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Suymmary Commonly used diffraction

information about properties of photorefractive record.
investigation cannot register manifestation of the all-possible mechanisms
p‘n{)iwef“s‘&cti\’c medium. Therefore, the combining of variot

method of photorefractive offect investigation does not give the complete
Thus, the legitimate assumption arises that such away of

contributing to formation of the record in

1s ways of registering the record is required. In order to do so.

except the classical diffraction investigation of photorefractive effect we used also imaging of refractive index
distribution in the record by means of interference as well as imaging the transmittance of the sample in the place of the
record. This contribution also presents some results obtained by methods of photorefractive record registration mentioned
above. As the photorefractive medium was used Fe:LiNbO; crystals.

1. INTRODUCTION

In principle, there are several ways to record optical
fields. In general, for recording an optical field can be
used the effect of modulation of the absorption
coefficient as well as the modulation of refractive index
of recording medium, respectively. In both cases one
expects the figure of the change, which represents the
record 1o be proportional to intensity of the recorded
field in the given place. These ways of the record
creation have some advantages and disadvantages. The
disadvantages occur depending on the way we register
the level of the modulation that makes the record, ie.
depending on the way we read the record. Therefore, it
is very important to know what kind of the record is
being investigated.

At first sight, it may be considered trivial to
determine what kind of the record is dealt with.
However, that is not the every case. It is so because
records can be formed as a combination of refractive
index modulation and modulation of coefficient of
absorption, at least. Next, it might be considered trivial
to find out whether the amplitude of modulation of the
record we have is proportional to intensity of recorded
field. At the same time, we bear in mind not only the
question of the record linearity but also the guestion

whether there is a proportionality between intensity of

llumination and amplitude of modulation or
proportionality between amplitude of the record and
another quantity, e.g. derivative of the function
describing intensity of illumination with respect to
coordinate. The latter is the case of the standard model
de&sr%bigg the origin of the record in photorefractive
media [1]. As the values of the parameter depend on the
character of the record in various ways it is needed to
combine different ways to register the record when one
wants 1o obtain the complex knowledge about record.

~In order to achieve the complex image of
photorefractive records in Fe:LiINDO, crystals we used
mot only the method based on monitoring the diffraction
*i‘fhutm'xf of created records [2] but also the imagir ;g of
rﬂzauwcmdc:@ distribution by means of interference

[3, 4] as well as imaging the transmittance of the sample
in the place of the record.

2. IMAGING BY MEANS OF DIFFRACTION OF
LIGHT

Investigation of record by means of diffraction of
light is effective especially when studying periodical
records. As the record of light with harmonic
distribution of intensity is the most often used for
studying the recording process, therefore such a way of
record investigation s natural and  moreover,
exclusively used. Periodical optical field can be very
easy formed by interference of two coherent laser beams
or by passing the beam of light through grating with
harmonic distribution of transmittance.

In principle, whether one sees diffraction of light by
the record which acts as an amplitude or phase object
(grating) it can be recognized by dependence of
diffraction efficiency on the amplitude of modulation.
Diffraction efficiency of a harmonic amplitude grating
with transmittance depending on coordinate as

T(x)= é AT, + 7, -sin(K - x))- (1)

where K is spatial frequency and 7, <7,. grows
monotonous  with the level of modulation of
transmittance. While dependence of  diffraction
efficiency of the phase grating on amplitude of
modulation  of phase {refractive index) is not
monotonous. Fig. 1 shows the diffraction efficiencies
for amplitude and phase grating as calculated from
diffraction integral [5]
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where 7 3 is the time dependent distr 1hunam of the

light miemziy formed by diffraction on the record in
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direction @, [y is the light intensity in place of the zero
diffraction order, 7(£.7) represents the modulation of

transmittance and 7i(£,7) describes modulation of the

phase. In case of amplitude diffraction grating in
integral (2) we have

In case of pure phase grating j(&j t)=1.
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Fig. 1 a)Diffraction efficiency of an amplitude grating in
dependence on amplitude of modulation T{t).
byDiffraction  efficiency  of a phase grating in
dependence on amplitude of modulation An(t)-h.

Whether it is the case of amplitude or a phase
grating (record) we cannot determine upon diffraction
efficiency if we have only records with small amplitude

ause in both cases the

of modulation. It is so be
dependence of diffraction efficiency on amplitude of

modulation is quadratic (linear in amplitude). In
addition, if we have the case record is realized by
modulation of coefficient of absorption in a medium of
finite thickness the situation will be even more
complicated because in general, the transmitiance as g
function of coordinate will not be harmonic neither for
harmonic  modulation  of coefficient of absorption.
Furthermore, the coefficient of absorption can depend
on illumination in two ways. Let the distribution of the
intensity of light be

]

I(x)=1,+1,-sin(K -x). (;

where 7, >/, . Using such illumination we can write for

coefficient of absorption
alx)=a, +a, (1 +sin(K -x))- (4

This is true when the coefficient of absorption grows in
all places due to illumination of the recording media. It
happens when illumination causes the change of the
state of the medium, For example, it could be the case
of excitation of electrons (charge carriers, in general)
into conduction band and consequent capture by traps
(Fig. 2), which have grater cross-section for interaction
with photons of illuminating light. Distribution of
amplitude of reading beam after passing through the
record with mentioned distribution of coefficient of
absorption is

ulx)=u, -expl- (e, + (1 +sin(K-x)) i), (5)

where 1y 1s amplitude of the reading beam incident upon
record, ¢ is the amplitude of modulation of absorption
coefficient; A 1s the thickness of the medium. «is
{approximately) harmonic only if ¢, <<1.

As the o enlarges during creation of the record,
transmittance approaches to zero in places of maximal
light intensity. For longer exposures this region enlarges
and distribution of amplitude of transmittance becomes
strongly  anharmonic.  Consequently,  diffractior
efficiency after reaching the maximum decreases
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Fig. 2 Band model illustrating formation of amplituds
wrating by mechanism according o (4).
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us its dependence on exposure also for amplitude
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Fig. 3 Diffraction efficiency of amplitude grating
SJormed by modulation of coefficient of absorption
according to (4).

record is not monotonous (Fig. 3).

However. there are few mechanisms causing the
absorption coefficient decreases due to illumination.
This is the case, for example, when noticeable diffusion
of carriers occurs in conduction band. Consequently,
carriers may not be captured at the same place they were
excited (Fig. 4). In this case the concentration of
electrons in conduction band can be obtained from
diffusion equation

d ”()‘) Ron(x)=G-I{x)- (6)

where D is the diffusion coefficient, n {x) is distribution
of electrons in conduction band, / (x) is intensity of
llumination and G, R are generation and recombination
factors, respectively. Solving equation {6) for harmonic
Hlumination and assuming that G and R are constants
{do not depend on # if induced changes of carriers
foncentration  are  small  in comparison  with
Loncentration before illumination — g, or in comparison
'%m Concentration of empty traps) we get

(G-I, G-I, PN 7
nlx)= Lo A sin(K - x (7
) T( R Dxer K]
Itfollows from (7)
alx)=a, ~a, sin(K -x). (8)

d one has to say there is no direct relationship
“’“3931 Oy and . The value of oy is determined by

concentration of absorbing carriers before illumination

Fig. 4 Band model illustrating formation of amplitude
grating by mechanism according to (8).

and amplitude of modulation o is determined by their
change induced due to Hlumination. It means there are
some places occurred with decreased absorption.
Diffraction efficiency for this case is in Fig. 5.

As can be seen from dependence of diffraction
efficiency on exposure for phase grating (Fig. 1b) and
amplitude grating (Fig. la, Fig. 3 or Fig. 5), the
dependence is different. Diffraction efficiency for
amplitude record possesses in the whole range of
exposure one maximum at best, while diffraction
efficiency for phase record (and for harmonic
distribution of refractive index) is expressed by Bessel
function and thus for the amplitude of modulation deep
enough, reaches the maximal value several times.

However, for shorter exposures the record may not
achieve such a modulation that makes the maxima of
the dependence observable. In this case to score whether
amplitude or phase grating is investigated, one can take
mnto account the value of the (first) diffraction maximum
for given dependence. The maximal value of diffraction
efficiency for harmonic amplitude grating is 0.25 while
it 1s 0.339 for phase grating.
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Fig. 5 Diffraction efficiency for amplitude grating

Jormed by modularion of coefficient of absorption
according 1o (8).
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In a specific case. tracking the diffraction efficiency
can give information that record is being formed by
phase modulation along with the amplitude modulation.
As shown in Fig, 1b, in case of pure phase grating exist

h values of modulation for which diffraction
efficiency reaches This 1s not the case of the
gratings. which are tm med by combination of amplitude
and phase modulation of zéw ;mdwh Fig. 0 shows
diffraction efficiencies calculated from integral (2).
Dependences are t;*iifé:iiEziszil for combination of phase
and amplitude grating with mutual shift equal 0 zero
(regions  with maximal value of refractive index
correspond to maxima of transmittance). Following,
when investigating records which dependences of
diffraction efficiency show existence of strong maxima
and non-zero minima among them, one can expect such
records o be combination of amplitude and phase
grating.

It is evident from the text above that examining the
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Fig. 6 Diffraction f*{'ﬁ(‘i(vzc‘)‘ Jor combined grating in
cuse the spatial shift berween amplitude and phase
grating is egual 1o ze70.

dependence of diffraction efficiency one can guess what
kind of grating is under investigation - amplitude, phase
or combined grating. But one of the disadvantages of
this method is that it does not provide the definite result.
Another disadvantage of this method 1s that the intensity
of diffracted beam carries information about the region
containing the record {which was illuminated by reading
bean) and thus, it cannot provide the information about
local characteristic. It leads to fact that the shape of
dependence of diffraction efficiency can inform about
variability of the record amplitude but does not provide
the information what is the dependence like. Moreover,
it is not possible to determine from  diffraction
efficiency any potential spatial shift of the record. Thus,
we cannot identify whether in case of harmonic record
is its modulaton propor rtional to function describing the
distribution of illumination or its derivative with respect

0 x,,oardmazz, Henee. for complex investigation of the
character of the record it is needed to add ditfraction
method by another methods.

3. INTERFERENCE IMAGING OF RECORDS

Imaging by means of interference of coherent light
waves seems to be a suitable method for monitoring the
changes in refractive index of thin, transparem
materials. There is several ways possible © use
interference of light waves for imaging of refractive
index changes. We get the simplest way of imaging
when use the interference of plane waves reflected from
the front and rear surface of the thin and plane-paralle]
sample. Insufficient plane-parallelism of the sample
makes the method hard to use. This disadvantage can be
compensated to a great extent using Michelson or
Mach-Zehnder interferometer (it results from design of
the interferometer) — simply putting the sample into the
arm  of interferometer.  Some  advantages  and
disadvantages of the alternative ways of interference
imaging as mentioned above is in detail discussed in [3].

As it was convenient our investigation of
photorefractive records in Fe:LiNbOs crystals was based
on using the Mach-Zehnder interferometer (Fig. 7)
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Fig. 7 Imaging of refractive index inhomogeneities using
Mach-Zehnder interferomerer {3 4]

Methods of interference imaging posses one greal
advantage — make available to image both the periodic
and aperiodic records, respectively. (Fig. 8 a, b).

After this manner, new opportunities in the field of
investigation of fundamentals of the photorefractive
effect are opening. Fig. 8b shows the interference image
of photorefractive record formed in Fe:LiNbO; crystal
that is 1 mm thick. Recorded is the field, which was
created by illuminating the slit 0.6 mm thick. As a
source of light we used beam from Argon ion laser ILA
120 operating at a 488 nm. The intensity of the beam
incident upon the crystal was about 10 mWmm™* and
recording time was 10 minutes. After that, we put the
crystal with record into one arm of Mach-Zehnder
mterferometer and illuminated it by He-Ne laser. In
arder to lluminate also the further vicinity of the record
we enlarged the diameter of the He-Ne laser beam using
an optical expander.
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Fig 8 a) Interference image of the record of periodic
optical field with period 150 pam. Optical field was
delimited by circular aperture with diameter 2 mm

during recording. b} Interference image of aperiodic

field, which is vealized by illuminating the 0.6 mwm thick
slit.

The result obtained from interference imaging of
stch a record is rather surprising. It is evident at first
sight that distribution of refractive index in the region of
the record does not correspond with distribution one can
expect in case the modulation of refractive index in
record is due to electrooptic effect [1. 6, 7, 8] The
character of distribution observed in our case is more
like spatial distribution of the charge carriers caused by
omogeneous  iHumination.  This  fact  requires
~ Tevaluating fundamental ideas about mechanism of
 Photorefractive effect.

- ~ Exploiting the properties of Mach-Zehnder
Interferometer that follow from its design (ability to
st the density of interference fringes and aligning
Em  with  respect o created  refractive  index
‘Mhomogeneity) and character of the aperiodic record.
We can recognize the sign of the refractive index change
he place of the record. In order to do so. it is enough

feview  the interference  image  of  known
Murbation™, We have realized such a perturbatio
fans of a little spot of edible gelatine applied on a thin
glass plae (Fig, 9),

Fig. 9 Interference image of refractive index
inhomogeneity that is realized by thin layver of gelatine
applied on I mm thick glass plate.

We found out by help of this procedure the refractive
index inside the illuminated region is lower than outside
the region.

4. IMAGING THE TRANSMITTANCE

In principle, whether record is realized by phase or
amplitude grating, one can find out also using the
imaging  of  transmittance  distribution.  With
convenience, it can be done by taking picture of the
sample containing the record while there is a light
source behind the sample illuminating the record (Fig.
10a). Another way is to use a small detector (or optical
tibre and detector) and make a record of distribution of
intensity of light that passes through the sample (Fig.

ajl

Fig. 10 Experimental set-up for imaging the amplitude
record by taking pictures a) and using raster scanning b).

10b). At the same time we get also the distribution of
transimittance.

In case the record is made by modulation of phase
the amplitude of light after passing through sample does
not depend on coordinate (homogeneous illumination is
used and light is detected just behind the surface of the
sample). In  that case the picture would  show
homogeneous distribution of intensity of light. In case
of amplitude record the amplitude of the light intensity
would change depending on position.

However, when interpreting such records we have
to be careful because also in case of phase grating one
can get the distribution with variable amplitude. It will
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happen if we register the field distribution n the plane
that is at a finite distance far from the surface of the
sample. This will be due to interference of waves
created by diffraction on the record (Fig. 11).

Fig. 11 A photograph of the record of periodic
Jield with period as great as 150 g in 1 mm
thick Fe:LINDO; crysial

On the other hand, in case of amplitude records (and
inadequate illumination) we may not get the image of
the record. The reason is that the amplitude of light after
passing through the sample depends on integral of
coefficient of absorption along the path of the beam.
Thus, for example in case of an oblique incidence of
light on periodical record (depending on one coordinate,
onlyy we can get the homogeneous illumination. It will
happen just in the moment when obliquely incident
beam travels through integer number of periods of the
record (Fig. 12.).

It follows from the text above that by imaging the

Fig. 12 Hustration of the direction of illumination for
case when information about modulation of absorpiion
in recording medinm is lost.

field in the plane directly behind the planar record (i.e.
infinitely thin record) one 1s able to determine whether

amplitude or phase record is treated.
5. CONCLUSION

Analysing  the :
investigation, interference and amplitude imaging of
optical field records show that none of discussed
methods give complete information about properties of

of  diffraction

the record. In spite of this the most of works devoted 1o
investigation of photorefractive records and  the
properties are limited to monitoring diffraction
efficiency of created record [e.g. 9]. The consequence of
such an incomplete investigation may be incorrec
interpretation of the process of record creation as it is in
case of description of the origin of records due 1o
photorefractive effect. Images of photorefractive records
used in this contribution show that records (modulation
of refractive index of the medium) correspond 1o
distribution of charge carriers and not to distribution of
intensity of electric field that arises from those charges,
It means the commonly used interpretation of
photorefractive effect [1, 2, 10, 11] is not correct.
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