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Wavelront reconstruction, or holography, is a fas-
cinating photographic process which is a major
departure from conventional photography. In this
process, discovered i 1947 by D. Gabor ol Im-
perial College, London, the photosensitive device
does not directly record an image ol the subject;
instead, the electromagnetic waves reflected or scat-
tered from the subject are recorded as a standing
wave pattern. The resulting photographic record
is called a hologram (from the Greek word holos,
meaning whole) , a nume given by Professor Gabor
to indicate that the whole, or entirety, ol the
wave pattern is recorded.

The photographic record thus produced is quite
unintelligible, consisting  of numecrous  whorls,
swirls, and other irrelevant patterns. However, be-
neath this occluding veil is an image with many
fascinating and remarkable properties. When  the
image is uncovered, it appears projected in space
in full three-dimensional form, complete with all
the visual propertics of the original subject, in-
cluding change of perspective with shift in the ob-
server’s viewing position, and parallax between
near and more distant parts. ‘The image, in short,
is an accurate re-creation of the original subject.

Since its origin by Gabor, holography has been
explored by many rescarchers throughout the
world. Recently, there has been o resurgence of
interest in this area, due in part to efforts by
the present authors at the University of Michi-
gan, as well as to others eclsewhere, and in part
to the development of the faser, which, through
the highly coherent light it produces, enables
the potential inherent in holography to be realized
to a degree that herctofore has simply not been
possible.

Theory of holography

The fundamentals of holography have been de-
scribed in many ways. The most complete treat-
ment is contained in the various papers of Gabor.!
Rogers? has described the process in a physically
attractive way on the basis that each point on
the subject produces on the hologram a Iresnel-
zone plate. Kirkpatrick and El-Sum? have given a
pleasing heuristic description.
.

The authors are members of the stall of the University of
Michigan's Institute of Science and Technology. Emmett
Leith is head of the optics group in the Radar Laboratory
at Michigan. Juris Upatnicks is a graduate rescarch assistant.
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New interest has arisen in the Wate
reconstruction process ol Gabor: Witk
aid of the laser, photographic 18
has been produced in which d“
is, to all appearances, a three-dimes
reconstruction of the original,

with parallax and other visual

98,

By Emmett Leith and Juris Up

We prefer to describe the process from uE
communication-theory-oriented \'iewpomt.:
bricfly discussed the process from this Vi€
and Lohmann* carried its development further.

In Tig. 1, monochromatic, spatially €
light illuminates the subject, which then
or scatters, & portion of this light. At somé
P, the light waves can be written in the £
form

= a(x,y) cos[2zft + ¢ (x))]-
This expression represents a carrier Wave
simultancously amplitude- and phase-ﬂffﬁ*“!
f is the frequency of the light. The U&=
a and ¢ are related to the reflecting Sl“’f"*
the subject through the Kirchhoff diffractih
tegral. We have assumed that scalar theor¥ b
here, and that polarization effects can be 1gH
The data a and ¢, although [unctions ©
variables, are contained on a tempOfal
wave. In holography, the objective is to L
the data from the temporal to a spatial
This is done by introducing a secondi
light, which bypasses the object but imping
on the plane P. This beam we can “"3

1, = a, (cos 2xft + 2rfoXo):

The second term of the argument ind
linear phase shift across the plane, and th
thus impinges on the plane at some
angle.
At plane P, we place a photosensitive de
for example, a photographic plate; such 2
responds to the time-averaged value of the !
sity of the incident light, thus acting as &
law device. As a result, the function

<(up + 1)2 > =a%,/2 + a2/2 + a,a cos (2rfeX
is recorded on the plate, where the < > lﬂd:
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, time average. The auxiliary beam has func
ioned as a local oscillator signal, and the photo-
phic plate, in addition to its role as a storage
evice, has functioned as a mixer, producing the
Jifference frequency term aqa cos (2zf.x — ¢). The
- ignal carried by the light beam has been lﬂ()(l.ll-
jated onto a spatial carrier wave cos 2zf.x, in
uch a way that the information is preserved in
jis entirety without degradation,

The reconstruction

. The reconstruction process is essentially the in-
rse of the hologram producing process: the in-
eraction of a coherent light beam with the holo-
aram record causes the modulation present on the
patial carrier of the hologram to be transferred
w0 the light beam, in the following manner. !..ct
g = @ 05 (2af1+2xfx) represent the l_ighl., im-
jinging on the hologr;un:‘thc light impinges
":ob!iquely. just as did the reference b(‘.’ﬂ'l]. used in
- naking the hologram. Note thuat the frequency
f of the light used in the reconstruction is not
,I:Ecessﬂrily that of the light used in making .llac
pologram. The light emerging [rom the surface
i the hologram is thus

;2" a2 .
 ueoszef e 2ef )] 12+ L rage w»(zrfﬁ.x—«,b)]

a
:W(; (a7 +a) cos (Left+2xf x)

{ay dy
— S cos (2nf 14 ).

—

4 + 4 4 oy (2ef L+ drf X — )+

. The emerging light is seen to consist of three
ms; the first ol these is of no interest, since
it carries no phase modulation. The other (wo are
e usual sum o and  difference  frequencies  pro-
;:Iuccd by a mixing process, The dillerence [re-
:queﬂﬁ}' is identical in form to the original signal-

OCB8SERVATION OF
VIRTUAL IMAGE

v

PHOTOGRAPHIC PLATE

mowey’
e’

— " INCIDENT__LIGHT
——

bearing wave recorded on the hologram. This
term represents a reconstruction of the original
waves, and, when presented to an observer, ap-
pears o emanate lromaa virtual image located on
the sowrce side of the plate. This image has all
the visual properties of the original object; if the
original object were three-dimensional, then the
reconstructed image is likewise; this three-dimen-
sional eflect is produced without the need for
stereo pairs of holograms and without the need lor
any viewing devices such as polaroid glasses. In
addition, as the viewer moves his head, his perspec-
tive of the picture changes. Parallax between near
and far objects is observed.

The sum term represents a real image, which
forms on the side of the plate away from the
source. The observer can view this image also;
he finds it suspended in space between himself
and the plate. The real image, however, has the
property ol being pseudoscopic; this is an effect
that occurs in stereo viewers when the stereo pair
ol pictures is interchanged. Anomalous effects oc-
cur; hills become valleys, protrusions become in-
dentations, ete. These effects give the real image
an unnatural and conlusing appearance.

Onc ol the major problems in holography has
been the separation of the three terms given above,
Pursuing our carvier-wave viewpaoint, it is appar-
ent that a spatial filtering technique can achieve
this separvation, providing the spatial carrier term
[ i sufhciently great that the spatial-frequency
spectra ol the three terms do not overlap. This
separation could be elfected on the basis of ideas
developed by Dullieux,® who pointed out that,
i an imaging process carried out with coherent
tllumination, the Fourier spectrum of the object
is displayed at the back focal plane of the imaging
lens. Stops and slits placed here act like stop-
band and pass-band filters. When the hologram is
thus imaged through an optical system, a slit can
select cither the real- or the virtual-image term
while rejecting the others,

The three terms can be separated on a more

simple basis, which is readily cxplained by think-

ing ol the hologram as a diffraction grating. The
three waves emerging from the hologram can be
identifiecd with the zero order and the two first
orders ol the grating. The waves associated with
these orders propagate in different divections and
at some distance [rom the hologram are separated,
as shown in Iig. 2. The two first-order diffrac-
tions correspond to the real and virtual image
Lerms,

Fig. 2. The reconstruction process
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Holograms have become Tamiline 1o many  as
patterns of lines, specks, blobs, and whorls: this
is an association which, il not wrong, is mislead-
ing. Such manifestations arise from dust particles
on the reference-beam mirror and other  such
anomalics; they can be climinated with good ex-
perimental technique, as the pictured  hologram,
Fig. 3 (1), shows. The recorded signal appears as
an isotropic random  granular pattern, like that
shown in the magnified view, Fig. 3 (h).

In Fig. 4 we have attempted 1o show the three-
dimensional propertics by means of several recon-
structions ol the real image, taken at dillerent
positions ol the recording plate, and at dillerent
[numbers (the f-number of the recording system
can be varied by stopping the hologram jtself—
i.e., by restricting its aperture, just as one stops
a lens). In Fig. 4 (a) and (b) the hologram was
stopped considerably by illuminating only a small
arca (o cireular area approximately 5 mim in di-
ameter) . The parallax diflerences between () and
() were produced by using different portions ol
the hologram lor the two pictures. A similar effect
would be produced by moving one’s head while
viewing the reconstruction. In (a) we are looking
up at the tmk: in (b)) we are looking  from
above the tank. The parallax diflerences are most
prominent in the way the gun barrel is scen
against the rest ol the tank, Pictures () and (d)

(h)

Fig. 3. Example of a hologram: b shows a highly -
magnified portion of a hologram.
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were produced by broadening  the illun‘.il
beam to about 40 mm; the depth of focus is
compared to the depth of the tank, and
small picee is in focus at a time.
In the past year, many persons have atter
to produce holograms; some have been su
others have epcountered  difheulty. Good 1
are readily attained if proper equipment is
otherwise failure is likely. Since the methO(;
type of interlcrometry, stability of the
components is essential. The work is best
lormed on a granite block using subjects ¥
cquipment that will not vibrate during ﬂ“‘ 5
posurc. .\ helium-neon cw gas ldser of ]
output power is suitable, but a 40-mW laset ®
vastly better, since the exposure times are red:.
from several minutes to several seconds.

The development of holography

Gabor originally conceived of the wnveﬁ’fmp
construction process as a means for improving &
imagery ol the clectron microscope. The profs
wias to overcome the spherical aberration inb&e
in the clectron fenses; the solution was to pros
@ hologram as the output image [rom lIl(? elect
microscope and 1o make the reconstruction &
visible light. The spherical aberration would
pear in the reconstructed waves and could be
moved by using the well-developed method®
visible-light optics. The potential gains are g%
since the electron microscope falls far 5]"""
approaching the theoretical resolution limits
though Haine and others®? continued the
velopment, technical difliculties have I‘Jl‘f.".'enl’»‘li ;
practical realization ol this goal. {
El-Ssum and Baes~? in the early 1950's 1%
gated the adaptation ol the wavefront recons
tion technique to x-ray microscopy. The *
gram would be made with x radiation,
reconstruction would be made with visible *
Since x rays cannot be focused except @
and with great difficulty, the resolutions ?Idf :
with x rays fall short of the theoretical limi =
several orders of magnitude; the wavelront I
struction technigue, however, has the possitss
of overcoming this limitation. The reconst =
wives, produced with visible light, could be
ly focused and an image of high quality
thus be produced. ;
Baez and El-Sum' demonstrated the me
but technical difficulties prevented the realir
ol the Iull potential of wavelront reconst
methods. The difficulty lay primarily in BE
an x-ray source with sufficient spatial cohef
and yet with reasonable intensity.



(a)

Fig. 4. Three-dimensional reconstruction of a toy tank: a :md. b
show two views with different parallax. An aperture of 3 mm exists
at the hologram. In ¢ and d, the aperture is opened to 40 mm. N.ofe
the decrease in depth of field. In each case, only a small portion
of the object is in focus. Pictures are further discussed in text.

Solograms made with visible light were pro-

A4 by Gabor and by nuny others sinee. he
_sgtions achieved have been comparable o
e atained by means ol more conventional opti-
' stems. However, the overall quality has heen
ent, lrgely because ol the inability 1o sepit-
the three terms previously noted. This has
At gCl]C'E!”}’ that whichever image was used,
or virtual, the other image wis present as
focused background. In addition, the remain-
qeri, which has noise-like properties, wis also
Lent. Consequently, mast examples of  wave-
’l reconstruction have been carried out with

Bt
% oy

erast, reladvely simple objects,

i may be wondered why this separation has
, a problem, since the separation, as we have
automatically occurs in the reconstruction
s as we have deseribed i The difhiculiy has
bl that the truglmonul_ hulqg?nm-pmducmg
aads have used a spatial carrvier lrequency,
.qua] to zero. Under this condition, it is scen
 the three terms noted carlier do not separate.
Yhe separation ol the real and virwal image
heen one ol the mraditional problems ol holog-
By, and many methods have been proposed for
s this. The most simple of these methods in-
,' placing masks ol some sort in the light
; between source and reconstrucied image,
methods gave moderate improvements, but
;&m: among the more efiective solutions.

~ “The presence of the twin .im:lg‘cs results from
. incomplete recording ol the phase of the
cdent light. Accordingly, one might  consider
a'tpm(luc{ion ol two holograms which are com.
entary in the sense that the deficiencies of
are compensatedd by the other. The vecon-

e et

(d)

together. Bragg  and  Rogers,” Gabor,? and
ELSum® have proposed this kind of technique.
Such techniques are sound, bul they present techni-
cal problems, one of which is that, in the recon-
struction process, extremely precise alignment of
the two holograms s required. These methods
have  some advantages  over  the spatial-carrier
method employed by the authors'; for example,
they require less spatial  colierence and  mono-
chromaticity in the light source.
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Lohmann* in 1956 proposed for removal ol the
twin image, a method which is similar to the
spatial-carrier or off-axis—relerence-beam method.
Lohmann’s method is illustrated in Fig. 5. The
hologram is made through a lens system contiin-
ing a stop in the focal plane of the first lens.
The object, in this case a fransparency, is imaged
at plane O, alter removal of hall of its spatial
frequencies as @ conscquence of the half-plane
spatial filter. The hologram is made at the plane
labeled .

In the reconstruction process, the hologrim
may be placed in its original position and the
light sent through the optical system in the
opposite direction. The spectrum s displayed, as
before, at the focal plane ol the lens. The virtual
image term appears on o onc side ol the optic
axis; the real term on the other; the spectra are
thus separated. A hall-planc stop removes cither
the real- or the virtual-image term, and in the
reconstruction (which occurs to the left of the
lens system) the interfering twin image is absent.

The holograms being produced nowadays have
a quality that is considerably higher than had
heretofore been published. There are two reasons
for this. First is the use ol the carrier-frequency
or off-uxis relerence-beam method, which cllects
the removal of the desired image [rom its fwin
image and Irom other, noise-like terms. Second s
the use of the laser, which provides a highly co-
herent source lar more intense than previously
used sources. While conventional sources, such as
the mercury arc, have yiclded good results with
photographic transparencies for the subject, the
holograms made from dilfusely reflecting,  three-
dimensional objects, which produce the most dra-
matic results, almost have to be made with a
laser source. The chiel reason for this is that the
source must have a coherence length equal to the
depth of the scene. Coherence length is propor-
tional to the monochromaticity of the source, and,
il a conventional source is made monochromatic
to the required degree for an object several inches
in depth, the intensity becothes quite low and
the required exposure time becomes quite long.
If laser technology were extended into the far
ultraviolet or x-ray regions, holography at these
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od for remm“
. jmage appear
plane stop

Fig. 5. Lohmann’s single-sideband meth
of the twin image; object is placed at O
at O, and the hologram is made af H. A half-
is placed midway between the two lenses,
focal length [ and separated by the distance 2f

short wavelengths would presumably becofE s
important method of x-ray and uv microscops:

The technique of bringing the reference e
onto the recording plate from an ofl-axis po
is an adaptation of well-known techniqués
in electronic engineering, and it was becat
our experience in microwave work that the
occurred (0 us. :

TFor example, in certain radars of the pul
pression ype, 2 linearly fl'equency-moi(l“_.
wavelorm s radiated, and the received L
passed through a network which compresset
pulse, thus providing resolution equa} m‘
which would have been produced had a 8
pulse with the same bandwidth been rads
Such a radar system is a close analog of the 3
[vont reconstruction process. In each case, !
nal produced by a point target is a strllfilur
sembling a  Fresnelzone  plate, and 10
cases the final processing consists of conve
cach ‘/.nnc‘pl:-uc response into @ point spot:
holography, this is done through the focal
erties of the zone plates recorded on lh'C
gram; in pulse-compression  radars this 18 £
usually by means ol electrical networks that @
out an cquivalent operation.

Before the radar signal is compresse
verted [rom its rf carrier onto a suitable if
The carrier, however, is selected to be at
equal to the bandwidth of the pulse, 50 that Y
sidebands of the pulse spectrum ar¢ not fo¥
into cach other. The recording of the holof
analogous to conversion of the radar 1311155
and clearly, on the basis ol the cnmparisa)ﬂl o
here, the hologram should be on 2 sl"“mi_
rier; the ofl-axis reference beam accomplishe
actly this. The ofl-axis reference beam, the®
but the adaptation of a technique from

], it i

17er

ont.
cipline to another.

Current status of holography

Currently, there appears to be a high level &
terest in holography; throughout the counti¥ =
perimenters ave producing  holograms, anCies
pliers ol the Lippman-type cmulsions whll‘-!*
so suitable to this application arc repm'ted!l’ il
a brisk business. At the recent Optical
mecting in Dallas, a  total of eight ¥
on holography were presented. Arcas of ap|
tion for holography are being extensively €
including the original ones proposed by &
LEl-Sum, and others who pioneered in this ﬂﬁ‘"f
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One ol the most promising applications is re-
ported by Thompson and Parrent. These investi-
gators use the technique lor examination of small
log-like particles enclosed in a confined volume.
A hologram is made of the entire volume, using
a pulse laser; this, in effect, freezes the motions
ol the particles and enables one, in the recon-
struction process, to examine at tength the particle
configuration as it existed at the instant the holo-
gram was made. Thompson and Parrent have thus
(as have the authors) made use ol the excellent
coherence properties of the laser, and ol the three-
dimensional imagery  inherent  in holography.
Their ellort, it should be noted, has paralleled
and in no way stems [rom, the work ol the present
authors. Thompson and Parrent do not cmploy
an off-axis reference beam, but the subjects they
work with do not require such a technique,

Two of the authors’ colleagues, Powell and
and Stewson,’™ have explored 1the use of off-axis
reference-beam holography for examination of vi-
bratory motions. The method is based on the loss
of coherence and its consequent effect on the re-
constructed Image, of light reflected from a vibrat-
ing object. Horman,' in a recent paper, has pro-
posed several applications of wavelront reconstrue-
tion to interferometry.

The possibility of carrying out holographic
techniques with incoherent light was proposed by
Mertz26 - As yer, high-quality mmagery by this
method has not been attained, although new at-
tention is being directed to this end by Cochran.1?
The need {or coherent light is a severe constraint,
the elimination of which would be highly de-
sirable.

The successes achieved in the visible region ol
the spectrum have generated new interest in the
old problems ol making holograms with « rays
and with electrons in an elecuron microscope. El-
Sum has previously demonstrated such holograms,
but the technique has not been developed  thus
far 1o a practical stage. We hope Tor new  ad-
vances in these areas, but the problems remain
formidable.

The production ol holograms in a three-dimen-
sional storage medium was discussed in w paper
by P. Van Heerden.'™ Here, the recorded Iringes
become surfaces within the medium, and the read-
out, or reconstruction, is carried out on the hasis
ol Bragg-angle dilivaction. in a manner analogous
to diffraction [rom crystals. The reconstructed
tmage is produced only whgn the orientation of
the hologram relative to (he Hluminating beam
is proper.

A photographic emulsion is generally yvegarded
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as a two-dimensional medium, but, when
corded detail becomes greater than the emu
thickness, the emulsion must be regarded.;
three-dimensional  medium. The spectrogt?
pliate on which we have made our holograms
an emulsion thickness of about 6 x 107
thus, when the recorded fringe pattern
about 200 Im/mm, the emulsion behaves
three-dimensional medium. Our holograms
been made at spatial frequencies ranging I
few Im/mm up o about 2000 Im/mm, and
higher range the Bragg diffraction charac
become prominent. Hence, our holograms (>
ly demonstrate the ideas ol Van Heerdef:
though this was not our intent.

We were not motivated in our work by p
applications; however, we are quite intﬂ'f‘s
secing such applications develop; indeed 1t
to us that the dramatic imagery produced b
method must inevitably lead to \\'Or[hwhilg
in addition to those already proposed or ded
strated. s
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