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Holograms and high-cuality reconstructions have been made by using a two-beam interferometric tech-
nique. The extrancous twin image and other interfering terms have been climinated. Twa types of objects
have been used which are not suitable for the conventional wavelront reconstruction technique: objects
which do not transmit a strong background wave (e, transparent lettering against a dark hackground)
and continuous-tone objects,
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o This component can be used to reconstruct an image of n(.mh!we‘mucs in the ilm transmittance-exposurc char- ;
e original object acteristic. The process, in theory, permits perfect re-
the origiL : drenetions for any  lype SR —4i
A primary difficulty with the process is that the phase conistrnctions for any type of object transparcncy.
i the incident beam is lost in the recording process. lnm:'mi experimental results, as shown in the authors
ihis, in general, makes a reconstruction impossible, !»rc\'mus puper, demonstrated the .L'Ul'l'\:('lll\::‘ss of the g
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Wy oen in this case, however, the loss of phase exacts its The technique was described bricily in the previous
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presnel diffraction pattern is superimposed on the de- limated monochromatic light, and a Fresnel diffraction 4
 ired image, causing its degradation. Another compon-— pattern of the object is formed at plane s, Adjacent to
ent, which represents intermodulation distortion, con- the object is a prism. The portion of the incident beam [
iributes further to the degradation. |
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I'16. 2. The reconstruction process. Low-quality conventional
reconstructions oecur on hologram axis. High-quality reconstruc-
tions occur in the first-order diffracted waves.

which impinges on the prism is deviated through an
angle @ and therehy hecomes superimposcd on the lower
portion of the beam. The superposition of the two heams
results in a fringe pattern which is superimposcd on the
Tresnel diffraction pattern of the object. A photographic
plate at Py records the resultant pattern, thereby pro-
ducing the hologram.

Tn the absence of the upper beam, the photographic
plate at Py produces a conventional Gabor hologram.
Let the amplitude of the light at P2 be given by

Ulry)=1 (a,a)eietem (1)

where L1 is the amphitude modulus and @ is the phase of
the impinging light. The photographic plate records
only the magnitude factor o5 the phase portion o' is
discarded. The conventional hologram is thus an in-
complete record.

The interference pattern produced when the second
beam, which we call the reference heam, is present re-
sults in a hologram in which the phuse portion ¢ of the
IFresnel diffraction is also recorded, Let the reference
beam have an wmplitude modulus 1o, This beam pro-
duces at Poa wave of amplitude g8 where the phase
term e results from the beam impinging on Py at an
angle. A beam impinging on a plane at an angle @ pro-
duces (for small values of €) o progressive phase retarda-
tion cxpi2rfy A across this plane. Hence we have the
relation £.=2n0 N,

When the reference beam is present, the light ampli-
tude distribution at the hologram recording plane is
et e, Let usassume that the plate which records
this distribution has a response which is lincar with in-
tensity, that is, suppose the amplitude transmittance
of the plate after development to he given by

T=Ts—ki, (

I~

where T s the intensity distribution at plane 1'y,

f=|Ageter- Lo ® (3)

[y

4k are constunts determined by the trans-
nosure characteristic of the plate. Equation
‘:{al, a reasonable approximation to the
Mistic over a transmittance  bhetween
measured relative to the base trans-
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mittance, The resultant 1o itance of the recording

plate is, therefore,
Aeie)®

I= Y‘l:_l\‘l-!nlf"s"J 1 | .

= Pomb A= kit? =21 1 cos(Ea—9). Y

The plate thus hehaves ke a square-law ]'H{)llu;l“l!m.%
device, producing a term 2k 1o.1 cos((x—¢) which
1 pattert
f the dif
1 fringe
¢ Lwo

the real part of the original Fresnel difiractiol
modulated onto a carrier & In the absence 0
fracting object this term represents a uniforn
pattern produced by the interference between th
beams. When the ditfracting object is present, its Fru-.:!lrl
diffraction pattern modulates this fringe patteri. '”“_'
amplitude modulus of the diffraction pattern prmiuﬂ“-‘
an amplitude modulation of the fringes, and the l'i“:"‘c
portion ¢ produces a phase maodulation (or spacing
modulation) of the fringes,

It appears, then, that this | ocess has {n-rmhl(-d the
photographic plate to record hoth the amplitude modu-
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116, 3. Hologram and reconstruction of lr:msp:‘l{'cnt leliml_lg‘”
dark background. (a) Hologram; (b) reconstruction; (c) o
ohjeet, The original object was about 1.5 cm in length; " The
tince hetween ohjeets and holograom: planes was about 2
hologram was made with Kodak Spectroscopic Plates,
G49-T°,
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I16. 5. Hologram and reconstruction of a portrait. The object
was about 1.5 ¢m square and the distance between object and
helogram was about 2.5 ft. The hologram was made with Kodak
Spectroscopic Plate, Type 649-1,

image a distance z from the hologram. The factor ¢ ¢
alters this view only in that it results in the virtual
image being displaced laterally a distanee proportional
to £. The conjugate term 3kfpde ¢ produces the
real image, which likewise is displaced from the axis,
as ir” Hed by the factor ¢,

DISCUSSION OF THE TECHNIQUE

ding results are based on the square-law
of the recording plate, as given by Ii.
ton is only approximately obtained, there

er distortion terms present on the holo-

AND

JT. UPATNIEKS Vil Decepn
gram. These will, for the most part, give rise lnSt‘t'_"-“r - scene
and higher-order diffracted waves, which in the f&“‘?. : Fecogn)

" struction process will form additional images at gr‘ﬂ"'ﬂ_ gram i
oll-axis positions, and will therefore he St!p:ll\'*“"l fﬂ{ L Fige
the first-order images, Henee, while we have ;|ssun‘ri..f ol apo
gpecific and only approximately realized film vh;tr;u-.th—‘ | Wavelr
istic, the actual characteristic is not at all critical 1o !,.n‘ : tion pr
process, and in no case was it necessary, or iil‘l“‘“ﬁ‘.' § tirely
evendesirable, to consider controlling this charactem™ & the gip

By controlling the relative amplitude of the obje detail,
hearing beam and the reference heam, for example, a consi.
the use of attenuating filters placed in one of the hc:;l-’-"._‘ in the -
the contrast of the fringe pattern can be controse the ho.
I this contrast were made sutliciently small by “mf’:: (scratc
ating the object-bearing beam, then Eq. (2) "Olfl‘l O mus ),
tainly he made to hold to great accuracy, if this ¥ doscly

. . : o v, the
desired. However, if the fringe contrast is too low,

e heed fo
reconstructed image will tened to be grainy. Goo

tions o

constructions are in practice possible over a wide TS g
of fringe contrasts. The
The reconstructed image that results has the 8™ @
contrast as the original object, irrespective of the .f,'“mpf 1o wh
of the recording plate, or of the manner in which l-i g [ringe .
plate is developed, The reason for this is that all spat f tion |
[requency components of the ohject, Enchwhng“h" -'; - and s
or bias term, are preserved on the hologram m thei! | hol(}gr;1

; : ctsar @
proper proportion, except for whatever minor effects L hulogm

produced by the modulation transfer function O‘. . 8 Dbent oo
hologram plate. Such is not the case for the conventior gy -
hologram, in which the reconstruction includes #
ambicent hackground or de term which tends to reduc
the contrast of the reconstructed image, and whos 3 ' Noticen
magnitude is a function of the recording process. oy
Another feature of interest s that the rvmnstr_u‘,lnf -2 heliug
image is a positive, that is, it has the same polanty & Produc:

the original object. If the hologram is contact I’““l‘d ® Can be
& 4 & thet

el
- back
;; No refe:

R

as to produce a negative of the original hologram: ™ @ agey. ;.
this negative hologram also produces a positive Feco® % Holo.
struction. This situation is different from the c:on\‘f}!: ;g'".'a!so b
tional wavefront reconstruction process, in which ‘}; 2""—‘

hologram produces a negative reconstruction, and tht R

contact-printed copy of the hologram produces @ |

tive image,

5. EXPERIMENTAL RESULTS

The effectiveness . the process is shown by Figs: 3
Figure 3 shows a hologram and reconst. iction o‘f trans-
parent lettering against a dark background. Such 38
object is not suitable for the conventional 1)1‘li
hologram, since no strong background wave is produc 2
However, the object is qquite < Jie for the 1\\-0-1)('1'
process, The reconstruction - very nearly c(;u.'E[. "
quality to the original, which is shown for compares

Figures 4 and 5 show holograms and rcconstrufu‘ﬂﬂf
of conlinuous-tone transparencies. This type of ob)
is fully an order of magnitude more difficult to """m;
struct than simple objects like lettering. Figure 4 show® i

—————




comber

Fre. b Halogram and

A n‘.m!;{rm'linu of a scene.
! '1-]“. ohject was ahout
13 am in height, and
e distance  hetween
& pject andd hologram wus
= yhaut 4 11, The halo-
Eoam wias e with
jonlak Hich Contrast

('ﬂi.\.

i
4
.
»

g

F—

¥ N

s and the phase of the Fresnel ditfraction pattern.
‘ Qg‘.\'r\‘rr‘ the complete demonstration of this requires
st the tinad termeof Fe (4) he separable from the re-
& aining terms. Also, for our purposc there is the addi-
ol problem of how this term can he used 1o recon
i_:;u(-l the original object.

" 3. RECONSTRUCTION

The v crious terms of Eq. (4) can indeed be separated
gl @ reconstruction achieved, There are two differ

al, although somewhat similar, methods for doing

e The more general one, deseribed in Ref, 2, requires
";‘,rming the Fraunhofer ditfraction pattern, or spatial
‘t Ogqueney spectrum, of the hologram by the use ol @

‘\'.m-". and then carrying out a spatial iltering procedure.

Lghe other method is more simple in that it doces not re-
3 gire such spatial filtering, but requires a larger vadue of
Lie spatiad carrier frequency, £
2 The second method of reconstruction is used here. The
af construction is made in much the sume way s with
;i,]1\'L-|a|i(:11:|l holograms. The hologram is placed in
vlimated heam of monochromatic light, as shown in
fie. 2. The bias term To—k 17 and the term A1F com-
ine 1o form o reconstruction that s essentially the e
anstruction produced by the conventional hologram,
which areal image forms at a distance = on one side
i the hologram, and a virtual image forms at an ol
ssance on the other side of the hologram. The distance
M of course, is just the distance that existed between the

A

.

Semad

g hjuct and the recording plate when the hologriom was

goduced, assuming light of the same wavelength B
sl throughout. Both the real and virtual images form
pout the optical system axis and for this reason the

wo images are inscparable, fe., cach image must be

"

(o3 RECONSTRUCTION WITH CONTINUOUS-TONE OBJECTS 1379

(h)

viewed with the other as a background. In this region
there occur also the extrancous intermodulation terms
described previously? and prevent reconstructions of
good fidelity from all but simple objects.

The fine-line structure of the hologram, embodicd in
the term kot cos(Ex—¢), causes the hologram to act
like a diffraction grating, producing a pair of first-order
dilfracted waves, as shown in Fig. 2. One ol these pro-
duees a real image, occurring in the same plane as the
conventional real image, but displaced to an off-axis
position. Similarly, the other diffracted wave produces
a virtual image, situated in the plane of the convent ional
virtual image, but displaced. As seen from Fig. 2, the
light components comprising these two olf-axis images
are nonoverlapping, and both components are removed
from the region where the conventional reconstructions
occur. These images are of high quality, and are free
from the cffect of any of the extrancous terms which the
reconstruction produces. Either the real or virtual image
can be photographed, but it is more convenient to use the
real image, since this can be recorded by placing a plate
at the image position, thus avoiding the need for alens.
Henee, the entire process is carried out without lenses.

A comprehensive analysis supporting the above con-
tentions about the reconstructions was given previously®
and is not repeated here, However, we show the plausi-
bility of the contentions. 1 the term £dol cos{ga —¢)
of Fq. (4) is rewritten in its  exponential  form,
Vi L@ bl | de itEr=ed qt s seen that the
first exponential term is, to within a constant multi-

plicr and an exponential term e, exactly the complex
function that deseribes the Fresnel diffraction pattern
produced at plane Py by the object. This term can there-

fore be considered as having been produced by a virtual
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qne containing a number of objects which are quite
“Oxrmmhlt in the reconstruction, although the holo-
3 g is unintelligible.

1 figure 5 shows the hologram and the reconstruction
M ;2 portrait; this is the most difficult type of object for
chaructep avefront reconstruc ‘tion. There is considerable resolu-
ical 1o the @ o present in the picture {which, of course, is not en-
I’Pcli’um[r' iy preserved in the publication ])muba) However,
ricteristie 8 dilficult part of the reconstruction is not in the fine
he ‘)IJJL'L[ ';ml but in the broad, um[orm arcas, which constitute
ample, by . These will appear mottled
he l)(-'lm
(_)illm]lcd“

Jkouihitr.l]ih part of Fig. 5
§, (he reconstruction unless (onsukr\bln care is taken;
4 hologram must be extremely clean, free from (luuls
Y itlleny.  (atches, cte) and if made on flm instead of plate,
could cep. ®.st be placed in a hiquid gate containing a tluid which
this werg o psely matches the index of refraction of the ndm. The
» low, the d for the liquid gate arises from the thickness varia-
.n()d Fee ops of the hologram dilm. The effect of film-thickness

i i giations in this type of work is discussed by Ingalls®
; [iu holograms shown in Figs. 3-5 warrant some dis-
the same @ jssion. First, it should be pointed out that, in addition
¢ gammg "L swhat 1s reproduced in the figures, there is a fine-line
vhich he ®iee structure which is completely lostin the publica-
il Spatial " Lprm vss. Most of the visible structure is noiselike
i the dc‘ is unrelated 1o the useful data contained on the
; m their ¢  This feature is characteristic of  two-beam
' glograms. The hologram of Iigs. 3 and 3 show promi-
At coarse [ringes. These result from interference e-

8 con the incident beam and reflected light from the
|

& ol
sologram.

Ventiong|

'es an Mk surface of the recor ing plate, Their presence has
reduce fp relevance to the ~d data, but neither do they
d whose! @l giccably degrade tie reconstructed image.
38, The holograms and reconstructions were made using

| helium-neon gas laser operating at 6328 A T'he light
m!mul by the laser is highly monochromatic and
these features make the

IStructed
Jl:lrily as| '
finted S0
tm, then
¢ recon.
conven.
hich the
and the
34 posi-

a be imaged to o fine point;

wr an excellent light for this application.
,_ Holograms and  high-quality reconstructions have

1AL Ingalls, Phot, Sci. Eng. 4, 135 (1900).

igs. 3-5.
of trans-
Such an
type of
aduced,
0-beam
qual ip
i)ill‘ison_
‘Uctions
{ Ule‘-’Cl
' Tecon-

wsa

G

! 1o been made using a conventional mercury arc kump
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in combination with a Mach—Zehnder interferometer (us
also suggested in Ref. 2). This technique appears to
work as well as the method used here, but is more

difficult to carry out experimentally.

6. COMMENTS AND FUTURE POSSIBILITIES

The results shown here should encourage develop-
ment of practical applications of the wavefront recon-
struction process, In addition, there are many other
directions in which investigation can proceed. One possi-
bility is the production of the generalized hologram de-
scribed previously.? Presently the authors are working
on u color process of wavefront reconstruction. Another
interesting facet is the superposition of several holo-
grams on a single plate by means of multiple exposures.
The various reconstructed images will be separated if the
fringe patiern of cuch hologram has a different orienta-
tion, since the reconstructed images will then be dis-
placed in different directions. This process has been
demonstrated with three overlapping holograms, with-
out mnoticeable deterioration of the  reconstructed
images. Another possibility is to make the hologram and
the subscauent reconsiruction in highly divergent light
beams, This will produce a reconstruction which is a
magnilied image of the original object. This process con-
stitutes a lensless microscope which should be highly
corrected and work over a large field. Moderate magni-
fications (about 10) have heen demonstrated, and mag-
nifications far greater than this scem attainable.
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