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Commercial flexible image bundles (boroscopes, endoscopes, etc.) are made up of tens of thousands of coher-
ently arrayed multimode optical fibers whose modal propagation characteristics are unavoidably affected
by bending losses. Consequently, light wave fronts transmitted through such bundles are subject to signifi-
cant changes whenever the bundle is flexed anywhere along its length. For this reason images transmitted
through such multimode image bundles cannot normally be used to generate holograms unless the bundle
is rigidly fixed at every point. This requirement represents a substantial limitation on the use of fiber optics
to generate and record holograms of remote subjects. However, this study demonstrates an original tech-
nique using ultralow frequency in situ holograms that can be transmitted through a multimode image bun-
dle and recorded remotely even while the bundle is being moved.

I. Introduction

The commercial production of optical fiber image
bundles has stimulated development of a variety of
medical and industrial instruments specifically tailored
to making direct observations in remote locations
and/or hostile environments. At the same time, de-
velopment of the laser as a coherent light source has led
to the practical realization of optical holography as a
means of recording and reconstructing complete optical
wave fronts suitable for generating 3-D images of, or
making interferometric measurements on, any arbi-
trarily shaped surface or image that can be appro-
priately illuminated and viewed. To date a few inves-
tigatorsl-3 have reported on the application of optical
fiber elements to the recording and/or reconstruction
of holograms, and several of the present authors have
reported4'5 on the first successful demonstration of the
application of optical fibers to the technique of holo-
graphic interferometry for remote applications, albeit
always with significant limitations, as will be dis-
cussed.

There are three obvious applications for fiber optics
in remote holography: (1) as a flexible but optically
stable element used to guide coherent light from the
laser to a potentially remote object to be illuminated;
(2) as another flexible but optically stable element used
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to transmit the coherently illuminated image of the
remote object back to a suitable location where it can
be combined with a coherent reference beam and re-
corded as a hologram on some medium such as a pho-
tographic film; (3) as a means of transmitting the ref-
erence beam from the laser to the vicinity of the holo-
gram to be recorded.

So far efforts4 5 to use individual optical fibers and/or
flexible coherent fiber-optic image bundles to make
remote holograms have successfully demonstrated
feasibility but only under severely restricted circum-
stances. [When used to describe an optical fiber bun-
dle, the term coherent refers to the array of fibers at
either end of the bundle (so that it will transmit an
image) and not to the properties of the light passing
through the bundle (which may or may not be coher-
ent).] Commercial image bundles (endoscopes etc.) are
made of multimode (rather than single-mode) optical
fibers which are fixed at the ends in a reasonably
close-packed coherent array. Because holography
records both amplitude and phase information, both
must be effectively stable during the time of recording
or the technique will fail. Unfortunately, with multi-
mode fiber optics adequate stability cannot be assured
unless all the fiber-optic elements are rigidly mounted
so as to avoid any and all movement which might pro-
duce bending and alter their modal propagation char-
acteristics during recording. In Ref. 5 it was shown that
the modal stability could be significantly improved by
using single-mode optical fiber (SMF) for illumination,
while in another work6 it was shown that the returning
image instabilities could be largely nullified for laser
speckle photography (LSP) applications by operating
with an image speckle size significantly (>3X) greater
than the size ( 12 sum) of the individual multimode fi-
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bers in the multimode image bundle (MMB). [In LSP REFEREN BEAM LENS

there is no reference beam, and the illumination need (SINGLE MODE

not even be coherent (from a laser); see Refs. 6-8.] FIBER)

The use of single-mode fiber optics throughout a GSCREEN WITH

system would solve the problem completely (except for LEIETEST PATTERN

possible problems with preserving polarization) if this R L - M(MBULE
could be done. This is so because SMF transmits but FIBER OPTIC

one mode. Thus vibrations which might induce OBJECT BEAM IMAGE BUNDLE)
SMF

bending losses and affect the transmission of higher ( MO

modes have little effect because there are no such higher OPTICAL FIBER)

modes. Unfortunately, while it provides an excellent
means of transmitting stable coherent illumination to
the vicinity of the test object and/or hologram, an in-
dividual SMF cannot readily be made to transmit an
image. Image transmission requires a coherent fiber
bundle, and, unfortunately, coherent single-mode op-
tical fiber bundles (SMB) do not exist. Until they do, IOX OBJECTIVES

it would appear that applications of fiber optics to re-
LAVARIABLE BEAMmote holography and holographic interferometry will SPLITTER

require careful mounting along the entire length of any HOLOGRAM

MMB used to transmit an object image to avoid the L-BENCH LOCATION PLATE

deleterious effects of vibration etc.
This paper describes a way to overcome this problem

using a commercial MMB, and that is to transmit a Fig. 1. Schematic arrangement of the experimental setup.

hologram image rather than the object image through
the MMB. In other words, rather than using the MMB
to transmit the complete wave front reflected from the
surface of the object back to the site of the recording,
there to be combined with the reference beam to form
the standing wave interference fringe pattern that must
be recorded as a hologram, this approach combines the
object wave front and the reference beam at the remote
location and transmits the standing wave interference
fringe pattern itself back through the MMB to the re-
cording site. Of course, if the spatial frequency of this
in situ interference fringe pattern is greater than the
resolution limit of the MMB, the bundle will not be able
to transmit the fringe pattern, and no hologram will be
recorded. This means that successful use of a flexible
MMB to transmit a hologram requires a low to very low
frequency interference fringe pattern. This in turn (a)
requires small angles between the directions of the
reference and object beams.

II. Theory

Following the arguments of elementary geometrical
optics it can easily be shown that for two coherent wave
fronts intersecting at an angle 20, the period d of the
resulting intensity distribution which forms the inter-
ference fringe pattern is given by the relation

X 2d sinO.(1

With an MMB capable of resolving 30 lines/mm, the
practical capability of the type of image bundle used in
the present study, the smallest theoretically resolvable
fringe spacing, would be '-33 ,um or -3X the individual
fiber diameter. At a wavelength X of 0.633 Am this (b
limited bandwidth would require an angle 6 of 10 or less Fig. 2. Images (a) H and (b) REMOTE HOLO from remote holo-

between the object illumination and the reference beam grams recorded through a 10 mm diam MMB, processed, and re-

wave fronts at the entrance to the MMB. constructed by a 10-mm diam reference beam.
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III. Experiment

Figure 1 shows the setup used to evaluate this ap-
proach to remotely recording a suitable low frequency
hologram. Here a SMF is used to provide stable illu-
mination through a collimating lens which acts as a
reference beam. A second SMF is used to provide
stable illumination of the object, a diffuse screen with
suitable letters mounted on it as test patterns. In the
present study two such test patterns were used. One
was a simple block letter H (13 mm high by 11 mm wide)
and the other a more complex array spelling REMOTE
HOLO in block letters each 6 mm high by 3 mm wide).
Low frequency holograms of these patterns were ob-
tained by rigidly mounting the input end of an MMB
(a 10-mm diam flexible coherent bundle of multimode
optical fibers manufactured by American ACMI of
Stamford, Conn.) in the reference beam at a distance,
L, of 220 cm from the object plane and transmitting the
resulting standing wave interference fringe pattern
through the MMB to the output end, which was held in
firm contact with the emulsion side of the holographic
plate. During the time the plate was being exposed, the
free middle portion of the MMB could be moved about
to demonstrate the optical stability of the transmitted
holographic image. This procedure, after processing,
yielded low frequency holograms of 10-mm diam, which,
when illuminated by a collimated reference beam,
produced equal size reconstructions of the original
object image 220 cm from the hologram (Fig. 2). The
bright spots in each of these photographs is the refer-
ence beam used to reconstruct the object images, real
and conjugate, seen on either side. At 220 cm these
represent diffraction angles of the order of only 0.250,
somewhat less than the maximum theoretical angle of
10 calculated earlier. Figure 3(a) shows the structure
of the diffraction pattern which forms the hologram for
the simple block H test pattern, while Fig. 3(b) shows
the structure of the rather more complex diffraction
pattern associated with the REMOTE HOLO test
patter both as transmitted through the MMB.

To provide a suitable comparison for each case, low
frequency holograms of the same images were recorded
directly (with transmission through the MMB) using
the same setup but with a photographic plate positioned
at the input (rather than the output) end of the MMB.
Figures 4 and 5 show reconstructions of these direct or
in situ holograms made using optimally oriented ref-
erence beams of 10- and 16-mm diam, respectively. In
this case the 10-mm reconstructions are comparable
with the reconstructions of the 10-mm diam remote
holograms recorded through the MMB and shown in
Fig. 2.

IV. Discussion

Both Figs. 2 and 4, the remote and direct holographic
reconstructions at 10 mm, show recognizable images and
demonstrate that the results obtained remotely via a
flexible MMB of 10-mm diam are comparable with
those obtained directly, albeit somewhat coarser due to
the lower resolution of the MMB. Moreover the re-

constructions of 16-mm diam portions of the direct
holograms shown in Fig. 5 suggest that there would be
some advantage in using an even larger MMB or co-
herent array of multiple MMBs, especially for the more
complex pattern of Fig. 5(b). (At the same time, such
an increase in bundle size or number would represent
a substantial increase in cost for what might be only
diminishing returns.)

Unfortunately, the results would be much less satis-
factory for holograms recorded through single MMBs
of yet smaller diameter and cost. Initial efforts to
produce holograms by this method using an MMB of
the standard 4-mm diam were relatively unsuccessful,
although they did indicate that the method would work
given a means of overcoming the conditions of limited
hologram area. To simulate these conditions in the
present investigation the 10-mm diam holograms re-
constructed in Fig. 2 were reilluminated by reference
beams of 4- and 2-mm diam to represent reconstruc-
tions of the reduced diameter holograms that would be
recorded using single MMBs of these two standard sizes.
Figure 6 shows the results for the 4-mm reconstruction,
in which the upper half of the large block H is barely
discernible in Fig. 6(a) and little of the REMOTE
HOLO can be seen in Fig. 6(b). Figure 7 shows the
same views for the 2-mm reconstructions for which even
less is resolvable. Finally Fig. 8 shows 4-mm recon-
structions of the direct holograms which are little better
than those obtained from the remote holograms shown
in Fig. 6. Consequently, it is apparent that the primary
limitation of this method (aside from the obvious need
to be able to combine the image and reference beam
wave fronts at a very small angle) is the need to use a
relatively large MMB rather than any gross loss of sta-
bility and resolution associated with bending losses in
the MMB. At an experimentally established maximum
0 of only 0.25° the greatest theoretical line spacing in
any holographic diffraction fringe pattern would be <8
lines/mm, decreasing toward the inside. This limited
bandwidth means that a 4-mm hologram or portion
thereof, whether remote or direct, cannot be expected
to provide much information and certainly not nearly
the image quality reconstructed from the full 10-mm
diam reconstructions shown in Fig. 2 or the 10- and
16-mm diam portions of the direct holograms recon-
structed in Figs. 4 and 5. Aside from this intrinsic
limitation on resolution, there is a further loss of image
quality associated with the formation of objective
speckle in the reconstructed image. Following the
relation given by Ennos, 9 the size of the objective
speckle a is given by

a - 1.22A(L/D), (2)

where is the wavelength and D the diameter of the
area of coherent illumination. In the case where D is
4 mm and L = 220 cm, the speckle size is almost 0.4 mm,
a substantial fraction of the subject size (Fig. 6). At a
D of 2 mm the speckle size doubles, and the test pat-
terns are completely obscured (Fig. 7).
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V. Conclusions

The present series of tests has demonstrated that it
is quite possible to record remote holograms using
flexible multimode fiber optics for image transmission,
provided the diffraction fringe pattern in the hologram
is of a frequency low enough to be resolvable by the
image bundle or MMB and that the MMB is of suffi-
cient size. (Alternatively, an array of multiple MMBs
of smaller diameter, if properly oriented to generate
coherent fields, might also be used to transmit a satis-
factory hologram image.) In the present case this
means a frequency of the order of 10 lines/mm and a
MMB of 10-mm diam.
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On the left is J. Gower (Institute of Ocean Sciences, Sidney) with Howard Gordon (University of Miami) photographed by Peter Kopke (Uni-

versity of Munich) at the 1981 JAMAP Meeting in Hamburg.
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