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The current techniques for solving the problem of the depth of focus in track chambers, in
particular, in nuclear photoemulsion are reviewed. In the first half of the review we discuss the
main features of the techniques for solving this problem by means of the wave-field hologram. the
intensity hologram, and the optical objective with an annular aperture. The second half of the
review is devoted to mesooptics and mesooptical imaging systems. The mesooptical Fourier-
transform microscope for nuclear photoemulsion. mesooptical microscopes for vertical particle
tracks, and the mesooptical condenser based on the tomography principle are described. The
results of some experiments carried out using mock-up systems of some of these devices are given.
The review concludes with a brief comparison of the advantages and disadvantages of these
methods. Itis pointed out that mesooptics is suitable for reading out information from holograms
of particle tracks, in traditional systems for scanning and measuring photographs produced in
track detectors with a magnetic field, and in photographic systems in place of the traditional

photographic objective.

INTRODUCTION

The track detectors used in high-energy physics have
long had the problem of obtaining a high spatial resolution in
a volume whose dimensions are much greater than the depth
of focus of classical imaging optics. This problem became
more acute when the properties of elementary particles with
very short lifetimes, 10 '"*-10 ' sec, began to be studied.
The performance of an experimental setup came to be deter-
mined by its absolute, rather than relative, spatial resolu-
tion. Progress was achieved after the operation of observing
a nuclear interaction vertex was separated from the oper-
ation of measuring the kinematic parameters of the second-
ary particles. The technique of hybrid experiments using a
vertex detector and an external secondary-particle
spectrometer was developed. Miniature rapid-cycling bub-
ble or streamer chambers, semiconductor detectors, or nu-
clear photoemulsion were used as the vertex detector.

Meanwhile, the problem of the depth of focus remained
unsolved. The observation of short-lived elementary parti-
cles in bubble chambers required a spatial resolution of
about 10 gm. Classical imaging optics allowed such a resolu-
tion to be obtained only for a depth of about 1 mm. This was
100 times smaller than the depth of focus of a miniature
track chamber. The spatial resolution in nuclear photoemul-
sion 15 0.5 gm, which corresponds to a depth of focus of 3
pm, or 70 times smaller than 200 ym, the total thickness of
the nuclear-photoemulsion layer. Since the density of useful
events in nuclear photoemulsion is small, while the back-
ground of fog from silver grains is very large, here it is impos-
sible to use optics with a small spatial resolution for the com-
plete scanning of a large volume of nuclear photoemulsion.
A large amount of time would be spent on the laborious
search for useful events.

Solutions to the depth-of-focus problem in track- and
emulsion-chamber techniques have been sought in various
ways. These are: 1) wave-field holograms with the track-
chamber volume exposed to a coherent beam of laser light;
2) intensity holograms with partially coherent illumination;
3) optical objectives with an annular aperture; 4) mesoopti-
cal imaging systems.
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Here we shall review the main features of these four
approaches to solving the depth-of-focus problem in track
detectors, and we shall compare their advantages and disad-
vantages. A considerable part of the review is devoted to
mesooptics. This is because mesooptics provides a solution
to the problem of the depth of focus in nuclear photoemul-
sion and makes it possible to select useful particle tracks and
nuclear interactions much more quickly than when the tra-
ditional optical microscope is used. In this review we de-
scribe the mesooptical Fourier-transform microscope for
nuclear photoemulsion, mesooptical microscopes for verti-
cal particle tracks, and the mesooptical condenser with oper-
ating principle borrowed from reconstructive tomography.
We show how mesooptics can be used for reading out infor-
mation from holograms, and also in traditional systems for
scanning and measuring photographs obtained in track
chambers with a magnetic field.

1. THE WAVE-FIELD HOLOGRAM WITH COHERENT
ILLUMINATION
The stage of obtaining the holograms

It was first shown in the experiments of Refs. 1 and 2
that holography can be used to detect particle tracks with
bubbles of diameter 60 gm. Two goals were achieved by this:
the depth of focus was increased, and the charging capacity
of the bubble chamber by the beam particles was raised. At
first it was thought that the Leith hologram with separated
reference and object beams of coherent light was the most
effective. ™ However, it was later found that pointlike ele-
ments of a particle track could be detected using two® or one
Gabor holograms.® The current technique of illuminating
the track chamber by a collimated beam of light appears to
be the simplest” (Fig. 1). A collimated beam of laser light
illuminates the volume of a track chamber having two opti-
cal windows and falls directly on the photographic film. In
order to detect a track element of diameter & on the holo-
gram, the transverse dimension of the hologram 2a must be
chosen in conformity with the condition

el 1220148 2a, (1)
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FIG. 1. Basic scheme for obtaining a Gabor hologram: 1—collimated
beam of laser light; 2—optical windows of the track chamber; 3—bub-
ble: 4—photographic film on which the hologram s made.

where A is the wavelength of the light and R is the distance
from the track element to the hologram. Condition (1) must
be satisfied in order for most of the light diffracted on the
most distant element of the particle track to fall on the holo-
gram. For the most distant element of the particle track the
difference between the path of a light ray scattered at an
angle 8 ~0.64 /d and the path of a light ray which has not
undergone diffraction is

Vs () (2)

The coherence length of the light, L, must not be smaller
than Al. We see from (2) that the larger the element of the
particle track, the smaller the required coherence length L.
Ifd =10pumand A = 0.5 um, for L = 2 mm the Gabor holo-
gram gives a depth of focus Az=10 m (!). However, the
dimension of the hologram must be 2 =50 cm.

Holograms of focused images are used to decrease the
size of the photographic film on which the hologram is
made.*"" In Fig. 2 we give a schematic diagram for obtain-
ing a focused-image hologram'' using the Leith scheme. The
technique of focused-image holography makes it possible to
estimate the position of a track element of diameter 10 gm
with an error of 2.5 m in the plane of the hologram and 30
pm in the depth. "'

Systematic studies of the conditions for obtaining holo-
grams in a rapid-cycling heavy-liquid bubble chamber'>!'?
have confirmed the fact that holography can be used to reli-
ably detect bubbles of diameter 6 um in the liquid when the
distance from the center of the chamber to the hologram is 8
cm. The reconstructed image of the track of a primary
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FIG. 2. Basic scheme for abtaining a two-ray Leith focused-image ho-
logram of scale M = {, /1. 1 —laser; 2—beam splitter: 3—plane mir-
rors; 4—chamber volume: 5—hubble; 6-—caollecting lens: 7 —photo-
graphic plate for obtaining the hologram: 8—direct light-beam filter.
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charged particle with minimum ionization contains 100-120
bubbles in a track length of 1 ecm. The cycling rate reaches 10
Hz. It was simultaneously discovered that turbulence in the
liquid during the growth and recompression of the bubbles
leads to distortions, which could partially be eliminated by
going to the "“hot” chamber regime. A resolution of 10 um
was also obtained in a small Wilson chamber of dimensions
7.5x 7.5 7cmusing a Gabor hologram. ' The cycling peri-
od of the chamber was 20 sec.

It was shown in Ref. 15 that, when the holography tech-
nique is used to obtain ever higher spatial resolutions, limita-
tions arise owing to aberrations in the optical windows of the
bubble chambers during the stage at which the hologram is
made and also to similar effects during the reconstruction
stage.'”

Studies on the use of holography in streamer chambers

have developed dramatically. At first, streamers were photo-
graphed by detecting the streamer *“shadowgram™ in the
transmitted light from a laser.’”” This made it possible to
eliminate light amplification.'® The authors of Ref. 19 ob-
tained the first Leith holograms in a helium discharge
chamber at a pressure of 1 atm. The angle between the refer-
ence and object light beams was 30°. The reconstructed im-
age of a particle track obtained by the double-exposure
method contained 3—4 elements over a length 1 ¢m, an ele-
ment of the particle track being 0.5-2 mm in length and 0.5—
2 mm in diameter. In subsequent studies a “‘shadowgram"
was detected with a single light beam.”" Two thousand “*sha-
dowgrams™ of tracks of 1-GeV protens and nuclear interac-
tions were obtained. The streamer dimensions were 0.38 mm
in the direction perpendicular to the electric field and 2.5
mm along the field. This was an important step forward from
the method of direct photography of streamers via their lu-
minosity, for which the streamer dimensions were 1.5 and
6.2 mm, respectively. The reason for this difference is that in
the method where the self-luminous streamer is photo-
graphed directly the observer sees the “photosphere” of the
streamer, whereas with external illumination only the core
of the streamer with maximum optical nonuniformity is
seen.”' The spatial localization of the streamer is improved
by a factor of 4:1 (Ref. 24). In Refs. 21-23 it was shown that
the difference between the indices of refraction of light in the
streamer, n, and in the surrounding gas, n,. is An = n,
—n=05x10 * when the gas is at atmospheric pressure
and the electric field is 40 kV/em, when the diameter of the
streamer neck is 0.5 mm. The structure of the streamer “sha-
dowgram’ depends on the time interval Az between the be-
ginning of the discharge and the detection time. For
At > 400-500 nsec a shock wave leaves the streamer.”

The first holographic detection of electron tracks in a
hydrogen streamer chamber was done in Ref. 26. The diame-
ter of the working volume of the chamber was 25 ¢cm and the
height was 7 cm. The self-shunting regime™ " was used
without the introduction of localizing impurities,?™***!

In an operating streamer chamber with a magnetic field
accessible only from one direction it was impossible to ob-
tain a hologram™" by a scheme like the Gabor scheme with
direct illumination of the working volume of the chamber or
by the method of focused-image holograms. Therefore, a ste-
reoscopic method was developed using a spherical mirror
and double passage of the light through the chamber vol-
ume.” A cylindrical lens was introduced in order to com-
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pensate for the astigmatism in the illumination system.*?
The required depth of focus of the photodetector was twice
the actual depth of the working volume of the chamber.
Since the transverse dimensions of the streamers were 0.15
mm (Ref. 34), there was no serious problem with the depth
of focus for the depth of the working volume of the chamber
equal to 150 mm. As a result, the application of holography
in streamer chambers has been inadequate. The results of
Refs. 35 and 36 also confirm this.

In a helium—neon chamber at a pressure of 24 atm (Ref.
35) a spatial resolution of 50 gm was obtained in streamer
photography using luminosity enhancement. In a helium
chamber at a pressure of 8 atm (Ref. 36) the spatial resolu-
tion was 20-30 um at a chamber depth of 23 mm. The work-
ing volume of the chamber was illuminated by a converging
light beam, and the streamers were photographed using the
dark-field scheme. The streamer diameter was 55 gm. This
scheme is very efficient, since the required power of the light
source is 5 times smaller than in holography. However, if the
streamer diameter is decreased to 15 gm and the depth of the
streamer chamber is 200 mm, then physicists are faced with
the same problem of the depth of focus as in miniature bub-
ble chambers. Below we shall consider alternative solutions
to the depth-of-focus problem which are unrelated to detec-
tion via a wave-field hologram with coherent illumination.

The reconstruction stage

A scheme for observing the real image of particle tracks
detected in a Gabor hologram (see Fig. 1) 1s shown in Fig. 3.
In order to scan the entire volume of the track chamber, the
distance between the hologram and the microscope objective
is systematically varied, and the two-dimensional images
thus obtained are transmitted to a video display. The scan-
ning system HOLMES (Refs. 37 and 38) uses three objec-
tives with different focal lengths and three television camer-
as, one of which has anamorphic optics. The quality of the
reconstructed image was improved by means of a spatial fil-
ter*® and a second transfer lens (Fig. 4). The errors in deter-
mining the coordinates of a particle-track element were
Ax = Ay = 2umand Az = 150 um. The accuracy of the oth-
er television cameras was worse. The setup of Ref. 38 was
used to scan 8000 holograms obtained in the small chamber
HOBC with dimensions 56X 11 cm. A scanning system
was developed for the same chamber.” The authors of Ref.

FIG. 3. Scheme for image reconstruction for a Gabor hologram: 1—
collimated beam of laser light; 2—hologram; 3—real image of the bub-
ble; 4—microscope objective; 5—observation screen.
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FIG. 4. Image-reconstruction scheme with spatial filtering: 1—colli-
mated beam of laser light; 2—hologram; 3—real image of a bubble; 4—
transfer lens; 5—spatial-frequency filter; 6—photodetector screen.

40 have analyzed the geometrical transformations of the re-
constructed images which must be carried out in order that
an operator can easily find a small-angle ( <4°) kink in a
particle track. Methods were studied for carrying out these
transformations optically by transferring the original image
from one plane to another using an inclined lens and an in-
termediate screen.

A three-dimensional semiautomatic scanning—measur-
ing device for Gabor hclograms*! has been designed for a
track chamber of dimensions 130 50X 70 mm. As in Ref.
38, the device contains an anamorphic objective and a spatial
image-filtering system. The errors in measuring the position
of the center of a bubble are Ax = Ay =5 um and Az =70
wpm. The device operates rapidly, producing two holograms
per hour. In Ref. 42, which is devoted to the analysis of
experimental errors in an optical-television scheme for scan-
ning Gabor holograms, it was shown that the errors for bub-
bles of diameter 5 pm were Ax = Ay =2.5 ym and Az =20
pm.

Aberrations arising during image reconstruction for fo-
cused-image holograms were studied in Ref. 16. Here a high
spatial resolution is obtained for small holograms. This leads
to more stringent constraints on the degree of shrinkage of
the photoemulsion layer, on the displacement of the holo-
gram from the ideal location, and on the degree to which the
reconstructive light wave deviates from a plane wave.

A measurement system*? has been designed for measur-
ing focused-image holograms in a system with an off-axis
reference beam for obtaining Leith holograms. For this sys-
tem it has proved possible to fully reproduce the conditions
under which the holograms were made during the recon-
struction stage. The light beam travels strictly in the reverse
direction, so that most of the aberrations are eliminated.

All of the systems described above for processing holo-
grams from track chambers during the reconstruction stage
have the common feature that the three-dimensional infor-
mation on the particle tracks and on the event in the track
chamber is analyzed by means of traditional imaging optics.
When the resolution is high, only a thin layer of the three-
dimensional volume being analyzed is clearly visible, and as
the depth of focus increases the resolution of the observation
system worsens considerably. The problem which had been
solved during the stage at which the hologram was made
reappeared during the image-reconstruction stage. The
questions naturally arise of whether or not the constraints
imposed by the traditional imaging optics in the reconstruc-
tion stage can be eliminated and whether or not there are
completely different methods of solving the depth-of-focus
problem. One such method by which this problem can be
solved is described in Sec. 2.
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2.THEINTENSITY HOLOGRAMFOR PARTIALLY COHERENT
ILLUMINATION

The second method of solving the depth-of-focus prob-
lem is based on the intensity hologram with incoherent or
partially coherent illumination. If the illumination is spatial-
ly incoherent, the interference picture produced by the refer-
ence wave and the light wave scattered by individual ele-
ments of a particle track becomes blurred and its contrast
vanishes. This is a consequence of the fact that a monochro-
matic light source has a large spatial extent, so that the par-
tial interference pictures add with random phases. Never-
theless, even under such unfavorable conditions it is possible
to obtain a hologram in the form of an interference picture.

In order to understand the basic principles of this new
type of hologram, we consider an object corresponding to a
single element of a particle track. A stationary interference
pattern can be created if a light wave diverging from this
object passes through a beam splitter. This creates two di-
verging light waves, which are coherent with each other and
can form a hologram in the region where they intersect.

The light waves coming from two pointlike light
sources, the original object 1 and its virtual image 1" (Fig.
5), form an interference pattern which is recorded on the
hologram.

The structure of the 1-1" interference pattern is deter-
mined by how the light wave from an element of a particle
track is split into two parts by the beam splitter. If the track
element 1 and its virtual image 1’ lie on the normal to the
plane of the hologram, a Fresnel-transform hologram is re-
corded. On the other hand, if the track element 1 and its
virtual image 1’ lie in a plane parallel to the plane of the
hologram, a Fourier-transform hologram is recorded. The
1-1" interference pattern takes the form of a one-dimension-
al sinusoidal lattice in a plane, i.e., it consists of nearly
straight, equidistant bands. A special feature of the interfer-
ence picture obtained by transverse displacement of the vir-
tualimage of the track element is that it contains no informa-
tion about the distance to the object. However, if the particle
track consists of two elements 1 and 2, four diverging light
beams are produced. Then the interference pattern contains
six components, of which the cross components 1-2, 1-2/,
1'-2, and 1'-2’ blur, since the light source is large. Only two
components of the interference pattern remain in the holo-
gram: 1-1" and 2-2'. No phase information is recorded in
this hologram. It is therefore referred to as an intensity holo-
gram.

In order to obtain a Fourier-transform (intensity) ho-
logram of a complex object composed of a large number of
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FIG. 5. Scheme for obtaining an intensity hologram of a point object 1
I'—its virtual image; C—beam splitter; PM—plane mirror; IH—inten-
sity hologram.
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particle-track elements, the beam splitter must not only per-
form amplitude splitting of the light wave incident on it, but
must also rotate the original object by an angle of 180°in the
plane parallel to the plane of the hologram.

In one of the first studies on intensity holograms,** a
scheme for obtaining a Fourier-transform hologram was re-
alized. Schemes for obtaining Fresnel-transform holograms
were studied in Ref. 45, and in Ref. 47 it was proposed that a
triangular interferometer and an afocal optical system be
used for this purpose. In Ref. 46 it was pointed out that each
point of the object creates a one-dimensional sinusoidal lat-
tice on a Fourier-transform hologram. The spatial frequency
and orientation in the plane of the hologram uniquely deter-
mine the location of each point of a flat two-dimensional
object. During the reconstruction stage the Fourier-trans-
form hologram is illuminated by a spatially coherent con-
verging light beam and the reconstructed image of the flat
object is observed within the higher orders of the diffraction
pattern.

An intensity hologram obtained with light of wave-
length A, must be illuminated during the reconstruction
stage by light of wavelength 2, = A,/2. Otherwise, the image
will be reconstructed on a distorted scale. The pattern of
illumination which is observed in the reconstructed image
corresponds to the square of the intensity in the original ob-
ject.

In Fig. 6 we show an optical scheme for obtaining a
Fourier-transform hologram.*® An extended, spatially inco-
herent light source S is transferred by a lens L, to a flat object
O. The field lenses L. and L; are aligned such that the central
rays from the light source S intersect in the plane of the
hologram IH. The system for producing two mutually co-
herent light beams rotated relative to each other by an angle
of 180° consists of a half-silvered mirror BS, a mirror M, and
four prisms. The half-silvered mirror BS and the mirror M
create two light beams which travel in the vertical direction.
The first of these falls on the set of prisms Pr, -+ Pr,, which
rotates it to the right, and the second falls on the set of prisms
Pr, + Pr,, which rotates it to the left. The image of the object
at the exit of the prism Pr, is oriented at an angle of + 90°
relative to the original object, and the image at the exit of
prism Pr, is oriented at an angle of — 90° relative to the
object. As a result, the intensities of the two images of the
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FIG. 6. Scheme for obtaining a Fourier-transform hologram of a flat
object O: S—source of a spatially incoherent light beam; L,. L., and
L—converging lenses; BS—beam splitter; M—mirror; Pr,, Pr,. Pr,,
and Pr,—90° prisms; IH—intensity hologram.
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object, which mirror each other relative to a certain point,
are related as

1@ - 1(-§). (3)

where £(£, ) is a point in the plane (£, 7). Then the Fourier
transforms of two light waves coming from the original
pointlike track element 6 (§ — §; ) located at the point §; are

7w = '\I O (&

) oeap {—iwE) 45 ovp (—-ief)

T (o) \' O & exp (—io&)dE oxp (e,

7

(4)

where @ (w, , @, ) is a point in the plane of the hologram. The
coherent superposition of the two light waves T, (w) and
T_ (o) in the plane of the hologram gives a field of ampli-
tude

i, (o) - exp {iw§)--oeap (10§

b S
Leosof; - Deos sag (5)
where x(x, ¥) is a point in the plane of the hologram, with
the coordinate axes x and y related to the coordinate axes £
and 7 as
R e il (6)

2a

The distribution of the light intensity in the plane of the
hologram is given by the expression

; " « 2n 2
Io(x) -ju; ()] deos® . xE b (-(15—(11) : xE,.
W |
(7)

From (7) we see that the effective wavelength of the light,
Ay = A /2, is half the true wavelength A. This causes the
resolving power of a Fourier-transform hologram to be twice
that of a Fourier-transform hologram with coherent illumi-
nation for the same hologram aperture.

During the reconstruction stage the Fourier-transform
hologram is illuminated by a converging light beam by
means of a lens whose focal length is equal to the distance
from the object plane to the hologram plane. However, such
a hologram actually contains no information on the distance
to the object, so that, in principle, the focal length of the lens
forming the converging beam during the reconstruction
stage is arbitrary. The scale of the image is changed accord-
ingly.

The properties of Fourier-transform holograms with
incoherent illumination described above have been used by
the authors of Refs. 48-50 and 52 to record simulated parti-
cle tracks in track chambers. This was a fundamentally new
approach to solving the problem of the depth of focus.

In Ref. 48 it was shown that if the diameter of a particle-
track element d is nonzero, then to obtain a Fourier-trans-
form hologram the object must be illuminated by partially
coherent light whose spatial-coherence radius satisfies the
condition

{I<1ll< | #21, ‘* (8)

where r,, (i5£k) is the radius vector joining two different
elements of the particle track. It is only in this case that one
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obtains a light wave produced by a _system of independent
sources.

The essence of the method proposed in Refs. 48-50 and
52 is as follows. The illumination of an object by spatially
incoherent or partially spatially coherent monochromatic
light gives rise to scattered radiation which is partially co-
herent, and the spatial-coherence function is equal to the
Fourier transform of the transmission coefficient of the ob-
ject.*™*2! This function is recorded by means of the inter-
ferometer shown in Fig. 6.

In Ref. 48 it was shown that information on the dis-
tance, which is contained in the phase of the spatial coher-
ence function, disappears, and the effect of aberrations is
canceled at a depth given by

i s
Bzpe = 7000 SO - )

where @ is the angular size of the object. This is »x,

d
K=o - (10)

times larger than the depth of focus in the traditional imag-
ing optics with spatial resolution Ax = d. Ford = 10 um the
gain is 100:1, but it decreases as d decreases.

In order to retain the information about the spatial loca-
tion of the particle-track elements, the scattered light is re-
corded from two different angles using two interferometers
(Fig. 6), either with one*® or with two illuminating light
beams. Fourier-transform lenses are used in the schemes
shown in Fig. 7. This makes it possible to eliminate the astig-
matism at the edges of the image field, which arises if a con-
verging light beam which was absent in the recording stage is
used in the reconstruction stage. At the same time the useful
depth of focus is increased. In Ref. 30 it was noted that the
fully developed method of Fourier-transform holography
with partially coherent illumination is less sensitive to the
optical nonuniformities created by turbulence of the liquid

FIG. 7. Stereoscopic schemes for recording two Fourier-iransform ho-
lograms: a—with a single common converging light beam; b—with two
crossed converging light beams. 1—laser; 2—Fourier-transform lens:
3—chamber volume; 4—direct-beam filter; 5—interferometer (see
Fig. 6); 6—Fourier intensity hologram.
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in the working volume of the track chamber and that it gives
a higher contrast in the reconstructed image than in classical
holography. The modeling experiments of Refs. 48 and 49,
in which glass fibers of diameter 16 um and light with spa-
tial-coherence radius 20 ym were used, confirmed all the
predictions of the fully developed theory of this new method
of solving the depth-of-focus problem.

3. THEOBJECTIVE WITH ANNULAR APERTURE

In ordinary photography the problem of the depth of
focus is solved very simply. For this it is sufficient to de-
crease the relative aperture of the objective of the photo-
graphic apparatus. For example, for an objective of focal
length 58 mm the depth of focus at a distance of 1 m is 97—
103 cm (6 cm) forastop of 1:2 and 77-145 cm (68 cm ) for a
stop of 1:22. The fact that the diffraction resolution worsens
by a factor of 11 is usually not noticed, since neither the film
nor the object contains fine detail. The technique of setting
the f-stop was used earlier for track chambers, when the size
of a particle-track element was 2-3 mm. However, in the
current miniature track chambers used to record particle-
track elements of dimension 10 gm it is impossible to use the
aperture-adjustment technique, because it unavoidably wor-
sens the spatial resolution of the system by an intolerable
amount.

In order to increase the depth of focus of the imaging
optics while preserving the high spatial resolution, it has
been proposed that an objective with annular aperture be
used.”-** The properties of such objectives have been studied
earlier.’"”* In Fig. 8 we show a scheme for an objective with
annular aperture: @ is the outer diameter of the objective, £a
is its inner diameter, and R is the distance between the objec-
tive and the image plane (7, 8). We recall that in a classical
aberrationless imaging system the function describing the
three-dimensional distribution of light 7,(z, ») in the image
plane (z =0) and along the z axis (r = 0) is given by

J,05 )2 [i(:'_i']*‘ | HL
where

Dar . TS
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In the case of an annular aperture the corresponding func-
tions (0, p) and I(£, 0) have the form

FIG. 8. Objective with annular aperture and the coordinate system: 2g
is the objective diameter; 2¢a is the diameter of the obstructing disk; R
is the distance from the cbjective with annular aperture to the image
plane; P(x, p, 0) is the observation point in the plane z = 0; (0, 0, z) is
the observation point on the axis x = y = 0.
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From (13) we see that if the area of the “*pupil” (the shad-
ow-forming disk) is decreased by a factor of (1 — g%), the
depth of focus and the required exposure time increase by a
factor of (1 — &%) ~'. As £ increases, the spatial resolution of
the objective Ap also improves. For example, for £ = 0.8 the
resolution Ap is improved by roughly a factor of 2 in com-
parison with a system with a completely open aperture
(g =0).

A more careful analysis of the effects arising in the use
of an objective with annular aperture for track chambers
leads to the following conclusions.”™*® The quality of the
image of a bubble obtained with an annular aperture depends
on the size of the bubble. The larger the bubble, the worse its
image is (!). Here the quality of the image deteriorates very
rapidly and becomes worse than in a system with a complete-
ly open aperture having the same depth of focus. As ¢ in-
creases, the intensity of the side lobes of the diffraction pat-
tern of a point increases relative to the central maximum.
However, the most serious defect of an objective with annu-
lar aperture is the fact that the angular field of the system
decreases with increasing £ and also that light losses increase
strongly. For example, if the depth of focus must be in-
creased by afactor of 100, the intensity of the light which will
be admitted by the annular aperture will be 100 times
smaller than in the original system with £ = 0. This is one of
the many reasons why the objective with annular aperture
has not been widely used in track-chamber technology. Be-
low we shall see how mesooptics can be used to eliminate
these light losses while preserving a large depth of focus. For
this we must abandon the spherical wave fronts of the classi-
cal imaging optics and holography and consider conical
wave fronts.

4. AXICONS AND MESQOOPTICS
Definition

The term “mesocoptics™*” covers a large class of nontra-

ditional imaging systems, in which a pointlike object is trans-
formed into a straight line segment, a circle, an ellipse, a
cross, and other complex lines in a plane or in three-dimen-
sional space. The geometrical transformations which are
carried out by the mesooptical imaging apparatus can be
written as

(0-D)-(1-D),
(1—-D)—=(2—Djy, (14)
(2—-D)~(3—D).

A point, which is a zero-dimensional (0-D) manifold, is
transformed into a straight line segment, i.e., into a one-
dimensional (1-D) manifold. A surface, which is a two-di-
mensional (2-D) manifold, is transformed into part of a
three-dimensional (3-D) space. In contrast, in a classical
optical imaging system we have transformations of the form

(0—D)=(0— D). (15)

This and similar transformations can be regarded as one-to-
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one within the approximation of geometrical optics.

There are two main types of mesooptical imaging sys-
tem®®: systems with (a) longitudinal and (b) transverse me-
sooptical properties. Group (a) includes the axicon with a
single conical surface, the circular diffraction grating, and
the phase-only synthetic hologram with longitudinal me-
sooptical properties. Group (b) includes the phase-only
synthetic hologram with circular response, and also the opti-
cal doublet composed of a converging lens and a diverging
conical lens. A converging lens combined with a converging
conical lens produces two mesooptical images of a point: a
longitudinal image on the symmetry axis of the system and a
transverse image lying in a plane perpendicular to the sym-
netry axis of the system. A mesooptical imaging system
which transforms a (0-D) object into a two-dimensional (2-
D) manifold, for example, in the form of a truncated conical
surface, is termed doubly mesooptical: the longitudinal and
transverse mesooptical images are formed simultaneously at
the same place.

Axicons
The simplest axicon is the conical lens (Fig. 9).7>°° The

focal length in this axicon is
| A a

Sn ;_1)—3_ ¥ { 16 )
where a is the axicon diameter, « is the cone angle, and # is
the index of refraction of the glass of which the axicon is
made. A conical lens forms a real image in image space and a
virtual image in object space. The latter takes the form of a
bright ring seen by an observer looking through the conical
lens toward the light rays. The useful field of view of a coni-
cal lens is very small. It can therefore be used only with
coaxially collimated light beams, in scanning systems or in
systems with precise alignment.

A circular diffraction grating®' acts as an axicon whose
depth of focus L is given by

L1 = hiad — I, (17)

where & is the radius of the circular diffraction grating and /,
is the distance from the point light source to the circular
diffraction grating of diameter ¢. The radial distribution of
the light intensity in the mesooptical image of a point is inde-
pendent of the light wavelength.

The axicon phase-only synthetic hologram® is the hol-
ographic equivalent of a lens axicon prepared on a laser ref-
erence photograph.®® Two types of axicon phase-only syn-
thetic hologram have been made®™: 1) 4 = 0.63 yum, a = 10
mm, L =2 m, and Ap,;» = 20 um, with the distance from
the phase-only synthetic hologram equal to 1.6 m; 2)
A =0.63 um, ¢ = 100 mm, L =50 m, and Ap,;» = 35 pm,

FIG. 9. A conical lens—the simplest axicon: D is the axicon diameter; a
is the cone angle; L is the length of the focal line; # is the index of
refraction of light in glass.
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with the distance from the phase-only synthetic hologram
equal to 19 m.

Axicon doublets and triplets

A converging lens combined with a converging or di-
verging conical lens® produces an image of a point in the
form of a focal ring (Fig 10) the radius of which is

Ry (n = 1) af (o< 107, (18)

where F is the focal length of the converging lens. If a me-
sooptical doublet of this type is illuminated by a Gaussian
light beam, the diffraction pattern in the focal ring is de-
scribed by a Gaussian function whose width is 1.65 times
larger than the width of the Gaussian crossover formed near
the focus of the positive lens by itself.

Two complementary axicons, one diverging and the
other converging, form an analog of the Galilean telescope®®
(Fig. 11). A collimated beam of light in the form of a contin-
uous disk is transformed by this system into a ring-like beam
with magnification®®

4ul (_L’__L) (o <= 1107,

M= — |

p (19)
where £ is the distance between the two complementary axi-
cons. A radial transformation of the wave front is produced
by two conical lenses oriented toward each other, or by a
conical lens with a plane mirror.%’

Focusers

This is a new class of optical elements which produce a
focal line of arbitrary form.®**¥ The first stage in the con-
struction of a focuser is the solution of the inverse problem";
finding the scalar wave field in the plane of the focuser which
is transformed into an arbitrary given line with a given distri-
bution of the light intensity in the image plane. The solution
of this problem has been found in the geometrical-optics ap-
proximation, where the phase of the light field varies slowly
over a wavelength A. This corresponds to the class of me-
sooptical elements with small relative aperture. Focusers
usually have only a phase profile® given on some closed two-
dimensional region in the plane of the focuser. This region is

&l ke g T L .“
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FIG. 10. Lens plus axicon, forming a circular image of a point: a—using
4 converging axicon; b—using a diverging axicon: R,, is the focal-ring
radius; @ is the cone angle; Fis the focal length of the lens; #1s the index
of refraction of light in glass.
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transformed into the given one-dimensional line in the image
plane. Effective algorithms for solving the inverse problems
arising in the design of focusers have been developed in the
geometrical-optics approximation.’>"? Smooth single-val-
ued mappings with nonzero Jacobian have been studied.™
The desired phase profile of the focuser can be specified ana-
lytically only in rare cases.®® The second stage in the design
of a focuser is that of obtaining the required optical profile.
Precise references and surface etching are used for this. Fo-
cusers have been made for light of wavelength 4 = 10.6 ym
and A = 0.6 pm.”™™7 Planar focusers are used in laser
ophthalmic surgery for laser keratotomy.”

The spherical mesooptical objective

A defect of the axicon and other axially symmetric me-
sooptical imaging systems is that the angular field of view is
very small, owing to the large geometrical-optics aberra-
tions. Such systems can therefore be used only in scanning
setups with a point photodetector on the optical axis. How-
ever, it is possible to construct a concentric mesooptical sys-
tem which has an unlimited angular field of view. We recall
that the traditional concentric optical objective containing
several spherical surface sections with a common center was
proposed by Sutton in 1859 (Fig. 12). However, it had no
applications in optics, owing to an important defect: the im-
age of points located at the same distance from the center of
the concentric objective lies not in a plane, but on a spherical
surface. Therefore, for a large angular field of view an image
with such characteristics could not be focused and recorded
without distortions on flat or cylindrically curved photo-
graphic film.

The mesooptical concentric objective behaves different-
ly.*"7> When the depth of focus of such an objective is suffi-
ciently large, a three-dimensional object can be photo-
graphed without distortion on a flat piece of film. In Fig. 13
we show the simplest mesooptical concentric objective with
an external spherical surface and an absorbing spherical
core.””” The index of refraction of light in the surrounding
medium, »,, differs insignificantly from the index of refrac-
tion of light in the spherical layer, #-. Just like the objective
with annular aperture, the mesooptical concentric objective

FIG. 12. Transverse cross section of a concentric objective with four
spherical concentric surface: P,—a point object; P, — its image.
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T FIG. 11. A system of two complementary axicons A, and
A, for two different axicon positions: 24 is the light-beam
diameter at the input or ring width at the output.

produces good images only of pointlike objects, and not of
extended objects. Examples of pointlike objects are the ele-
ments of particle tracks in bubble and streamer chambers or
the grains of metallic silver of the track of a charged particle
in nuclear photoemulsion.

In conclusion, let us return to the question of the basic
difference between optics and mesooptics. We note that in a
traditional imaging system a spherical wave front diverging
from a point source is transformed by an ideal lens into a
converging spherical wave front which is recompressed into
a pointlike image (Fig. 14). Ir a mesooptical system, for
example, an axicon, a spherical wave front diverging from a
point source is transformed into a conical wave front, which
produces a mesooptical image of a point in the form of a
straight line segment (Fig. 15). Therefore, an imaging de-
vice is termed “mesooptical” if it produces conical wave
fronts. We recall that undesirable components of conical
wave fronts cause aberrations in traditional imaging optics.
In particular, aberrations can be chromatic. As a rule, these
are undesirable effects which in traditional optics one tries to
eliminate by various methods. However, now the situation is
different. For example, in Ref. 76 chromatic aberrations
were intentionally maximized in order to create a longitudi-
nal spectroscope. A system like this with longitudinal chro-
matic dispersion should be termed “mesooptical.” A point
polychromatic light source is transformed by such a system
into a straight line segment on the optical axis. It is not im-
possible that an objective with mesooptical polychromatic
properties will be used in a track chamber not only for solv-
ing the depth-of-focus problem, but also for preserving dis-
tance information.

5. THE MESOOPTICAL FOURIER-TRANSFORM
MICROSCOPE FOR NUCLEAR PHOTOEMULSION
The operating principle

The mesooptical Fourier-transform microscope
(MFM) (Refs. 77-85) has been designed to search for, ob-
serve, and measure the straight tracks of particles in nuclear

FIG. 13. The simplest mescoptical concentric objective with one
spherical surface and absorbing spherical core: P,—point in object
space I; P,—its mesooptical image in image space I1; #, is the index of
refraction of light in the surrounding liquid; n- is the index of refraction
of the spherical layer with outer diameter R, and inner diameter R,.
The path of extreme rays is shown, and L is the length of the focal line.
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FIG. 14. Anideal lens transforms a diverging spherical wave front into
a converging spherical wave front.

photoemulsion which have small dip angles. Information on
the spatial location of such objects is preserved in the MFM
by means of a type of stereoscopic effect. Therefore, the z
coordinate of the center of a straight particle track is mea-
sured in the MFM, avoiding the operation of overfocusing in
the depth. These and other measuring properties of the
MFM have been obtained by the synthesis in a single device
of elements of the Fourier-transform optics and the mesoop-
tical principle of image formation.

The MFM contains two basic elements: the Fourier-
transformation lens, which produces a converging light
beam, and a mesooptical mirror with circular response (Fig.
16). The crossover of the converging light beam occurs at
the location of the mesooptical mirror. Light rays diffracted
on a straight particle track in nuclear photoemulsion form
on the mesooptical mirror a two-dimensional Fourier trans-
form of the straight particle track in the form of a long, nar-
row band of light, which passes through the optical axis of
the MFM and is oriented perpendicular to the straight parti-
cle track.

The mesooptical mirror of the MFM has a figure of
revolution with generator in the form of an arc of an el-
lipse.”” The first focus of the ellipse lies on the optical axis of
the MFM in the median plane of the nuclear photoemulsion,
and the second focus of the ellipse lies at a distance R from
the optical axis in the median plane of the nuclear photoe-
mulsion, If a point light source is placed at the first focus of
the ellipse, the geometrical location of the second foci of the
ellipse forms a focal ring of radius R, (Fig. 16). Owing to
diffraction of the light, the focal ring has a finite transverse
width which for A = 0.63 gm and R, = 80 mmis Ap, ,,~ 1.4
pm (Ref. 86). The experimentally measured width of the
focal ring at the half-max of the light intensity distribution is
ApTE ~1.5 um (Ref. 86).

The mesooptical mirror of the MFM produces two me-
sooptical images: one on the left (L) and one on the right

FIG. 15. An axicon transforms a diverging spherical wave front into a
converging conical wave front.
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FIG. 16. Optical part of the mesooptical Fourier-transform microscope
(MFM), containing a system for producing a convergent light beam 1,
a mesooptical mirror with circular response 2, nuclear-photoemulsion
layer 3, and a system for observing mesooptical images of a straight
particle track 4.

(R). They are located on opposite sides of the focal ring on
the line passing through the optical axis of the MFM (Fig.
17). Each mesooptical image of a straight particle track with
small dip angle practically touches the focal ring. Mesoopti-
cal images of a straight particle track in nuclear photoemul-
sion are observed and recorded using the matrix of a device
with charge coupling in which anamorphic optics is used.®®

The location of the two mesooptical images of a given
straight particle track relative to the central focal ring is
determined by three parameters: the angle 8 of orientation of
the line on which the two mesooptical images of the straight
particle track lie, and the apparent distances to the point O of
the left ( p,) and right ( p,) mesooptical images (Fig. 18).
Here the distance p,, from the straight particle track to the
optical axis and the coordinate z, of the center of the straight
track are

iy
Zeos g, *

- P1 B

g~ =0 m E (20)

where , /, is the angle between the optical axis of the MFM
and the central ray of the diffracted light subtending one half
of the mesooptical mirror. A mesooptical mirror of a more
complicated shape is used to obtain high spatial resolution in
the MFM.*

FIG. 17. Relative positions of a straight particle track AC and its two
mesooptical images: left (C'4 ') and right (C"4 ").
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FIG. 18. Transverse cross section of a nuclear-photoemulsion layer
with straight particle tracks in the plane perpendicular to a particle
track: p, and p, are the apparent distances between the particle track
and point O for the left and right views, respectively; z, and z, are the
apparent values of the z coordinate of the particle track; p, is the true
distance from the optical axis; z; is the true z coordinate of the particle
track; /4 is the thickness of the nuclear-photoemulsion layer; « is the
angle between the optical axis and the central ray of diffracted light.

If the straight particle track is located at the edge of the
field of view of the MFM, aberrations arise in the mesoopti-
cal image. The presence of geometrical aberrations in the
meridian cross section of the MFM makes it impossible to
decrease the overall dimensions of the mesooptical mirror.*

The imaging properties of the MFM in the meridian
cross section for a circle, a rectangle, or a half-plane screen
can be described using the Dirac delta-plus function 8, {x)
(Ref. 92) and the spatial Hilbert transform.®* In the MFM a
redistribution of the light intensity occurs which is similar to
the effect in W axicons.” In Ref. 92 it was shown that the
convolution kernel of the MFM has the form

¢ (1) = == 18, (x)), 21)

so that an initial quasi-one-dimensional optical field f;,(x) is
transformed into the optical signal

I(x) I(x)

[ &

fi)=Ff(2) ®@ gla)= = [+ (2) ® [y (2)]

=~ %

= [fo ()4 ix ()] (22)

where y(x) is the Hilbert transform of the function f,(x)
(Ref. 93). The experimental results are in good agreement
with this model 5!

In the sagittal cross section the MFM is a one-dimen-
sional pinhole camera with a virtual transmission slit which
is always oriented parallel to the straight particle track.”
There are practically no elements of the imaging optics in
this cross section. The width of the transmission slit is equal
to the diameter of the crossover of the converging light
beam,

Aw =~ MH I,

where H is the distance from the nuclear photoemulsion to
the mesooptical element with circular response and / is the
length of the straight particle track. Therefore, when the
length of the straight track decreases, the virtual diameter of
the crossover of the light beam increases (Fig. 19), until it
reaches a value equal to the length of the particle track. This
occurs when / =/, and /% = 2AH. Experiments® confirm
these predictions.

Measuring characteristics of the MFM

The radial coordinate of a straight particle track g, and
its z coordinate are given by {20), from which we also see
that the errors in estimating p,, and z, depend on the errors in
measuring Ap, = Ap.. The latter are determined by the ap-
erture of half of the mesooptical mirror and in an actual
setup are Ap,;»=1.5 um (Ref. 86).

If the length of the straight particle track [ is less than
the diameter of the field of view D, the visible orientation
angles §; and 8 measured for the two mesooptical images
ofthe particle track determine both the actual angle of orien-
tation of the particle track,”’

FIG. 19. Mesooptical images of a straight particle track of

\ifx')
o

length /[ in the saggital cross section of the MFM: a—for
1> by b—for 1<],.
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8y= 5 (0 -+ bp), (23)
and the length of the straight track /:
1
(Byiq9By) = - (D — ). (24)

L T F
Since the angles &, and & can take both positive and nega-
tive values, the length of a straight particle track can be ei-
ther positive or negative. The observer can thereby estimate
the coordinate of the beginning or the end of a straight parti-
cle track within the field of view of the MFM. The average
error in measuring the track length is about 30 um. This is
quite sufficient for reaching the vertex of a nuclear interac-
tion repeatedly on the basis of data obtained with the MFM.

The mesooptical analog of the Moiré effect is used for
precise measurements of small scattering angles and particle
decay lengths with the MFM.*® If the outer end of the right
half of the particle track (Fig. 20) is rotated about the center
of the field of view in the direction perpendicular to the ori-
entation of the straight particle track, the mesooptical im-
ages of this half of the track will move together along the
corresponding original mesooptical images, i.e., perpendicu-
lar to the velocity vector of the outer end of the right half of
the particle track. The linear speed of this motion is R /D
times larger than the true speed of the outer end of the right
half of the particle track. The same relation is valid for abso-
lute displacements. The error in measuring the particle scat-
tering angleina “kink” is + 1’ for D = 3 mm, H = 150 mm,
and R, = 80 mm. In Fig. 21 we show the scheme for measur-
ing the decay length for the event shown in the upper part of
the figure.”*

The MFM can be used to measure the radius of curva-
ture of a curved particle track.®” The carrier of this informa-
tion in the MFM is the length of the mesooptical image. In
order to estimate the radius of curvature of a particle track, it
is sufficient to measure two linear quantities: the length of
the left and right mesooptical images of the given track. The
basic principle of this new method of measuring the curva-
ture of a particle track is shown in Fig. 22. The length of the
mesooptical images /; and /; at the half-max of the light

FIG. 20. Mesooptical images of a kink type of event, consisting of two
particle tracks 4B and EC with a small angle @ between them: top—Tleft-
hand mesooptical image; bottom—right-hand image; R, is the focal-
ring radius; D is the diameter of the field of view.
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FIG. 21. Scheme for measuring the decay length for the event shown in
the upper part of the figure. Bottom—distribution of the light intensity
in projections of the mesooptical images on the faxis: I, , I, A(8),and
2(8); p, and p, are the radial coordinates of the secondary-particle
track for the left- and right-hand mesocoptical images; /, is the trans-
verse component of the decay length, /, = | p,| = | p,|; here the longi-
tudinal component of the decay length /, is measured using an ordinary
microscope.

intensity distribution profile are related to the radius of cur-
vature of the track p as

lL’I(p + R) =1,/(p — Ro)a (25)
from which
p=Ry iR o 2L (26)

where £ = {; — I is the length difference. We note that the
ratio of the length difference £ to the curvature s=L */8p is

t/s = 16R,/L. (27)

For R, =80 mm and L =1 mm, &/5 = 1.28 x10% This
means that the length difference £ is about 10* times larger
than the curvature s of a curved particle track inside the field
of view of the MFM. For example, if s=0.1 um, then
& =128 um or about 0.13/,,., where /... = (I +{x)/2.
This new method of measuring the radius of curvature
of a curved particle track, which has been studied experi-
mentally in Ref. 99, can be used to measure particle tracks in

FIG. 22. Basic principle for measuring the curvature of a particle track
using the MFM.: /; is the length of the left-hand mesooptical image; /5
is the length of the right-hand mesooptical image; p is the radius of
curvature of the particle track; R, is the focal-ring radius; p> R,
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nuclear photoemulsion for the purpose of estimating local
deformations of the distortion type and also in track cham-
bers with a magnetic field.

The algorithm for event searches

Use of the MFM allows one to rapidly find a nuclear
interaction vertex (an “‘event™), which is seen as a “‘star’ in
the nuclear photoemulsion. The coordinates of the event
vertex are found directly from the mesooptical images of
straight particle tracks in the MFM output without the stage
of track reconstruction in three-dimensional space, as is
usually done. The method is based on the fact that both the
left and the right mesooptical images of the particle tracks
forming an event lie on a sine curve (a “sinogram™) in the
variables ( p, ). This is true even when the event vertex lies
outside the field of view or outside the nuclear-photoemul-
sion layer. In Fig. 23 we show the position of the centers of
the mesooptical images of seven straight particle tracks in
the ( p, €) format. Only six of these come from the common
vertex, while the seventh particle track does not belong to
this event.

In the tangent algorithm for event searches'™ only
those particle tracks which intersect the center of the field of
view at a given instant of time are observed and recorded. In
Fig. 24 we show a four-prong event and a separate particle
track unrelated to the event. The results of the measure-
ments are shown in the (tan &, x) format, where x is the
position of the nuclear photoemulsion at the instant of time
when the particle track intersects the center of the MFM
field of view for displacement of the nuclear photoemulsion
along the x axis at fixed coordinate y, plotted along the y
axis. In the (tan 6, x) format the centers of the mesooptical
images lie strictly on a straight line if the corresponding par-
ticle tracks have a common vertex. The angle of the slope of a
given straight line relative to the axis, tan 6, is S

=tan " '( y, — y.), where (x,, y,) are the coordinates of the
event vertex, and the coordinate x, corresponds to the point
on the x axis through which a straight line of the event passes
in the format (tan &, x). The smaller the difference
( o — ¥ ), the smaller the angle 3.

If the event vertex is located on the optical axis of the
MFM, the mesooptical images of the particle tracks of the
star lie on one of the focal circles with center on the optical
axis. This feature is used in the algorithm of direct detection
of an event in the MFM without the stage of observation and
recording of the mesooptical images of the individual
straight particle tracks forming the event. Since the radius of
the focal circle is determined by the z coordinate of the event
vertex, the total number of information degrees of freedom
along the z axis is

£, 4m 5 ,1"/
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FIG. 23. A picture of seven straight particle tracks in the MFM field of
view (left) and their mesooptical images in the format ( p, 8) (right).
0nfly one of the two mesooptical images is shown.
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FIG. 24. Tangent algorithm for event searches, for the example of an
event with four particle tracks and vertex at the point (x,, y,) of a
coordinate system rigidly fixed to the nuclear photoemulsion. The cen-
ter of the field of view of the MFM of diameter D is located at the point
(x.,p.). The orientation angles of the particle tracks of the event in the

(x, y) plane are @, ¢, @3, and @,

h h sin ayf,

Ne=x="a ° (28)

where Ap is the effective width of the focal ring in the MFM.
For Ap=5 pm, a,/,=30°, and # =200 ym, we have
N, = 20. The direct method of recording events in nuclear
photoemulsion was demonstrated experimentally on a mod-
el MFM (Ref. 101) containing a phase-only synthetic holo-
gram with ring response in the spatial-frequency plane and a
system of concentric transmission rings in the plane of the
mesooptical images.

Tracks of highly ionizing particles

The role of the mesooptical element with ring response
can be played by a system of three axicon lenses (Fig. 25)
with conical and spherical outer surfaces.'">'%* This system
creates a stereoscopic effect, which can be used to measure
the z coordinate of the center of a straight track in the MFM,
thereby avoiding the operation of scanning with overfocus-
ing along the z axis. In order to decrease the effective aper-
ture of each half of the mesooptical element with ring re-
sponse, the construction of the three axicon lenses is
changed in the following manner (Fig. 26). System A con-
sists of three annular axicon lenses. System B contains not

FIG. 25. A mesooptical Fourier-transform microscope with three axi-
con lenses: 1—Fourier objective; 2—nuclear-photoemulsion layer; 3—
a system of three axicon lenses; 4—observation screen.
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FIG. 26. Construction of several mesooptical elements of the MFM:
A—in the form of three circular axicon lenses; B—in the form of a
single narrow circular axicon lens; C—in the form of two cylindrical
lenses.
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three, but one axicon lens in the form of a narrow ring. Final-
ly, system C contains two cylindrical lenses and can be used
to observe primary tracks of highly ionizing particles, for
example, relativistic neon nuclei, which produce tracks
nearly parallel to each other. The mesooptical images of
these tracks are effectively formed by a very small segment of
the focal circle, ~ I°, which can be approximated by its tan-
gent line. Since the rest of the focal circle is not used, the
function of the mesooptical element with ring response can
be accomplished by a system of two cylindrical lenses locat-
ed on opposite ends of the focal circle such that the generator
of each cylindrical lens is parallel to one of the highly ioniz-
ing particle tracks.

It has been shown in experiments'™ that the size of the
mesooptical image in the sagittal cross section of a system
with two cylindrical lenses can be decreased considerably if
the crossover of the converging light beam is shifted from the
spatial-frequency plane to a plane located near the mesoopti-
cal images (Fig. 27). Both monocular and binocular stereo-
scopic effects are observed in such a system.'®* It has been
shown that the number of information degrees of freedom in
the MFM with a single cylindrical lens is 150 times larger
than in the traditional optical microscope with resolution
Ap =5 pm, while an MFM with two cylindrical lenses has
additional information degrees of freedom along the z axis
(N, =18).

Apodization in mesooptics

Apodization effects in mesooptics arise as a result of the
natural screening of the pupil of a mesooptical imaging sys-
tem. Apodization effects in MFMs have been modeled®® for
three classes of input signals entering one of three types of
mesooptical element with ring response: a cylindrical me-
sooptical mirror and toroidal mesooptical mirrors with and
without a cut at the center. The MFM with a toroidal me-
sooptical mirror produces spatial differentiation along the
radial coordinate of a square-wave signal if the width of the
pulseis equal to or larger than the MFM resolution along the
radial coordinate. The delineation of a square-wave pulse is
also observed in a cylindrical mesooptical mirror, but it be-
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FIG. 27. A mesooptical system with cylindrical lens used to form me-
sooptical images of quasiparallel particle tracks and the experimental
results in the format ( p, @): Dis the diameter of the field of view; AB is
the aperture angle of the cylindrical lens of width a in the meridian
cross section; / is the length of the straight generating cylindrical lens;
fis the observation angle; /, is the distance between the particle track in
the nuclear photoemulsion and the cylindrical lens; /, is the distance
between the cylindrical lens and the mesooptical image; p is the radial
coordinate of the mesooptical image of a straight particle track; 8 is the
orientation angle of a straight particle track;, @ = 0 corresponds to par-
ticle tracks which are strictly perpendicular to the plane of the figure.

gins later and gives less of a contrast than in a toroidal me-
sooptical mirror.

A different picture is observed for the bell-shaped co-
sine and Gaussian functions. The delineation effect does not
arise in any of the three mesooptical systems studied. How-
ever, other useful effects appear. For example, a broad Gaus-
sian function describing the reference grid on a nuclear-pho-
toemulsion surface has its intensity suppressed by at least a
factor of 362 in a mesooptical mirror with a cut at the center.
Here the output signal is close to a Gaussian, and its width is
1.5 times larger than the width of the Gaussian at the out-
put.”

The method of measuring the width of a particle track

A straight particle track in nuclear photoemulsion con-
sists of a chain of silver grains randomly distributed in the
direction perpendicular to the actual trajectory of the
charged particle. Therefore, its profile along the radial coor-
dinate, averaged over some length of the particle track, can
be approximated by a Gaussian. Its width is related in a
known manner to the speed and mass of the particle. How-
ever, as was shown in Ref. 95, the Gaussian function is not
distinguished by means of the natural apodization in the
MFM. In order to distinguish the Gaussian function and
thereby create the conditions for the reliable measurement of
the width of the particle track, it is necessary to use the tech-
nique of optical-signal differentiation, which is widely used
in Hilbert optics.”

6. MESOOPTICAL MICROSCOPES FOR VERTICAL PARTICLE
TRACKS
The mesooptical scanning microscope

Particle tracks in nuclear photoemulsion which are par-
allel to the optical axis of the microscope are termed **verti-
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cal.” For a large increase of the microscope size they are only
partially seen. In order to verify that a given vertical track of
a particle passes through the entire layer of nuclear photoe-
mulsion, and is not an accidental cluster of silver grains, the
operator must constantly change the position of the sharp
focus along the z axis. However, this scanning along the z
axis can be completely eliminated if the optical microscope is
replaced by a mesooptical scanning microscope in which the
traditional objective is replaced by a mesooptical axicon and
a point photodetector is located on its optical axis (Fig. 28).
The intensity of the side lobes in the smearing function
of a point is decreased by means of a multiaxicon, for exam-
ple, a double axicon with two conical surfaces.''! The disad-
vantage of a double axicon is that it produces a longitudinal z
modulation of the light intensity on the axis with period

A R

Gt e |

(29)

where F is the focal length of the double axicon, 2R is the
outer diameter, and yis the ratio of the diameters of the inner
and outer axicons. For 4 = 0.63 ym, F= 150 mm, R = 60
mn, and ¥ = 0.7, we have A=5.5 ym. This z modulation
does not interfere with the observation of vertical particle
tracks of length 200 m, However, when the z modulation is
undesirable, it can be smoothed out by means of a phase
plate, which is placed near the double axicon. Its dimensions
are such that the phase plate covers only the light rays com-
ing from the inner axicon. The phase plate is divided into N
sectors (N>2).'""" The phase shift in each sector is
(360°/N)(k — 1), where k is the index labeling the sector,
k=1,2,.., N — 1, N.Such a phase plate produces a longitu-
dinal shift of the wave-field components in a given sector by
an amount (A/N) (k — 1), as a result of which the contrast
from the z modulation of the light nearly vanishes.

An even higher efficiency can be obtained by using the
multichannel mesooptical microscope,'® which contains a
two-dimensional block of prisms, a screen with a two-dimen-
sional regular block of apertures, a photodetector, and a
spherical mesooptical objective®” (Fig. 29). A vertical parti-

FIG. 28. A mesooptical scanning microscope with a double axicon: 1—
light source; 2—nuclear-photoemulsion layer; 3—double axicon; 4—
point photodetector; 4 is the thickness of the nuclear-photoemulsion
layer.
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FIG. 29. A multichannel mesooptical scanning microscope: 1—light
source; 2—spherical mesooptical objective; 3—prisms with square
base; 4—screen with two-dimensional array of point apertures; 5—
photodetector; 6—screen; £ is the thickness of the nuclear-photoemul-
sion layer; H is the distance between the center of the spherical mesoop-
tical objective and the nuclear photoemulsion. The dashed line shows a
light ray coming from the center of the prism with indices m, = 2 and
m, = 0 at an angle 90° — ¥, , to the optical axis of the system; NPE—
nuclear photoemulsion.

cle track is observed in parallel light rays, and the recording
is made in light rays which are homocentric and pass
through the center of the spherical mesooptical objective.
One system of rays is transformed into the other by means of
a two-dimensional block of N prisms with a square base,
where N is an odd number, N>3. Each aperture in the screen
is located on the light beam which comes from the center of
the corresponding square prism. The nuclear photoplate is
shifted within the region of one square prism of area a°,
where a is the length of a side of the base of the square prism.
Since there are many channels, the system actually scans a
region of the nuclear photoemulsion of area & *g> The dis-
tance between successive positions of the nuclear photoe-
mulsion is Nz along the x and y axes. The coordinates of a
detected vertical particle track (x, y) are determined by the
coordinates of the nuclear photoemulsion at the time the
measurements are made, and also by the indices 72, and m,
of the aperture in the screen through which the rays of dif-
fracted light have passed.

The mesooptical confocal microscope

The traditional optical confocal microscope'?*'% con-

tains two objectives, an illuminating objective and a collect-
ing objective, and also a photodetector with a point aperture
(Fig. 30). The axial scanning of a three-dimensional object
is carried out at sound frequencies, and the transverse scan-
ning along the x and y axes is performed using an ordinary
mechanical system. The image of an object, for example, the
nonplanar wing of an insect, is formed on a visual display
screen. The noteworthy feature of the confocal microscope is
that the coherent smearing function of a point in the confo-
cal microscope is equal to the product of the corresponding
coherent smearing functions for each objective. Therefore,
the side lobes of the smearing function of a point are so weak
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FIG. 30. The traditional optical confocal microscope: 1—point light
source; 2—illuminating objective; 3—object; 4—collecting objective;
S—point photodetector; 6—system for scanning along the z axis; 7—
system for scanning along the x and y axes; 8—observation screen.

that the system permits summation over the intensities of
many partial images for different z without weakening the
contrast and without decreasing the signal-to-noise ratio in
the sum image.

Axial scanning along the z axis is completely absent in
the mesooptical confocal microscope''®'"! (Fig. 31). Each
objective of the mesooptical confocal microscope consists of
a collimator lens and a multiaxicon. In order to preserve the
confocal topology of the path of a light ray in the mesoopti-
cal confocal microscope, it is necessary that the light rays in

T AR ‘
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FIG. 31. The mesooptical confocal microscope: 1—point light source;
2—illuminating objective-multiaxicon; 3—nuclear photoemulsion;
4—collecting objective-multiaxicon; 5—photodetector; 6—system for
scanning along the x and y axes; f is the thickness of the nuclear-pho-
toemulsion layer; H is the distance between the objective~multiaxicon
and the nuclear photoemulsion.
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the space between the two multiaxicons be parallel in the
meridian cross section for each pair of axicons facing each
other. In order to eliminate the longitudinal light modula-
tion arising from the multiple-wave propagation of the light,
the absolute dimensions of each muiltiaxicon are increased
without changing the initial aperture. For example, if the
distance from the multiaxicon to the nuclear photoemulsion
is increased to 100 mm, the period of the z modulation of the
light in the vicinity of the focal point is

AH

I sin —

2

for A = 200 pm and sin(a/2) =0.5.

The mesooptical condenser

The speed of operation of a system for detecting vertical
particle tracks in nuclear photoemulsion is increased further
by eliminating the operation of displacement along the y
axis. For this purpose, the mesooptical condenser''' (Fig.
32) is introduced into the traditional optical microscope.
This condenser consists of a source of a collimated light
beam and a cylindrical mesooptical lens whose generating
elementis a polygon.'*? It can be viewed as a one-dimension-
al analog of a multiaxicon with many conical surfaces. An
interference pattern of periodd = A /(2sin (8 /2) ) isformed
at the intersection of two plane waves arriving from two ele-
mentary prisms located at anglesof + 8 /2and — & /2tothe
symmetry plane of the system. The interference patterns
created by the several pairs of elementary prisms of a cylin-
drical mesooptical lens add constructively at the location of
the central maximum. The width of an elementary prism is

%\

FIG. 32. Microscope for vertical particle tracks containing a mesoopti-
cal condenser: 1—collimated light beam; 2—screen; 3—mesooptical
cylindrical lens with generator in the form of a polygon; 4—cylindrical
immersion bath; 5—microscope objective; 6—microscope eyepiece;
2%, 18 the total width of the mesooptical cylindrical lens; 2x,,,, 1s the
total width of the screen; A is the width of the first, outer, elementary
prism, located a distance x, from the symmetry plane; H is the distance
between the mescoptical cylindrical lens and the nuclear photoemul-
ston; &, is the total angular aperture of the mesooptical cylindrical lens;
@y is the aperture of the microscope objective for observing vertical
particle tracks; i is the thickness of the nuclear-photeemulsion (NPE)
layer.
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A = xh /H. Theresolving power of the mesooptical condens-
er is A /a.r, where o is the effective aperture of the me-
sooptical condenser, which is always smaller than the pole
aperture ,. For H = 100 mm, we have @, = 0.58 rad and
e = 0.33 rad. The spatial resolution of a mesooptical con-
denser of these dimensions is Ap ;=2 pm.

When a vertical particle track is made in an illuminated
region of width 2 pum, the light diffracted on this particle
track reaches an objective with numerical value of the aper-
ture @, =24 /h = 0.08 rad from the entire length A.

The x and y coordinates of a vertical particle track are
measured using an algorithm borrowed from reconstructive
tomography.''? The nuclear-photoemulsion layer with ver-
tical particle tracks is scanned twice, each time along the x
axis, but for different orientations of the narrow illuminated
region relative to the x axis. For orientation angles of - 45
and — 45°, the x and y coordinates of a vertical particle track
are found from the equations

Qy = 1y — Xy, (30)

20y - B

where x, and x, are the position coordinates of the nuclear
photoemulsion at the instant of time that the vertical particle
track is located inside the narrow illuminated region. If the
number of vertical particle tracks in the field of view of the
system is /V > 1, then the number of independent orientations
of the narrow illuminated region relative to the x axis must
be increased to 2NV. The expected scanning rate for nuclear
photoemulsion using the mesooptical condenser is 10-20
mm?/sec.

CONCLUSIONS

Let us now compare the possibilities and limitations of
the methods described above for solving the problem of the
depth of focus. First of all, we note that mesooptics has the
most favorable characteristics in comparison with tradition-
al imaging optics or holography, and it allows the construc-
tion of systems which, after specialization, will be the most
capable of meeting the requirements of high-energy physics.
There 1s every reason to expect that mesooptics will breathe
new life into the track-detector method. Most mescoptical
systems are considered specialized, because mesooptics of-
fers important advantages over classical imaging optics only
for anarrow class of objectives consisting of a chain of point-
like elements. The use of mesooptics outside this class of
objects is generally not advantageous. However, the range of
applicability of a number of mesooptical setups can be
broader than suggested above. For example, the mesooptical
Fourier-transform microscope is at the same time a new type
of tomographical device.

The classical photographic objective

In science and technology, the classical photographic
objective is traditionally used universally for the observation
and photographing of a very large class of objects. In high-
energy physics, the classical photographic objective is en-
countered 1n the photographic recorders of track chambers,
in microscopes for observing particle tracks in nuclear pho-
toemulsion, and in scanning systems. The drawback of the
classical photographic objective is the fact that its resolving
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power in the transverse direction, Ax, is uniquely related to
the imaging depth of focus Az:

Az=V 2)Az.

Therefore, the classical objective cannot be used for photo-
graphing track elements of diameter d =5 pm in a track
detector of depth Az = 100 mm.

(32)

The wave field hologram

For recording events in a track chamber of depth Azit is
sufficient that the degree of monochromaticity of the radi-
ation of a single-mode laser, 4 /AA, satisfies the relation

s rAz

ES R PrE (2
Since the relative shading of the track chamber by particle
tracks is usually small, wave-field holograms are usually ob-
tained using the Gabor scheme, or a focused-image holo-
gram is made. An important deficiency of the wave-field ho-
logram is that during the reconstruction stage one must use
the traditional imaging optics with all its limitations. These
can be eliminated if the classical photographic objective is
replaced by a mesooptical imaging element whose depth of
focus has the required constant or adjustable value for high
resolution in the transverse direction.

The intensity hologram

This solves the depth-of-focus problem, but only par-
tially. For example, for Ax® 5 pm the depth of focus in-
creases by at least a factor of 100, but for Ax$ 1 pm the
depth of focus is only slightly larger than that of the classical
photographic objective. An important advantage of the in-
tensity hologram is that the reconstructed image has a high
contrast in the intensity. In photography this corresponds to
¥ = 2, which is usually attained with a small decrease of the
light intensity on the object in a certain mode of developing
the photographic film. The second advantage of this method
is that planar images, as in ordinary stereoscopy, are ob-
tained in the reconstruction stage. The existing systems of
processing film information are suitable for analyzing them.
Mesooptics is not required. The defect of the intensity holo-
gram is that, owing to the high level of incoherent back-
ground, the charging of the track chamber by the beam par-
ticles will be considerably smaller than allowed by the
wave-field hologram.

Objectives with an annular aperture

For alarge depth of focus, the light-collecting efficiency
and also the angular field of view are very small. The latter
problem can be solved if the size of the objective with annu-
lar aperture is many times larger than the size of the classical
photographic objective. Finally, the intensity of the side
lobes in the smearing function of a point is large, and their
falloff with distance from the center of the image is slower
than for a classical aberrationless photographic objective.
This significantly decreases the dynamical range of the sys-
tem. Therefore, objectives with an annular aperture have
hardly been used at all.

Mesoopticalimaging systems

The light-collecting efficiency is only somewhat higher
than for the classical photographic objective, but it is consid-
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erably higher than for the objective with annular aperture.
However, the angular field of view is just as small as for the
objective with annular aperture. The problem of the side
lobes is partially solved by using multiaxicons. The spherical
mesooptical objective has unique properties. However, here
the problem of the immersion bath has not been solved, and
the optimal construction of the spherical mesooptical objec-
tive has not been found. Nevertheless, it can be stated that it
will have many applications in track chambers, in the nu-
clear-photoemulsion technique, and in systems for observ-
ing events reconstructed by means of holograms.

The mesooptical Fourier-transform microscope

This is a specialized system for seeking particle tracks
with small dip angle. The operating speed is very high: in the
MFM there is no depth-scanning stage, and the information
on the spatial location of a particle track has a compact form,
not being split up according to the individual elements of the
particle track. Finally, the identification of direct particle
tracks is done almost instantaneously in the MFM using a
coherent light beam. This is possible because the mesoopti-
cal mirror of the MFM has a complicated surface of revolu-
tion, and its dimensions are many times larger than any tra-
ditional microscope objective.

The mesooptical Fourier-transform microscope as a new
type of tomographical device

As is well known, a tomogram is an image of the inter-
nal structure of a three-dimensional object in a two-dimen-
sional slice obtained without harming the object. In order to
obtain a tomogram, the object is x-rayed in a thin slice at a
large number of different angles, and the resulting data are
processed using the inverse Radon transformation. A tomo-
gram can reveal the distribution of the density of a given type
of nucleus, the elastic characteristics of a medium, anatomi-
cal or biochemical parameters, and the velocity field of a
fluid. Tomograms obtained using the MFM have certain
special features. First, the MFM *“sees” only linear objects
with a small dip angle. Second, the MFM tomogram consists
of a set of bright points on a dark field. Each point corre-
sponds to the location of the intersection of the tomogram
plane by a linear object moving at an angle of 90° with respect
to the tomogram plane. All the other linear objects moving
at other angles to the tomogram plane are not visible in this
tomogram. The resolution in the orientation angle of a linear
object is at least 5'. Here there is no inverse-transformation
stage. Each nuclear photographic plate with charged-parti-
cle tracks has dimensions 200 100 0.2 mm. The total
number of resolution elements on one such photographic
plate is 1.6 10'? bits, which is equivalent to 2 107 tradi-
tional tomograms with 256 X 256 image elements.

Mesooptical microscopes for vertical particle tracks

These have been designed for the rapid search for verti-
cal particle tracks in nuclear photoemulsion. The operation
of scanning along the z axis, which is unavoidable in classical
and traditional confocal microscopes, has been completely
eliminated here, and the problem of the side lobes of the
smearing function of a point, which is typical of any imaging
system with an annular aperture, has also been solved.

The mesooptical condenser has unique features. Of the
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three scanning operations along the x, y, and z axes necessary
in the traditional optical microscope, here only displace-
ments along the x axis remain. In order to obtain complete
information on a vertical particle track, it is sufficient to scan
along the x axis two times for different positions of the me-
sooptical condenser relative to the x axis.

Where should mesooptics be used?

Mesooptics is suitable for use in holography during the
stage of reconstruction, observation, and readout of nuclear-
interaction images, and also in traditional systems for scan-
ning and measuring events in photographs obtained in track
chambers with a magnetic field. The latter possibility arose
after it was shown theoretically and experimentally that the
MFM allows the operational measurement of the radius of
curvature of a particle track. In order to use the MFM in a
traditional system for scanning and measuring events, it is
necessary to incorporate an additional inverse microscope
which decreases the field of view of the system. In a system
composed of these three elements the ratio of the diameter of
the focal circle and the diameter of the field of view will be
large, while the overall size is small. Finally, it is advanta-
geous to replace the classical photographic objective by a
mesooptical objective in track chambers where the charging
by primary particles of the beam is small.

Conclusions

Mesooptics is now being studied theoretically and ex-
perimentally using mock-up systems or real operating me-
sooptical elements. The technical problems of making a me-
sooptical mirror with circular response of diameter 160 mm
and spatial resolution 1.5 gm have been solved successfully.
However, at present there is still no mesooptical device
which operates on-line with a computer. We can therefore
speak only of the potential possibilities of the mesooptical
systems discussed in this review. In particular, we recall that
the high operating speed of the mesooptical Fourier-trans-
form microscope for nuclear photoemulsion is a conse-
quence of the fact that here the universal optical microscope
is replaced by a specialized system composed of objects from
a tiny class. This allows the elimination of the operation of
depth scanning in the nuclear-photoemulsion layer, while
preserving the information on the z coordinate of a straight
particle track.

It has recently been shown that the overall dimensions
of mesooptical elements can be decreased. It has also been
found experimentally that the mesooptical Fourier-trans-
form microscope for nuclear photoemulsion can be used to
see not only straight particle tracks with small dip angle, but
also straight particle tracks forming an angle of 30-40° to the
plane of the nuclear photoemulsion. Finally, there is every
reason to expect that the class of elements which can be ob-
served and studied using mesoopties will continually grow.
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