtracted from
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the odd order irradiance to yield a "loyal" image. In principle,
this could be done, For objects consisting of discrete points, the
interpretation is very complex, as already stated. The amount of work
devoted to developing a computer program to reduce the data could be
more appropriately applied to developing a program that would digi-
tally reconstruct the original coded image; such a program would have
the added advantage of being quantitative.

Matters become even more complicated when imperfect shadowcasting
in the recording step is considered. Fresnel diffraction of x-rays
by the zone plate aperture and partial transmission of radiation
through zone edges cause apodization of the zones, resulting in a
redistribution of the Fourier coefficients describing the zone plate.
Hence, even for linear recording, there will be even order images.,
It is even possible that some even orders might be stronger than
adjacent odd orders, or that some odd orders might be missing, as in
diffraction gratings in which the ratio of slit spacing to slit width
has special values. 1In fact, the Fresnel zone plate has such missing
orders (all the even ones). The redistribution of coefficients casts
serious doubt that correlation effects can be measured. Gur studied
diffraction in the recording step and developed criteria for shadow
sharpness; interested readers are referred to his work for details.(ls)

Since quantitative analysis of deterministic image degradation
is such a cloudy issue, it is hardly surprising that ZPCI is not
used for obtaining quantitative information. In fact, ZPCI cannot
be considered viable unless rules are developed that indicate the

image fidelity that can be obtained in a given situation. This matter
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is addressed later as part of a general view of information through-
put in ZPCI,

This concludes the discussion of nonlinear ZPCI. The salient
features are:
(1) The coherent nature of the reconstruction step can cause image
distortion in even linear ZPCI.
(2) Artifacts are‘deterministic and are therefore information. 1In
principle, artifacts can be used to gain knowledge about the object
because of this deterministic property.
(3) Imperfect shadowing of the zone plate mask in the recording
step, either by Fresnel diffraction or partial transmission through
zone edges, causes a redistribution of the Fourier coefficients of
the zone plate. This redistribution destroys the exclusive nature
of the focussing of artifacts and images, rendering point (2) above
useless in practice,
(4) The dominant artifact is second-order and is manifest as either
focussed or non-focussed radiation. Proper implementation of ZPCI
entails some way to estimate second-order degradation.
(5) For x-ray films, in which the D vs E function is approximately
linear, the phase reconstruction is about as nonlinear as the ampli-
tude reconstruction, though certain phase effects can complicate the
phase case more than the amplitude case, Thus, when the dominant
" degradation is deterministic, phase reconstructions might not further
affect image fidelity.
(6) Whereas the flux diffraction efficiency into a single image

point varies as 1/N2, where N is the number of object cells, artifact
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diffraction efficiencies vary as l/Nzk, where k is the order of non-
linearity. Hence, nonlinear reconstructions are more loyal for large
objects that for small ones. The effect of nonlinearity is to create
a grainy appearance in large images and discrete artifact points in
small, discrete images.

The practical ramifications of nonlinear ZPCI will be addressed
in the experimental chapter, and methods for estimating the importance
of deterministic image degradation will be presented in the chapter

on optimization.

2.4.6 Noise

Noise in ZPCI causes random fluctuations in the complex amplitude
transmittance function of the reconstruction mask, resulting in image
degradation. These fluctuations arise from shot noise (due to the
quantum nature of the source radiation in the recording step),

(11)

emulsion thickness variations, and grain noise. Ceglio treated

5 4 .
(15) treated zone plate edge serration in the recording

shot noise. Gur
step as noise, but high quality zone plates can be easily fabricated
{see Appendix I ), so edge-serration is unimportant. Emulsion
thickness variations are affected by the recording exposure and are
not really noise; however, the spatial frequency response of emulsion
relief is variable and results in a nonuniform flux contribution to
the image. Emulsion relief effects can be mitigated by the use of a
liquid gate with the mask, as will be shown in the experimental
chapter.

(15)

Grain noise was addressed by Gur, but his treatment was
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sketchy. The treatment here proceeds along the following lines.
First, the underlying physical mechanisms of grain noise are briefly
described. Then the functional form of grain noise is introduced.
The resulting noise expression is discussed, takingAinto account
real grain noise spectra of films. Finally, shot noise is shown to
be of the same functional form as grain noise and is incorporated

into the treatment,

2,4,6,1 Grain Noise Mechanisms

Grain noise has two distinct causes, grain distribution fluctua-
tions and the scattering properties of grains., Grain distribution is
affected by several factors, including the original (undeveloped)
grain distribution, grain size and sensitivity ranges, and the stati-

(39) The

stical imperatives of the exposure/development process.
literature contains debate about grain distribution, and the reader
is referred to reference 30 for details. The scattering properties
of grains are complex, and the attempt will be made here to illustrate
the complexity.

The developed grain is a mass of silver, the structure of which
can vary from compact and spherical to extended and fibrous. Size
can range from a few tens of nanometers in diameter to about a micron,
with the latter size corresponding to a coarse-grained film. Light

(40) but

scattering by small particles has been extensively studied,
typically the particles are asgumed to be ideal with respect to size,
shape, and optical properties; the Mie scattering theory becomes

extremely complicated for real photographic grains. This problem is

further complicated when the emulsion in the immediate vicinity of
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the grain is considered. Development of silver halide emulsions
involves the chemical reduction of silver halide, and along with this
development is the evolution of oxidation products which can cause
crosslinking of gelatin molecules in the vicinity of the individual
grains. Crosslinking hardens the gelatin, essentially locking into
place the mechanical state of the emulsion, which might typically be
swollen from its undeveloped state. The exact properties of the hard
gelatin shell surrounding a grain will depend on the properties of
the developer, gelatin, and grain, such as activity and diffusion

lifetime of the oxidation products.(41)

Hence, the actual scatterer

is the silver grain surrounded by a complicated dielectric medium.
Bleaching can cause more complication of the issues because

bleaches change not only the chemical and physical properties of the

(42) Various bleaches

grain, but of the surrounding gelatin as well,
are touted as being superior by some authors, yet are poorly viewed

by others. 1In this present work, the major grain noise contribution
was found to occur in a film of coarse grain size, while the bleaching
method used was not found to introduce an increase in scattering of
the fine-grained emulsion used. Hence, bleached emulsions were found
to have less grain noise (relative to signal levels) than unbleached
ones. The complicated scattering properties of the grain embedded

in a gelatin shell is not the whole of the problem, however., The

" multitude of grains in the emulsion warrant the treatment of the
problem as one of multiple scattering. It should be appreciated that
the scattering properties of the emulsion are complex and that their

functional form might be measured but not necessarily calculated from

first principles.
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2.4.6,2 Mathematical Formulation of Noise

(43,44) have assumed that

Studies of grain noise in holography
the noise is additive, i.e.
T(x") = £(x") + 7' ("), [2.35]
where T(r") is the hologram amplitude transmittance, t(r") is the
deterministic transmittance, and T'(r") is the noise transmittance.

Numerous studies of film scatter' 4°~47)

have found scattered intensity
to increase linearly with optical density of the film. Thus, <7'(x")>
depends upon t(r"). <t(r") is usually taken to be relatively constant,
simplifying the expression for t'(r"). 1In 2PCI, t(r") cannot be
assumed constant, so the explicit dependence of <T'(£ﬁ)> on t(r")
must be maintained.

The scattered light due to emulsion granularity exhibits a non-

uniform spatial freaquency spectrum. Brandt(46)

has measured noise
power spectra in the range of interest in ZPCI ( <20 cycles/mm} and
has found the noise power spectrum for Kodak Pan X film to be given

by

L]
1(g)= 1o, [2.36]

2

£
where I( ) is the power scattered into unit spatial frequency at
frequency ¢ , Io is the incident power, and o' is a density-dependent
parameter. The Pan X study is singled out here because Pan X
closely matches the properties of RAR 2490 film, which is used in
the experiments for our work, For Pan X, a'= 8 -10-4 (cycles/mm)2
for a diffuse density of 1.0.

T'(r') must include both the density variation effects and the

spatial frequency effects of the noise transmittance. Since
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scattered intensity is linearly related to optical density of the
film, <1'(x")> is not linearly related to t(x"). However, a linear
dependence can be assumed if the transmittance variation attributed
to any radiating object cell is small, The spatial frequency effect
can be incorporated by noticing that for a uniformly exposed and
developed film, the scattered noise is a convolution of I(f£ ) in
equation [2.36] with a delta function. It is then reasonable to
assume that the noise transmittance is the product of some function
of the deterministic transmittance and the transform of 1/f (call
this transform E ). Since <t1'(r")>is linear with t(r'"), then
TUXY) =t € T (x", [2.37]
where Té(g") is a random function. Thus,
T(r) = e [ 1+ E Tl 1. [2.38]
The reconstruction step is a Fresnel transformation of t(r").
The noise amplitude in the image plane is the convolution of the
deterministic image amplitude and the speckle pattern that is the
Fresnel transform of Té({"). For linear ZPCI, the transmittance
of equation [2.11] can be combined with equation [2.37] to yield a
resultant noise amplitude in the image field of

N

L} 11} - * " - 2 _l =
F_{z'(x")} —jz=lFr{ro(£)54cj ( 2+gj)}
N
=) (F{‘r'(r")é}*F{4C2('l+_)}] [2.39]
=1 r o-— r j 2 gj ! ¢

where Fr denotes Fresnel transform. The noise in the image plane is
just the sum of noise contributions from all the SEEH's. The contri-

bution from each SEEH is just the convolution of the deterministic
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transmittance and the scattering from E Té(zﬁ). For nonlinear ZPCI,
equation [2,39] becomes algebraically more challenging, but the
results are similar.

The equivalent multiple exposure hologram is a sum of Fresnel
holograms, so the grain noise must be treated as such. The image is
in the far field of the individual grains, so Fresnel hologram grain
noise can be treated much as the noise in Fourier transform holograms
(see reference 31, p. 354). However, the noise at any point in the
Fresnel field is a result of flux contributions from a range of
spatial frequencies. Usually, an average spatial frequency can be
chosen for each point, and the noise power at that frequency can be
used to define the noise power at the point of interest. In ZPCI,
the noise from each SEEH is centered on the axis of that SEEH. Aall
SEEH's exhibit identical noise power spectra (each with respect to its
own axis). The noise at any image field point is the resultant of
the noise contributions from all the SEEH's, with each SEEH adding
noise from a range of frequencies centered on its axis. Figure 2,11
illustrates this concept.

Ceglio(ll)

determined noise to be insignificant by introducing
the concept of information compression, in which the noise uniformly
covers the image field, while the information is focussed to a small
image, resulting in a high ratio of image-to-noise amplitude. This
view of information compression is oversimplified because it assumes
that the noise uniformly covers the image field; equation [2.39]

indicates that the noise is peaked at the image due to the prescence

of t(r") in the noise transmittance expression. In fact, equation
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SPATIAL FREQUENCY OF GRAIN NOISE
IN ZONE PLATE CODED IMAGING
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The zone plate centered at P, reconstructs an image pointat Q,.
The zone plate centered at P4 focuses at Q1. The maximum and
minimum spatial frequencies of the noise at Q, due to the zone
plate at Pq are defined by the angles oy and o3, while the nolse at
Q, due to the zone plate at P, Is contributed from spatial
frequenciles beginning at d.c. and extending to a cutoff defined by
angle 8.

Figure 2.11
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[2.39] leads to the result that the diffraction patterns of the
defocussed images in any image plane (which are just rings surrounding
the image) will appear granular due to the grain noise.

Due to the assumption that the object is of limited extent, the
noise will vary slowly over the extent of the image because the
angular subtense of the image at the coded image mask is small. Thus,
the average noise irradiance may be considered to be constant at the
image (for a given object size) regardless of object shape. This
assumption is least secure for objects consisting of a few discrete
points separated by large distances (say, the inner zone diameter).

The above arguments lead to the result that the average noise
power TN is just the frequency-averaged noise introduced by the emul-
sion, Denote IN as the noise power scattered into a point in the
image plane and I(go) as the noise power at frequency go, with go

being the average frequency of the image. Then

I(go)
I =—)— , [2.40]
N Azdz
where d is the reconstruction distance and A is the reconstruction

wavelength., For Pan X, 10_4101 I(E) 52-10-310, where I_ is the

incident power and Eo varies from 2 to 25 cycles/mm (this is for a
density of 1.0). For d = 300 cm and A = 0.633um, I = 5-10’410.
From equation [2.39], it is readily deduced that the noise irradiance
' varies as l/N2, where N is the number of object cells. For ten
object cells, then,

6

I = 510 1 . [2.41]
N [o)

The signal power can be considered as well. First order
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receives 0.1% of the total flux., Following Goodman,(43) we can write
I, 21, 172
SNR = — |1 + — . [2.42]
IN In

Hence, for Pan X and ten object cells, SNR ¥ 10. For hleached emul-
sions, Ii is about four times greater than for unbleached emulsions,
so SNR would increase to 20. The preceeding remarks indicate the
need for a fine-grain film in ZPCI. Unfortunately, ZPCI is often
used when too little flux is available for pinhole cameras to be
viable, so a sensitive, coarse-grain film is often chosen.

Spatial shot noise due to the gquantum nature of the source
radiation is important in ZPCI. This discussion will enhance the

findings of earlier shot noise studies(s’ll)

by pointing out the
similarities and differences between shot noise and grain noise.

Shot noise is generally considered to be affected by two major
factors, flux emitted per source information element and zone plate
aperture size., The more flux emitted per resolution cell, the
lower the shot noise. Grain noise is not a function of source
strength, On the other hand, the zone plate aperture size affects
both grain noise and shot noise. For constant resolution, increasing
the aperture size decreases shot noise because more flux is collected
per resolution element. But grain noise increases with increasing
aperture size because noise irradiance is increased. Signal power

" increases exactly as grain noise power with increasing aperture size,

so SNR does not change with aperture size. However, SNRs

grain hot

increases with increasing aperture size.

Previous treatments of shot noise implicitly assume a relatively

constant exposure and consider deterministic transmittance variations
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to affect only signal levels. 1In fact, shot noise is affected by
these variations much as grain noise is (equation [2.37]). The
random transmittance variation is a function of the transmittance.
Thus, as stated earlier, information compression is valid only in a
somewhat more complex form than its original construction.

Shot noise also has a different spatial frequency content than
grain noise. Grain noise power varies inversely with the square of
the spatial frequency, whereas shot noise should be uniform for all
spatial frequencies below some cutoff value, The cutoff value is
undoubtedly related to the detector area affected by exposure to one

quantum of radiation, whether the quantum is a particle or a photon.

2.5 Information and Optimization

This section is a short consolidation of the ideas already
developed. Within the framework of information, it poses problems
that will be addressed in the chapters on experimentation and optimi-
zation.

In conventional information theory, the concept of information
capacity refers to the maximum amount of information a channel can
transfer. Noise is random degradation of the information and lowers
the fidelity of the transfer process. In principle, the encoding
and decoding processes can be performed in a manner such that the

. s . . . 49
error in transmission is arbitrarily small.( )

In ZPCI, this amounts
to reducing shot and grain noise. Yet it was shown earlier that the
coherent decoding process requires an encoding step that may leave

some information "“scrambled" and effectively lost. The amount of

lost information is dependent upon the degree of nonlinearity.
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In order to fully exploit ZPCI, the user must establish some
figure(s) of merit describing system behavior. This is difficult for
ZPCI because both random and deterministic degradation depend upon
object information content, i.e. on object size and contour geometry.
Thus, using a priori information about the object, the user can ''tune"
the system by varying total information capacity (zone plate para-
meters), deterministic degradation (linearity), and random degradation
{(detectors). In addition, the decoding process should include some
means of verifying image fidelity. Direct measurement of quantities
such as SNR would be ideal.

Clearly, optimization is a multi-step process. First, the
system must be tuned to optimize certain (a; yet undetermined)
figure(s) of merit that relate to image fidelity. Secondly, the
system output must be analyzed to determine real image fidelity. It
is advantageous to optimize in the first step what is measured in the
second. The next chapter will illustrate concepts set forth in this
chapter, while the chapter on optimization will expand the ideas of

this section into general guidelines for successful use of ZPCI.
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3.1 Introduction

The results of Chapter I indicate that ZPCI must be applied
with discretion. The purpose of this chapter is to experimentally
verify the results of Chapter I while shedding more light on the
problem of optimization by showing what can be achieved with ZPCI
in practice.

The chapter begins with a description of the devices used for
encoding and decoding information. Then a short discourse concerning
the various possible figures of merit will serve to introduce the
experiments performed. A comparison of linear and nonlinear ZPCI
is presented, with emphasis placed on the roles of object information
content and severity of nonlinearity. Then noise is studied as a
function of both diffraction efficiency of the reconstruction mask
and object size. Finally, the experiments are summarized in order
to fit them into the optimization scheme that is the subject of

Chapter 1Vv.

3.2 1Image Evaluation Devices

This section is a description of the apparatus used to perform
the experiments in ZPCI. A system that allows encoding of emissions
from predetermined objects is first discussed. Then the reconstruc-

tion bench is described.

3.2,1 X-Ray Exposure System
All exposures were performed by using a diffuse x-ray source to
backlight (through a beryllium foil) a metal foil complement of the

object of interest (Figure 3.1). For example, a uniform disk object
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Anode
(x-ray source)

Be filter

Test object
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Zone plate
Film

Figure 3.1 Exposure System Schematic

X203
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of diameter 4 can be simulated by backlighting a gold foil in which
there is a hole of diameter d. The object then shadows a Fresnel
zone plate onto film,

The x-ray source employed is known as a Henke tube, after its

(50) Electrons from a heated filament are accelerated into

inventor.,
an anode of several square centimeters area, creating a broad source
of x-rays. The anode material determines the photon energy. All the
experiments described here used a titanium anode, and the accelerating
voltage was varied to change the relative strength of the various
emission lines (see Section 3.4.1).

The exposure apparatus was operated in a vacuum chamber at 10°
to 10_7 torr pressure, The Be filter served to eliminate x-rays
soft enough to be significantly diffracted by the zone plate while
providing a light tight environment for the film. Exposure times
varied from one minute to 26 hours; lack of relative motion between
object mask, zone plate, and film was maintained by mounting all

three on rings which were press-fitted into a brass tube (Figure 3,2),

Hence, system geometry could be easily varied.

3.2.2 Optical Reconstruction Bench
The reconstruction bench is shown in Figure 3.3, A He-Ne laser
is focussed by a 20x microscope objective and spatially filtered by
a 15 ym pinhole. The filtered beam is collimated by a 31.8 cm focal
length lens of variable aperture (f£/9 - £/22)., The collimated beam
transilluminates the reconstruction mask, which is positioned at the
front focal plane of the relay lens. The relay lens is identical to

the collimator and relays virtual images into the real image field.
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The rear focal plane of the relay lens contains a 100 um diameter
circular aluminum disk mounted on a thin glass stalk of 5 um diameter.
The disk can be positioned to block the (focussed) d.c. light. This
plane is also the Fourier transform plane of the reconstruction mask.
Since the reconstructed images fall at distances which lie at
integral fractions of the primary focal length from the reconstruc-
tion mask, the relayed images lie at integral multiples of the
conjugate of the primary focal length. For example, for a relay lens
of focal length 31.8 cm and a (virtual) primary reconstructed focal

length of 300 cm, by Newton's law the relayed (and now real) conjugate

2

. . . 1]
image lies a distance f1 = flens

/ f1 = 3,37 cm behind the rear focal
plane of the relay lens. The pEE order is reconstructed a distance

fl'/p from the mask, so the pEE order relayed conjugate image lies a

1

easy location of the various orders if the exact geometry of the

distance fg = pf, behind the rear focal plane. This property allows
encoding system is known. A disadvantage is the variation of magni-
fication with order number; care must be taken to avoid demagnifying
beyond the resolution of the relay lens.

The reconstructed images can be viewed with a microscope or
photographed with a microscope-camera combination. In addition, a
pinhole-photodiode combination can scan the magnified image to

provide irradiance information.

3.3 Discussion of validity of various Figures of Merit
Optimization of any imaging system requires evaluation methods.
The methods traditionally used for evaluating direct imaging systems

are not always effective in characterizing coded imaging systems.
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This section is a discussion of MIT, impulse response, and edge
response, and the role of each in ZPCI system evaluation. Experi-
ments are suggested which illustrate the inconclusive nature of
evaluations using these criteria and suggest, as in Chapter I , the
value of concepts such as information.

MTF exemplifies the difficulty in applying standard methods in
evaluating ZpCI., Technically, ZPCI is not a linear incoherent system,
so MTF cannot be used for evaluation. But even if the image complex
amplitude could be measured, the concept of contrast transfer is
inadequate because of the role of object information content in
system performance., Object size determines image irradiance as
pointed out in Chapter I , so the absolute image modulation at a
given spatial frequency will vary with object size, Clearly, use
of MTF could lead to erroneous results in evaluation studies,

Impulse response can lead to incomplete results. Absolute
irradiance of a single image point will vary with the information
that occupies the remainder of the image field, even though the
irradiance distribution around the point remains>qualitatively the
same. In a similar manner, edge response does not provide complete
information. 1If nonlinear ZPCI is used, the situation is even more
complicated. For example, the image of a point object provides
little information about the image of a two-point object.

The root of the failure of the traditional evaluation methods
is simple; only a certain amount of amplitude (or phase) modula-
tion is available in the reconstruction mask, and this modulation

is divided among the various image and artifact cells in a way that
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depends upon object information content and system linearity. Some
comparison of the useful image information content (not artifacts)
with object information content would yield an "“information fidelity
fraction" which could be helpful. A measure of SNR is necessary as
well; this must account for the decreasing diffraction efficiency in
the mask associated with increasing object information content. Thus,
parameters such as resolution and contrast transfer have meaning in
ZPCI, but only within the more general framework of information and
noise,

To illustrate the elusive nature of ZPCI characterization, it
is only necessary to measure some simple parameter, such as image
spot energy distribution, for two different objects. Though in
relative terms the parameter may be the same for the two objects,
the SNR would in fact be quite different. Measurements in the experi-

ments to follow will confirm this assertion.

3.4 Studies of Nonlinear ZPCI

This section explores nonlinear ZPCI with concentration on two
themes. After an explanation of the method used to vary linearity,
a comparison of linear and nonlinear imaging is presented for a
small object with marked contours, Then the role of object size in

nonlinear ZPCI is illustrated.

"3.4.1 Film Calibration
As mentioned in Section 2.4.4, the soft x-ray response of
photographic emulsions is complicated; the t-E behavior for mono-

energetic x-ray exposures is nonlinear. Also, knowledge of the t-E
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behavior at several different x-ray energies does not allow one to
predict the t-E behavior for an exposure consisting of some known
mixture of those energies.(26) In other words, adding the densities
contributed by the 'component' exposures will not yield the final
density that is observed. For a given energy spectrum, a complete
film calibration must be performed; considerably more work is
necessary than for visible light calibrations, in which addition of
densities due to component exposures is valid.

The exposure system in Section 3.2.1 emits very "pure' spectra

with proper loading of the anode.(so)

Spectra with greater than 90%
of the total energy in the Ky lines are achievable. Experiments
were performed with a Ti anode (Ka lines at 4.5 kev) and various
currents and accelerating voltages. It was discovered that RAR 2491
film exhibited t-E behavior with linearity dependent upon accelera-
tion voltage (see Figure 3.4). At an anode voltage of 9 kev, the
t-E behavior was nonlinear, while linearity was achieved at 7 kev for
an optical density less than 1.0, A crude third-order approximation
to the 9 kev curve in Figure 3.4 is

t = 0.9 - 0,2433 E + 0,0475 E2 - 0.0035 E3, [3.1]
where E is in the relative scale of the figure. The linear relation
is given by

t = 0.9 -~ 0,095 E. [3.2]

Appendix I describes film processing and measurement essentials.

Figure 3,4 indicates that a controlled study of nonlinearity

is possible. The next two sections are presentations of such work.
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CALIBRATION OF RAR 2491 FILM FOR
X-RAYS EXCITED AT TWO VOLTAGES
IN TITANIUM ANODE HENKE
TUBE SOURCE

RELATIVE EXPOSURE

Figure 3.4
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v
3.4,2 variation of Image Fidelity with Nonlinearity

In this section, the results of Section 3,4.]1 are used to
compare linear and nonlinear ZPCI. Image fidelity is investigated
for a known object which is imaged with three types of t-E curves:
linear, nonlinear absorption, and phase. A simple object is used so
that the results can be easily interpreted.

The object mask consisted of a 10 um thick gold foil perforated
with three small laser drilled holes as shown schematically in Figure
3.5a. Average hole diameters (measured on a light microscope) are
listed in the figure. The laser drilling produced irregular shapes,

a typical cross-section of which is shown schematically in Fiqure 3.5b.

Two coded images of the object mask were recorded in the exposure
system. The zone plate was of 2.5 um thick gold and had an inner
zone diameter of 400 ym and outer zone width of 16.3 um (37 2ones).

The geometry of the exposure was s

=2 cm, s, = 10 cm, yielding a

1
. . . . (S1)
first order resolution of just over 28 um (see Figure 2.4),

2

Two of the disks in the object were separated by the resolution
distance, but they were of different radiance due to their different
sizes, so they should not :be resolvable in first order.

One shadowgraph was recorded linearly with a maximum density of
1.0 (Emax= 6 on the 7 kevV curve in Figure 3.4)., The other was non-
linearly recorded with a maximum density of 1.25 (Emax= 1C on the
9 kev curve in Figure 3.4). Diffraction efficiency is proportional
to the square of the transmittance modulation, so the nonlinear
reconstruction should be about 30% more efficient than the linear

case; if it is assumed that diffraction efficiency is inversely
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OBJECT USED FOR COMPARISON OF
“LINEAR” AND NONLINEAR RECONSTRUCTIONS

““”a.Schematic diagram of 3-point object
Hole diameter:

A-4.3 um

B-6.0 um

C-74 um

/" b, Schematic diagram of
; typical hoie-cross-section.
Note varying diameter.

Figure 3.5
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proportional to the square of the order number, then the nonlinear
case will reconstruct higher orders than the linear case only if
eighth order is obtainable in the linear case.

The nonlinear shadowgraph was contact-copied onto Kodak 649-F
plate, and the plate was developed and bleached as described in
Appendix I. Maximum efficiency of bleached plates occurred for a
maximum prebleached density of about two. Equations {2.14] and [3.1]
can be combined to obtain a fifth or sixth order polynomial for the
649-F prebleached t-E function. Bleaching changes t-E according to
the discussion in Section 2.4.4, but the calculation will not be
given here. It should be noted, however, that, due to their different
t-E curves, the phase and nonlinear absorption reconstructions
should not be identical.

Figure 3.6 shows the results of the reconstructions of the
three coded images. Note that, as predicted, disks A and B of
Figure 3.5 are not resolved in the first order reconstructions.

Both absorption cases reconstruct sixth order, so the efficiency
enhancement of the nonlinear over the linear case is not apparent.
The phase is much more efficient than the absorption cases, as
expected, Also, the nonlinear absorption case suffers some obscu-
ration, possibly due to emulsion stress effects. This hypothesis is
supported by the fact that the phase reconstructions, which were

- performed with the coded image in a liquid gate to mitigate emulsion
relief effects, exhibit crisp images. The linear case, free of arti-
facts, has superior image fidelity, while the nonlinear cases suffer

from deterministic degradation. 1In addition, the prescence of
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Figure 3.6 Reconstructions of *"Linear" and Nonlinear Coded Images

Note the superior image fidelity of the linear reconstructions,
especially in third order. The phase reconstructions are very
crisp compared to the nonlinear absorption images, evidence that
the liquid gate improves the reconstruction. Notice also that
the phase reconstructions are obtained in much hlgher orders than
the absorption reconstructions.
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even-order images and the fact that sixth order is stronger than
fifth order in the linear case suggest that Fresnel diffraction in
the recording step caused redistribution of the Fourier coefficients
of the zone plate transmission function,

Table 3,1 displays results of flux measurements of the third
order images in Figure 3.6, Total flux of each disk was measured
with a photodiode., Neglecting phase effects in the linear case, the
square root of the measured flux for any disk should be proportional
to the area of the corresponding hole in the object foil. The non-
linear cases should not be loyal. Figure 3.7 is a graph of the
square root of the measured flux vs area of the corresponding hole
for the three cases. As indicated by the graph, the linear case is
quantitatively correct, while the phase case is the least loyal image.

The nonlinear images suffer from irradiance compression, as
might be expected from the shape of the nonlinearity in Figure 3.4.
The stronger an object point, the more its corresponding image point
irradiance is '"compressed'" in the nonlinear case. It is no surprise
that the phase case has both the most prominent artifacts and the
greatest image compression., Use of equation [3.1)] with the nonlinear
absorption case reveals that 50% of the reconstruction mask image
transmittance contributes to artifacts, while 46% of the image flux
is artifact flux. The phase case is even worse; from Figure 3.7 it
- can be shown that about 70% of the image flux is focussed into the
artifacts. Indeed, the total flux in the eight most prominent
artifacts in the third-order phase image was measured to be virtually

identical to the total flux in the image points.



Table 3.1 RELATIVE FLUX MEASURED AT

THIRD ORDER IMAGES OF THREE-
DISK OBJECT

HOLE DESIGNATIONS/ RELATIVE FLUX (AND ITS SQUARE ROOT)
AREA MEASURED AT IMAGE OF HOLE
Linear Case Nonlinear Cases
Absorption Phase
A/14.5 um?2 73 (8.5) 165 (12.9) 3700 (60.9)
B/28.3 um? 250 (15.8) 500 (22.4) 6020 (77.6)
C/43.0 um?2 600 (24.5) 860 (29.3) 8400 (91.7)

SQUARE ROOT OF RELATIVE FLUX

Figure 3.7 SQUARE ROOT OF RELATIVE FLUX
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The calculation of exact artifact strengths from equation [2.18]
fails in practice because of the redistribution of the zone plate
Fourier coefficients in the recording step. If the zone plate trans-
parency function is exactly known, such a calculation would be
possible. But it would be advantageous to measure the redistribution,

and the only easy way to do such a thing requires a linear recording.

3.4.3 Role of Object Information Content in Artifact Formation

The conclusions of Chapter II indicated more than just the depen-
dence of artifact formation on t-E nonlinearity. Artifacts were
found to decrease in importance with increasing object size and to
increase in importance with increasing spatial modulation of object
emission. 1In other words, object information content strongly
influences deterministic degradation. Some simple experiments

illustrating this influence are now described.

3.4.3.1 Effect of Object Size

The effect of object size can be studied by comparing the
various orders of reconstruction of a single object. For example,
in first through fourth orders, the three-disk object of Figure 3.5
radiates from three resolution cells, while in orders higher than
fourth, it effectively radiates from more than three resolution
cells (e.g. in seventh order, it radiates from about 6.8 cells),
" Hence, orders higher than fourth should suffer less artifact degra-
dation than first through fourth orders. 1Irradiance measurements
confirm this idea. Visual comparison of the phase reconstructions

in Figure 3.6 shows that artifagts tend to become less significant
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with increasing order number above fourth order. Up to fourth order,
however, the artifacts are of approximately equal importance in all
orders, as expected.

The decrease in artifact significance with increasing order
number is not coincident with a decrease in irradiance compression.
The relative flux contribution at any disk is invariant with order
number. The number of radiacing resolution cells changes with order
number, and at high orders, in which all disks are resolved, the
number of cells occupied by a disk is proportional to the disk area.
Thus, each cell in a disk suffers the same irradiance compression

that the unresolved disk does in the low orders.

3.4,3.2 Effect of Object Modulation

The greater the variation in strength of the emitters in the
object, the greater the artifact degradation. This is illustrated
by comparison of Figures 3.6 and 3.8, Figure 3.8a is a schematic
diagram of a disk-pair object. The disks, of nominal diameters
25 ym and 45 ym, are slightly elliptical and are separated by 60 ym
center-to-center. This object was encoded at 9 keV as previously
described. Two recordings were made. The first resulted in
tmax = 0.9, tmin = 0.32 (see Figure 3.4). The second was pre-
exposed to light and had tmax = 0.46, tmin = 0.38, Figure 3.8b
~is the first order reconstruction of the first recording (4t = 0.58),
and Figure 3.8d is the reconstruction of the At = 0,08 recording.
Figures 3.8c and e are plots of the irradiance distributions along

lines joining the open circles in the reconstructed images.

In first order, the disk-pair object is only 17% larger than
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Figure 3.8 Schematic Diagram and Reconstructions of Disk-Pair Object

There is very little discernible difference between the nonlinear
and linear reconstructions in this figure. This is due to the fact

that there is no difference in the emission strengths of the various
radiating cells in the object.
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the three-disk object, which should result in only a small difference
in deterministic degradation. However, At = 0.58 for the disk-pair
in Figure 3.8b, while At = 0,66 for the three-disk object; the

lower At and slightly larger size should combine to yield a more
loyal reconstruction of the disk-pair. Yet it is still reasonable

to expect some artifact degradation for the disk-pair. Figures

3.8b and d exhibit little if any degradation, though. The reason
for this is that all radiating resolution cells in the disk-pair
object emit the same amount of flux, while each radiating cell of

the three-disk object emits an unique amount of flux. Equation [2.18]
readily predicts greater image fidelity for the disk-pair.

All radiating cells in the disk-pair will experience the same
irradiance compression, and the image fidelity is therefore not
affected. On the other hand, the radiating cells in the three-disk
object suffer varying compressions, as shown is Section 3,4.2, and
image fidelity is degraded.

Comparison of Figures 3.8b and d suggests further the depen-
dence of artifact formation on object modulation. The images were
reconstructed from coded images with different effective t-E
curves, yet there is no discernible difference in image fidelity
(the t-E function for the recording resulting in the image of
Figure 3.84 can be expressed as

t =0.63 - 0,051 E, [3.3]
where E varies from 3.33 to 4.9 in Figure 3.4). This comparison
is analogous to the comparison in Figure 3.6 of the linear and

nonlinear absorption reconstructions, in which a distinct difference
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in image fidelity appears. Evidently, then, object modulation is a
major factor in the degradation of image fidelity with increasing

nonlinearity.

3.5 Studies of Grain Noise

As mentioned in Chapter II , it may be possible to increase SNR
by bleaching the coded image., This section explores that idea in a
three step approach. First, the grain noise distributions of uni-
formly exposed and developed plates are measured to explore any
difference between bleached and unbleached media. Then the SNR
for a simple disk object is evaluated for both absorption and
phase reconstructions. Finally, the variation of SNR with object

size is illustrated.

3.5.1 Grain Noise of Uniformly Exposed Plates

Usually the bleached mask in ZPCI will be a contact copy of
the actual coded image; this arrangement allows flexibility in
choosing koth the recording medium and the reconstruction mask.
X-ray films or track detectors can be used for encoding, while
holographic media suitable for bleaching can serve as reconstruction
masks. Holographic media have extremely low scattering properties

45,46 . . .
(4,46 and so the noise in the image

because of their fine grain,
field will actually be just that transferred from the original
- recording medium to the holographic plate in the copying step.
The problem of interest here is the determination of whether

or not bleaching introduces additional noise in the medium. Suppose

that, upon bleaching, the noise power increases just as much as the
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diffraction efficiency. Then bleaching does not improve SNR. Only
if noise power increases less than diffraction efficiency is anything
gained by bleaching.

To address the problem, the following experiment was performed.
Several Kodak 649-F plates were uniformly exposed and developed.

Each plate in turn was placed‘in the experimental apparatus of Figure
3.9. The irradiance was measured in the back focal plane of the

lens with a pinhole/diffuser/photodiode setup. The results of a
representative case are given in Figure 3.10. The plates were then
bleached in brominated methanol (Appendix I) and remeasured in the
apparatus of Fig. 3.9. ¥Figure 3.10 shows results of the bleached
counterpart of the unbleached emulsion shown in the figure.

There was no discernible difference in the noise power of
bleached and unbleached plates. Only signal power (i.e. d.c.) was
different. 1In Figure 3,10, the measured points are connected by
straight lines, which is why the two cases appear to have different
noise levels below 2.5 cycles/mm, From the data of Figure 3,10,

is safe to infer that bleaching can increase SNR,

3.5.2 SNR for Absorption and Phase Reconstructions of a Disk Object
What follows illustrates the increase in SNR achievable with
bleaching. A disk object was chosen for this study due to the
simplicity of the associated noise. The object is shown schemati-
cally in Figure 3.1lla.
A shadowgram of the object was recorded on RAR 2491 film at

9 kev in the exposure system of Figure 3.2. As before, s, = 2 cm,

1

S, = 10 cm, and the zone plate resolved 28 um in first order. The

2
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Figure 3.11 Comparison of Absorption and Phase Reconstructions
of 20 um Diameter Disk Object

As in Figure 3.6, the phase reconstruction provides higher diffraction

efficiency than the absorption case, and higher order images are
thus obtainable.
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coded image was copied onto several 649-F plates, which were developed
and bleached as in Appendix I. Table 3.2 is a list of the original
shadowgram and the plates, their prebleached and post-bleached

maximum optical densities, and their maximum orders of reconstruction
(after bleaching for the plates) for SNR > 1, ¥Figure 3,11b shows

some of the images from the original shadowgram and plate 4.

As might be anticipated from studies in holography, the phase
reconstruction can be more efficient than the absorption case. The
phase case peaks in efficiency for a prebleached density of about 2,
similar to results obtained with other holographic plates bleached in

5 .
(52) Notice also the difference in the appearances of the

bromine.
lowest order images; the liquid gate used in the phase case evidently
permits a crisper image. The absence of sidelobes in the higher
orders is due to the fact that the disk is unresolved in first order,
s0 the manifestations of the coherent decoding are strongest there,

A useful rule is to use a mid-order reconstruction to avoid both
coherent effects for small, discrete object cells and noise limita-
tions in the highest orders.

The gain in SNR for phase reconstructions must be weighed against
the increase in deterministic degradation. 1If the object is con-
tinuous with novmarked emission contours, bleaching can be useful.

For discrete, small objects, bleaching may actually provide a gain

in SNR but a loss in deterministic image fidelity. The gain in SNR
for bleaching is determined by the efficiency of the original mask

and the processing of the copy. The diffraction efficiency can be

increased by as much as a factor of four, as was indicated in

Section 2.4.5.2.



OPTICAL DENSITIES AND RECONSTRUCTION EFFICIENCIES
FOR ORIGINAL AND COPY CODED IMAGES

2491 film or Maximum optical density Maximum order
649-F plate absorption phase ~ with SNR > 1
2491 film 1.40 —_— 6
plate a 0.40 0.06 3 (phase)
plate b 0.76 0.09 5 (phase)
plate ¢ 1.54 0.15 7 (phase)
plate d 1.98 0.20 8 (phase)
plate e 3.15 ‘ 0.24 6 (phase)

Table 3.2
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3.5.3 variation of SNR with Object Size

Equation [2.38] predicts that the noise transmittance has two
factors, one random and one deterministic. The deterministic com-
ponent t(r") imparts to the noise the spatial distribution of the
image, Hence, a noise model with a white spatial frequency spectrum
would predict identical SNR for large and small objects, whereas it
is known that small objects have higher SNR than large ones. The
é factor in equation [2.38], which emphasizes low spatial frequencies,
enables the model to predict increasing SNR for increasing high
spatial frequency content in the object. Thus, large objects suffer
lower SNR than small ones.

Figure 3.12a shows an object substantially larger than those of
previous sections, Imaged under conditions identical to those used
previously, the object appeared as in Figures 3.12b and c. Even the
first order reconstruction was unfaithful. Evidently, the larger the
object, the lower the SNR.

The case just presented provides an interesting example of the
difficulty involved in calculating noise based on some average
spatial frequency. The object contains both high and low spatial
frequencies, and from Figure 3.12 it is clear that the low frequen-
cies are more strongly affected by the noise. In this case, the
object frequency spectrum is heavily weighted toward the low
- frequencies, and the average frequency is thus fairly low. On the
other hand, an object with a large portion of high frequencies will
have a higher average frequency. The images of Figure 3;12 appear

to have significant high frequency content due to the prescence of



Figure 3.12 Reconstruction of Large Object

This case has low SNR. The graininess of the image might be
misinterpreted as high frequency information, leading the user
to believe that the image has significantly more deterministic
degradation than it really does (see Section 4,3.2.2).
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RECONSTRUCTION OF LARGE OBJECTm

LLE
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(a) Object Schematic. A 170 um diameter hole in Au foll
was covered with 2.5 um thick Ni foll. A 20 ymx30 um
hole was drilled In Ni foll. This represents a small,
bright object on a dim, diffuse background.
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(b) First order reconstruction of (a)

(c) Second order reconstruction of (a)

Figure 3. 12

97



98

noise, and the average frequency might be misjudged. It is impor-
tant to have some a priori information about the object in order

that such calculations can be made accurately.

3.6 Summary of Experimental Work

This chapter has confirmed the major results of Chapter Ir .
Nonlinear ZPCI has been shown to degrade the image in a manner
strongly dependent upon object information content. Noise has been
shown to vary with object geometry and system linearity, with small
objects and phase reconstructions providing highest SNR. However,
SNR only includes noise, and cases of high SNR might actually have
low image fidelity. For example, the phase reconstructions of Fig,
3.6 have the highest SNR in this study, but they have the warst
deterministic image fidelity as well.

The prescence of two distinct image degradation mechanisms in
ZPCI is just cause for a reconsideration of figures of merit necessary
to completely characterize the system. As seen in Figure 3.8,
impulse response or relative contrast transfer can be constant for
the system regardless of linearity or object information content.
Yet linearity and information content are strong factors in deter-
mining image fidelity. Evidently, parameters such as resolution
and contrast transfer suggest what can in principle be achieved
with ZPCI, while in practice other concepts must be used. The next

chapter addresses practical optimization.



CHAPTER IV

OPTIMIZATION OF ZPCI
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4.1 Introduction

This chapter is the first presentation of a formal procedure
for optimizing ZPCI. Following a short review of Chapters II and
I, guidelines for estimating image degradation are developed.
Examples are used to illustrate concepts and introduce the issues
confronting the ZPCI user. Optimization evolves as a compromise

between several issues.

4,2 Review of Results
In this section, factors determining the importance of each

image degradation mechanism are reviewed.

4.2.1 Deterministic Degradation

Deterministic degradation is important for two reasons. First,
the ZPCI system is rarely used in situations in which t-E is linear.
Furthermore, nonlinear ZPCI can provide a significant increase in
reconstruction efficiency over the linear case.

Artifact formation depends upon two factors: the exact nature
of the nonlinearity and the object information content. Artifact
strength increases with nonlinearity strength. For example, if
equation [3.1] is the system t-E characteristic (with E < 10), the
quadratic nonlinearity can produce artifacts as strong as the image
(for small objects). On the other hand, increasing object size
results in decreasing artifact importance. The information distri-
bution in the object is important as well; diffuse objects are

imaged more loyally than objects with high modulation.
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4.2,2 Noise

Noise is determined by (1) the properties of the detector in
the recording sgep, {2) object emission strength (shot noise), and
(3) object information content. Film grain noise peaks at low
spatial frequencies. Object information content determines the
spatial frequency spectrum of the object. Broader objects suffer
more grain noise than small ones. Shot noise can be a problem in
particle imaging, in which low object flux results not only in
higher random transmittance fluctuation in the reconstruction mask

but also in less diffraction efficiency.

4,3 Optimization

In this section, procedures for estimating image degradation
are developed. 1In the estimation of both artifacts and noise, the
uniform object is treated first. The treatments are then extended
to include more complex objects., Finally, the process of optimi-

zation is illustrated with examples.

4.3.1 Efficiency of a Single Information Element

An information element is the smallest amount of information
measurable in the object, For N radiating resolution cells in
the object and Gj information elements in the jErl cell, the object
contains

N
G= ) Gj information elements. [4.1]

The recording step exposure can be thought of as consisting of G
information elements rather than N resolution cells, with all

elements emitting the same amount of flux. Thus, all elements
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have the same image field strength (in linear ZPCI). Some elements
coincide spatially. Equation [2.10] can be rewritten:
S 2

E = 2C
jzl °

(1 + 2§j). [4.2]
All quantities are defined as in Section 2.4.2. Equation [2.7]
can be written as
G
f(r) = ) &(xr -R.), [4.3]
5=1 )
where some of the Rj may be coincident.

It is readily seen that the relative diffraction efficiency
for a single information element is 1/G2, if none of the R. coincide.
However, if some Rj's coincide, all the information elements at a
given position add coherently in reconstruction, and the relative
efficiency of the ig1 pixel will be G;aGZ. The single information

element can be considered independently of other (spatially

coincident) elements only in terms of reconstruction field amplitude.

4.3,2 Estimation of Deterministic Degradation

The problem of accurately determining artifact strengths was
alluded to briefly in Section 2.4.5.4. Since deterministic degra-
dation cannot be directly measured, some estimation criteria must
be devised. Evidently, film linearity, object size, and object
modulation must be included in the estimation process. It is assumed
here that the artifact distribution can be found in any reconstructed
order, much as the image can. With the possible exception of
particle imaging, this is a safe assumption. Hence, artifact and

image strength are compared directly.
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4.3.2,1 Artifact Distribution for a Uniform Object

The uniform object represents the simplest case for estimating
artifact strengths. For a uniform object of N resolution cells,
the ratio of the reconstruction diffraction efficiency of a single

kEb order artifact to that of an image cell is

For the RAR 2491 film of equation [3.1], with N = 20, == = 1077,
The total image-to-artifact ratio is M, /N, = 3‘10—3.

The quadratic artifact contribution at a point in the image of
an extended object can be spatially averaged over several artifacts
if the object consists of discrete emitting regions and the emitting
regions all have similar strengths. If the object is continuous,
spatial averaging is unnecessary, as in the case of the uniform
object, For a uniform disk object of radius R, it is easy to show
that the quadratic artifact strength at a point a distance 4 from
the center is proportional to R2 cos-l(d/R) - d'/R2 - dz. For a
disk covering twenty resolution cells, then, the artifact irradiance
can be as much as 10-2 times the image irradiance (this occurs at
the center of the image). Thus, even if the central resolution cell

of the disk is non-emitting, the artifact irradiance at that point.

is negligible.

4,3,2.2 Artifact Distribution for an Object with Contours
The preceeding discussion appears to indicate that artifacts
are negligible compared to the image irradiance. For extended

objects with smooth contours, this is indeed the case. Nonlinear
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imaging of objects with sharp contours, however, can produce arti-
facts which are significant, and a method for estimating the signi-
ficance is then necessary. Computation of artifact strength
requires knowledge of the film t-E curve, the object spatial and
spectral distributions, and the propagation characteristics of
radiation through the recording system., If the object spatial
distribution is not known, deterministic degradation is difficult
to assess.

Consider a three-point object recorded with t-E as in equation
[3.1] and exposure not exceeding ten in Figqure 3.4, Let the worst
case be invoked, in which two of the points produce equal exposures
(Ez) and the third point produces a weak exposure E1 (E1 < E2).

In order for the image of the weak point to be stronger than the
quadratic artifact produced by the nonlinear interaction of the two

stronger exposures, > azE;'/ 2, Thus, E, < 2.41 E..

@98y 2 1

If E1 is distributed over more than one resolution cell, E

must be smaller in order that the artifacts be smaller than the

2

weak areas of the image., Let E, be distributed evenly over M cells,

1l

Then E a .M

— > % . [4.2]

E2
Also, since 2E2 + El = Emax , then

2
-4a1 16a1 2E al
B, < — + 5 nax . [4.3)]
a
2 M C!2 M a2

Increasing M requires decreasing E For practical purposes,

2I

the weakest nonzero image irradiance should exceed the strongest
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artifact by some safety factor. This can be directly incorporated
into equation [4.2].

The case just discussed is particularly poor in image fidelity.
More general cases can be imagined, but the problem of estimating
image fidelity still remains. Estimating deterministic image
fidelity for.small, discrete objects should not be necessary
because those objects should always be imaged linearly, as shown
in Section 3,4,2. The discussion here will concentrate on extended
objects of more than about ten radiating cells,

Recall from equation [4.1] that G is proportional to the total
exposure in the encoding step. For N radiating object cells, the
average cell contains G information elements with a standard devia-

tion of 0 elements, where

N
g
g2 - - & [4.4]
N
N
and g ) { N ] >
/N < - G,
g = Tz ) jz-'l 3 . (4.5]
N(N=-1)

Define the mean object variation, V, as

=0 /G. [4.6]
The artifact amplitude transmittance is proportional to the square
of the exposure variation, so artifact irradiance is proportional to V4.
Further, the ratio of 02 (the variance) to the total artifact trans-
mittance is independent of N, This striking result indicates that
artifact degradation can be estimated if EG;Z, (z Gj)z, and N are known.

(X Gj)2 is easily measured during reconstruction as the flux
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in the d.c., term, For a linear recording, szz is the total image

flux.” For nonlinear ZPCI, the “image" flux contains artifact

contributions as well as desired image information, Remember from

Chapter I that zcjz contains information about N, so N is found

in the total image flux, but again the presence of artifacts

obscures the information. N can also be found by measuring the

image size. This method introduces error in the value for N because
artifacts are counted as image cells., Measurement of image flux
will yield a low value for N, whereas measurement of the image size

yields a high value for N, The average of these two values is a

reasonable value to use for N, The following prescription for

evaluating artifact significance can be used:

(1) Know the t-E function for the film being used.

(2) For a given coded image, find the total exposure by measuring
the d.c. flux in the reconstruction.

(3) Find tmax and tmin for the coded image.

(4) Compute the diffraction efficiency vs N for the linear trans-
mittance component,

(5) Measure the total image flux., This will include both artifacts
and loyal image contributions and will be larger than the loyal
image flux alone,

(6) From (4) and (5), compute a value for N. This value will be
lower than the actual value., Call this value Nl.

(7) Measure the image size to find N. This value will be too high,

Call it N_., Let N =% (NJ+N, ).

2

(8) Compute 0, This calculation will contain an overestimated

2
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value for Zsz and can be corrected by multiplying z sz by an

J _ J
underestimated value for N, namely Nl' N can be used as a reasonable

estimate of N for the rest of the calculation. Hence,

; ;3
o = - [4.5a]
N (N-1)
and o
V=s—-" [4.6a]
G

Now that ¢ and V can be easily found, artifact flux must be
related to these quantities. Since N > 10, it is safe to use the
total artifact flux divided by the image area as the .artifact
irradiance. This approximation is safest when the object contains
only smooth contours, but it can still provide reasonable estimates
for objects with sharp contours. For Vv = 0, i.e, for a uniform
object, artifact degradation can be calculated accurately. For v-—+ 1,
artifact degradation can be equated to the worst case, i.e. two
bright spot: .c¢ntaining most of the energy as described earlier.
With these two limiting values for artifact irradiance, the V4
dependence permits artifact strength to be calculated for any value
of 0., Since there is still artifact flux for v = 0, the expression
for the flux will be of the form

4

F_ =F| + BV, [4.7]

a v=0

where BN = Fa for the worst case with N resolution cells. Minimum
artifact irradiance occurs at v = 0 and is a small value.

By is the upper limit for F_ (neglecting Flv=0) and can be
calculated in the following manner. All radiating source cells

(except two) each consist of one information element. The remainder
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of the information elements are equally divided between the other

two cells. Thus, B _ is dependent upon N and G.

N
Equation [4.6a] is the most useful indicator of artifact strength.
For example, V = 0 for the two-disk object of Figure 3.8, while for
the object of Figure 3,5, V = 0,55 (strictly speaking, neither |
object subtends enough resolution cells in first order to be large

enough to use this analysis, but the results should indicate the

applicability of mean object variation to artifact estimation).

Section 4.3.3 Noise Strength and Object Size

SNR was defined in Chapter I , The purpose of this short
section is to outline a simple procedure for estimating average
frequency of the image.

The calculation of average frequency Eo in equation [2,.40]
can be performed by Fourier transforming the image and locating the
mean frequency. Let F(§) represent the irradiance of the Fourier
transform of the image. The total flux in the Fourier transform
is given by

[ &erey = 1.
F

Let Igmin | be the minimum image frequency ( Igminl is determined
by the maximum extent of the image). Let | Emaxl be the high
frequency cutoff of the projected zone plate shadow. Then the mean

fl it i = -
ux per unit frequency is I, =1I_/( Igm Igminl ). The mean

ax |

frequency Eocan be found by the following equationsg

1* = [Cafpreg
*
I

0 1.
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It is useful to calculate the standard deviation of the average

frequency as wells

1) g2a% -1 (€)?

I, - 1

Note here that IF must be made much larger than unity. From Section
4.3.2.2, I, % G for convenience. If f)'/g'0 is large, then £ghas little
meaning, as in the case of two points separated by a large distance.

Since finding SNR involves an extra task during reconstruction,
image degradation mechanism, Artifacts can be estimated from

quantities measured in the reconstruction.

4,3.4 Optimization Procedures

This section is the most important one in the thesis because
it contains specific optimization procedures. Due to object size
constraints, the only prevelant use for ZPCI is inertial confinement
fusion (ICF), in which the typical source is of limited spatial
extent and emits copious amounts of high energy photons and particles,
Thus, the discussion here will focus on ICF applications of ZPCI.

The primary tools in ZPCI optimization are shadowgram processing
and the reconstruction benéh. Depending upon the nature of the
information desired, the procedures for using these tools vary. The
following paragraphs illugtrate the procedures in general fashion
and with two practical examples,

Several decisions must be made concerning the imaging arrange-
ment before encoding can be performed., The radiation to be detected

determines the recording medium, zone plate material and thickness,
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and filtering. The required nominal lateral spatial resolution
defines the outer zone width, and the anticipated object size
defines the zone plate size. For purposes of film calibration,
the innermost transparent zone should not resolve any object
structufe.

Linear ZPCI is not always a practical reality, and much of
the decoding effort should be devoted to determining image fidelity.
Four constituent procedures are involved. First, a t-E calibration
for the encoding detector is required. Second, the detector must
be processed to occupy the desired region of the t-E curve. Next,
comparison diagnostics should be available for corroborating results
with the zone plate camera. Finally, fidelity measurements must
be performed (as outlined in Sections 4.3.,2.2 and 4.3.3), and the
best reconstructed order can be chosen,

t-E calibration is necessary unless the encoding detector has
known properties, In ICF, t-E can vary from shot to shot, especially
for soft x-rays. Track detectors do not require t-E calibration
because they respond fairly uniformly from shot to shot. Calibra-
tion data can be obtained by inserting detectors (identical to the
encoding detector) at various distances from the object and with
filtering and processing identical to that of the encoding detector.
The calibration exposures should be obtained in a camera situated
adjacent to the zone plate camera to avoid directional emission
effects due to phenomena such as plasma opacity.

The lack of exposure control in ICF can be accomodated by

controlling film processing. Developer conditions can be altered
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to control the dynamic range of silver halide x-ray detectors, but
t-E linearity is not easily controlled. Processing changes should
be used to impart to the coded image the appropriate density range.
Thus, the calibration camera should have two detectors for each
exposure level; one set of detectors is processed in a prescribed
manner, and the resulting t-E curve is used to determine what
processing should be used for the second set of detectors (and
the coded image). The second set of detectors provides the t-E
calibration for the coded image. Note that if the width of the
innermost transparent zone in the zone plate is larger than the
object, the maximum density on the shadowgram is known before it
is processed.

An alternative calibration method is the film stack approach

of Ceglio,(48)

in which several films and appropriate filters are
sandwiched in the zone plate camera. Development of one shadowgram
provides information about the development required for the remaining
shadowgrams. This method does not provide t-E information, but
it can be used in the calibration camera as well as the zone plate
camera to provide t-E information for several spectral channels
simultaneously. Film stacks require much labor and are best kept
to a minimum if possible,

The importance of companion diagnostics cannot be overemphasized,
In many cases, especially those of strong deterministic degradation,
it is useful to know the gross features of the object in order to

provide a rough check of the image fidelity of the ZPCI camera.

Once the above requirements have been satisfied, the actual
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reconstruction can begin, The first order focal length should be
determined as in Figure 1.2, Then the system of Figure 3.3 can

be used to perform the reconstruction with all orders at predeter-
mined distances from the d.c. block. The procedure of Section
4.3.2.2 can then be used to determine image fidelity. 1In addition,
if noise is a suspected problem, the procedures of Section 4,3.3
can be used. If more than one image order is obtéinable, the noise
should not be too troublesomevin the lowest order,

Should the object display minimal structure, higher resolution
might be desired. The coded image can be copied and bleached as
in Appendix I, and the additional image efficiency of the bleached
copy can be used to obtain higher order images than the original,
In this case, a t-E curve must be estimated, and the image infor-
mation is only qualitative. The increased resolution mitigates
artifact formation in the higher orders.

The image with superior fidelity must be a compromise between
artifact formation, resolution, and SNR. Such a compromise depends
to a great extent upon subjective interpretation, The maximum
tolerable noise level should not be exceeded, but the problem of
determining noise is complex, as noted earlier. Nonetheless, at
some high image order the noise will become stronger than the image,
and so typically a middle order is the best image. Figure 3.6
provides a good example of the compromise,

The optimization procedures outlined here have not included
calculations of information capacity because, as with any image

evaluation criterion, information capacity varies with object
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information content and system linearity. Equations such as [4.,7]
are much more useful in calculating the impact of nonlinearity,
object size, and zone plate size. The most important aspect in
ZPCI is the understanding of how each variable in the system is
related to every other variable; such an understanding results in
prudent application of the system, The following examples provide
an overview of the considerations necessary in applying ZPCI to

the imaging of laser fusion plasma emissions.

4,3,4,1 Example: a-Particle Imaging
a-particle imaging is useful for diagnosing thermonuclear burn

characteristics in ICF.(14)

ZPCI is ideally suited to a-particle
imaging for several reasons, First, the encoding step is very
nearly ideal; there is no diffraction of the particles, so the only
contribution to imperfect shadowcasting is the scattering of particles
obliquely incident on zone edges. Also, since the track detector
is a binary detection medium (Section 2.4.4), a contact copy of
the coded image can have controlled t-E properties. Fianlly, shot
noise is the dominant image degradation, so increasing the zone plate
size can improve SNR. Grain noise can be minimized by copying the
coded image onto a fine-grain emulsion.

Gold zone plates about 6 um thick are sufficient to encode
3.5 MeV a-particle emissions in ICF, Cellulose nitrate (CN) can
be used as the detector. After development, CN can be contact-
copied in green light onto a fine-grain emulsion, which then serves

as the reconstruction mask., If the CN track density is low, the -
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copy can be made onto a coarse-grain emulsion, but grain noise
then becomes a problem.

Reconstruction of the coded image proceeds in the prescribed
manner, It is useful to first decode a linear copy; the prescence
of even order reconstructions would indicate imperfect shadowcastihg.
Linear decoding allows quantitative image analysis. 1If even orders
are not present in the linear case, a nonlinear reconstruction
can then be performed; in this case, the even orders yield quanti-
tative artifact information, and the image fidelity can be estimated
without the procedures of Section 4.3.2.2.

There is evidence that the a-particle image is a sensitive
indicator of implosion symmetry in ICF. Figure 4.la shows soft
x~ray and a-particle images from a highly symmetrical implosion
of a D-T fusion target performed on the six beam Zeta laser system
at the University of Rochester. Even with the spherically symmetric
x-ray emission, the a-particle image shows evidence of "spokes,"
i,e, of the six beam imprints. Figure 4.1b is the x-ray image of
another implosion with different laser focussing conditions than
those in Figure 4,la. Such asymmetry would be obvious in the
corresponding a-particle image., It is imperative in situations
such as these that the image fidelity be superior in order to avoid

erroneous data interpretation,

4,3.4.2 Example: X-Ray Imaging
While a-particle imaging is particularly easy with ZPCl, x-ray

imaging is very challenging. The encoding step will be degraded by
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Figure 4.1 Images of X-Ray and a-Particle Emissions in ICF Studies.

(a) X-ray and a-particle images from a highly symmetrical
laser-fusion implosion experiment. The a-particle image
shows evidence of the imprints from the six laser beams
that irradiated the spherical target.

(b) X-ray image from a target irradiated with the laser beams
focussed on the surface of the target., Note the modulation
in the image. The a-particle image from the same target
might exhibit beam imprint effects very clearly here, but
the particle flux is so low in this type of experiment that
it is difficult to obtain a coded image.

The photographs in (a) will appear in-J. Soures, et. al., "A Review
of High Density, Laser Driven Implosion Experiments at the Laboratory
for Laser Energetics," in Laser Interaction and Related Plasma
Phenomena, V. 5, H. Schwartz, H. Hora, M. J. Lubin, and B. Yaakobi
eds., Plenum Press, New York, 1981. They also appeared under the
same title in LLE technical memo #98. All photographs in this

figure are reproduced with the permission of the Laboratory for
Laser Energetics of the University of Rochester.
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Fresnel diffraction effects and partial x-ray transmission through
zone edges, Hence, even orders will always be reconstructed.

The outer zone width must be chosen to be large enough so that

its Fresnel diffraction pattern is not wider than its shadow.

For such purposes, the longest wavelength to be encoded can be used
in the Fresnel diffraction calculation (for a slit the width of

the outer zone and a point source and observing séreen positioned
as in the encoding geometry).

The t-E curve for x-rays will vary significantly depending
upon plasma conditions and in general will be nonlinear. The
calibration camera of_Section 4,3.4 is useful in this case. A
moderate developer such as D-19 should be used for the initiél
t=-E calibration, and subsequent calibrations can be made with
other developers as needed.

X-ray exposures offer little versatility in film processing
due to the nonlinear nature of the original coded image. However,
when only qualitative information is desired, bleaching can be
used to increase SNR. Ideally, the original coded image should
be recorded on a photographic plate so the emulsion can be directly
bleached. ICF plasmas usually emit enough x-rays that high resolu-
tion plates can be used. If the x-ray flux is low enough that a
coarse-grain recording medium is required, then the coded image
should be copied onto a plate which can be bleached.

The optimization steps of Section 4.3.4 should be followed

rigorously with x-ray images. Some relevant points are:



(1)

(2)

(3)
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The innermost transparent zone of the zone plate should be
wider than the source extent for easy measurement of the total
exposure, a quantity of interest for the optimization relation
{equation [4.5a]).

The t-E calibration yields, for a given object, the total
image flux expected in the reconstruction., Any deviation
from this value can be attributed to artifact flux. Note
that the flux in all orders must be measured in order to
account for the effects of Fresnel diffraction in the encoding
step.

Image size can be measured easily with an automated data

acquisition system, such as an optical multichannel analyzer.

The discussion here should make it clear that ZPCI should not

be used for x-ray imaging unless no other diagnostic provides

adequate information. In ICF, examples of such needs include

suprathermal x-ray imaging and the high energy tail of the thermal

x-ray spectrum, both of which are low flux cases, poorly suited

to pinhole camera imaging or grazing reflection microscopy,
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The objectives of this thesis have been to investigate image
degradation mechanisms in 2ZPCI and to devise image characterization
and optimization procedures. This chapter contains a summary of
the contributions made and suggestions for future work in zone
plate imaging.

Several contributions were made in ZPCI theory. A simple
categorization scheme of optical coded imaging systems culminated
in an analogy between ZPCI and multiple exposure holography, facili-
tating the analyses of deterministic degradation and noise. The
treatment of nonlinear ZPCI was géneralized to include phase recon-
structions, raising questions concerning both image efficiency and
image degradation. Artifact formation was analyzed with and without
the assumption of perfect shadowgraphy in the encoding. Perfect
shadowcasting leads to simple image analysis, whereas practical
use of ZPCI leads to a more complicated deterministic degradation
problem in which artifacts are order-independent., Finally, a noise
model was developed to account for effects due to mask density
variations and object spatial frequency content.

Three experimental contributions wére made. The first quanti-
tative comparison of linear and nonlinear ZPCI was performed,
clarifying the roles of object information content and system
nonlinearity., The first experimental studies of grain noise
investigated in qualitative fashion the variation of SNR with
both object information content and system nonlinearity. Thick
zone plate fabrication was improved by the application of reactive

sputtering to the process.
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The primary contribution of this work was in the area of opti=
mization, which is a balance of image degradation and image efficiency.
Simple, reliable methods for determining image fidelity were devised.
ZPCI can now be applied with confidence.

Several areas deserve further consideration in ZPCI. Work in
zone plate fabrication should concentrate on submicron zone widths .
with aspect ratios of ten or higher, Such zone plates would permit
particle imaging with submicron resolution. Tailored zone profiles
would be beneficial in x-ray ZPCI to boost the efficiencies of
arbitrary image orders. Fabrication of tailored zone profiles is
a difficult task and would require the use of complicated phenomena
such as faceting effects in ion etchingi

The most important area in ZPCI at the moment is automated
data acquisition, which would permit easy estimation of image
degradation and computerized image enhancement technigques. Other
areas of interest are off-axis imaging and quantitative noise
studies., Off-axis ZPCI eliminates the d.c. reconstruction term;
it can also be used with spatial heterodyning to shift the object
frequency content into a region in which noise is reduced from
its low frequency peak. Quantitative noise studies should be
done with linear imaging in order to avoid confusion in image

interpretation,
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A.l.1 Processing of Kodak RAR 2491 Film

Develop:
Stop:
Rinse:
Fix:
Rinse:
Clear:
Rinse:
De-spot:
Air Dry

D-19 6 min,

Indicator stop bath 30 sec,
Running H,0 30 sec,

Rapid Fixer 3 min,

H.O 2 min.

Perma Wash 1 min,

H, O 1 min,

P%oto Flo 30 sec,

A.1.2 Processing of Kodak 649-F Plates

Develop:
Stop:
Rinset
Fix:
Rinse:
Clear:
Rinse:
De-spot:
Air Dry

pP=-19 5 min.
Indicator stop bath 30 sec.
H.O 30 sec.
27, . .
Rapid Fixer 5 min.
H.O 2 min.
2 .
Perma Wash 2 min,
H.O 2 min.
Pﬁoto Flo 30 sec.

A.l1.3 Bleaching of Kodak 649-F Plates

After the
were performed:

Bleach:
Rinse:
Rinse:
Dry:

final rinse of Section A.,1.2, the following

Brominated methanol (5«10%) until clear
Methanol:H. .0 1:1
Methanol

Forced air or N2

A.l1.4 Measurement of Optical Density of Processed Films

127

steps

Density of each film specimen was measured on a Joyce Loebl 3CS

microdensitometer and converted to amplitude transmittance with the

/2

equation t = lO-D « Uniformly exposed films and copies of coded

images were surveyed in areas of uniform density (for the copies,

these areas were around the outside of the coded image).
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High energy imaging presents a challenging aperture fabrication
problem. Zone plate and pinhole cameras have lateral spatial reso-
lutions proportional to the smallest lateral aperture structure. But
adequate shadowgraphy contrast depends upon aperture thickness, so
the objective in zone plate fabrication is a large thickness-to-
linewidth ratio (aspect ratio). This section deals with the use of
dry etching to delineate aperture patterns and the resultant fabri-
cation capabilities.(53)

Gold micro-Fresnel zone plates are made by producing a negative
mold at least as thick as the desired product, and then electroplating
gold into the voids. Usually this mold is formed photolithographically
in thick layers of photoresist, as outlined in Figure A.l. The
most difficult steps are 2, 3, and 4, which will be termed pattern
delineation steps. The processing schedule for photoresist layers
thicker than about 15 pum is very demanding. Ciarlo and Ceglio(54)
have succeeded in delineating patterns as thick as 40 um in photoresist,
but many problems are in evidence. For example, cracks and bubbles
can occur during u.v. exposure, and resist layers can exhibit thick-
ness nonuniformities. Theg; problems, though imposing, can be
overcome with proper care in processing, but a more fundamental
problem is zone tapering, which is due to diffractive spreading of
the exposure illumination by the fine details in the photomask. The
maximum aspect ratio achieved by the standard technique is about
four, while zone plates with aspect ratios as high as ten would

prove useful for imaging experiments.

To avoid the problems inherent in thick photoresist processing,
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ZONE PLATE FABRICATION SEQUENCE

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

L L L L2

I I

(L L LLLLLLLL LD

Figure A.1

1000& Au
100X Cr
glass

Apply photoresist

UV Exposure
through photomask

Develop resist

Plate Au

Attach support,
remove resist

Dissolve excess Au,
Cr, and glass
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. 5
reactive sputter etching (RSE)(5 )

has been employed to delineate

thick molds. Figure A,2 is a schematic of the RSE apparatus. A

radio frequency glow discharge sustains a plasma in a gas which is

being pumped through a chamber at low pressure, The specimen to be

etched is placed on the cathodic electrode. The gas is chosen so

that it will chemically react with the specimen, creating volatile

reaction products which are pumped away by the vacuum system. The

mechanisms in the RSE process are not completely understood, but RSE

is known to be somewhat material specific (due to its chemical nature)

and highly directional (presumably due to the acceleration of '"reactive

ions" in the discharge) as well, Organic media can be reactively

etched in a 13.56 MHz oxygen discharge at rates approaching 250 nm/min.,

while oxygen etches inorganic media much more slowly.(56)
A thick zone plate mold can be delineated with RSE as shown in

Figure A,3. The thick polymer applied in step 2 is coated with a thin

film of an inorganic material with a low etch rate in © A thin

2°
{500 nm) photoresist film is spun onto the top layer, and the zone
plate pattern is photolithographically delineated into the resist.
Wet or dry etching can be used to transfer the zone plate pattern into
the inorganic material, which serves as an etch mask in the subsequent
O2 RSE step (step 4). Steps 5 through 7 are unchanged from the
original process.

Crucial to the RSE method of pattern delineation is the choice
of the polymer and mask materials such that the RSE step will etch

only the polymer. The polymer must be capable of being deposited in

thick, uniform layers and must withstand the processing steps which
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SCHEMATIC DIAGRAM
OF REACTIVE SPUTTER ETCHER
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ULTRATHICK ZONE PLATE FABRICATION

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

VL LLLLLL L L L Ll L

o [ — 0
iRl
IO ION.

Figure A.3

1000X Au
100X Cr
glass

Apply polymer

Produce etch mask

Reactive sputter etch

Plate Au

~ Attach suppport,

remove polymer

Dissolve excess Au,
Cr, glass

133



134

follow pattern delineation, including gold plating and wet chemical
etching., 1In addition, since an integral etch mask is required, it

must be possible to deposit metal films with excellent adhesion to

the polymer.,

To date, an ideal polymer has not been found. Consequently, a
somewhat different fabrication procedure was adopted. A standard
piece of mylar film of the desired thickness (in this case 50 um)
was coated on both sides with approximately 400 nm of aluminum. One
side was then coated with approximately 200 nm of gold. The géld
surface was epoxied to a glass cover slip, which offered the support
necessary for the subsequent steps. A thin layer of positive photo-
resist was spun on the Al surface and exposed through a zone plate
mask. After resist development, the exposed aluminum was chemically
etched away, leaving an integral Al mask on the mylar. The masked

mylar was then reactively etched in O, at a power density of 0.28

2
W/cmz, a pressure of 10 mT, and a flowrate of 15 cc/min to delineate
the zone plate pattern in the mylar and expose the Al at the back
surface of the mold. The backing layer of Al served to protect the
Au during etching and was subsequently chemically removed. Gold was
then electroplated into the mold, and the gold-mylar assembly was
epoxied to a supporting ring., The final step consisted of placing
the zone plate in the RSE and etching away the mylar. Figures A.4
and A.5 are scanning electron micrographs of a mylar mold and a
gold zone plate made by this method. The zone plate thickness is

40 um, and the outer zone width is 15 um. The radial struts are

5 um wide, but their thicknesses are somewhat less than 40 um due to
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Figure A.4 Scanning Electron Micrograph of a Mylar Zone Plate Mold.

The mold was produced by the method described in the text. Note the
vertical sidewalls, The smallest crevices are about fifty microns
deep and five microns wide,
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Figqure A.5 Scanning Electron Micrograph of a Thick Zone Plate.
The technique employed to fabricate this zone plate can be used to

create high aspect ratio microstructures with virtually arbitrary
linewidths.

2.

g
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what appenss to be a dependence of the RSE rate on either {1) electric

(55)

field distortion effects from the conducting mask, or (2) channel
aspect ratio. This effect is the subject of current investigation
and is not believed to be a fundamental obstacle to the fabrication
of high aspect ratio microstructures. Figure A.6 is a micrograph of
a mold pattern illustrating the departure of the zone sidewalls from
a perfectly vertical geometry.

The fabrication of high aspect ratio zone plates makes possible
submicron imaging of 3.5 Mev a-particle emissions from laser fusion
targets, high resolution imaging (5 um) of high energy plasma x-ray
emissions (10-100 kev x-rays), and even possibly submicron imaging

of soft x-ray emissions (1-10 kev) from the same plasmas. The work

outlined here is the first step toward realizing those goals.
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Figure A,6 Photograph Illustrating Nonvertical Sidewalls of a
Zone Plate Mold.

In this photo, the zones are about eight microns wide at the top.
The reason for the nonvertical nature of the zones is not known at
this time. One possible explanation is the deviation of the etchant
ion trajectories by electric field distortion due to the prescence
of the metal (Al) etch mask. Another explanation is that the
incoming etchant ions *wander" in the channels because they undergo
abnormally high collision rates there., Such rates would be caused
by locally high densities of the volatile reaction products in

the vicinity of a surface being etched.
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