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Method for the evaluation of the effects of film nonlinearities
on the holographic image
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An exact n€rhod for the evaluarion ol ihe images reconsrrucied ttun holosrans ree.ded in nontinea. neora rs
reported for what is !o the autlor's knowledse tle drst tine. Th€ nerhld is based on rhe use ofthe nohljnear
holosraphic characrarisiics of the r€cording marerial wfthour any limirarioD on fte ranee of bias exposufes
hd visibiiitie6. These cha.acierisijcs hav€ leen obrain€d by 6ting anab,ricat frnctions ro sxperimenrat dara
describinc practical recordins barerials. Nunerical calcularions have been caried oui tor lish-nunencal-
ap.rlu.e ihin anplitude holosrans oa a five,€lenenr Ronchi rutjrs. The conhasr of rhe reconsrrucred rnase
as a tunction ot the bias exposu.e ard beah ratio is conputed

Although many valuable papeN have been published
on the theory of hologaphy and especiatly on the
el lecrs ofnonl inear recording " ince i  he la re 1960 b, -
the results of the majo ty of them are not applica-
hle to the solution of the real problems of pructical
hologaphy. The authors of these papers applied
binomial and polynomial expansions ofvarious forms
to the nonlinear trangmittance-e4osure function of
i \e recordina marerral  such as an erpansiorr on a seu
of Chebyshev pol l .nomrals/  or erpaniron inro Founer
series.lo Owing to the approximations applied, none
of the above studies could give accurate methods with
universal appli€ability.

The aim of this L€tter is to develop an exact
method for the evaluation ol the direct effects of
frlm nonlinearity on the rcconstr-ucted hologaphic
image. The philosophy of the following calculations
is similar to those presented in two earlier papers by

The amplitude transmission of the photogaphic
material in the case of amplitude (absor?tion) holo-
Crams is given by Ihc fol lowing relai  ionship:

t(t) : t lElt)1, (1)
where I is the spatial coordinate along Lne one
dimensional holo$am and E is the exposure. If
we want to obtain exact rcsults that are valid for
strongly modulated object waves (i.e., in a broad
range ol exposures) we cannot rely on the expan-
sion of ihe ,(E) function since it does not apply to
high exposures. The €xpe mental,-E curves ofthe
standard holographic recording mate ats are readily
available in holoeraphy textbooks., r, These cuwes
can easily be incorporated into numerical calculations
either in the form of a look-up table or by frttine
an empirical formula to them. However, the numer,
ical quadrature of the difraction integral invotves
a high-density sampling of the complex amplitude
tmnsmittance of the hologram. The local spatial
frequenry of the space-dependent total exposure and
hence that ofthe tmnsmission in off-axis holography
is mainly determinedby the canier spatial ftequency.
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Its maximum value in the hologram plane is tj,pically
in the range of 1000-3000 lines/mm. Accordins to
the sampl ing rhForem. a sampl ing fr"quency oi  at
least double this maximum frequency is required for
the conect representation of the ,-E function. ln
the case of the holograms studied here this neans a
minimum of approximarely 160.000 sampl ing poinrs
per hologram. Consequenrly a l arge srora ge capacr ty
and computing time are rcquired, even with powedut
computers. Calculations based on this direct method

Instead of applying the direct appmach, the aurhor
has developed the following method. Let us denote
the first order diffraction efliciency of a holographic
grating by ? and the square root of it by o. For
etementary holograms (produced by ptane waves) the
first-order diffraction emciency as a function of the
bias exposure and the fringe visibility can be mea-
sured easily. The amplitude diffraction efliciency
versus the bias exposure and fringe wisibitity func-
i ion. orEo. l  .  give" a complete dcsc pt ion of rhp
nonl i rear iry of the holographic cecording mater iat
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Fig. 1 o(ln funcrion of Kodak 649t SJ mbots: Fxper-
rm"nta l  dala l roh Ref  15.  Sol id  apes.  \a lueB f i rLed
by Eq. (3) with the parameters shown in Table 1. The
parameter -4d is in units of &J/cn,.
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Table 1. Paraheters of the d(ri,y) Fucuon
of Kodak 649f
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Let us denote the complex amplitude transmit-
tance of the onedimensional ampiitude object by s(u),
where Il is the local object coordinate. ln the case of
a perpendicular plane-wave illumination the complex
amplitude distdbution ofthe object wave in the hoto-
gram line can be described by the Fresnet-Kirchhoff
integYalrs

l u t
S i r l -  I  s / r ) ' " ' : e x p [ ] . , j d r ,  , 4 1

where rr(L,6) is the separation of the actuat source
and observation points and d(L, f) is the inclination
angle.

The complex amplitude of an off axis plane refer-
ence wave at the holosam line is

P(f)  :  Pexp( ,Ad sin a"),  (5)

where P is a constant and a. is the angte ofincidence
of the refercnce wave. If the intensity distribution
of the object wave in the hologram ptane is a slowty
varying thnction compared with the canier fringe
spacing, a sumciently small surrounding of each holo-
gram point canberegarded as a plane-wave hologram
recoded at a weil-defined bias exposure and visibit-
i ry.  The local bias arposurF a1 poirr  4 is

ro(1) : ls(f)r + tP(4)t,.
The local fringe visibility at point 4 is

0 1
l 1
1,2
13
2 1
22
23
3 1
32
33

0.56
1t.7
t 1
0

104
62.5

0
24

1 . 5

I
35
18.3
0.36

8 1 . 4
l 6
0.47

73
25

0.9
6 1
8.5
1.22

77
1 1 . 4
0.58

15.8
22.5

0

(see, e.9., Ref 9, Chap. 10, paragraphs 6 8), hence it
can be used for the evaluation of the nonlinear effects
instead of the ,(-a) culve.

Based on prcvious experience in numerical mod-
eling, the author succeeded in fftting the following
empirical function to a representative a(80,tr1 cu e
of a standard silver halide recording material, Kodak
649f (Ref. 15):

o@a,n : ^Ea)t1 *e(-vrr""el -[I-#d]:},

\2)

where E0 is the bias exposue, y is the yisibitity of
the intederence frinses, and ̂ -oo),%(tJ, and ..,(EJ
are parameter functions of the following form:

*"(*#).,- "r"]

/ E "  c i ,  \
e x p l  - l +  r

1
/ . t .  -  E^  \

e x p l  - j + 1

where Par stands for, Vo, and,r, and ci- represenrs
the three sets of constants (i : /, V, In. This.'(Eo, I4
function, fitted to the expe mental characteristics
of the Kodak 649f photomaterial,ls is presented in
Fig. 1. The pammeters of the actual function are
listed in Table 1. This function describes ure non
linear behavior of all the silver halide hologaphic
recording materials, and th€ evaluation ofits param-
etels for lurther paticular mate als is in pro$ess.
The us€ of an empirical anal)tical function fit[ed to
expedmental data offers two advantages over that
of look-up tables made from the same data. First,
it is easy to handle and much faster in a computer
pro$am. Second, one can easily neate hypothetical
characte stics by modifying on€ or more parametem
ofthe anahical function and establish relationships
between.rhase parameters and rhe qual i ry of the
norograpnic rmage

,fiF(1)r
u161 :r1!(r)!'

' -  tstr)P
(7)

(6)

Pa(t.) : ct,'[

-
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we can evaluate the actual '[''o(4), y(d)] function
by substitutins t0(4) and V(1) into Eqs. (2) and (3).

r ( A i r  x ( 4 d )  r ( a n )

Fr8.2 Calcularcd inren" i t )  drsrr ibLr ions of  iTag*= r" .
construcied fron nonlinear holograms. The beam ratios
Ii are indicated above the corresponding columns, while
the bias exposures t0 k/cmz) are tolhe rishr of the
correspoDd,ns rows.
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intensity distributions of the reconstructed images
is shown in Fig. 2, where to is the ma-ximum bias
exposure and -R is the minimum reference to,object
beam ratio through the hologram.

In oder to get a more quantitative picture of the
nonlinear effects, the contrast of the reconstructed
image (defined as the integral ofthe intensity dist -
bution on the transparent lines divided by that on the
opaque lines, includingthe two at both ends) has been
evalu-ated for a range of bias exposures and beam
ratios. The results ar€ presented in Fig. 3. As one
can expect, the higher the beam ratio the bmader
the mnge of the bias exposures that result in im-
agc" ofaccFprable contra"r.  Airhough lhe maximum
achievable conhasts do not differ signilicantly for the
thr€e values of the beam mtio, a glance at the tust
two images of the middle mw of Fig. 2 reveals that,
in spite of having the same value of contrast, they
are far from being of the same quality. This implies
that, for establishing more accurate relationships,
other characte stics oftheimage, e.g., the fluctuation
ofthe peak intensities, are to be calculated, too.

Ii has been proved that this new method, based
on the use of the expe mental a(20,14 function of
the recording material, is applicable in predicting
the quality of the holographic image and estabtishing
practical mles for optimizing the holographic record-
ing of different sets of objects.
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Fig.3. Calculated contrast versus bias exposure func-
tion of the holographic image at thrce beam ratios. Solid
dnes: spliDe functions fitted to the calolated points.

The complex amplitude of the diffraction-limited 6rst-
oder rcal image at the hologram line is

G(f) : M(1)P(6)s.(6), (8)

where the aste.isk denotes complex conjugation and
for perfe€t reconstruction the complex amplitude of
the reconstruction wave is the complex conjugate of
the reference wave:

M(1): P(1).. (e)

In case the differcnt diffraction oders do not
overlap in the image position, the complex am-
plitude of the reconstructed nonlinear ffIst-order
real image is rcadily obtained by multiplying the
difraction limited complex amplitude tEq. (8)l bythe
atEo(1),y(f)l function and performins the second
Fresnel-Kirchhoff integration:

e , x ' -  I  o  E o r r , . y r l r l M , { r p r q r S 1 1 /

. W e x g r n r z ) d f , (10)

wherc r is the image coodinate, r, is the separation
of l  hp source and obsen ar ion poinrs '  in rhF hologram
and image planes), and p is the inclination angle.

Nonlin€ar reconstruct€d images of a five-element
Ronchi .uling of a grating constant of 2 &m have
been calculated. The characteristics ofthe recordine
marerir l  were thosF presented in Tablc I  and FiC. I
The parametels of the recording geometry were as
fbllows: the hologam width was 84 mm, the object
was centered at the holo$am normal, the separa-
tion of the object and hoiogam lines was 32 mm,
and the angle of incidence of the rcfercnce wave
was 66 deg. Hence the numedcal aperture of the
hologtam was 0-8. Both the recording and rccon-
stnction wavelengths werc 633 nm. A set of the
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