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Abstract

The Fermilab 15' Bubble Chamber, exposed to a beam of neutrinos generated at
the Fermilab Tevatron, has been equipped with holographic optics in order to

provide a high resolution view of particle interactions over a volume of

several m3. A machine, "Holred", has been constructed to replay the
holograms recorded. The principles of the machine and aspects of its
construction and operation are described. Results are presented comparing

holographic and conventional recordings of neutrino interactions.



1. Introduction: Specification for a Holographic Replay Machine

Recent years have seen & growing interest in the use of holographic optics to
record particle interactions in bubble chambers. This technique, originally

proposed by Welfordfl} (2]

and also by Russian groups in the mid-sixties,
received new stimulus after the discovery from 1974 onwards of new particles
with lifetimes ~ 10-3%3 - 10-12 g, which, if produced in bubble chamber
interactions, would typically travel only a few millimetres before decaying.
The study of such short-lived particles by optical means required higher
optical resolution than had previously been used in bubble chambers; it has

[3]

been shown that, in order to observe efficiently the decays of particles

of lifetime t, resolution {crt is necessary. Thus resolutions of 10 um -
100 uym are required for the study of the 'new' particles. The advantage of
holography over conventional photography in obtaining resolutions of this
order is the decoupling of available resolution from the depth of field
offered by the holographic method, and hence the possibility of recording

with high resolution over a much larger volume.

The realisation of this advantage led to various projects for the study of
the production and decay of short-lived particles in bubble chambers with
holographic optics: first, to the use of small chambers, such as the HOBC 1
litre chamber[4] at CERN, for the study of charmed particles produced with
hadronic incoming beams, and then to the application of holographic optics to
[5) 2t CERN and the 15' bubble
chamber at FERMILAB, used for the study of neutrino interactions. It should

large bubble chambers, such as the BEBC chamber

be noted that, while charged particle beams can be focused to a plane, so
allowing the use of high resolution optics with conventional photographic
recording, typical neutrino beams have diameter & 1-2 m at the position of
the detection apparatus. It is thus necessary to use a large bubble chamber,
(both BEBC and the 15° chambers have useful volumes ~ 14 m® for the recon-
struction of bubble chamber tracks), and to record a substantial fraction of

this volume with resolution £ 100 ym, holography offers essentially the only

viable means.

In order to replay bubble chamber holograms in a way useful for subsequent
physics analysis of the images obtained, it is necessary to construct specia-
lised machines combining features of conventional bubble chamber scanning and

digitising equipment with the optical demands made by the use of holography.



(el

Such machines were constructed to replay holograms made in the small
bubble chamber HOBC, referred to above. The design of a machine to replay
holograms made in a large bubble chamber presents additional problems due to
the very different scale involved; thus the specification for a machine to
replay holograms made in the FERMILAB 15°' chamber contained the following

requirements:

- The machine must reconstruct objects over the whole volume in which
holographic images were recorded. In the original bubble chamber space

this represents a volume of linear dimensions v 4 mx 2 mx 2 m.

- Accurate location of images in the reconstructed space must be possible.
This means that digitised stages must be provided in three dimensions
with a range of travel equal to the size of the reconstructed image
spacé. The object to image magnification is in principle itself a
parameter of the machine design; as will be seen from the discussion in
subsequent sections, optimisation of the optical design led to a choice
of an object to image demagnification by a factor ~ 2, so that the
region over which accurate image digitising must be provided has linear

dimension ~ 2 m.

- Images must be reconstructed with the highest possible resolution. This
means that the whole of the wavefront recorded from any object must be
used in reconstructing the image. In addition, any aberrations of the
wavefront recorded on the hologram must be corrected, and no new
aberrations introduced. These last considerations very largely

determine the optical design of the machine.

- The machine must be capable of handling large numbers of holograms.
Most bubble chamber experiments produce large amounts of film, from
which interesting physics results are extracted after scanning and
measuring substantial numbers of events. In the case of the neutrino
experiments for which the present machine was intended, the number of
holograms containing an event of potential interest is R 10%. The
holograms are recorded on reels of film, each containing about 1,000

holographic exposures.



- Some . computer control of the machine must be provided. In particular,
it should be possible to drive the digitised stages to any desired point
in the reconstructed image space in order to examine events which have
known space coordinates, as they have been seen on the conventional
bubble chamber photographs which are taken at the same expansion of the
chamber. In addition, attachment to a computer with data storage
facilities will <clearly aid fulfilment of the batch processing
requirement described above, by providing computerised book-keeping

facilities.

- Finally, a provision is required to make a photographic recording of the
reconstructed image of any event of interest. While this is not an
essential requirement of a holographic reconstruction machine - (images
can, for instance, be projected onto a vidicon and viewed on a TV
monitor) - it enables the four conventional (lower resolution) photo-
graphs taken on each expansion of the chamber to be supplemented by a
high resolution recording of interesting events, regardless of the
position of the event in the bubble chamber. These five photographic
views can then be examined on conventional bubble chamber projection

apparatus and further physics studies carried out.

This paper describes a machine, ‘HOLRED' (HOLographic REplay Device),
designed and constructed to fulfil the specification outlined above. The
machine, which is sited at Rutherford Appleton Laboratory, was designed by
members of a consortium of groups (Birmingham, Brussels University, CEN
Saclay, CERN, IC London, MPI Munich, Oxford University and Rutherford
Appleton Laboratory) participating in an experiment, (E632), in which the
FERMILAB 15' bubble chamber was exposed to a wide-band neutrino beam
generated at the Fermilab Tevatron, and was intended to provide a regional
centre for holographic analysis. Reports are available on two other machines

(7]

of indepéndent design” “which have been constructed to provide a holographic

replay facility for other experimenters at the 15' bubble chamber, and
machines have also been devised for replay of holograms from the (somewhat
smaller) MIT-Tohoku 1m*® bubble chamber[a] exposed to the same neutrino beam
at Fermilab. A preliminary discussion of the design criteria for HOLRED has

(9]

been reported previously ~°.



The rest of this paper is arranged as follows: Section 2 contains a brief
description of the method used to obtain holograms in the FERMILAB 15' bubble
chamber, and of the method used to analyse the data, both photographic and
holographic. In Section 3 the optical design of the machine is discussed and
Section 4 contains a description of its mechanical, electrical and control
aspects. In the final section, the overall performance of the machine is
described and its relation to other work involving holographic visual

inspection is briefly mentioned.

2. Recording and Analysis of Interactions in the FERMILAB 15° Bubble
Chamber

2.1 Holographic Recording

The method used to make holographic recordings of particle interactions in
the FERMILAB 15°' bubble chamber has been described in detail elsewhere[lol.
We give bhere only a general description of the method, emphasising those
aspects which bear a strong relation to the subsequent reconstruction of

holograms.

The method is illustrated in Figure 1. The chamber was illuminated by light
from a pulsed ruby laser (A = 694 nm), fired about 1 ms after the entry of
the particle beam from the accelerator, so that bubbles formed at that time
have grown to the desired size (v 100 ym in diameter). The collimated beam
of light, entering at the bottom of the chamber, passed through a diverging
lens. This lens serves both as entry window and as the means of separating
the holographic reference and object beams which must subsequently interfere
in order to form the hologram. Reference light, travelling along the optic
axis of the lens, passed through the fisheye lens (consisting of three con-
centric hemispherical glass or quartz shells) situated near the top of the
chamber, and encountered the holographic film at normal incidence. The film
was sucked down against a gate situated at the centre of the fisheye. Light
leaving the entrance lens at angles other than 0° provided the object
illumination. Light scattered by bubbles in the direction of the holographic
camera passed though the fisheye lens and interfered with the reference
light, forming the holographic recording on film. 1In order to compensate for
the fact that the light scattered per unit solid angle from a bubble falls

off very rapidly as the scattering angle increases, the entrance



lens had a highly aspheric design, refracting much more light per unit soiid
angle at large angles with respect to the lens axis than at small angles, (a
factor of ~1,000:1 between 0° and 20°).

The exact position of the holographic film with respect to the fisheye was
defined by three camera-based fiducial marks whose imprint was recorded on
the film at three corners of the region exposed holographically. In
addition,at the time of exposure, the film was clamped against an optically
flat glass.

In Figure 1 some of the other fisheye lenses, containing conventional photo-
graphic cameras, are shown, as well as a section through the 'fiducial
volume', the volume within which particle interactions must lie if accurate
stereoscopic reconstruction of tracks coming from the interactions is to be
achieved from the conventional photographs. The conventional cameras
recorded the same events as did the holographic camera, but were exposed
later during the bubble chamber expansion cycle, when the bubbles had grown
to a larger size. Of the 4 conventional cameras, one had resolution ~ 200 um
and recorded bubbles of this size over a depth of ~ 1 m, and the others had
resolution ~ 400 um and recorded in the whole fiducial volume. The aim of
the holographic system was also to provide holographic recording of the whole
of the fiducial volume (v 14 m3); this implies that emax, the half-angle of

the cone into which light is dispersed by the entrance lens, must be n 409,

One further point should be noted concerning the design ¢6f the holographic
system, namely that both reference and object beams pass through the hemis-
pherical fisheye lens, so the wavefronts arriving at the film suffer from
quite severe spherical aberration. (In holographic practice it is quite
common to record an aberrated object wave front, but it is unusual to use an
aberrated reference beam). It is necessary to compensate for this fact in

replaying the hologram, otherwise resolution is lost.

2.2 The wuse of Conventional Photographic Recordings and Holographic¢
Recordings in the Film Analysis

The first part of the analysis of the film from the experiment followec
normal bubble chamber practice, namely the scanning of the conventiona!
photographic views for neutrino-induced interactions, and the stereoscopit
reconstruction of at least two such views to provide information on ths

- interaction point in the chamber. -5 -



HOLRED was therefore designed on the assumption that the positions of
interesting particle interactions in the bubble chamber were known before
starting analysis of the holographic £film. When the corresponding
holographic view was required, the hologram was replayed on HOLRED and the
stage carrying the vidicon camera was driven straight to the appropriate

point in the reconstructed image space in order to view the holographic

image.

3. Considerations Determining the Optical Design of HOLRED

The principles of the method used to provide the precision reconstruction of
events required by HOLRED are shown diagramatically in figure 2. The design
was dominated by two main considerations: first, to provide a real (rather
than virtual) image, which would be projected onto a viewing device such as a
vidicon camera; and second, to provide optics which minimised the aberrations
in the reconstructed image. These aims were achieved by using an exact
time-reversed version of the original reference beam to replay holograms, and
by supplying, as far as possible, identical optics in the path of the
replayed image beam to those present in the bubble chamber, so that the image
light retraces its original path through the aberrating elements, and the
aberrations are removed. This also implies use of the same wavelength of
light for replay. This method of aberration correction by phase conjugated

[11]

replay is a well-known holographic technique and was applied in practice
by positioning the hologram at the centre of a 3-component fisheye lens,
identical to the one in the bubble chamber, so that its position with respect
to the fisheye is identical to that of the film in the bubble chamber camera
relative to the bubble chamber fisheye. Raytracing studies indicated that,
in order to ensure that aberrations in the image, (represented by the disc of
least confusion), should be less than 50 pym, the film must be positioned to
within ~ 35 um of its original position with respect to the fisheye in the
direction perpendicular to the fisheye axis; in the mechanical design,
provisioﬁ was made for such fine-positioning adjustments. The replayed
wavefront at the final fisheye surface is then aberration-free. At this
point, however, it is no longer possible to provide exact time-reversed
optics, because the image is replayed into air, whereas the object space in
the bubble chamber contained a liquid hydrogen-neon mixture with refractive
index v 1.1. The method used to compensate for this refractive index change
in replay is described in Section 3.2 below. First, however, we give some
details of the optics of the replay beam.
..6._



3.1 Replay Beam Design and Replay Laser

As mentioned in Section 2.1, the reference beam incident on the film in the
bubble chamber camera passed through the fisheye lens, and so contained
substantial spherical aberration. This must be reproduced in the time-
reversed feplay beam in order that the diffracted image beam should itself be
the exact time-reversed version of the recorded object wavefront. The
required converging and aberrated replay beam was obtained with a two-
component lens system consisting of & commercial diffraction-limited achromat
and a concavo-convex ‘aberrator®' lens separated by &~ 10 mm. The characteris-
tics of the aberrator lens were designed by computer optimisation so that
rays traced through the doublet (placed ~ 30 mm before the £ilm) and the
fisheye into a medium of refractive index of the chamber liquid came to a
focus at a distance equal to the original laser entry point from the fisheye.
In the optimised design, this focal spot had diameter » 25 um, thus ensuring,
(in the approximation of far-field optics), that aberrations in the
reconstructed bubble images should not exceed this amount EIZ}. The design
of the sberrator lens placed quite strict tolerances on its manufacture, with
the requirement that the radii of curvature of the lens be within ~ 0.1% of
their nominal values; however, within these tolerances, errors could be
compensated by slightly adjusting the distance between the two components of
the doublet. In setting up the replay beam, the spot was focused onto a
vidicon placed at the desired distance from the fisheye, and the optical com-

ponents adjusted so that aberrations in the spot image were minimised.

In order to'provide a replay beam of the same wavelength as that of the
pulsed ruby laser with which the hologram were made, a dye laser was used,
pumped by an argon ion laser giving an output of 4 W on all lines. The dye
laser, (a Spectra Physics model 375B), gave output power of ~ 250 mw at a
wavelength of 694.3 nm using DCM dye disolved in propylene carbonate and was
equipped with an ultra fine etalon. This power gave sufficient image
intensity in the replayed image beam for bubble images recorded with a ratio
B of object to reference light intensity, B R 10-7, to be visible when
projected onto a high sensitivity vidicon camera, and for photographic
recordings of the replayed image to be made (using film sensitive at the far
red end of the visible spectrum) with reasonable exposure times, (typically
< 1 s). It may be noted that the intensity in the replayed image can be very

M
small for recordings made using the technique described in Section 2.1. This

-7 -



arises because the light diffracted into the holographic image is pro-
portional to the product {(IR[*[0]°ICi}? of the reference, object and replay
beam intensities, and, in the holographic recording method used in the 15'
chamber, the maximum possible recorded volume was obtained by reducing the
ratio of the object light scattered from a bubble to the reference intensity

to the minimum recordable value.

3.2 Compensation for Refractive Index Change in Image Space

The optical design of HOLRED relies on the provision of time-reversed optics
for the image beam. At the fisheye-chamber interface this cannot be achieved
because the relative refractive index of glass to air is greater than that to
the hydrogen-neon mixture in the bubble chamber, but the effect can be
compensated in replay by reducing the bending power at this interface. 1In
HOLRED, this was achieved by placing another spherical shell in optical
contact with the outer fisheye element, thus effectively increasing the

radius of the final refracting surface.

Raytracing calculations showed that by this means aberration in the replayed
image of a point object could be maintained at { 5 um throughout the
illuminated volume in the chamber, whereas without any such compensation, (ie
replaying‘into air through a fisheye of the original thickness), aberrations

2 100 ym would be present in images over a large part of the volume.

A consequence of this method of compensation for the refractive index change
is the introduction of a non-uniform object-to-image demagnification through-
out the chamber volume. A simple calculation shows that & locally paraxial
bundle of rays coming from a point at distance D from the centre of a
spherical refracting surface of radius R and relative refractive index y will

retrace to distance D' from the centre, given by:

; 1
D = DL 3.1
m Q(E};-l i El—zl)
m [

where R' and p' are respectively the refracting radius and relative index in

replay.

In practice, we had u, (the glass/H-Ne relative refractive index),
1.513/1.088 = 1.390, p' = 1.513 and R = 185 mm. The replay radius, R', was

- 8 -



chosen so as to minimise the image aberrations, and had the value R' =
210 mm. With this value, the relationship between object and image space is
shown in Figure 3. The average radial demagnification for events in the
holographically recorded volume was »~ 2 ; - an incidental advantage of the
existence of this demagnification is that the linear dimensions of the replay

machine are correspondingly reduced.
3.3 Features of the Design of the Replay Optics

Figure 4 shows how the principles outlined above were realised in the optical |
design of HOLRED. Light from the dye 1laser is passed through a beam
expansion system to produce a collimated beam of diameter ~ 60 mm, (the size
of the exposed region on the holographic film). After being bent into the
vertical direction by a 45° mirror, the beam passes through the lens doublet,
described in Section 3.1, which produces the converging aberrated beam
corresponding to the time-reversed reference beam in the bubble chamber. It
then illuminates the film, clamped down against a glass gate positioned at
the centre of a (3-component) fisheye lens. The outer element of the fisheye
ensemble supports the corrector lens which compensates for the refractive
index change. It may be noted that all of these elements are static, so that
once the beam is aligned, no further adjustments are made to these components

in viewing individual holograms.

After passing through the fisheye, the replay beam is of no more interest as
far as replay of the holograms is concerned, and it is transported to a beam
dump designed to avoid exposure to personnel. It is now the diffracted image
beam which is to be transported to the detector, (either a vidicon or photo-
graphic camera), in the replayed chamber space. With the optics described so
far, this space (of linear dimension ~ 2.5 m) would be vertically above the
fisheye lens. However, in order to keep the image space accessibly low, and
also to avoid the mechanical difficulties which would be involved in moving
detection equipment in the vertical direction, an additional mirror is placed
above the fisheye and its lateral position and angle of tilt adjusted for
each replayed event, so that the image always lies in a plane at a fixed
height above the floor. Figure 4 also demonstrates the principles of this
mirror. Thus the 3 perpendicular movements needed to position the detector
at the desired coordinates x, y, 2z in replayed image space are supplied in

HOLRED b& driving the camera on stages along the directions Z (shown in



Figure 4) and X, (perpendicular to the plane of Figure 4), and by driving the
"Y-mirror' on a stage parallel to direction Z, (also shown in the figure).
In addition, the angle & of inclination of the Y-mirror is adjusted in
one-to-one correspondence with the Y position, so that the reflected image

beam always lies in the horizontal plane.

&, Mechanical, Electrical and Control Aspects of HOI

In Figure 4 the HOLRED replay beam optics are seen seated on a flat rectan-
gular base. This base, which is placed on a foam vibration isolation pad,
consists of a concrete slab 30 cm thick and ~ 3.5 x 2.5 m in size and
supports the major mechanical installations: the optics, the moving stages
and the film drive and positioning assembly. These systems can all be seen
in the artist's dimpression of the machine shown in Figure 5 and the
accompanying photograph of HOLRED (Figure 6). The optical system has been
fully described above; at this point it need only be noted that, between the
exit from the dye laser and the beam expansion system, the replay beam is
transported by a system of mirrors which bends it, eventually, through a
total angle of 1809, In the rest of this section we describe the most
important features of the mechanical and electrical installations and also

give some information about the computer control of the machine.

4,1 HOLRED Stages

In Section 3.3 above the principles whereby the replayed image is projected
onto vidicon or photograph detectors were described. The implementation of
these ideas can be seen in Figure 5 and 6. The Z-stage rides on rails
attached to the concrete base, while the X-stage rails sit on the Z-stage and
straddle the replay beam transport optics (enclosed in tubing). The
detectors are mounted on a further stage, (not previously mentioned), which
can rotate about a wvertical axis. This stage, the ‘R-stage’, has two
purposes: first, by swinging through a large angle, (~ 90°), the vidicon and
photographic detectors can be interchanged as desired by the operator; &nd,
secondly, events can be viewed with the detector plane non-parallel to the z
axis so that, in principle, tracks can be viewed in focus along their length
regardless of their angles of dip with respect to the xy plane. (In
practice, almost all particles are emitted from interaction points with dip

angles £20°).

- 10 -



In Figures 5 and 6 two vidicon cameras can be seen. These provide views of
events with two different magnifications; one camera, which is lensless,
displays the image with unit magnification with respect to image space, and

the other is equipped with an objective lens providing a demagnification of
N ox3,

The operator is given manual control over all 4 stages (X, Y, Z and R) by
means of tracker ball and control wheel so that the optimum orientations of
events can be chosen for examination on the TV monitor and subsequent photo-

graphy.

Figures 5 and 6 also show the Y-stage control. This is positioned vertically
above the fisheye lens and consists of a stage which moves the fY-mirror’
back and forth horizontally in the Z direction. The tilt of the mirror is
adjusted by means of a cam driven from the Y-stage rails so that the image

always lies in a horizontal plane at the height of the cameras.

The three linear stages are equipped with digitisers with least counts of
17 ym (X and Z) and 2 pm (Y). This accuracy is more than enough to position
the detectors at points where interesting phenomena are expected; it also
suffices for the use of HOLRED to make measurements of track lengths and
interaction points, although more accurate measurements are in general
interaction points, although more accurate measurements are in general avail-
able by ‘projecting the photographs taken with HOLRED in conventional

2-dimensional bubble chamber film measurement machines.

It may be noted that no chamber-based fiducial marks are available in the
system used for holographic recording in the 15' chamber. However, a
perfectly satisfactory system of absolute calibration of HOLRED is available.
This is Achieved, in the first place, by using Eq 3.1 to predict the distance
from the fisheye in image space at which an object at the laser entry point
in bubble chamber space will be replayed. The replay beam is then focused to
a point at this distance from the fisheye. This then ensures that the
position of all images can be calculated from known object positions using
only Eq 3.1 and the knowledge that the angular coordinates in a system con-
centric with the fisheye are unchanged in the object-to-image transformation.
The calibration is then effected, assuming only orthogonality of the 3 stage

drive coordinates and an accurate knowledge of the stage least counts.

_11_



The stepping motors and precision encoders needed for the linear stages were
obtained from Siemens AG, with the motors selected to the specification that
the time to drive between any two points in replayed image space should not

exceed 30 s.
4,2 Film Transport and Positioning Systems

The specification given for HOLRED in Section 1 implies two separate demands
on the film transport system: first, that it should be possible to drive
from one frame to another in rolls of ~ 1,000 holographic exposures at
reasonable speed; and second, that the film can be positioned to within an
accuracy of & 30 um under the fisheye. In this section we describe how these

demands are fulfilled.

The spools carrying the holographic film can be easily seen in Figures 5 and
6. The 70 mm sprocketed film is driven between these spools using a capstan
drive located adjacent to the fisheye, with additional take-up drive applied
to the spools. A wvacuum system supplies tension to the film under the
fisheye. Two drive speeds are available, 1 cm/sec and 40 cm/sec. The
expected rate for occurrence of interactions of interest on the holographic
film, assuming ideal conditions during data-taking was 1 per 4 frames, though
in practice the rate obtained was a factor * 5-10 less than this.
However, this still implies a reasonably low access time between frames of

interest.

In order to position a desired frame under the fisheye, a vidicon camera is
focused on the moving film and the image displayed on a monitor forming part
of the operator's control console. The operator can stop the film drive when
the desired frame is approaching the film gate and perform an initial rough
positioning of the film under the fisheye. The film is then clamped down
onto the glass film gate by vacuum suckdown, and positioned accurately by
alignment of two of the three camera-based fiducial marks, (described in
Section 2.1). These marks are illuminated by a light source and their images
focused onto two further vidicon cameras, monitored in the control room. The
optical system used to view the fiducial marks utilises 'Selfoc’ light-guide
lenses to transport the light collected out of the congested region under the
fisheye to the vidicon cameras. In order to position the film so that the

fiducial images appear in their correct places on the TV monitor, the film
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gate was mounted on a high precision stage so that the clamped-down film
could be moved in fine steps in two perpendicular directions in the film
plane and about one axis perpendicular to the film plane. The precision
stage and motors used for these movements were obtained from Microcontrole
SA. In case there is residual inaccuracy in the whole resetting procedure
from camera fiducials, via their film imprints, to the HOLRED vidicon camera
positions, final adjustments to the film position can be made by optimising

the replayed quality of actual track images, again using the three film-gate
movements.

4.3 Control and Operation of HOLRED

The discussion given in the previous sections has given some indication of
the overall mode of operation of HOLRED. This procedure is now summarised,

and at the same time the computer control aspects of the machine are

described,

The coordinates of events of interest, obtained by digitisation and stereo-
scopic reconstruction of measurements on the conventional photographic
cameras, are stored on & database on a VAX 780 computer. The HOLRED
operator, interacting with a program running on an LSI1l computer, can access
the VAX database via a communications link to find the frame number and
coordinates of the next frame of interest. The film is then driven to its
correct position and the fiducial alignment carried out by the operator, as
described in the previous section. The three stages (X, Y and Z) are then
driven to the image space coordinates of the event of interest under computer
control, using CAMAC to interface the LSIll to the stage drive electronics.
The operator can then view the event on the TV monitor, selecting either high
or low magnification. Using the tracker ball and wheel controls, it is then
possible to examine aspects of interest and select the best viewing positions
by manual control of the four stages - the three translational stages and the
rotational stage which allows the camera to be rotated about a vertical axis.
If a photograph of the event is desired, the photographic camera is then
positioned automatically so that the recording film is in the same place as
the last-viewed vidicon image and a photograph is then taken. The required
exposure of the photographic camera is determined automatically from
measurement of the light level at the camera. Finally, the camera is exposed

to an LCD display containing information about the event, (such as frame
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number), and this information, together with new fiducial marks, is recorded
on the HOLRED output film. The VAX database is updated with a record of the

actions performed.

5. Results and Discussion

HOLRED is currently being used for the analysis of a sample of 60,000 holo-
grams from the FERMILAB 15° chamber which are expected to produce » 1000-2000
holographically recorded events. It has already been used for the analysis
of a preliminary sample of 50,000 holograms in which the event rate was low
and the main aim was the study of holographic quality. Typical results are
shown in Figure 7, in which the holographic recordings of events
(Figures 7a,7c) can be compared with the corresponding photographic
recordings (Figures 7b,7d respectively). The advantage of the availability
of a high resolution view in clarifying activity near the interaction point

can readily be seen.

In this paper we have described the reasons why holography is of use in
current studies of particle interactions in bubble chambers, the
specification for a machine to analyse holograms taken in large bubble
chambers has been discussed, and we have described the fulfilment of this
specification, in HOLRED, for the specific holographic arrangement in the 15°
chamber. More generally, HOLRED can be considered as an example of a machine
for bulk analysis of large volume high resolution holograms. Other
applications of this type of holography have been reported, for instance in

the fields of remote visual inspection of nuclear fuel rods[13}

[14]

of explosion fragments . Continuing improvements in holographic technique

and analysis

make it likely that further applications will appear in the future. Although
the requirements for replay facilities are rather dependent on each specific
application, and in particular on the holographic recording geometry, it is
possible that, in HOLRED, solutions exist to many of the problems which will

be encountered in the design and construction of such machines.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Sectional view of the Fermilab 15' Bubble Chamber. The optical

scheme used for making holographic recordings is indicated.

Principles of image reconstruction for holograms made in the
Fermilab 15°' Bubble Chamber, used as the basis of the design of
HOLRED.

Mapping of the inside surface of the Fermilab 15' Bubble Chamber
showing the original chamber and - (the smaller shape) - the
same volume reconstructed with the optics of HOLRED. The
non-uniform demagnification on replay arises from the refractive
index change (H-Ne to air) between recording and replaying
holograms. Points L, LR are the original and reconstructed
laser entry parts to the chamber, and point C designates the
holographic camera position at the fisheye centre. In the

original chamber the distance LC was ~ 4.1 m.

Vertical section through the fisheye centre showing optics of

the replay and image beams on HOLRED.

Artist's impression of HOLRED showing the main optical and
mechanical features of the machine. The nearer end contains the
film drive and positioning assemblies, the fisheye lens
and the "Y-mirror" assembly for projecting the image in a
horizontal plane. At the further end can be seen the X and Z
stages which ride on rails, and the photographic camera
positioned for recording an image. The positions of the
photographic and vidicon cameras can be interchanged by rotating

the stage on which they are mounted through 90°.

Photograph of HOLRED, looking towards the film-drive, fisheye
and Y-mirror assemblies. The X-stage is seen in the foreground.
The argon ion and dye lasers are seen on the left-hand side of
the machine; the beam from the dye laser is turned through 180°
and approaches the fisheye lens along the central axis of the

machine, (enclosed in black tubing).
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Figure 7

Comparison of holographic reconstruction on HOLRED of neutrino
interactions in the Fermilab 15° bubble chamber {(a,c) with
corresponding conventional views of the same events (b,d
respectively). Careful examination of the two uppermost tracks
in the holographic reconstruction (a) has revealed that they do
not come from the same interaction point as the other tracks:
this fact is entirely obscured in the conventional photograph
(b). ' The achievement of a substantial improvement in
resolution in going from conventional to holographic optiés is
readily seen in both events; the relative magnifications of the
holographic and photographic views are ~“l:1 for a:b and 1.5:1
for c:d. In the holographic views the viewing camera has been
focused on one particular outgoing track in each holographic
reconstruction; - for instance in (c), the uppermost track from
the primary production point has been chosen. The other
tracks, which in general will have different dip angles with
respect to the one chosen to lie in the viewing camera film
plane, then become defocused as they leave the (vlcm deep)

focused region.
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